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1.1 Energy efficiency and catalysis

Catalysis

In  1835 Jöns Jakob Berzelius was the first to use the term catalysis which he defined as:1 

“The property of exerting on other bodies an action which is very different from chemical 
affinity. By means of this action, they produce decomposition in bodies, and form new com-
pounds into the composition of which they do not enter.”

 
To simplify, a catalyst facilitates a chemical reaction without itself being consumed. By 

using a catalyst, an alternative pathway from a reactant to a product is enabled by form-
ing bonds with reactants, intermediates and products. The overall energy barriers are low-
ered compared to the uncatalyzed reaction, which leads to an increased reaction rate. The 
change in the reaction pathway does not lead to a change in the thermodynamics of the 
overall chemical reaction. 

Catalysts are essential for society as they are applied in a broad range of situations. 
Globally it is estimated that approximately 90% of all industrial chemical processes, e.g., for 
the production of bulk chemicals,fuels and pharmaceuticals utilize a catalyst.2 One of the 
best-known examples is the three-way catalyst, which is installed in most gasoline-fuelled 
cars to decompose toxic exhaust gases such as CO and NOx to less harmful gases. In this con-
text, hydrodesulphurization catalysts also need to be mentioned, which are used to remove 
sulphur from fossil feedstocks to produce clean (transportation) fuels in crude oil refineries.3 
Another important example of catalysis is the Haber-Bosch process, where the presence of 
a catalyst drastically decreases the energy barriers for the direct conversion of the normally 
unreactive nitrogen molecule with hydrogen to produce ammonia, vital for the production 
of fertilizers.4 These fertilizers account for roughly 40% of the world food production.5 In 
short, without catalysts the energy consumption for the production of fuels, fertilizers, med-
icines, polymers and much more would be gigantic. 

While most catalysts are currently used for converting non-renewable feedstocks, there 
is a growing concern that this practice cannot be sustained in view of the impact of associ-
ated greenhouse gas emissions on the climate.7 The chemical and petrochemical industries 
are responsible for nearly a third of the worldwide energy consumption and 16% of the 
global CO2 emissions.8 Accordingly, many new technologies are desired to replace non-re-
newable fossil resources by renewable sources of energy and chemicals. It is envisioned that 
wind and photovoltaic solar energy can contribute significantly to cover energy demand, 
while a shift to a sustainable carbon cycle can be realized by using biomass for chemicals 
production.9

Whatever scenario develops with respect to the energy transition, catalysts will remain 
important to convert different forms of energy into work or chemicals. For example, the 
Fischer-Tropsch process can be used to produce synthetic fuels from syngas (a mixture of 
CO and H2), which can be derived from almost every carbon-containing resource, including 
renewable biomass or waste plastic.10 Catalysis can also play a crucial role in the conver-
sion of renewable resources such as biomass to bulk chemicals that are currently produced 
predominantly from petroleum oil. Potential new processes directly convert biobased mol-
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ecules such as cellulose into high-value products, for example ethylene glycol.11,12 Besides 
the production of chemicals and fuels, catalysis is also essential for energy storage and con-
verting electric energy into chemical energy.  One of the proposed chemical processes is the 
nickel-catalysed methanation of CO2, a potential technology for the recycling of waste CO2 

via the power-to-gas approach.13 When more renewable energy in the form of electricity 
becomes available, hydrogen can be produced via water electrolysis. The generated ‘re-
newable’ hydrogen could potentially be stored by reacting it with CO2 to form formic acid, 
methane, methanol or liquid fuels.14 

Most catalysts consist of a support material (often a metal oxide) on which metal (or 
metal oxide or sulfide) nanoparticles are dispersed. The nanometer-sized particles are the 
active phase of the catalyst. At the scale of these particles, many phenomena determine 
the intrinsic catalytic activity. For instance, the catalytic activity of metal particles changes 
strongly as function of size. Establishing structure-activity relationships has been a central 
goal in catalysis research.6 The study of structure sensitivity of catalytic nanoparticles for 
many different reactions has led to a better mechanistic understanding for many reactions 
including the Fischer-Tropsch process (synthetic fuels), Haber-Bosch process (ammonia) and 
steam methane reforming (synthesis gas).2 For many of these reactions, specific topologies 
of surface metal atoms that emerge at a certain particle size drastically influence the catalyt-
ic performance. Such insights can guide the design of better catalysts with improved activity 
and selectivity.

Our nanoscale understanding of catalytic action is challenged by the increasing number 
of publications demonstrating that the catalyst in action is often very different from the 
freshly prepared catalyst. The often strong interaction of the catalytic surface with adsorb-
ates can result in sintering through different mechanisms, reconstruction of surfaces includ-
ing a change in shape of particles, and a change in the composition of the bulk of the active 
phase. Examples include the oscillating shape of platinum nanoparticles during CO oxida-
tion,16 the reversible restructuring of copper nanoparticles during methanol synthesis17 and 
the shape change of rhodium nanoparticles during oxidation and reduction cycles.18 Under 
extreme conditions, metallic nanoparticles can even display liquid-like behaviour.19 An ex-
ample of the latter is the silver-catalyzed epoxidation of ethylene and the selective oxida-
tion of methanol.20,21 Indeed, despite a relatively straightforward metal nanoparticle catalyst 
forming the active phase, it has turned out to be very challenging to derive structure-perfor-
mance relations for these reactions. 

1 .2 Silver catalysis

Silver is among the six metals known by prehistoric man, together with gold, copper, tin, 
lead and iron. Non-coincidentally, three of these six metals can be found in the same group 
of the periodic table. Copper, silver and gold are native metals and therefore can be found in 
a relative pure form. The relative position of silver in the periodic table in relation to copper 
and gold determines its unique reactivity towards oxygen. Figure 1.1 displays silver in the 
periodic table along with the standard heat of formation for the most common oxides for 
each metal. The formation of copper oxide is strongly exothermic, hence it is easily oxidized. 
On the other hand, the formation of gold oxide is endothermic, which explains why it is fairly 
unreactive. Silver is in the middle, being able to activate oxygen without the formation of 
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the bulk oxide, which makes it very suitable for selective oxidation catalysis.28

Heterogeneous silver catalysts have two main industrial applications: the epoxidation 
of ethylene towards ethylene oxide (EO) and the selective oxidation of methanol towards 
formaldehyde.22,30 Silver catalysts are also active in the epoxidation of styrene and other 
selective alkene oxidation reactions.31 Additionally, silver is of interest for electrochemical 
reactions such as the oxygen reduction reaction and electrochemical conversion of CO2.32,33 
All of these reactions have in common that the unique interaction of silver with oxygen en-
ables efficient and selective conversion of the chemical substrates. This unique property can 
be derived from its location in the periodic table. 

1.3 Ethylene Epoxidation

Ethylene epoxidation is an important industrial chemical process in which ethylene is 
converted to EO. EO contains a three-membered ring with two carbon atoms and one oxy-
gen atom. Due to its highly strained ring, EO is very reactive and can undergo many different 
reactions, mostly involving ring-opening. These include addition reactions with alcohols, 
amines, phenols, ammonia and double-bonds. Because of this high reactivity and versatility, 
EO has become an important platform molecule in the modern chemical industry. Annu-
ally, 35 million tons of EO is produced worldwide and this number is rising every year.22,24 
Figure 1.2 displays the main producers of ethylene oxide and the main applications. EO 
producing companies include major chemical companies such as Dow, SABIC, Shell, and 
BASF.22 Most of EO is industrially converted to ethylene glycol, which is used for polyesters 
and antifreeze agents. Furthermore, EO is converted to alkoxylates, ethanolamines and gly-
col ethers, all with a wide range of applications including detergents, soaps and cosmetics 
(Figure 1.2). One of the undesired side products of the ethylene epoxidation is CO2. The 
global CO2 production originating from the ethylene epoxidation is estimated to be 28 mil-
lion tonnes per year.22,23 Consequently, the ethylene epoxidation belongs to the top 10 most 
emissions-intensive processes and has an estimated 2.6% share of the total greenhouse gas 
emissions in the chemical industry in Europe.23 Industrially, silver catalysts are employed to 
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Figure 1 .1 . The location of silver in the periodic table and the heat of formation for the most common oxides. Data 
from29.
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selectively convert ethylene to ethylene oxide. The dynamic nature of the silver particles 
under reaction conditions has already been demonstrated.20 A better understanding of the 
catalytic conversion of ethylene to EO is therefore of great scientific and industrial interest.

In 1859, Wurtz was the first to describe the preparation of EO by treating 2-chloroeth-
anol with potassium hydroxide. Commercial production of EO began in 1914 using the 
(non-catalytic) chlorohydrin process, shown in Figure 1.3.26 This process produced several 
chlorine-containing by-products including calcium chloride. The high consumption of chlo-
rine and the polluting and poisonous chlorinated by-products made this process inefficient 
and expensive. Many attempts were made by Wurtz and others to directly produce EO from 
ethylene. Finally, in 1935 LeFort patented a successful method to directly produce EO from 
ethylene using silver as the active catalyst.27 In the years thereafter the process of LeFort 
gradually replaced the chlorohydrin process. 

Originating from LeFort’s patent, modern ethylene epoxidation catalysts contain silver 
particles in the size range of 100–1000 nm supported on a porous low surface area carrier, 

Figure 1 .2 . Sankey diagram displaying both the main producers of EO (orange, left hand side) and the main EO 
derived products and applications (blue, right hand side). Data from adopted from25.

OH2

Cl

OH

+ 0.5 Ca(OH)2

O

CH2 CH2
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Figure 1 .3 . Reaction scheme for the production of EO via the chlorohydrin process.
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typically α-alumina (corundum). Typical reaction conditions are a reaction temperature of 
200–250 °C, an operating pressure of 15–20 bar, an ethylene concentration of 4–30% and 
an oxygen content ranging from 4–10%. The EO selectivity is strongly dependent on the 
total ethylene conversion (Figure 1.4a) due to secondary reactions of EO. With CO2 and H2O 
as side products, a high selectivity is of great importance to increase the economic benefit 
and to  decrease the environmental impact of the industrial process. Therefore, EO catalyst 
development has been not only focussed on increasing the conversion rate, but also on 

improving the EO selectivity as can be seen in Figure 1.4b. 
Starting from ethylene and oxygen, the complete combustion into CO2 and H2O is ther-

modynamically favoured. The challenge is, therefore, to choose favourable reaction condi-
tions and a suitable catalyst for obtaining a high yield of EO.22,34 Silver catalysts are unique 
in their ability to selectively convert ethylene to EO by addition of an oxygen atom across 
the C-C bond. A simplified reaction scheme is shown in Figure 1.5a. Complete oxidation can 
either occur via direct combustion of ethylene (k2) or via indirect combustion of ethylene 
oxide (k3).22 Mechanistically, it is thought that ethylene is first oxidized to an oxometallacycle 
intermediate, which then reacts to form either EO or acetaldehyde in parallel competing 
reactions. Acetaldehyde is the unselective route as it is completely converted into CO2 and 
H2O. Another route to acetaldehyde is via the isomerization of EO on hydroxyl groups of the 
support. Therefore, a low amount of hydroxyl groups is beneficial for a high EO selectivity. 
This can explain the preference for low surface area supports such as α-alumina with a low 
density of hydroxyl groups in EO catalysts. 

A considerable body of work has been carried out to understand the dependence of eth-
ylene oxidation on different silver facets and the role of oxygen species. Thermodynamics 
and DFT calculations rule out the formation of bulk Ag2O and complete surface oxidation. 
Thus, it is thought that the surface is predominantly metallic in character but is covered by a 

Figure 1 .4 . (a) EO selectivity-conversion plot for the ethylene epoxidation over a wide range of silver catalysts and 
experimental conditions. Data adapted from34. (b) Development of EO catalysts since the 1960’s. Data adopted 
from35. 
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substantial amount of oxygen atoms. The amount of adsorbed oxygen strongly depends on 
the reaction conditions such as the partial pressure of oxygen and reaction temperature.36 

The oxygen coverage on the surface has a strong influence on the reaction mechanism and, 
therefore, the overall catalytic performance.37

The oxygen-silver system is not only of great importance for the ethylene epoxidation, 
but also for the oxidation of methanol toward formaldehyde, other selective oxidations and 
electrochemical reduction reactions. In the light of these applications, the interaction of ox-
ygen with silver has been well-studied.  A simplified overview of the various types of oxygen 
is shown in Figure 1.5b. Atomically adsorbed oxygen (Oα), bulk-dissolved oxygen (Oβ) and 
sub-surface oxygen (Oγ).38,39 The Oα species can be divided into nucleophilic oxygen (Oα-n) 
and electrophilic oxygen (Oα-e). The nucleophilic species are relatively stable and associated 
with covalently bond oxygen and oxidic silver species.40 The formation of electrophilic ox-
ygen occurs in close proximity to subsurface oxygen. The electrophilic nature of these oxy-
gen species derives from the slightly positive charge of silver atoms that are surrounded by 
subsurface oxygen. These silver atoms interact with subsurface oxygen, leaving the oxygen 
slightly positively charged and henceforth electrophilic. These weakly bound electrophilic 
species are active in the epoxidation reaction. The interconversion between the different 
oxygen species has also been demonstrated.41 Furthermore, the formation of Oγ species are 
suggested to induce restructuring/faceting of the silver surface.42 

Under reaction conditions, morphological changes take place at the mesoscale induced 
by the formation of stacking faults resulting from continuous oxygen transport in or out 
of the silver (solution/dissolution).43,44 These changes in the structure of silver have been 
observed during ethylene epoxidation as well as during selective oxidation of methanol to-
wards formaldehyde.45,46 With the aid of in situ microscopy, it has been shown that the 
silver phase is changing continuously, emphasizing its dynamic nature under reaction con-
ditions.20,21

Using state-of-the art epoxidation catalysts an EO selectivity up to 90% can be reached. 
This is achieved by the addition of a wide range of promoters.49 Although the function of 
these promoters has been studied before, their exact role remains not well understood.36,50–55 
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ββ
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Grain boundary 
di�usion

+
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WaterCarbon dioxide

+0.5 O2

+3 O2

2 x 2 x
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Figure 1 .5 . (a) Reaction scheme for the Ethylene Epoxidation including the Epoxidation reaction, direct combustion 
and indirect combustion. (b) Simplified overview of possible oxygen species under epoxidation conditions. 
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Typical promoters include small amounts of cesium, rhenium, lithium and molybdenum. 
Cesium is believed to increase EO selectivity, presumably by stabilizing the correspond-

ing transition state and by poisoning hydroxyl groups on the support.56,57 Moreover, a gas-
eous organohalide compound like vinylmono- or dichloride is added to the feed mixture of 
industrial reactors.22,49 The organochoride decomposes on the silver surface, leading to the 
deposition of chlorine on the silver surface. Chlorine is thought to increase the EO selectivity 
by blocking surface vacant sites on the silver, which otherwise catalyze the complete com-
bustion of ethylene. Furthermore, it has been reported that chlorine increases the fraction 
of (Oα-e) at the surface, which is beneficial to the EO selectivity.53,54  

1 .4 Structural dynamics  

In the past decade, there has been an increased interest in the structural evolution of 
heterogeneous catalysts, e.g. reversible and irreversible changes in the active phase of the 
catalyst during the ongoing catalytic reaction.47 One phenomenon is the oscillating behav-
iour of the catalytic performance, which has in some cases been linked to reconstruction of 
the catalyst surface.16,18,48 Silver catalysts are also known to be highly dynamic under reac-
tion conditions, mainly due to their interaction with oxygen. A change in the silver particle 
morphology can directly influence performance. 

1 .5 Scope

The main objective of this thesis is to follow the structure and morphology of supported 
silver particle catalysts during the ongoing ethylene epoxidation reaction in relation to activ-
ity, selectivity and stability. To mimic the industrial catalyst, an α-alumina support is used on 
which silver particles are deposited. For characterization, quantitative electron microscopy 
is used as the main characterization tool in all the thesis chapters. 

Chapter 2 describes opportunities and challenges for quantitative electron microscopy 
in the area of heterogeneous catalysis. Suitable electron microscopy setups are presented 
that can cover characterization from the sub-nanometer to the meso scale. Attention will be 
paid how to translate the obtained results to catalytic performance. Also, important aspects 
in sample preparation, imaging modes and image analysis are discussed. 

In Chapter 3, the restructuring of a silver catalyst during ethylene epoxidation is inves-
tigated. The silver particles grow and voids are formed at the surface and in the bulk. The 
addition of the vinyl chloride promoter significantly supresses void formation and redispers-
es initially large silver particles. A mechanism for the morphological changes is proposed 
involving the formation of defect sites induced by oxygen adsorption on the external surface 
and grain boundaries that finally leads to formation of pores. These insights emphasize the 
dynamic nature of the silver particles during the ongoing ethylene epoxidation and shows 
that not only the external surface of the silver particles is affected by catalysis. 

The influence of silver particle size on the performance of the ethylene epoxidation is 
explored in Chapter 4. The smallest (<40 nm), predominantly monocrystalline silver parti-
cles show a size-independent surface-normalized rate, while larger polycrystalline particles 
(>50 nm) display an increasing rate with increasing particle size and a weight-based rate 
independent of size. Additionally, larger silver particles were found to activate much slower 



Introduction and scope • 15 

to attain their steady-state rate. The reaction rate normalized to the surface area of the first 
outer shell of crystallites was found to be constant for particles >50 nm. A mechanism is pro-
posed where grain boundaries facilitate oxygen uptake into the silver bulk phase, providing 
an explanation for the unusual trends observed in reaction rates as a function of particle 
size. 

In Chapter 5 the effect of cesium on catalytic activity measurement and silver particle 
structure is investigated. Cesium resides in three different chemical environments, as highly 
dispersed cesium in interaction with silver particles or the α-alumina support, as clustered 
cesium (oxide) on α-alumina above the monolayer coverage, and as cesium species at the 
interface between silver and α-alumina. The highest EO productivity is achieved at a cesium 
content of 500 ppm. The presence of cesium led to particle growth. The growth initiates 
the migration of cesium from the silver surface to the support and exposure of cesium on 
α-alumina. A higher cesium content also influences the structure of the silver particles, as a 
better wetting on the α-alumina support was observed. The cesium-containing catalysts dis-
play a strong transient catalytic behavior which is ascribed to complex interactions between 
the silver, cesium and chlorine. 

Chapter 6 presents an experimental method to track individual silver particles during the 
ethylene epoxidation in various reaction steps. The evolution of the silver particles depends 
on the size and the presence of chlorine. Without chlorine, the particles were slightly af-
fected. When chlorine was present during the EO reaction, the changes were very profound 
and depended on the particle size. Silver particles smaller than ~30 nm are more prone to 
shrinking, pointing to Ostwald ripening. Particles above 100 nm break up in the presence of 
chlorine, resulting in a re-dispersion of the silver active phase during the ongoing EO reac-
tion. The degree of restructuring seems therefore to be dependent on particle size. These 
results highlight the dynamic nature of silver particles during the EO reaction and emphasize 
the role of chlorine in the restructuring of silver particles. 

In Chapter 7 wet-chemical methods are applied to synthesize cubic, tetrahedral and ran-
domly shaped rhodium nanoparticles, which were deposited on an oxidic support and test-
ed for CO hydrogenation. Quantitative microscopy is used as a powerful tool to determine 
the overall shape distribution of the nanoparticles. After attempts to remove the organics 
used in the synthesis it was found that an organic residue was left on the nanoparticles of 
some catalysts. These organics on the cubic and randomly shaped particles block up to 70% 
of the available metal surface. The activity of these catalysts decreases substantially, but 
less severe than predicted from the surface blocking alone. Possibly the capping residue is 
located on parts of the metal surface which are less active then the sites which are free from 
residue. Furthermore, the organic remains predominantly block the planar surface sites, as 
methane selectivity significantly increased.
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Chapter 2
Why quantifying the morphology of 

heterogeneous catalysts?

Without a doubt, electron microscopy has been and is in-
dispensable for the characterization of heterogeneous 
catalysts. While still mainly particle size distribution and  

elemental composition are used as main criteria, additional morpho-
logical descriptors such as particle shape, particle neighbour distances 
and accessibility are important to quantitatively describe and optimize 
catalyst performance. At the same time, the ‘rational design’ of cata-
lysts guided by first principle computational surface science approach-
es is progressing rapidly. Possibly, a direct link between the catalytic 
reactivity and the morphology of nanoparticle ensembles can be made 
via a 3D surface science model. In this chapter the potential role of 
synthesis, characterization and computational chemistry of heteroge-
neous catalysts will be discussed. We will highlight the links between 
the fields and discuss relevant developments. Both quantitative mi-
croscopy and computational chemistry are becoming more important 
in heterogeneous catalysis, which creates new possibilities.
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2.1 Introduction 

The controlled synthesis of well-defined building blocks with predetermined properties 
and their assembly into large functional structures is at the heart of materials science re-
search and many technological applications.1,2 An excellent example is heterogeneous ca-
talysis, which is the motor of the chemical industry through which many societal challeng-
es, including sustainability and energy efficiency related matters, are addressed.3,4 When 
evaluating the performance of heterogeneous catalyst, three factors are commonly con-
sidered: activity, selectivity and stability.5 Understanding the interrelation between chem-
ical reactivity and catalysts morphology is at the core of heterogeneous catalysis research 
towards rational design of new and improved catalytic materials.6–8 Heterogeneous catalysts 
are complex hierarchical materials with multiple elements or building blocks on a multi-
scale level. To understand the fundamental factors underlying heterogeneous catalysis, a 
detailed quantitative characterization of each of these building blocks, at their appropriate 
length-scale is required. Here, we address the inherent challenges to quantitative spatially 
resolved characterization by electron microscopy and illustrate possibilities associated with 
the translation of catalyst morphology into performance, focusing on the imaging of the 
active state.

2.2 Catalyst morphology and characterization

The catalyst’ morphology is defined by a set of (multi-scale) parameters. In Figure 2.1, a 
schematic overview is given of these different length scales. These length scales range from 
the atomic or Ångström scale towards the industrial or macroscale. At the Ångström scale, 
the active site is located which determines the intrinsic activity of the catalyst. The active 
sites are specific configurations of atoms, which have a surface topology that favors bond 
breaking or formation. At the nanometer scale, the size of the nanoparticles composed of 
the active material, typically transition metals, dictates which types of active sites are pres-
ent as well as the concentration of these active sites. The types of sites and their abundance 
on the nanoparticle surface are the most important factors that determine the intrinsic 
reactivity.9,10 The nanoparticles themselves are immobilized on the surface of the (oxidic) 
support material. The surface location of the nanoparticles which is mostly in pore channels 
determines to what extend these nanoparticles are accessible for the reactants.11,12 If tra-
versing these pores is difficult, the catalyst suffers from internal mass transfer limitations. 
Here, the mesoscale morphology of the pore network including pore connectivity and the 
spatial distribution of the active phase therein play an important role for catalyst stabili-
ty.13,14 On the macroscale, the catalyst granulate and their stacking into a catalyst bed de-
termine important phenomena in chemical reactor engineering, such as the pressure drop 
of the reactor and the extend of external mass transfer limitations. It is important to note 
that often not only the nanoparticles are catalytically active but also the support can have 
its own reactivity, such as is the case for zeolites. Consequently, in these cases, support mor-
phology has an even higher significance.15

From above it is clear that an ensemble of structural (sub-nm) and morphological (nm–m) 
parameters dictates the overall catalytic performance of which the most important ones on 
the different length scales are summarized in Table 2.1. To fully understand and predict the 
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collective reactivity of the catalyst, multi-scale characterization is of utmost importance. 
Many characterization techniques exist to determine the morphology of the investigated 
material. Firstly, there are bulk methods such as chemisorption and physisorption which 
are used to determine overall (metal) surface areas, pore volume and pore size distribution. 
Powder XRD provides information on the present crystalline, crystallite size and crystallin-
ity. However, with these techniques only averaged, bulk information is obtained, and the 
spatial information is lost. Changes in catalyst morphology (Table 2.1) can have a significant 
impact on the performance of the material. X-ray microscopy and tomography offer a great 
opportunity to spatially (and chemically) resolve the structure of a heterogeneous catalysis, 
even under reaction conditions.16 This approach has been widely applied to unravel various 
practical and mechanistic challenges.17 The current state-of-the-art X-ray technology offers 
characterization of catalyst particles with an spatial resolution down to 30 nm.16 Yet, for this 
type of characterization still a synchrotron is required. Electron microscopy and tomography 
on the other hand, offer characterization with a much higher resolution and are more widely 
available. For many decades, electron microscopy has been an indispensable tool to deter-

Figure 2 .1 . Schematic representation of the multiscale morphology of a catalyst (bed) with (a) active site and 
surface facet (b) nanoparticle (c) pore channel (d) pore sturcture, (e) catalyst granulate and (f) chemical reactor. 
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mine particle sizes of heterogeneous catalyst. Recent developments have led to a wide appli-
cability of (S)TEM and tomography not only in catalyst research, with resolution, acquisition 
speed and data analysis ever improving.18,19 Furthermore, the ongoing development of in 
situ techniques allows imaging under a reactive environment on the sub-nanometer scale, 
with elemental mapping or even in situ 3D imaging.20,21 In this chapter, we focus on how to 
quantify the morphological parameters summarized in Table 2.1 for individual active phase 
particles using electron microscopy (EM) and discuss gained information in the context of 
other and bulk techniques. We will discuss the advantages and disadvantages, i.e., comple-
mentarity, of the local and bulk techniques for each morphological factor. Furthermore, we 
will highlight advantages by linking bulk and local techniques (Table 2.1) via quantification. 

2.3 Deriving a 3D surface science model from quantitative microscopy

In microscopy, visual inspection is and has always been an important aspect of data in-
terpretation. This is ideally not desired as the results and conclusions drawn have a chance 
of containing “operator-bias”, even if this is not intentional.33,37 Major advances in resolution 
and imaging techniques, along with an increase of data, urge for quantitative analysis of mi-
croscopy data.38 In the past years, many scripts and tools have been developed to accelerate 
and facilitate image analysis, especially in the field of biology.39 One important develop-
ment in this field is the use of artificial neural networks for pattern recognition. Such neural 
networks can for example easily identify nanoparticles on the basis of shape and contrast 
(with respect to the support) and readily construct a particle size distribution from a series 
of images, but more complex analysis is also possible.40 Alongside with automated image 
analysis, the development of automated imaging can drive quantitative microscopy towards 
a bulk characterization method.41

The true value of quantitative microscopy in catalysis is exploited when it is matched 
with both performance and bulk data covering each length scale, as listed in Table 2.1. For 
example, matching chemisorption metal surface areas with surface averages obtained by 

Table 2 .1 .  Overview of different structural and morphological parameters accessible with EM which can by linked 
to bulk techniques.

Morphological 
parameter

Catalysts 
Performance

EM 
Technique Bulk Technique Phase Refs .

Particle size Reaction rate & 
Selectivity

(S)TEM Chemisorption, 
XRD, EXAFS,

Active 
phase

5,10,22

Particle shape / 
faceting

Reaction rate & 
Selectivity

Tomography / 
(S)TEM

XRD-PDF, EXAFS, 
CDI-X

Active 
phase

23–29

Interparticle distance Catalyst stability Tomography / 
(S)TEM

n.a. Active 
phase

14

Particle location and 
accessibility 

Mass transfer & 
Local reaction 
environment

Tomography X-ray tomography, 
Chemisorption

Active 
phase / 
Support

30

(Meso) Pore size 
structure

Mass transfer Tomography Physisorption Support 31–34

Granulate size and & 
shape

Mass transfer SEM Physisorption Support 35,36
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(S)TEM or volume-averages to match with the average crystallite size obtained by XRD.42 

Quantitative Electron Tomography can be used to link porosity data obtained by physisorp-
tion with 3D-recontructrions for a deeper insight in the pore architecture of a catalyst or 
give valuable information on the location of the active metal particles.30–33,43 On the longer 
length scales, the granulate size or the shape of zeolite crystals can have a detrimental effect 
on its performance. For example, sheet-like materials are synthesized to overcome diffusion 
limitations which normally occur in conventional zeolite crystals.35,36 Using the geometrical 
size obtained from microscopy, the external surface area (also probed by physisorption) can 
be estimated.44 

It now has become clear that translating morphology into performance is a multi-dis-
ciplinary challenge. The ultimate goal of quantitative microscopy for catalysis would be to 
predict activity and selectivity based on surface science, computational approaches with all 
the parameters displayed in Figure 2.1 and listed in Table 2.1, combined. In an attempt to 
a provide such a quantitative link between the catalytic performance and the morphology 
of catalytic nanoparticles, we introduce the following simple equation that expresses the 
overall chemical rate as a function of the specific ensemble of nanoparticles:

                                                                                                            (2.1)

RT = Total volumetric chemical reactivity
Ri  = Chemical reactivity of a nanoparticle
cij = The surface density of a particular active site j of nanoparticle i
rj = Chemical reactivity of surface site j
C = Coefficient matrix
r =  Intrinsic chemical rate for active sites 

Mathematically speaking, the double summation in the equation above can be recast 
to a matrix equation wherein a coefficient matrix C expresses the propensity to which par-
ticular active sites are present in our nanoparticle ensemble and wherein the vector r is 
the intrinsic chemical rate for these active sites. Note that this equation does not consider 
mass-transport limitations, diffusion between surface facets or oscillating reaction fronts.45 
The rates rj depend on temperature and reactant composition but are otherwise indepen-
dent of the particle composition. In other words, surface reconstruction will only alter the 
matrix C. From this, the concept of structure sensitivity becomes apparent, wherein it is 
observed that the selectivity and activity of chemical reactions critically depends on the 
nanoparticle size and shape. As a function of nanoparticle size, the surface densities cij of 
particular active sites change significantly, leading to the observed reactivity changes. In a 
similar fashion, deactivation processes or the evolution of a catalyst leads to a change in the 
number density of the active sites and hence a change in the coefficient matrix C. 

Using this simple equation, it becomes clear which characterization techniques will play 
a role in our understanding of surface catalysis. Single crystal techniques (in conjunction 
with computational chemistry) allow us to investigate the reactivity rj of particular active 
sites. On a next level, TEM and tomography allow us to investigate the particle size and 
shape distribution of a sample (cij and C). It is essential to have detailed knowledge of the 
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nanoparticle morphology for the prediction of catalytic behavior. Multi-scale characteriza-
tion by EM can thus provide the much-needed morphological information listed in Table 2.1 
to be applied in Equation 2.1. This multi-scale characterization would go hand-in-hand with 
the multi-scale computational modeling of heterogeneous catalysis.46 When we are able to 
predict performance from morphology, we can formulate more defined and detailed design 
criteria for heterogeneous catalysts which can result in a tremendous efficiency improve-
ment in the chemical industry.

An additional challenge for catalyst characterization is that morphological parameters 
(Table 2.1) do change during a reaction.47 Some examples include; size increase of metal 
particles, causing the loss of active metal surface area (domain Figure 2.1b). Catalyst poi-
soning which regards the irreversible chemisorption of inactive species on the active sur-
face, changing the available surface (domain Figure 2.1a). Fouling includes the deposition 
of material onto the catalytic surface and pores, such as carbon or metal deposition, again 
limiting the available surface area (domain Figure 2.1c  –e). This is for example analyzed with 
X-ray tomography of fluid catalytic cracking particles.17 Furthermore, mechanical aging can 
cause attrition or breaking of the support material, leading to a loss or changes of available 
internal pore area (Figure 2.1e).48 Generally speaking, catalyst deactivation is a multi-scale 
phenomenon changing the morphology and structure of the material.48 Therefore, multi-
scale quantitative microscopy can and should play an important role in understanding cata-
lyst deactivation and dynamics. The time-scale of these phenomena occur typically within a 
range of hours up to months, or years.47 On a much shorter time-scale structural dynamics 
of the active phase induced by gas adsorption or a catalytic reaction are of great importance 
as they also influence directly the reactivity.49–51 These surface reconstructions are an im-
portant aspect, as they can result in both more favorable active sites or unwanted less active 
sites.52 Typically events on a short time-scale also occur on a short length-scale. Insights on 
structural dynamics behavior can aid in understanding the underlying catalytic mechanisms 
and can be therefore not ignored. Here it is important to note that upon standard sample 
preparation, the catalyst leaves the native reaction conditions. When leaving the native re-
action conditions, the catalysts structure and morphology can change, especially the fast 
changes occurring on the (sub-)nanometer scale, such as surface reconstructions or oxida-
tions. Therefore, it is crucial to consider all the steps during sample preparation and reflect, 
as shown in this chapter, on how these steps can influence the structure and morphology 
of the catalyst.

In the following sections first state of the art morphology quantification by 2D and 3D 
EM techniques and the links to bulk measurements of multiple morphological factors is 
reviewed. This will be completed by a discussion of how to preserve the native state of a 
catalyst for EM analysis. Subsequently, the importance of structure dynamics and in situ 
imaging is addressed, concluding with an outlook on necessary developments in the field. 

2.4 Particle size 

The metal particle size directly determines the dispersion and therefore the available 
metal surface area. Hence, a smaller particle size relates to higher reaction rates for struc-
ture insensitive reactions, as is the case for many hydrogenation reactions. For structure 
sensitive reactions, reactivity is not only dictated by the available surface area but also by 
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the concentration of specific adsorption sites, such as step-edge B5 sites for the activation of 
π-bonds, relevant to reactions such as the Fischer-Tropsch synthesis53 and the Haber-Bosch 
process54. The relative concentration of these sites typically forms a plateau or an optimum 
(for different metals) between 5 and 15 nm.6,10,54,55 Below the optimal particle size, despite 
the higher surface area, the overall activity displayed for nanoparticles is lower than ob-
served for particles of optimum intermediate size. This is the case for many industrially im-
portant reactions, including the Fischer-Tropsch process, ammonia and methanol synthesis, 
with each process having a turnover of multiple million tons per year.6,10,54,55 Hence, particle 
size is not only a measure for the available metal surface area but, more importantly, the 
number of active surface sites (actual surface termination). It is important to highlight that 
the presence of particular active sites can also serve an unwanted effect on the overall selec-
tivity. For example, in the Fischer-Tropsch reaction, terraces and kink sites favor the forma-
tion of methane, an undesired product in this reaction. A too small or too large particle size 
leads to an unfavorable high surface concentration of kink sites or terraces, respectively.56–58

The majority of the publications in heterogeneous catalysis determine the particle size 
using electron microscopy (EM) like Scanning EM (SEM) and (Scanning) Transmission EM 
((S)TEM), which provide, besides the average value, also a detailed view on the size distribu-
tion. The distribution is of importance because a catalyst with a broad size distribution will 
be more susceptible to Ostwald ripening. Small particles are more likely to merge into the 
more stable larger particles via the migration of atomic species or small clusters. Therefore, 
the width of the size distribution is an important parameter for catalyst stability.59,60 Simi-
larly, for structure sensitive reactions a narrow size distribution, centered at the optimum 
size, is preferred. To interpret effects from dispersity on activity the full distribution should 
be given and not only the number averaged mean. Also what type of average is presented 
is important when matching EM results to bulk techniques such as XRD (equivalent to the 
volume averaged particle size) or chemisorption (equivalent to the surface averaged particle 
size).61

This is best explained with an example: assume that we have a catalyst containing 106 

metal particles of 1 nm in diameter and 1 particle of 100 nm. In this case, the number aver-
aged particle size is ~1 nm. The surface average particle size is ~2 nm, which is the equivalent 
value as probed by chemisorption and activity, as both are surface processes. The volume 
averaged particle size is ~50 nm, which is linked with the XRD value, where peak intensity 
and broadening scales with the volume of the measured crystallites. This example shows 
the importance of knowing the particle size distribution and highlights that when matching 
TEM data with bulk data, the right averages have to be considered.42,61

2.5 Particle shape

When only particle size is considered, often a spherical or hemi-spherical shape is as-
sumed to infer the available surface area, thereby ignoring a variation in shapes and facet-
ing, with differences in the nanometer and sub-nanometer level. A particular nanoparti-
cle shape can be detrimental for overall performance as shape dictates the fraction and 
types of available surface facets. Therefore, particle shape should added as an essential 
morphological parameter that will improve the accuracy of the description when applied 
to Equation 2.1.
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As can be seen in Figure 2.2, the shape (domain Figure 2.1b) of a metal nanoparticle 
changes the amount and type of surface sites (domain Figure 2.1a).9,62 For instance, a ran-
domly orientated (spherical) nanoparticle consists of various surface facets such as (100), 
(111), (211), etc.63 Perfect cubic nanoparticles of an FFC metal mostly contain (100) facets, 
whereas tetrahedral nanoparticles mostly contain (111) surfaces. The shape changes on the 
nanometer level are therefore correlated with the available active sites on the sub-nanome-
ter level. Shape descriptors, e.g. the angles between edges or the angles between facet nor-
mal vectors, can therefore aid in determining which surface facets are present and function 

as an important parameter to translate morphology into performance. 
Experimentally, colloidal synthesis methods are used to exploit this shape-dependen-

cy, as also discussed in Chapter 7.23 When successful, creating a shaped catalyst particle 
where a certain surface termination dominates, the reactivity of this specific surface can 
be investigated by surface science approaches to finally bridge the gap to industrial catal-
ysis. The shape and surface termination of colloidal nanoparticles is not only important in 
catalysis but also in colloid chemistry, materials science and semi-conductor materials.62 
Although many examples of shaped particles in catalysis exist,23–29 the link to reactivity is not 
straightforward due to complicated synthesis procedures and often chemical left-overs on 
the surface from the synthetic procedures.64–67 Additionally, uniform shaped nanoparticles 
are not available for every size, metal and reaction system and perfectly uniform shaped 
systems are rare. A catalytic system with only nanocubes cannot simply be represented 
by the reactivity of the (100) surface only, as rounded edges will always be present.68 Fur-
thermore, the majority of (catalytic) systems of industrial interest are often non-uniform in 
shape and overall morphology. Yet, the shape and morphology of industrial catalysts is of 
great importance.69 

Based on above, it is highly desirable to be able to correctly and quantitatively determine 
the shape distribution of a catalyst. Bulk X-ray techniques (such as EXAFS and XRD-PDF) are 
often used to determine the coordination number from which its size can be determined. 
When the system is very monodisperse in both shape and size, the shape average of the 
metal nanoparticles can be determined.70–72 Polyhedral ensembles such as the ones shown 
in Figure 2.3 are not suitable for X-ray bulk analysis via average shapes. Moreover, even 
when starting with a well-defined model catalyst, reaction conditions can induce significant 

Figure 2 .2 . Influence of nanoparticle shape on observed faceting. 
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shape changes towards a less well-defined system.73,74 Therefore, experimental approaches 
to determine particle shapes are becoming more and more important. Coherent X-ray dif-
fraction imaging (CDI) allows to investigate individual nanoparticles in situ but only allows 
the analysis of a few particles.75,76 This can be useful for a fundamental understanding of 
morphology dynamics, but poor statistics restrain the establishment of clear structure-prop-
erty relationships. Therefore, electron microscopy is a unique and essential tool to deter-
mine the shape of nanoparticles. For shape quantification standardized approaches that 
link to the framework expressed in Equation 2.1 still need to be developed. Most commonly 
nanoparticle shape is still analyzed by visual inspection of (S)TEM images and assigning each 
particle into a shape sub-class as shown in Figure 2.3.64,77–79 Unfortunately, this process is 
time consuming and operator bias cannot be excluded.

To accelerate data analysis and prevent operator bias, automated analysis of nanoparti-
cle shapes based on (S)TEM images is used. Such approaches often focus on model systems 
and specific shape factors such as circularity.81 In this context, analysis of particles that were 
imaged edge-on has been particularly useful for determining the contact-angle of nanopar-
ticles with the support as a probe for metal-support interactions.82,83 However, by choosing 
only one descriptor the full nanoparticle shape is not resolved. In Table 2.2 an overview of 
shape descriptors and corresponding references is given to illustrate some possibilities.

2.6 Particle shape from 3D data

Since (S)TEM images are in first approximations two-dimensional (2D) projections of a 
three-dimensional (3D) object, potentially essential information is lost and there is a chance 
of misinterpretation. This problem is overcome by tomography, either with X-rays or elec-
trons, that is based on acquiring series of projections from different directions. Then, via 
numerical algorithms the acquired image series can be reconstructed to create a 3D inten-
sity map (tomogram) of the sample containing spatially resolved information in all three 
directions.19 

Similarly, as discussed for 2D images above, shape-classification by visual inspection of 
the tomogram can provide general information on observed shapes (see Figure 2.3), while 
much detail is lost. Here it is important to recall that active sites which are not dominant in 
concentration may still dominate the catalytic performance when the reactivity of this site 
is significantly higher than all others (B5-sites for example). Changes which seem minor on 
the nano-level can have a considerable influence on the chemical, physical and optical prop-

Table 2 .2 . Overview of shape descriptors obtained by (S)TEM image analysis.

2D Shape descriptor Reference 3D Shape descriptor Reference

Circularity 50,81 Particle thickness 84
Contact angle 82,83 Aspect ratio 85
Aspect ratio 86,87 Support curvature 88
Metal–support interface 89 Pore tortuosity 90
Core-shell ratio 91 Pore connectivity 90
Shape anisotropy 92 Shape anisotropy This chapter
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erties of a material.93 Ideally, one would need electron tomography (ET) data at atomic res-
olution so the surface terminations can be directly quantified and applied in Equation 2.1. 
Although resolution is constantly improving, atomic resolution ET is only possibly with high-
end microscopes, beam stable samples and the probed volume/sample thickness is limit-
ed.94,95 Therefore, the analysis of morphological parameters for a set of particles, both in 
2D and 3D serves as a useful alternative that can be carried out in many microscopy labs 
(Table 2.2). Some examples include particle thickness, aspect ratio, support curvature, tor-
tuosity and surface-to-volume ratio.13,44,84,85,88,96 

To gain shape information relevant to the 3D surface science model presented by 
Equation 2.1 we propose the following analysis approach. Here one utilizes directly the in-
tensity differences present in the tomogram between nanoparticles, the support material 
and the surrounding without the need for time-consuming segmentation. The first step is to 
create an iso-intensity surface by triangulation, highlighting the outer boundary of the parti-
cle (Figure 2.4a), which is available in most visualization software tools. Triangulation divides 
the surface in triangles of which the areas and surface normal vectors can be determined 
from the vertices of the triangles. A specific surface facet will be composed of triangles 
with normal vectors pointing roughly in the same direction. This is used in the second step 
which analyzes the statistical distribution of normal vectors pointing in all possible direc-
tions. Clustering of many normal vectors over a small angular range, as shown by red areas 
in Figure 2.4b, will occur in case that surface facets are present. It is also seen that for a 
cube six clusters corresponding to the six major facets are found. The relative angular offset 
of the six facets is fixed and unique for a cube. Additional morphological information, such 
as the curvature between facets and around the edges, can be found in the density plot as 
broad bands connecting the facet clusters and broad peaks, respectively. Furthermore, this 
analysis decouples particle shape (relative location of peaks) from particle size (height of 

Figure 2 .3 . (a) 2D Shape distributions obtained by visual inspection and classification in sub-classes. From 
reference64 (b) 3D Shape classification done by visual inspection. Each color belongs to a shape sub-class; blue for 
plates, green of octahedral, yellow for rod-shaped and white for irregular shapes. From reference80.
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peaks). This approach allows to quantify the shape of a nanoparticle with a minimal loss of 
information and can potentially be fully automated in the future. As obtained data includes 
information on the relative angular offset of surface facets, indexing may be possible to infer 
the presence of particular active sites.23

2.7 Catalyst support considerations (distribution active phase and accessibility)

Besides nanoparticle size and shape, also the location on the support, distribution and 
distance to neighboring particles can have a direct influence on the stability and selec-
tivity of the catalyst.97 Conventional TEM is insufficient to determine the relative location 
of nanoparticles on the support material as only projected data is obtained. The use of a 
flat-model system terminates the z-distance as all the nanoparticles are on the same plane.98 
Yet, when not working with model systems, characterization techniques which provide 3D 
spatial information are required, such as ET. For example, to obtain nearest neighbor and 
next-nearest neighbor distances, nanoparticle location relative to support curvature and 
local weight loading is required.14,32,88 ET was also used to quantify the location of nanopar-
ticles, in or outside the support, to optimize preparation methods.32

On the longer length scale (Figure 2.1e–f), also the distribution of the material within 
the catalyst pellet or monolith can have an influence on the catalytic performance. Inhomo-
geneous distribution can for example have negative effects on the product distribution or 
overall efficiency.12,99 Recent improvements in synchrotron based X-ray microscopy have led 
to an impressive leap forward on understanding catalytic processes on the meso-scale.16 Yet, 
for a complete understanding on nanometer scale the current X-ray resolution is lacking, 
hence, electron microscopy and X-ray microscopy are required to obtain the full image on 
the entire length scale of the catalyst.

2.8 Sample preparation and preservation

In the above sections, the assumption has been made that the imaged catalyst is in the 

Figure 2 .4 . (a) Example of surface triangulation of cube; (b) density map obtained by clustering of the directions 
of all surface normal vectors. Red areas represent clustering of many normal vectors over a small angular range, 
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native, active state. For conventional TEM this is often not the case. When transporting 
the active catalyst from the reactor to the high vacuum in the microscope, many changes 
can occur. One obvious example is sample oxidation during transportation in air, but this is 
certainly not the only change which can occur during sample preparation.100 In Figure 2.5 an 
overview is given of changes which might occur in the process of sample preparation. Some 
examples, such as oxidation, occur at the sub-nanometer scale (Figure 2.1a) while other 
changes are apparent on a longer length scale such at the detachment of NPs (Figure 2.1b) 
or support attrition (Figure 2.1d–e). This highlights the importance of proper sample prepa-
ration and that all these changes have to be taken into consideration. To prevent sample 
oxidation a gas-transfer holder or passivation can be employed. Yet, the actual reaction 
conditions, including high temperature and pressure are not maintained. Changing these 
conditions can change the morphology of the catalyst (Figure 2.8). For exactly that reason, in 
situ TEM holders have been developed. In situ holders are available for both gas-phase and 
liquid-phase experiments and found their way in materials science and catalysis.101 State-
of-the-art gas-holders can go up to temperatures of 1000 °C and pressures of 1 bar. These 
holders have been used to study catalyst dynamics, which will be discussed later.50,73,102,103 
Despite these developments, imaging under industrial relevant pressures (pressures of 
20 bar and higher) is still far out of reach. Therefore, alternative approaches have to be 
considered to preserve the native state of an active catalyst.

A possibility lies within the rapid thermal quenching. By cooling a sample almost in-
stantly, the material is vitrified, maintaining its original transient structure. This allows us to 

Figure 2 .5 . Preparation steps from reactor to TEM grid. 
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investigate processes which occur rapidly, on a small length scale. This approach has been 
widely used in material science and its importance has been underlined by the Nobel Prize 
in Chemistry in 2017.104 Recently, it has been used to investigate the colloidal synthesis of 
Fischer-Tropsch catalysts.105 Obviously, plunge vitrification of a thin liquid film in liquid ni-
trogen differs drastically from quenching a chemical reactor operating at 20 bar and 300 °C. 
Quenching with liquid nitrogen has been used to prevent phase-transformations which can 
occur during slow cooling, such as Pd to PdO transformation during methane oxidation.74,106 
Also high-pressure venting of the catalytic bed into liquid nitrogen could be used, were an 
instant release of pressure causes the catalyst to be launched into a bath of liquid nitrogen. 
An example of this is shown in Figure 2.6. Furthermore, a recently published design of a 
TEM reactor with laser irradiation as a heat source and a Si3N4 substrate with a small catalyst 

amount allows rapid cooling as well. Although the cooling rates are higher than convention-
al cooling it is unlikely that the cooling rate is fast enough to arrest events such as shape 
change or liquid-like behavior.73,107 To obtain results on these type of events, even higher 
cooling rates have to be obtained. 

2 .9 Structural dynamics 

The past decade, there has been an increased interest in the ‘structure dynamics’ of 
a heterogeneous catalyst e.g.  reversible and irreversible changes in the active phase of 
the catalyst over time during the catalytic reaction (Figure 2.8).108 To include dynamics 
Equation 2.1 needs to be extended to include mass-transport limitations15, diffusion be-

Figure 2 .6 . Stills from high-pressure catalyst venting into liquid nitrogen (a) before venting, (b) a moment after 
opening the automatic valve. 
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tween surface facets or oscillating reaction fronts.45 For instance an oscillating behavior 
during catalysis can be either caused by adsorbate-induced or changes in interfacial en-
ergies or reaction heat.50,109,110 Under certain circumstances, particles are even able to re-
disperse, or form pores.111,112 

The afore mentioned structure dynamics of a catalyst at work are best studied by adding 
(reaction)time as extra dimension. One option is to compare several properties (particle 
size, particle size distribution etc.) at different time-points during the reaction by performing 
post-mortem analysis. This can reveal valuable insights on sintering behavior. Still, valuable 
information is lost as the individual morphological changes of a particle are not retained. To 
do so, single-particle tracking has to be performed. This can be done by studies on flat-mod-
el catalyst with recognizable and marked locations which allow to post-mortem trace back 
the exact location imaged the before the reaction.98 The same approach is used for quasi 
in situ TEM.113 Furthermore, the advent of in situ techniques (either environmental TEM or 
in situ cells both liquid and gas cells) has led to numerous publications revealing live imaging 
of catalysts during synthesis and operation. Aspect as dynamic shape changes, oscillating 
behavior, single particle size evolution and changes to the promotor are revealed.50,103,109,114 
Although in situ imaging at 1 bar pressure has been achieved, most of the used in situ TEM 
research is limited to the mbar regime.102 It needs to be noted that these conditions are 
far below the pressures (20–50 bars) that industrial catalysts are operated at which causes 
uncertainty in describing industrial processes by in situ measurements. 

Figure 2 .8 . Examples for absorption based surface restructuring; (a) CO adsorption on Pt, adapted with permission 
from115 (b) Ag during the ethylene epoxidation, adapted with permission from116. 
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2 .10 Summary and outlook

In this chapter, we have shown that in order to improve current heterogeneous catalysts 
and the understanding thereof, we have to solve a multi-length and multi-timescale puzzle. 
The key challenge lies in translating all the morphological and structural descriptors to the 
overall catalytic performance via 3D surface science models. Furthermore, these descriptors 
which represent phenomena at different length scales, need to be connected to each other 
to establish a sufficiently detailed model of the catalytic material. Electron microscopy has a 
vital role in this as it can provide unique local information in a multitude of time and length 
scales. To do so, quantitative microscopy has to be developed further to a next level where 
not only specific parameters are quantified, but every detail in morphology is accounted 
for. This is certainly not trivial, but with the development of large scale (automated) data 
acquisition and new methods for data analysis we can set a new benchmark for quantitative 
microscopy.
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Chapter 3
Reversible restructuring of silver particles 

during Ethylene Epoxidation

The restructuring of a silver catalyst during ethylene epoxidation 
under industrially relevant conditions was investigated without 
and with vinyl chloride (VC) promotion. During non-VC-promot-

ed ethylene epoxidation, silver particles grow and voids are formed at 
the surface and in the bulk. Electron tomography highlights the pres-
ence of voids below the silver surface. A mechanism is proposed in-
volving reconstruction of the silver lattice and defect sites induced by 
oxygen adsorption at the external surface and the crystal grain bound-
aries, which finally create pores. Promotion of the catalytic reaction by 
VC suppresses to a significant extent this void formation. The use of VC 
also leads to redispersion of silver particles, initially grown during eth-
ylene epoxidation without VC. This redispersion process is relatively 
fast, as the average silver particle size was observed to decrease from 
172 nm to 136 nm within 2 hours during close to industrial ethylene 
epoxidation reaction conditions. These insights emphasize the dynam-
ic nature of the silver particles during the ongoing ethylene epoxida-
tion reaction and indicate that particle size and morphology strongly 
depend on reaction conditions.

This chapter is based on: ACS Catalysis, 2018, 8, 11794
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3.1 Introduction

Ethylene epoxidation towards ethylene oxide (EO) is a major chemical process with a 
worldwide production of ca. 34.5 x 106 tons of EO per year.1 Due to its unique electronic 
properties, silver is regarded as the only catalyst that is sufficiently active and selective for 
commercial EO production.2 Industrially, a ~90% EO selectivity is achieved by the addition of 
small amounts of promoters to the catalyst such as cesium, rhenium and molybdenum. In 
addition, a gaseous organochlorine promotor, e.g. vinyl chloride (VC) often referred to as a 
moderator, is co-fed on-stream in ppm levels to increase the EO selectivity by modification of 
the active sites.3,4 In ethylene epoxidation under industrial reaction conditions (200–250 °C, 
15–20 bar), the initially metallic silver particles partially oxidize, forming a unique silver and 
oxygen containing surface for the catalytic reaction.5,6 A profound influence of the chem-
ical composition, size and shape of nanoparticles on the catalytic performance has been 
demonstrated for many reactions including epoxidation reactions.7–9 Furthermore, the im-
pact of the catalytic reaction itself on the structure of the catalyst particles, resulting in 
dynamic behavior, has been emphasized.6,10–12 This necessitates a detailed understanding 
of how catalytically active structures evolve under reaction conditions to establish much-
sought structure-performance relations.

The restructuring of silver particles during ethylene epoxidation has already been inves-
tigated in a few studies.7,13–15 It was shown that changes in surface composition, roughness, 
size, shape and the formation of holes can occur. Nevertheless, most of these findings per-
tain to model reaction conditions, i.e., usually atmospheric pressure was employed and the 
effect of chlorine promotion was not investigated in detail. Here we systematically investi-
gate the effect of chlorine, which has a profound effect in stabilizing the dispersion of silver 
particles during the ongoing ethylene epoxidation reaction. Without chlorine, particle re-
structuring occurs resulting in voids as well as a substantial increase in particle size. For this 
study, we employed a procedure from the patent literature to prepare a silver epoxidation 
catalyst by impregnating the support material with a solution containing a silver-ethylene 
diamine precursor complex.16 The silver catalyst supported on α-alumina is tested under in-
dustrial conditions (20 bar, 225 °C) in the presence and absence of VC as promoter. The silver 
particle morphology is investigated in dependence of time on stream using STEM imaging 
and tomography. 

3 .2 Experimental methods

Synthesis

The as-received 3 mm α-alumina pellets (Saint-Gobain NorPro, SA 5102), were crushed 
and sieved to a 125–250 μm size fraction and calcined overnight at 550 °C. Silver oxalate 
(Ag2C2O4) was synthesized by dissolving silver nitrate (AgNO3, Alfa Aesar, ACS, ≥99.9%, 5 g) 
and oxalic acid (C2H2O4, Sigma Aldrich, ReagentPlus®, ≥99%, 50 g) in 100 mL of deionized wa-
ter followed by stirring for 10 min. The obtained white suspension was filtered and washed 
with deionized water three times. Afterwards it was dried under vacuum overnight and 
stored until further use.

For the synthesis of the catalyst, a procedure derived from patent literature was used.16 
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The catalyst was prepared by incipient wetness impregnation of 2.0 g of the sieved support 
with silver oxalate solution, molar ratio 3:1, in deionized water (2.46 M ethylene diamine 
and 0.82 M silver oxalate). Next, the catalyst precursor was vacuum dried at room tempera-
ture for 1 h and calcined at 275 °C (heating rate 10 °C/min, 10 vol% O2 in He, 1 bar) for 4 h in 
a quartz tubular flow reactor. The as-obtained sample was used for further characterization 
and testing. 

Catalytic testing

The catalytic tests were performed in a continuous plug-flow reactor. An online gas chro-
matograph (Compact GC, Interscience) equipped with one FID and two TCD detectors, was 
connected to the reactor outlet for product analysis. Mainly, oxygen, ethylene, ethylene 
oxide (EO), acetaldehyde and CO2 were monitored with a sampling interval of 5 min. The 
pre-treatment gas contained 10 vol% O2 balanced with helium a total flow of 20 mL/min 
was used. The reaction gas contained 10 vol% O2 and 5 vol% ethylene, balanced with He 
to 20 mL/min (optionally 1 vol% 99.5 ppm vinyl chloride in helium was added). The reactor 
was loaded with 20–150 mg of catalyst depending on catalyst loading to keep the conver-
sions below 10%, maintaining differential conditions. Before reaction, the pre-treatment gas 
flows through reactor at 20 bar pressure was stabilized for 2 hours. Then the reactor was 
heated to 225 °C with a ramp of 20 °C/min and dwelled for 3 hours under the pre-treatment 
gas. The reaction was started by switching two fast 4-way-valves. After 2–60 hours the reac-
tion was terminated by quenching in helium and cooling the reactor to room temperature. 
Finally, samples various treatments shown in Table 3.1 where obtained.

Catalyst characterization

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM) was performed on the TU/e CryoTitan (FEI, now Fischer-Scientific) at room and liquid 

Table 3 .1 . Sample codes in this chapter. T=225 °C, P=20 bar for al treatments. 

Name Treatment Condition

Ag/α-Al2O3 Fresh

Ag(0h)/α-Al2O3 Pre-treatment 10% O2, 3 h

Ag(2h)/α-Al2O3 2 h reaction 10% O2, 5% C2H4

Ag(20h)/α-Al2O3 20 h reaction 10% O2, 5% C2H4

Ag(60h)/α-Al2O3 60 h reaction 10% O2, 5% C2H4

Ag(60h VC)/α-Al2O3 60 h reaction (1 ppm VC) 10% O2, 5% C2H4, 1 ppm VC 

Ag(60h + 60h VC)/α-Al2O3 60h reaction + 60 h reaction 1 ppm VC 10% O2, 5% C2H4, (1 ppm VC )

Ag(O2)/α-Al2O3 60 h oxygen 10% O2

Ag(C2H4)/α-Al2O3 60 h othylene 5% C2H4 

Ag(VC)/α-Al2O3 60 h VC 1 ppm VC 

Ag(O2  + VC)/α-Al2O3 60 h VC + oxygen 10% O2, 1 ppm VC 
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nitrogen temperature. Dry (S)TEM sample preparation involved sonication of the samples in 
pure ethanol (Biosolve, extra dry, 99.9%) and applying a few droplets of the suspension to 
a 200 mesh Cu TEM grid with a holey carbon support film. Prior to imaging, the supported 
samples were left in an oven at 40 °C overnight to remove residual ethanol. STEM images 
were acquired using a probe convergence angle of 10 mrad, a dwell time of 2 μs and a 
camera length of 89 mm in combination with a Fischione HAADF detector. Average particle 
sizes were determined by using at least 4 different images at different locations on the TEM 
grid. When the overlap is too large, the particle was not included in the statistical analysis. 
For each particle, the number of pores and the pore sizes were measured (Appendix A6). 
To avoid bias towards larger and better visible pores during the analysis, an FFT-filter was 
applied to emphasize the edges in the images. The filtered image was only used to visual-
ly aid the pore measurement highlighting small low-contrast pores in the original image. 
Additionally, adjustments in brightness and contrast values were used to improve locally 
the contrast for a specific pore. To avoid uncertainties introduced by taking into account 
overlapping particles, only non-overlapping particles were used for pore analysis. Porosity 
calculated by: Porosity=(∑(dpore

3))/(dparticle
3).

Cryo-samples were prepared by venting the catalyst particles into a vessel containing 
liquid nitrogen which quenches the present structure within less than a second. The sample, 
which was immersed in liquid nitrogen, was then crushed with a submerged mortar and 
partially submerged pestle. Some of the resulting powder still being suspended in liquid 
nitrogen was collected on a TEM grid and then transferred and kept under cryogenic condi-
tions in the electron microscope.

Electron tomography was performed at room temperature at the imaging conditions 
stated above over an angular range of -68° to 68° using 137 increments. Tilt-series alignment 
and tomographic reconstruction was performed in IMOD. The reconstructions where ren-
dered, analyzed and visualized using Avizo software. 

XRD patterns were recorded with a Bruker D2 Endeavor powder diffraction system using 
Cu Kα radiation. The scanning speed was 6.0° min-1 in the range of 5–90°. Crystallite sizes 
were determined using the Scherrer equation on the Ag(200) and Ag(220) diffraction peaks 
located at 44.3° and 64.7° respectively. 

XPS measurements were carried out with a Thermo Scientific K-Alpha apparatus, 
equipped with a monochromatic small-spot X-ray source and a 180° double focusing hemi-
spherical analyzer with a 128-channel detector. Spectra were obtained using an aluminum 
anode (Al Kα  = 1486.6 eV) operating at 72 W and a spot size of 400 µm. Survey scans were 
measured at a constant pass energy of 200 eV and region scans at 50 eV. The background 
pressure was 2 x 10-9 mbar and during measurement 3 x 10-7 mbar argon because of the 
charge compensation dual beam source. XPS spectra were fitted with CasaXPS. A Shirley 
background subtraction was applied and Gauss-Lorentz curves were fitted (Appendix A2).

O2-TPD experiments were carried out in a plug flow quartz reactor. 250 mg of catalyst 
was loaded in the reactor and heated (225 °C, 20°C/min) in an oxygen flow (10 mL/min) 
for 3 hours under atmospheric pressure and then cooled to 50 °C. Upon reaching 50°C, the 
O2 flow was stopped and the reactor was flushed with He for 0.5 h. Then, the reactor was 
heated in He to 550 °C (10 °C/min). Gas analysis was performed by the mass spectrometer 
(quadrupole mass spectrometer, Balzers TPG 251). The monitored gases were H2 (m/z 2), 
He (m/z 4), CH4 (m/z 16), H2O (m/z 18), N2 (m/z 28), O2 (m/z 32), CO2 (m/z 44). The current 
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Table 3 .2 . STEM and XRD data for fresh and used samples.[a]

Sample[b] Particle size 
(nm)

σ 
(nm)

n 
(-)

Crystallite 
size (nm)

Pore size 
(nm)

Number of 
pores (-)

Porosity 
(%)

Ag/α-Al2O3 107 47 199 30 n.d. n.d. n.d.

Ag(0h)/α-Al2O3 119 58 250 27 n.d. n.d. n.d.

Ag(2h)/α-Al2O3 132 60 256 26 20 3.9 1.70

Ag(20h)/α-Al2O3 151 65 254 25 19 8.1 2.52

Ag(60h)/α-Al2O3 172 79 252 24 21 14.6 3.99

Ag(60h + 2h)/α-Al2O3 136 66 300 n.d. n.d. n.d. n.d.

Ag(60h + 20h)/α-Al2O3 127 50 300 n.d. n.d. n.d. n.d.

Ag(60h+60h VC)/α-Al2O3 119 59 210 31 25 3.7 2.48

Ag(60h VC)/α-Al2O3 93 34 150 32 24 3.5 2.07

[a] Extended data in Table A1 [b] Detailed sample description in Appendix A4. n.d. = not determined

intensity was measured against time and the measured intensities were divided by the cor-
responding He signal intensity.

3 .3 Results and discussion

The synthesized catalyst (Ag/α-Al2O3, Table 3.2) contained a nominal weight loading of 
8.2 wt% silver. The XRD pattern (Appendix A1) contains peaks corresponding to metallic 
silver phase as well as corundum of the α-alumina support. XPS proved that all nitrogen 
from the precursor complex was completely removed (Appendix A2). No evidence of bulk 
silver oxide was found by XRD, XPS, or electron diffraction. The average silver particle size of 
the fresh catalyst, as determined by STEM analysis (Figure 3.1a, Appendix A3), is 107 ± 47 
nm and comparable in size and preparation methods to industrial catalysts.5 The crystalline 
domain size of the metallic silver particles is 30 nm (determined by analysis of XRD line 
widths). This implies that each silver particle seen in Figure 3.1a–d is comprised of multiple 
domains and thus contains grain boundaries. Before each catalytic test, a pre-treatment in 
an oxidative environment (20 bar, 225 °C, 10% O2 in He, 3 h) was performed. The catalytic 
performance was evaluated under industrial reaction conditions (20 bar, 225 °C, 5% C2H4, 
10% O2) for up to 60 h. In the absence of the chlorine promoter (Figure 3.2), the rate slowly 
increases over time and stabilizes after ~20 h, while the selectivity steadily decreases to 60% 
after 60 h. When 1 ppm of VC is co-fed, activity reaches a maximum after 2 h after which 
a fast decrease is observed. Nevertheless, with 1 ppm VC (the optimal amount for these 
conditions17), the selectivity reaches 80% after 10 h and subsequently remains constant. 
The decrease in the total rate has been linked to partial coverage of the catalytic surface 
by chlorine.18 XPS data indeed show that after catalysis with VC, a small amount chlorine is 
deposited on the catalysts surface (Supporting Information Appendix A2). Our results are in 
line with previous studies and representative for pure silver catalysts.18,19

Restructuring of the initially pore-free fresh catalyst was investigated in detail by HAADF-
STEM imaging and electron tomography on samples that were tested in ethylene epoxida-
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tion for 0 h, 2 h, 20 h and 60 h (Table 3.1). The 0 h sample was only pre-treated without 
exposure to the reaction feed (Figure 3.1b). The average sizes and size distributions of the 
silver particles are listed in Table 3.2 and the corresponding histograms are shown in Ap-

Figure 3 .1 . STEM images of (a) fresh Ag/α-Al2O3 catalyst (b) Ag(0h)/α-Al2O3 and (c) and (d) Ag(60h)/α-Al2O3.

Figure 3 .2 . Ag/α-Al2O3 reaction rate and selectivity without and with VC promotion (reaction conditions: 225°C, 20 
bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). 
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pendix A3, Figure A5. STEM images in Figure 3.1 display the fresh (Figure 3.1a), pre-treated 
(Figure 3.1b) and a 60 h on stream sample in the absence of VC (Figure 3.1c and 3.1d). 
Using XRD, XPS and electron diffraction no evidence of silver oxide was found in the spent 
samples. 

For the reaction without VC, the initial number-average particle size is 107 nm 
(σ = 47 nm). In situ oxidative pre-treatment increased the particle size slightly to 119 nm 
(σ = 58 nm). Subjected to ethylene epoxidation at 225 °C the average particle size increases 
to 172 nm and the particle size distribution broadens to 79 nm after 60 h. Importantly, we 
could establish that substantial growth of the silver particles did not occur in reference ex-
periments in which the catalyst was exposed for 60 h to the individual reaction gases at the 
same pressure and temperature (Appendix A3, Figure A3). 

Thus, we infer that significant particle growth is only linked to ethylene epoxidation. 
Growth of silver particles during epoxidation has been discussed before and is thought to 
occur via Ostwald ripening or coalescence.20–22 The particle size increase results in a loss 
of the silver surface area, in our case of roughly 30%. Despite the loss of surface area, we 
observe over time a higher total reaction rate. This shows that the catalytic activity is not 
determined by the surface area only but that changes in the chemical surface composition 
and the structure play a significant role.4,7

Most interestingly, the STEM images (Figure 3.1c and d) of the 60 h spent sample show 
clear voids in the silver particles. Images of these samples were quantified in terms of pore 
size and pore frequency per silver particle (Table 3.2) using in-house developed software 
(see Appendix A6). The average size of the voids after 60 h epoxidation reaction is 21 nm. 
We show in Appendix A3 that void formation only occurs during epoxidation. Other pos-
sible causes such as the Kirkendall effect during the exposure to the individual gasses, de-
composition of silver species during quenching of the reactor and electron beam damage 
have been excluded (Appendix A5). As shown before, voids were not observed in the fresh 
sample (Figure 3.1a) or after oxidative pre-treatment (Figure 3.1b). Thus, our STEM analysis 
shows that the ethylene epoxidation reaction leads to sintering of the silver particles and 
the appearance of voids. 

On the other hand, XRD shows that the silver crystallite size only changes very slightly 
(Table 3.2). To get a more detailed insight in the void distribution throughout the silver par-
ticles STEM electron tomography was employed. Numerical cross-sections through silver 
particles are shown in Figure 3.3 and Figure 3.4. For tomography analysis, tomograms were 
recorded in areas representing the average material (by comparing the STEM data of this 
area with previously obtained STEM data) including both alumina supported silver particles 
and heavily clustered areas.

From Figure 3.3 and 3.4, it becomes clear that the voids are located both at the exter-
nal surface and in the interior of the silver particles. Voids connected to the external silver 
surface are termed ‘pores’ and are marked blue in Figure 3.4. Voids located in the interior 
(without any connection to the exterior surface) are termed ‘cavities’ and are marked green. 

We quantified pores and cavities in terms of location and size, including the interfacial 
areas between silver, α-alumina and the vacuum (Appendix A8). To calculate the distance 
of the pores to the external surface, a distance map of each numerical cross-section to the 
external surface (right panel) was multiplied by a binary cross-section where only the voxels 
located in pores where marked as ‘1’. The combination of these two cross-section resulted 
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in the distance of each pore to the external surface. 
These results (Figure 3.4c) show that cavities are located as deep as 60 nm below the 

silver surface. The observation of voids inside the silver particles clarify that morphological 
changes are not restricted to the silver surface (e.g., due to an etching-like process23), but 
that the formation of cavities also occurs in the bulk. One possible explanation could be that 
absorbing reactant gasses on the surface diffuse via the grain boundaries of the particle 
and initiate cavity formation. An O2-desorption experiment was performed in order to de-
termine the total oxygen capacity of the fresh sample (Appendix A9). The measured oxygen 
capacity is well above the monolayer coverage based on the average particle size (5.3 ML, 
ML = monolayer). Taking into account the average crystallite size of 28 nm, we estimate that 
the coverage of the primary silver crystallites by O atoms is around 1 ML. This result strongly 
suggests that oxygen can adsorb on the silver particles and O atoms diffuse to sub-surface 
positions, likely along grain boundaries of the silver crystallites that make up the large silver 
particles.24 Thus, void formation started at the surface of the crystallites in the outer shell of 
the silver particles. This implies that the formation of the pores started before cavity forma-

Figure 3 .3 . Numerical cross-sections trough tomogram of Ag(60h)/α-Al2O3. Showing voids in the particle interior 
and pores connected to the outside of the silver particle (scalebars 50 nm)

Figure 3 .4 . (a) Numerical cross-section through tomogram of Ag(60h)/α-Al2O3, Pores highlighted in blue, cavities 
in green. (b) Surface rendering of silver particles with pores (blue) and cavities (green). (c) Distance of cavities and 
pores to the external surface.
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tion. This hypothesis is strengthened by the observation that the pores are on average a few 
nm larger than the cavities and that the pores deeper into the particle are the smaller (Ap-
pendix A8). Another indication is that the number of voids is declining deeper into the bulk 
of the silver particles. All this provides a reasonable explanation for the observation that 
the void size is linked to the presence of crystalline domains and its grain boundaries. The 
diffusion of oxygen along the grain boundaries into silver particles has been observed be-

fore in silver catalysts used for the oxidation of methanol to formaldehyde.24,25 The relation 
between the formation of pores and grain boundaries is further emphasized in Figure 3.5. 

Since no silver oxide was detected with XRD, XPS and electron diffraction and given the 
fact that Ag2O is thermodynamically unstable under reaction conditions, we suspect a role 
of the adsorbed oxygen layer, both on the external surface and the grain boundaries, which 
is opposed to bulk oxides in the Kirkendall effect. Oxygen adsorption can lead to the forma-
tion of defect sites (vacancies) and the rearrangement of the metal surface.26,27 These rear-
rangements have been argued to cause the pore/hole formation observed for the methanol 
oxidation over electrolytic silver. We therefore hypothesize that repetitive cycles of oxygen 
adsorption and desorption, which only occurs under reaction conditions, can cause the for-
mation of stacking faults.28,29 Accumulation of these defects and stacking faults can finally 
lead to the formation the observed pores and cavities.

In order to understand silver particle growth in more detail, we quantified the particle 
size at different time-points during the ethylene epoxidation reaction in the presence and 
absence of VC (Table 3.2, Figure 3.6a and b). Representative STEM-HAADF images and his-
tograms are reported in the Appendix A3. Table 3.2 contains the main results of the STEM-
HAADF analysis and highlights that the porosity and number of pores gradually increas-
es during the ongoing ethylene epoxidation reaction. The average pore size (~20 nm) and 
crystallite size (~25 nm) remain constant over time. This further supports the correlation 
between the void size and size of the silver crystallites. Another observation is that the av-
erage pore size does not change with particle size. Thus, only the number of pores depends 
on the particle size, while the average porosity remains constant (Appendix A8, Figure A11). 
This implies that the average size of the pores is always smaller than the average crystalline 
domain size.

When the reaction is promoted by 1 ppm of VC, no significant increase of the particle 
size is observed after 60 h of time on stream (Table 3.2), indicating that chlorine prevents 
growth of the silver particles. Notably, comparing the size of the pre-treated sample with the 

Figure 3 .5 . Crystalline domains and pores in Ag(60h)/α-Al2O3 (a) imaged by HR-TEM, (b) identical particle imaged 
by HAADF-STEM (c) Highlighting the grain boundaries (white) and pores (green).
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spent sample, the silver particles even become smaller (Table 3.2, 0 h and 60 h, Figure 3.3a). 
Additionally, in the presence of VC the number of pores (and the resulting porosity) is 

significantly lower than without VC. A similar behavior was observed for ethylene epoxi-
dation reactions carried out with and without VC at different temperatures and pressures 
(Appendix A8). While VC largely suppressed void formation, the average size of the voids 
was slightly larger (~24 nm) and the XRD crystallize size also increased to ~32 nm. Therefore, 
a correlation between the crystallites (and its grain boundaries) and void formation seems 
plausible. One possibility based on our data is that oxygen uptake driven by continuous 
oxidation-reduction processes creates stacking faults at the surface and grain boundaries, 
which then finally nucleate to the observed pores.

To investigate how VC influences the size change and void formation dynamically, a cat-
alyst was first exposed to the standard reaction conditions for 60 h without exposure to VC. 
This led to silver particle sintering (final average size 172 nm) and a porosity of 4%. Then, 
1 ppm VC was added to the reaction mixture and the particle size was analyzed after 2 h, 

Figure 3 .6 . (a) Evolution of particle size during ethylene epoxidation and the effect of on-stream VC addition, 
marked in blue. Error bars in standard error of mean. (b) Particle size distribution based on STEM images for 
Ag(60h)/α-Al2O3 (black) and Ag(60h)/α-Al2O3 (blue). (c) STEM images of Ag(60h)/α-Al2O3,  (d) STEM image 
of Ag(60h + 60h VC)/α-Al2O3.
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20 h and 60 h. Remarkably, STEM images show that the addition of VC led to a substan-
tial decrease of the average particle size within 2 h to 136 nm. In the following hours, the 
particle size further decreased to 119 nm (Figure 3.6a and 3.6b, Table 3.2) combined with 
a significant narrowing of the size distribution. A similar effect of VC was observed when 
comparing the pre-treated sample (average size 119 nm) with the sample used in the EO 
reaction in the presence of 1 ppm VC (average size 93 nm) (Figure 3.6a, Table 3.2). 

These results show that VC has a strong effect on the particle size. In the presence of 
chlorine, larger particles become smaller. To support these conclusions, we carried out an-
other EO reaction for 60 h without VC and removed part of the catalyst from the reactor 
for STEM analysis. The rest of the catalyst was subjected to another 60 h EO reaction in 
the presence of 1 ppm VC. STEM analysis confirm that after reaction without VC the av-
erage silver particle size of 175 nm was reduced to 121 nm after further reaction with VC 
(Appendix A10). These unusual results can be linked to earlier studies that reported re-
dispersion of nanoparticles of platinum, gold, and silver in the presence of organohalides 
such as 1,2-dichloropropane.30–32 Different from our results, the metallic nanoparticles com-
pletely redispersed via metal-halide intermediate species towards atomically isolated sites. 
We do not observe a complete redispersion, which may be due to the substantially larger 
particle sizes of the active phase in EO catalysts in comparison to the nanoparticles used in 
the mentioned study. Therefore, we propose that the redispersion of silver in the ethylene 
epoxidation follows a different mechanism. Possible explanations include a change in the 
interaction of silver with the support and changes in the (thermodynamic) stability of silver 
particles that influence the wetting behavior. Another speculation is that the silver particles 
that consist of smaller primary crystallites break up at the grain boundaries, in which case 
the surface oxidation of silver atoms may play a role. 

Concomitant with silver redispersion, we observed that the presence of VC drastically 
decreased the porosity as well as the number of pores (Table 3.2, Ag(60h + 60h VC)), while 
the average void size (~25 nm) and crystallite size (31 nm) slightly increased. These import-
ant findings show that VC is dynamically changing the bulk structure of the silver particles, 
rather than suppressing the degree of restructuring by lowering the reaction rate. Indeed, 
when decreasing the reaction rate by a lower operating pressure, the same degree of pore 
formation is observed (Appendix A8). The idea that the silver particles are a dynamically 
evolving system depending on the gas composition during the ethylene epoxidation reac-
tion has been hypothesized before.23,33,34 Our findings demonstrate that these dynamics are 
not limited to the catalyst surface only. Crucially, they also show that the silver particle size 
depends on the gas composition and sintering induced in a chlorine-free feed can be re-
versed by addition of chlorine.  

3 .4 Conclusion

During the ethylene epoxidation reaction, both an increase of the size of and forma-
tion of voids in silver particles are observed as part of a dynamic restructuring process. 
Void formation occurs at the surface as well as in the bulk, most likely initiated close to the 
grain boundaries of the crystalline sub-domains. The observation that the average pore size 
and crystallite size are relatively small and that mainly the number of pores is affected by 
changes in the conditions further supports the idea that the voids are formed at the silver 
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crystallite scale.  
Tentatively, we propose the following mechanism. Exposure to oxygen results in oxygen 

adsorption on the silver surface and dissolution of oxygen atoms in the bulk, likely also via 
diffusion and adsorption along the grain boundaries between the primary crystallites that 
make up the silver particles. At this stage, no voids are formed as observed for the freshly 
activated sample and a sample held at reaction conditions in oxygen for 60 h. Addition of 
ethylene to the gas feed results in partial reduction of the surface, resulting in the formation 
of ethylene oxide. We speculate that a part of the oxygen dissolved in the bulk will migrate 
to the external surface, whilst at the same time oxygen is being replenished by diffusion 
along grain boundaries. The repeating adsorption of oxygen on the grain boundaries might 
then lead to stacking faults and nucleation of voids within a crystallite.

The role of the pores on the epoxidation reaction is difficult to assess, since the addi-
tional external surface created by the pores contributes less than 2% to the overall external 
silver surface area (Appendix A8). Besides extra external surface, the formed pores could 
also be beneficial for overall reaction rate, as they can increase oxygen diffusion into the 
bulk.29 Additionally, the presence of these pores and cavities is a strong indication that not 
only the external surface area of the silver particle is affected by catalysis, but almost the 
complete particle is involved. The structural dynamics are therefore multi-facetted and may 
therefore also influence the sintering and redispersion aspects noted in this chapter. In this 
highly dynamic system, exposed facets are likely to evolve during catalysis. Thus, the in situ 
structure is significantly different from the pristine reactive surfaces. Well-defined silver 
structures employed in experimental model-studies are prone to change during catalysis. 
Such an approach was adopted by Christopher and Linic who used silver nanocubes to show 
that (100) surfaces yield more EO compared to the (111) facets.7,8 Yet, in the same study 
severe morphological changes were observerd after 48 h of EO reaction.7 Thus, it is reason-
able to state that the surface structure will completely change during long-term industrial 
runs of several months. Such a restructuring and exposure of different facets is important 
information when trying to tune the particle size and shape towards optimum performance.  
The role of chlorine is mainly to suppress the unwanted complete oxidation of ethylene.3,4 

Chlorine also covers the surface, so that the total reactivity is significantly suppressed. Giv-
en our observations that chlorine also leads to a redispersion of larger silver particles into 
smaller ones, we must take into account that highly mobile species can be formed such as 
AgCl species. The high mobility is in line with the low Tammann temperature of AgCl. Never-
theless, XPS data showed the presence of minor amounts of chlorine in the spent samples, 
which could potentially influence the catalysts surface energies. The decrease of the particle 
size is likely due to the lower surface tension of chlorine-terminated silver particles than that 
of oxygen-terminated silver particles. To conclude, we have shown in this work that the eth-
ylene epoxidation reaction affects the entire silver particle structure, not only the particle 
surface but also bulk regions. This is very different from traditional heterogeneous metal 
catalysis in which single-crystalline nanoparticles mainly feature surface effects. Our results 
demonstrate that silver particle size and morphology evolve dynamically and reversibly as 
a function of the reaction conditions. While sintering is evident during ethylene epoxida-
tion, addition of chlorine results in smaller particles through a chlorine-induced redispersion 
mechanism. These insights add further support to the view that the active phase in hetero-
geneous catalysts is strongly dependent on the reaction conditions.
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Chapter 4
Structure sensitivity of silver-catalyzed 

Ethylene Epoxidation

A suite of Ag/α-Al2O3 ethylene epoxidation catalysts with an 
average particle size in the 18–183 nm range were synthe-
sized and evaluated for their performance under industrially 

relevant conditions. Up to 30–40 nm, small silver particles are mainly 
monocrystalline and show a surface-normalized reaction rate inde-
pendent of size. Larger particles (>50 nm) are made up of multiple sil-
ver crystallites with an average domain size between 25 and 30 nm. 
For these polycrystalline silver particles, the surface-normalized reac-
tion rate increases linearly with particle size. However, the ethylene 
conversion rate expressed per gram of silver for these larger particles 
is constant. We attribute this to a specific role of the bulk in supplying 
oxygen atoms to the external surface. We propose that oxygen is acti-
vated at defects of an otherwise low-reactive (towards oxygen) silver 
surface (e.g., Ag(111), diffusion of oxygen along grain boundaries and 
through bulk dissolution and diffusion to the external surface, where it 
reacts with ethylene. The reaction rate normalized to the surface area 
of the first outer shell of crystallites, making up a silver particle, is inde-
pendent of size for polycrystalline particles. A higher reaction pressure 
is beneficial for the reaction rate and ethylne oxide (EO) selectivity, 
presumably because of a higher oxygen coverage. Adding chlorine fur-
ther improves the EO selectivity. The same particle size dependences 
are observed at 1 bar and 20 bar without and with chlorine promoter. 
We find that for large enough particles the ethylene conversion rate 
is the same when normalized to the silver weight. The preference for 
larger particles in industrial catalysts stems likely from the high silver 
loadings used that leads to a high silver coverage and a smaller contri-
bution of undesired consecutive reactions of EO on hydroxyl groups. 
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4.1 Introduction

With an annual production of 35 million tons, the direct epoxidation of ethylene to 
ethylene oxide (EO) constitutes one of the major heterogeneous catalytic processes in the 
chemical industry.1 EO is primarily used as an intermediate in the production of other useful 
chemicals. The most important derivative is ethylene glycol which is used for the manufac-
ture of polyester fibers and the blending in antifreeze.2 One of the main applications is in the 
production of polyethylene terephthalate for packing films and bottles. 

The heart of the ethylene epoxidation process is the unique ability of silver to catalyze 
the selective addition of an oxygen atom from O2 across the carbon-carbon double bond 
in ethylene.3 Using appropriate promoters such as cesium and chlorine, the EO selectivity 
can exceed 80% at industrial conditions.2,4 The high selectivity is thought to derive from the 
electrophilic nature of particular surface oxygen species, whose properties derive from the 
presence of subsurface oxygen. The electrophilicity, and therefore the selectivity, can also 
be enhanced by the use of chlorine as a promoter.5 Nucleophilic oxygen species, on the 
other hand, may give rise to the unselective combustion of ethylene in which acetaldehyde 
features as an intermediate.6–8 Generally, it is believed that the silver surface remains me-
tallic and contains a substantial amount of oxygen under reaction conditions.9 Moreover, 
the silver can reconstruct under the influence of oxygen coverage. The epoxidation occurs 
via the oxametallacycle intermediate, which can be converted to the desired EO product or 
acetaldehyde, which is rapidly combusted on silver.10,11

As commonly observed in heterogeneous nanoparticle catalysis, the performance in 
terms of activity and selectivity of silver particles in ethylene epoxidation is strongly affected 
by their size. Structure sensitivity of metal nanoparticles for reactions such as ammonia syn-
thesis, carbon monoxide hydrogenation (Fischer-Tropsch synthesis, methanation, methanol 
synthesis), and methane steam reforming is for most systems well understood in terms of 
specific topological arrangements of surface metals atoms that appear on particles smaller 
than 10 nm.12–15 Very different from this, optimum silver particles for EO formation are much 
larger than 10 nm, typically in the range of 100–1000 nm.2 As stated by Goncharova et al., 
this is somewhat surprising as we may expect particles larger than 10 nm to behave as bulk 
silver.16  Accordingly, the size effect for silver-catalyzed ethylene oxidation has been investi-
gated by many researchers. 

The first reports on the influence of silver particle size on the ethylene epoxidation reac-
tion originate from Wu and Harriot.17 Relevant other work was done in the 1980s by Very-
kios et al.17,18 A corollary of these early reports is that the catalytic activity decreases when 
the particle size was increased from 5 nm to 60–70 nm followed by an increasing activity 
for larger particles. Later on, Lee et al. published seemingly opposing results, by showing 
an increasing activity for silver particles increasing in size from 20 to 40 nm followed by 
a decrease for increasingly larger particles in the 60–100 nm range.19 These latter results 
were confirmed by several other authors.20–22 It has been speculated that under reaction 
conditions smaller particles contain less electrophilic oxygen species, which are important 
for a rapid and selective ethylene conversion to EO.21 Gonchorova et al., on the other hand, 
mentioned that the surface normalized oxidation rate correlated well with the number of 
crystallites per silver particle.16,23 Accordingly, they proposed that the grain boundaries in-
side the silver particles play an important role. Most of these studies were performed under 
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conditions far from those used in industrial practice. A few investigations were carried out 
at elevated pressure and only one involved the use of an industrial cesium promoter.22 To 
the best of our knowledge, no literature discussed structure sensitivity of silver particle 
catalysts in the presence of the common industrial chlorine promoter. An important im-
plication of the previous works is that EO selectivity benefits from the use of large silver 
particles. Altough a recent study claimed that this is merely due to differences in ethylene 
conversion.20 In summary, despite efforts to explore structure sensitivity of silver catalysts, 
there is no consensus on how the size of silver particles affects the performance in ethylene 
epoxidation.

In this chapter, we systematically investigate how the ethylene conversion depends on 
the silver particle size under close to industrial conditions. Silver catalysts were synthesized 
using a silver oxalate precursor.4 Average particle sizes between 18 and 183 nm were ob-
tained by adjusting the silver loading, gas composition and temperature used to decompose 
the precursor. The catalysts were characterized by physio-chemical techniques including el-
emental analysis, XRD, SEM, HAADF-STEM and O2-TPD. The catalytic performance was de-
termined at pressures of 1 and 20 bar. The influence of a chlorine promoter was evaluated 
at 20 bar. In our discussion, we emphasize the structure sensitivity of the ethylene oxidation 
rate and specifically discuss how the conversion affects the EO selectivity. Another salient 
point of our work is the transient behavior of the catalyst before a semi-steady state is 
reached.

4 .2 Experimental methods

Preparation of catalysts

As-received 3 mm α-alumina pellets (Saint-Gobain NorPro, SA 5102) were crushed and 
sieved to obtain 125–250 μm grains, followed by calcination overnight at 550 °C. Silver oxa-
late (Ag2C2O4) was prepared by dissolving silver nitrate (AgNO3, Alfa Aesar, ACS, ≥ 99.9%, 5 g) 
and oxalic acid (C2H2O4, Sigma Aldrich, ReagentPlus®, ≥99%, 50 g) in 100 mL of deionized wa-
ter followed by stirring for 10 min. The obtained white suspension was filtered and washed 
with deionized water three times. Afterwards, the solid was dried under vacuum overnight 
and stored until further use.

Supported silver catalysts were prepared according to a known procedure for obtaining 
industrial EO catalysts.4 To this end, the sieved α-alumina support was impregnated by a sil-
ver oxalate/ethylenediamine (molar ratio 1:3) solution in deionized water. The total amount 
of silver oxalate was adjusted to obtain silver loadings between 2 wt% and 10 wt%. The 
impregnated catalyst precursor was vacuum dried at room temperature for 1 h and calcined 
in a flow of 0 vol% or 10 vol% oxygen in helium at 1 atm and 275 °C, 400 °C or 500 °C using 
a heating rate of 10 °C/min and an isothermal dwell of 4 h. The obtained samples will be 
referred to as Ag(particle size), for example Ag(18).  

Characterization

The silver content of the samples was determined by inductively coupled plasma (ICP) 
analysis performed on a Spectroblue spectrometer with optical emission spectroscopy 
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(OES) and a CETAC ASX-520 Auto Sampler. For analysis, 25–50 mg of sample was mixed with 
a 20 mL 3 M HNO3 solution. The dispersion was stirred and heated to 80 °C and kept at this 
temperature for 1 h to extract all the silver from the support material. The solution was then 
cooled to room temperature and diluted to 50 mL in a volumetric flask. The alumina resi-
due was allowed to sediment and then 5 mL of the supernatant was transferred to another 
volumetric flask and diluted to 50 mL. Around 25 mL of this diluted solution was used for 
analysis. All ICP-OES measurements were carried out in duplo.

The phase composition of the samples was determined by X-ray diffraction (XRD), re-
corded with a Bruker D2 Endeavor powder diffraction system using Cu Kα radiation. The 
XRD patterns were recorded in air. The scanning speed was 6.0° 2θ·min-1 in the range of 
5–90° 2θ. Crystallite sizes were determined using the Scherrer equation applied to the (220) 
reflection of silver, using dcrystallite = Kλ/βcosθ, with K being the shape factor (0.9), λ the X-ray 
wave length, and β and θ the full with half maximum and the Bragg angle of the relevant 
reflection. 

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 
was performed on the TU/e CryoTitan (FEI, now Thermo Fisher-Scientific) at room tempera-
ture. (S)TEM sample preparation involved sonication of the samples in pure ethanol (Bio-
solve, extra dry, 99.9%) and applying a few droplets of the suspension to a 200 mesh Cu TEM 
grid with a holey carbon support film. Prior to imaging, the supported samples were left 
overnight in an oven at 40 °C to remove residual ethanol. STEM images were acquired using 
a probe convergence angle of 10 mrad, a dwell time of 2 μs and a camera length of 89 mm in 
combination with a Fischione HAADF detector. Scanning electron microscopy (SEM) images 
were taken by a FEI Quanta200F scanning electron microscope at an accelerating voltage of 
3 kV and spot size 4.5.

XPS measurements were carried out with a Thermo Scientific K-Alpha apparatus, 
equipped with a monochromatic small-spot X-ray source and a 180° double focusing 
hemispherical analyzer with a 128-channel detector. Spectra were obtained using an alu-
minum anode (Al Kα  = 1486.6 eV) operating at 72 W and a spot size of 400 µm. Survey 
scans were recorded at a constant pass energy of 200 eV and region scans at 50 eV. The 
background pressure was 2 x 10-9 mbar and during measurement 3 x 10-7 mbar argon be-
cause of the charge compensation dual beam source. XPS spectra were fitted with Casa-
XPS. A Shirley background subtraction was applied and Gauss-Lorentz curves were fitted 
(Appendix B, Figure B1).

O2-TPD (temperature-programmed desorption) experiments were carried out in a plug 
flow quartz reactor. An amount of 250 mg of the as-prepared catalyst was loaded in the 
reactor and heated (225 °C, 20 °C/min) in an oxygen flow (10 mL/min) for 3 h at atmospher-
ic pressure followed by cooling to 50 °C. Then, the oxygen flow was replaced by a helium 
flow for 0.5 h, followed by heating in a He flow to 550 °C at a rate of 10 °C/min. Gas analy-
sis was performed by the mass spectrometer (quadrupole mass spectrometer, Balzers TPG 
251). The monitored gases were hydrogen (m/z 2), helium (m/z 4), methane (m/z 16), water 
(m/z 18), nitrogen (m/z 28), oxygen (m/z 32) and carbon dioxide (m/z 44). The current inten-
sity was measured against time and normalized by the helium signal.
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Catalytic activity measurements

The catalytic activity measurements were performed in a continuous plug-flow reactor. 
The stainless-steel reactor was loaded with 20–150 mg of silver catalyst, maintained be-
tween quartz plugs. The catalyst loading was adjusted to achieve an ethylene conversion 
below 10%. The pre-treatment gas mixture consisted of 10 vol% oxygen in helium and a 
total flow of 20 mL/min was maintained by thermal mass flow controllers. Before reaction, 
the pre-treatment gas flow through the reactor was stabilized at the reaction pressure (1  or 
20 bar) for 2 h. Then, the reactor was heated to 225 °C at a rate of 20 °C/min and dwelled 
for 3 h in the pre-treatment gas. The reaction was started by switching two fast four-way 
valves which replaced the pre-treatment gas by the reaction feed mixture. The reaction feed 
mixture consisted of 10 vol% oxygen and 5 vol% ethylene balanced by helium, at a total flow 
of 20 mL/min. Optionally, a small flow of a mixture of 99.5 ppm vinyl chloride (VC) in helium 
was added to achieve a final chloride concentration of 1 ppm. Online gas analysis was car-
ried out by a three-channel gas chromatograph (Compact GC, Interscience) equipped with 
one flame ionization detector (FID) and two thermal conductivity detectors (TCD). The FID 
coupled with an Rt-QSBond column was used to analyze ethylene oxide and acetaldehyde. 
One TCD coupled with a Molsieve 5A column was used to analyze oxygen. The second TCD 
coupled with an Rt-QBond column was used to detect carbon dioxide and ethylene. The 
main products were analyzed at intervals of 5 min. After 2– 60 h, the reaction was terminat-
ed by quenching in helium, depressurizing to atmospheric pressure and cooling the reactor 
to room temperature. 

4 .3 Results and discussion

The silver catalysts were prepared according to a patented procedure in which the α-alu-
mina support (surface area = 1.04 m2/g) was impregnated with an aqueous solution contain-

Table 4 .1 . Main physico-chemical properties of Ag/α-Al2O3 catalysts.

Sample 
name

He / O2 
(%) T (°C) Ag content 

(%)1
Particle size 
(nm)2 σ (nm) 2 n (-) S.E. (nm) XRD 

(nm)3

Ag(18) 100 / 0 400 1.3 18 9 200 0.64 19

Ag(23) 100 / 0 275 1.7 23 11 400 0.55 19

Ag(41) 100 / 0 275 4.5 41 16 400 0.80 20

Ag(48) 90 / 10 275 1.7 48 19 400 0.95 24

Ag(57) 90 / 10 275 4.0 57 21 400 1.05 25

Ag(99) 90 / 10 275 8.7 99 32 400 1.60 26

Ag(106) 90 / 10 275 8.2 106 47 199 3.33 30

Ag(127) 90 / 10 275 10.0 127 47 349 2.53 27

Ag(167) 90 / 10 500 7.8 167 58 291 3.42 26

Ag(183) 90 / 10 275 14.4 183 89 484 4.05 28
1Determined by ICP-OES, 2Determined by HAADF-STEM, 3Determined by applying the Scherrer equation on the 
Ag(220) XRD peak. σ = standard deviation, n = number of particles counted, S.E. = standard error of mean. 
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ing silver oxalate and ethylenediamine.4,24 After drying, the catalyst precursor was heated in 
an oxygen-helium atmosphere to remove the organic ligands. To control the silver particle 
size, the silver loading, the oxygen partial pressure and the calcination temperature were 
varied. Table 4.1 lists the main properties of the prepared catalysts in this study. By use of 
XPS, we established that all nitrogen from the ethylenediamine ligand used in the prepa-
ration was removed from the surface in the calcination step (Appendix B1). We employed 
HAADF-STEM to determine the size and size distribution of the silver particles. Representa-
tive HAADF-STEM images and corresponding histograms of the silver catalysts are shown in 

Figure 4 .1 . Histograms for all the prepared samples, (a) Ag(18), (b) Ag(23), (c) Ag(41), (d) Ag(48), (e) Ag(57), (f) 
Ag(99), (g) Ag(106), (h) Ag(127), (i) Ag(167), (j) Ag(183).
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Figure 4 .2 . HAADF-STEM images, corresponding histograms and magnification of the XRD diffractogram of the 
Ag(220) region for selected catalysts for (a) Ag(41), (b) Ag(106) and (c) Ag(167). The diffractogram of Ag(41) was 
smoothed with a 5-point moving average. 

Figure 4 .3 . SEM images of (a) Ag(23), (b) Ag(106) and (c) Ag(167).



70 • Chapter 4

Figure 4.2. Histograms of the other catalysts are shown in Figure 4.1. The average particle 
size in the silver catalysts ranges from 18 nm to 183 nm. Particle size analysis from SEM im-
ages (Figure 4.3) is in reasonable agreement with the TEM analysis. The Ag/Al atomic ratio 
obtained by XPS correlated well with the silver surface area determined from the particle 
size and the weight loading, confirming the validity of the microscopy data (Figure 4.4). The 
size of the primary crystallites of the silver phase was determined by XRD line broadening 
analysis25 (i.e., Ag(220) diffraction lines shown in Figure 4.2) and was found to vary between 
19 nm and 30 nm.

The catalytic performance of these samples was evaluated in the selective oxidation 
of ethylene at a temperature of 225 °C. In all cases, the reaction feed consisted of 5 vol% 
ethylene and 10 vol% oxygen balanced by helium. Three different reaction conditions were 
applied: (A) a total pressure of 20 bar and the addition of 1 ppm VC, (B) a total pressure of 20 
bar without VC added and (C) a total pressure of 1 bar without VC added. The experiments 
carried out under condition A are closest to those employed in industrial EO production. We 
observed substantial changes of the ethylene conversion and EO selectivity as a function 
of the time on stream, especially in the presence of VC (Figure 4.5). These aspects will be 
discussed later, after comparing the nearly stable activities obtained after ca. 20–60 h on 
stream.

Figure 4.6a shows the ethylene conversion rates normalized to the silver surface area 
based on assumed spherical silver particles with an average particles size as determined by 
HAADF-STEM analysis. For average particle sizes of 20 nm to 50 nm, the ethylene conver-
sion rate remains constant in the presence of VC. However, above 50 nm the rate increases 
nearly linearly with the average particle size for all three reaction conditions. The catalytic 
rates without VC obtained at 20 bar (condition B) are about 2–3 times higher than the rates 
obtained at a total pressure of 1 bar (condition C) with an increased selectivity. This effect of 
the total pressure has been described before in the literature and is usually attributed to an 
increasing oxygen coverage of the silver surface.26,27 As can be appreciated from Figure 4.6b, 
a higher pressure also leads to a higher EO selectivity. In the presence of VC (condition A), 

Figure 4 .4 . Ag/Al ratio obtained by XPS versus dispersion times silver weight loading.
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Figure 4 .5 . EO selectivity versus conversion for (a) 20 bar (b) 20 bar + VC (reaction conditions: 225°C, 20 bar, 
5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). Conversion adjusted by changing amount of catalyst 
loaded. Lines are added to guide the eye. 

Figure 4 .6 . The surface normalized reaction rates for ethylene conversion as a function of the silver particle 
size. Reaction rates determined after 20 h time on stream. Reaction rate normalized to the number weighted 
average particle size of the fresh catalyst. Effect of used particle sizes, area- and volume averages shown in the 
Appendix B2 (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). Lines 
are added to guide the eye.
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the total oxidation reaction is strongly suppressed by the inhibiting effect of chlorine on the 
silver surface.8,28 

It is interesting to discuss the trends in the EO selectivity in more detail. Condition A 
leads to the highest observed EO selectivity. The EO selectivities under condition C are sub-
stantially lower (~40–50%) than those under conditions A and B. Figure 4.5 shows that the 

EO selectivity depends strongly on ethylene conversion. By extrapolating these EO selectiv-
ity to zero ethylene conversion, we can appreciate that the intrinsic EO selectivity is lower 
for condition B (20 bar without VC) than for condition A (20 bar with VC). This is in line with 
the general notion that chlorine can improve the EO selectivity, which is thought to involve 
an increase in the amount of electrophilic oxygen species responsible for EO formation.8 
It is also observed that, in the presence of VC, smaller particles exhibit a slightly lower EO 
selectivity than catalysts containing larger particles. The decrease in EO selectivity with in-
creasing ethylene conversion is due to consecutive reactions of EO, i.e. its isomerization to 
acetaldehyde on hydroxyl groups of the support. Acetaldehyde is rapidly combusted on the 
silver surface. Differences in EO selectivity may therefore also be due to the amount of sup-
port surface exposed, which depends amongst others on the silver loading. The higher silver 
loading for the large particle catalysts can therefore also explain the higher EO selectivity 
and the less pronounced decrease of the EO selectivity with increasing ethylene conversion. 
These trends are in keeping with earlier reports.18,19,29 In summary, larger silver particles give 
rise to a higher activity and selectivity, especially in the presence of chlorine (condition A).

The influence of the size of silver particles on the ethylene conversion rate is unexpect-
ed. It is not likely that the appearance of specific surface facets on such large particles can 

Figure 4 .7 . Weight-normalized reaction rates as a function of the silver particle size. Reaction rates determined 
after each catalyst showed stable conversion rates (reaction conditions: 225°C, 1 or 20 bar, 5% C2H4, 10% O2, 
optionally 1 ppm VC and balance helium). 
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explain the pronounced change in the surface reactivity. In general, it is expected that the 
Ag(111) surface is predominantly exposed by such large particles, as it is the most stable 
metallic silver surface. However, the presence of oxygen at the surface can lead to the sta-
bilization of other facets and also surface reconstructions need to be considered. The litera-
ture is not conclusive on this aspect. In particular, the Ag(100), reconstructed Ag(110) (due 
to adsorbed oxygen atoms) and Ag(100) surfaces have been considered previously.30–32 None 
of these surfaces are completely oxidized under reaction conditions according to theoretical 
studies.9,33 

Figure 4.7 shows that the oxidation rate normalized to the total silver content is inde-
pendent of particle size for particles larger than 50 nm. This holds for all three reaction con-
ditions. This implies that the reaction rate does not scale with the surface area of the silver 
particles. Instead, a bulk effect appears to be relevant for the ethylene oxidation reaction. 
We determined the average crystallite size of the silver particles in the catalyst samples by 
analyzing the broadening of the relevant XRD peaks. Table 4.1 shows that, except for the 
samples containing on average 18 nm and 23 nm particles, the active silver phase is com-
posed of ca. 25–30 nm silver crystallites, irrespective of the particle size. The silver crystallite 
size of Ag(18) and Ag(23) is around 19 nm. Thus, silver particles with a size larger than ~50 
nm have a domain structure. This aspect of supported silver particles in EO catalysts has 
been noted before by Goncharova et al.16 These authors argued that the increase in the 
activity for larger silver particles, which contain an increasing number of crystallites, is due 
to a higher concentration of active sites at the vicinity of the intergrain boundaries. Indeed, 
intergrain boundaries can be effective channels for oxygen diffusion.34,35 In line with this, 
our data show that single-crystalline particles with a size up to ~30–50 nm show a changing 
reaction rate per gram of silver. Above this size, the particles become polycrystalline and the 
reaction rate per gram of silver remains constant. These data provide a strong indication 
that grain boundaries in the silver particles play a pivotal role in ethylene oxidation.

We speculate then about the role of these grain boundaries. One interpretation is that 
the particle size effect relates to a low coverage of oxygen at the silver surface through ox-
ygen adsorption. In general, oxygen adsorbs very weakly on typical silver surfaces. Recent 
kinetic Monte Carlo simulations suggest a very low oxygen coverage on the Ag(111) surface 
under kinetically relevant conditions. In this situation, we hypothesize that defect sites close 
to the grain boundaries at the external surface can activate molecular oxygen, leading to 
an uptake of oxygen atoms at the grain boundaries. These oxygen atoms can then diffuse 
through the bulk of the silver phase through dissolution and appear at the external surface 
of the silver particles, where they can be involved in ethylene epoxidation. If the rate of 
dissolution in the bulk of the primary crystallites is a slow step, the reaction rate will be 
proportional to the total surface area based on the silver crystallites. As particles larger than 
50 nm are polycrystalline and composed of roughly similar-sized crystallites independent of 
the silver particle size, the total crystallite surface area will remain constant when the silver 
particles become larger. On the contrary, a strong effect of particle size is noted when the 
silver particles are smaller than 50 nm. Then, the surface available for oxygen uptake in bulk 
silver increases with decreasing particle size, which leads to a higher ethylene oxidation 
rate. This hypothesis requires rapid dissociative adsorption of molecular oxygen at particu-
lar defect sites at the external surface and diffusion of oxygen atoms along grain boundaries 
in comparison to the dissolution rate in  the bulk of silver. 
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Temperature-programmed desorption of oxygen was carried out for two silver catalysts. 
The first one was Ag(23) containing predominantly single-crystalline silver particles. The sil-
ver particles in the second one, Ag(127), were comprised of multiple crystallites. O2-TPD 
measurements were performed after exposure to oxygen at 250 °C for 3 h followed by cool-
ing in oxygen and flushing in helium (Table 4.2). The oxygen content normalized to the ex-
ternal surface area of the silver particles amounted to 1.3 ML and 4.6 ML (ML = monolayer), 
respectively. When we normalize the oxygen content on the basis of the surface area of the 
crystallites that the particles are made up, the oxygen content for Ag(23) and Ag(127) are 
1.1 ML and 1.0 ML of Ag2O, respectively. This result shows that the silver particles take up a 
substantial amount of oxygen at the surface of the silver crystallites. Given the high oxygen 

coverage of Ag(23), it is likely the oxygen is present at the external surface as well as at the 
grain boundaries. The oxygen desorption profiles displayed two distinct desorption peaks. 
Notably, Ag(127) contains a larger amount of weakly absorbed species. These results pro-
vide a suggestion that the external surface of the silver particles is covered with abundant 
oxygen. Nevertheless, we cannot firmly draw this conclusion as under reaction conditions 
these oxygen species will react with ethylene. Accordingly, the oxygen coverage will depend 
on the relative rates of oxygen supply and ethylene oxidation.

We must also consider the alternative case that the surface of the silver particles is (par-
tially) covered by oxygen under reaction conditions. Recent kinetic Monte Carlo work of Hus 
and Hellman predicted a much higher ethylene oxidation rate and an EO selectivity in the 
70–80% range for Ag(100) under industrial conditions in comparison with Ag(111) with an 
estimated EO selectivity lower than 50%.31 These simulations also demonstrated that the ox-
ygen surface coverage is higher for Ag(100), ~0.25 ML under ethylene oxidation conditions. 
In order to explain the role of a pathway for oxygen adsorption via the grain boundaries 
as our findings indicate, we consider that the migration of oxygen from the surface to sub-
surface is restricted. Then, a supply of oxygen via grain boundary absorption and diffusion 
through the bulk to the external surface can play a role. This model implies that the nucleo-
philic oxygen species represented by atomic oxygen adsorbates on a metallic surface cannot 
react with ethylene. Only in the presence of subsurface oxygen when these oxygen atoms 
become more electrophilic, a pathway to ethylene oxidation is opened. 

From theoretical calculations that emphasize the (unselective) reactivity of nucleophilic 
oxygen species and the notion that single crystals of silver (without grain boundaries) are 
active for silver epoxidation in the presence of oxygen, we conclude that the former model 
is the more likely one. Importantly, there is a role of oxygen species diffusing through the 
bulk of the silver crystallites. The silver-oxygen bulk system has been well studied. Ag2O dis-
sociates into solid silver and O2 at temperatures above 189 °C under atmospheric pressure.36 

Table 4 .2 . O2-TPD results for two samples, including monolayer (ML) coverage normalized by both particle size 
and crystallite size. O2-TPD measurements were performed after exposure to oxygen at 250 °C for 3 h followed by 
cooling in oxygen and short flushing in helium. 

Sample 
name

Ag content 
(%)

Particle 
size (nm)

Crystallite size 
(nm)

O2 / Ag 
(mol / mol)

O coverage 
(ML particle)

O coverage 
(ML crystallite)

Ag(23) 1.7 23 19 0.034 1.3 1.1

Ag(127) 10 127 27 0.021 4.6 1.0
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For solid bulk silver at 225 °C, we estimate a maximum oxygen content of ~20 ppm at an 
oxygen partial pressure of 2 bar (condition B) and ~6 ppm at an oxygen partial pressure of 
0.2 bar (condition C).37 These data are consistent with the general notion that, under reac-
tion conditions, the active phase consists of metallic silver with a small amount of oxygen 
atoms dissolved in the bulk and at the surface.38–40 At the external surface of the particles, 
these oxygen atoms can be involved in ethylene oxidation. Our catalytic rate data show that 
an increase of the pressure from 1 bar to 20 bar leads to a 3-fold increase of the oxidation 
rate, which is in reasonable agreement with the estimated increase of the oxygen content of 
bulk silver under these conditions. A higher amount of dissolved oxygen in the bulk will also 
increase the oxygen coverage at the external surface of the silver particles. 

Thus, we speculate that the rate is limited by the amount of oxygen atoms at the ex-
ternal surface, which is to a large extent controlled by diffusion of oxygen atoms from the 
grain boundaries into the bulk of silver. Indeed, previously established kinetic models seem 
to suggest that oxygen adsorption is a kinetically relevant step.41,42 Furthermore, close to 
industrial conditions the ethylene conversion rate has a strong positive order in oxygen and 
is close to zero in ethylene pressure.41,43,44 Strengthened by the observation that the maxi-
mum oxygen content is proportional to the crystallite surface area, we propose that oxygen 
activation occurs at specific defect sites at the surface followed by diffusion along the grain 
boundaries, uptake in the bulk and diffusion to the external surface. On the contrary, eth-
ylene can only access the external surface area of the silver particle. 

Obviously, a model in which oxygen diffusion from grain boundaries through the bulk to 
the external surface of silver particles accounts for ethylene oxidation would only hold for 
crystallites that have an interface with the gas phase. Accordingly, we explored two simple 
geometrical models in which we divided spherical silver particles (particle size from HAADF-
STEM) in uniformly sized spherical crystallites (crystallite size based on XRD). 

To calculate the surface area of the first shell of crystallites (Figure 4.8), the following 
equations were used: 

Irrespective whether we take into account all the crystallites or only the crystallites that 
are partly exposed to the external surface, we observe a nearly constant surface area nor-
malized rate as a function of size of silver particles larger than 50 nm (Figure 4.9). 
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V = Volume
SA = Surface area
dparticle= particle size based on HAADF-STEM analysis
dcrystal = crystallite size based on XRD line broadening analysis
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Thus, our model can explain this unusual structure sensitivity for the ethylene oxidation 
reaction. As the reaction rate appears to be controlled by the grain boundaries, one would 
expect a decrease of the reaction rate only when the particles become very large. To verify 
a possible upper limit, we evaluated the catalytic performance of a silver powder under 
condition B. The silver powder had a particle size of ~3.5 µm and a primary crystallite size of 
~50 nm according to XRD. The surface normalized rate of ~6 mol/h/m2

 is substantially lower 
than expected on the basis of the plot in Figure 4.6 even considering the larger primary 
crystallite size. This suggests that there is an optimum particle size for these silver particles 
beyond which the rate will start to decrease. Obviously, the rate will also depend on the 
size of the primary crystallize size. In fact, the reason that the ethylene oxidation rate is a 

Vcore

Vshell

dcrystal

dparticle

Figure 4 .8 . Geometrical model used to calculate surface areas of all the crystallites in the silver particle and in the 
first shell.

Figure 4 .9 . Reactions rates normalized on particle size area, total crystallite area and the outer of the crystallite for 
(a) 20 bar + VC and (b) 20 bar (c) 1 bar (reaction conditions: 225°C, 1 or 20 bar, 5% C2H4, 10% O2, optionally 1 ppm 
VC and balance helium). 
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constant when normalized per surface area of crystallites is because the primary crystallite 
size does not vary much among the catalysts considered in this work. 

We attempted to increase the crystallite size of our catalysts in a variety of manners 
without success. Even sintering of Ag(167) at 800 °C in hydrogen to an average particle size 
of ~250 nm resulted in a primary crystallite size of 31 nm as determined by XRD. The catalyt-
ic performance of this sample was not evaluated.

As mentioned earlier, there is a substantial difference in time on stream behavior be-
tween various particle sizes. Figure 4.10 shows time-on-stream data for Ag(41), Ag(99) and 
Ag(167) catalyst samples for condition B (additional data Appendix B3, Figure B3). Small 
particles (<50 nm) exhibit typically a fast activation behavior and the ethylene conversion 
becomes stable within a few hours. With increasing particle size the time to reach a sta-
ble rate becomes longer, i.e. 30 h for Ag(99) and ~50 h for Ag(167). The same trend is ob-
served for the experiments carried out under conditions C (data not shown). In contrast, the 
activity is nearly constant for experiments done with VC added to the feed (condition A). 
Only for Ag(167), a slight increase over time was observed. It is likely that the activation 
effect in the measurements with VC is obscured by chlorine inhibition of the silver surface 
(Appendix B3, Figure B3).

An increasing activation period for larger particles strongly suggests that not only the 
external surface needs to be activated, but also the bulk is involved in this transition. As pos-
tulated before, oxygen uptake from the crystallite external surface into the bulk may be one 
of the slowest step in the overall mechanism. Then, the transient behavior can be due to 
the build-up of atomic oxygen along the grain boundaries. For relatively small particles, the 
surface-to-bulk ratio is high. Therefore, the grain boundaries may be more rapidly saturated 
with oxygen. Activation takes more time for large particles because of the build-up of a suf-
ficient oxygen concentration at the grain boundaries. Another relevant aspect in this regard 
is mentioned in the work of Schlögl who showed, in the context of methanol oxidation, that 
the diffusion of oxygen in the bulk of silver is an autocatalytic process, as a lattice expansion 
can facilitate oxygen diffusion.34 This can also explain the increase in reactivity at higher par-
tial pressures of oxygen. Indeed, as observed in Chapter 3, the silver particles significantly 
restructure under the influence of the epoxidation reaction.45

Considering the rate per gram silver for particles in range of 50–200 nm is constant, the 
size of the silver particles seems less important for the total rate than observed so far. In-
stead, the grain boundaries and thus the primary crystallize size of polycrystalline particles 
play a dominant role in adsorbing and activating molecular oxygen. Thus, we expect that 
there is no significant influence of the particle size on the total rate, even if the particle size 
alters during reaction as long as the crystallite size remains the same. Thus, we determined 
the particle and crystallite sizes of the used samples. The corresponding data are listed in 
Table 4.3. In line with our earlier work, we observe that especially larger silver particles sin-
tered during the ethylene oxidation reaction in the absence of VC, while changes were much 
smaller in its presence.45 In any case, the crystallite size of the silver particles did not change 
significantly. It is seen that the particle size growth for the chlorine-free experiments did not 
lead to a decrease of the reaction rate. These findings underpin our conclusion that the total 
reaction rate is not directly affected by the silver particle size. The deactivation observed 
during prolonged reaction at industrial conditions may for instance be due to a slow growth 
of the primary crystallites.45 
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All our results suggest that the silver crystallite size determines the total oxidation rate. 
We propose a mechanism where there is an essential role for the grain boundaries of the 
polycrystalline silver particles. The grain boundaries facilitate oxygen uptake in the bulk 
of the silver. This overall uptake is faster for larger particles since they contain more grain 
boundaries. Whilst this process is the slowest in the reaction scheme, all subsequent steps 
such as the diffusion of oxygen atoms through the bulk to the external surface of the silver 
particles and ethylene oxidation are kinetically insignificant. As plenty earlier works have 
shown, the EO selectivity depends critically on the surface composition.26,27,46 We find that 
silver particles larger than 100 nm display a slightly higher EO selectivity in the presence 
of chlorine, which can be tentatively attributed to a higher surface oxygen concentration. 
On the other hand, the role of the support cannot be excluded, as the catalysts containing 
smaller particles and exhibiting lower EO selectivity contain less silver. This is in line with the 
stronger decrease of the EO selectivity decreases with increasing ethylene conversion for 
smaller particles. Notably, the highest EO selectivity is obtained in the presence of chlorine, 
which is known to be a beneficial surface promoter for EO formation. It is generally thought 

Figure 4 .10 . The surface area normalized reaction rate as function of time on stream for 20 bar (condition B) 
(reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2 and balance helium). 

Table 4 .3 . Particle and crystallite sizes for fresh and used (60 h) samples. Number averaged particle size determined 
by HAADF-STEM, crystallite size determined by XRD line broadening.

Sample
Fresh Used 20 bar Used 20 bar + VC

Particle size 
(nm)

Crystallite size 
(nm)

Particle size 
(nm)

Crystallite size 
(nm)

Particle size 
(nm)

Crystallite 
size (nm)

Ag(41) 41 20 45 21 57 26

Ag(106) 106 30 175 24 93 32

Ag(167) 167 26 211 24 182 27
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that chlorine can take subsurface positions, thereby replacing subsurface oxygen species 
and facilitating the formation of electrophilic oxygen.8,24,47 The suspected dominant role of 
grain boundaries has also been mentioned by Goncharova et al., although their explanation 
is different from ours. Schlögl and co-workers also emphasized the role of oxygen diffusion 
along grain boundaries in the context of silver-catalyzed oxidation of methanol to formalde-
hyde, which is carried out at much higher temperature.35  

Finally, it is useful to revisit some of the older work on structure sensitivity mentioned in 
the introduction of our paper. Verykios et al. observed the lowest surface specific reaction 
rate for silver particles with a size of 70–80 nm. These specific particles had a relatively large 
primary crystallite size among the samples measured, which can explain the lower perfor-
mance. In another paper by Lu et al., a linear increase of the catalytic activity with particle 
size was reported, similar to our work, up to 600 nm.48 The primary crystallite size of these 
particles was reported to be constant at 13 nm. In the work of Lee et al., single-crystalline 
particles in the range of 20–100 nm were evaluated for ethylene oxidation and the highest 
activity was found for 60 nm silver particles.19 

These insights lead to the following important statements with respect to structure sen-
sitivity. Typical silver particles used for ethylene oxidation are larger than 10 nm and, beyond 
a particular size of about 50 nm, consist of multiple silver crystallites. The total ethylene oxi-
dation rate is not structure sensitive as it correlates with the total primary crystallite surface 
on which oxygen is activated. As there are hardly systematic studies of the effect of primary 
crystallize size on ethylene oxidation, we can only speculate that there must be a limiting 
size where the total rate becomes limited by another process such as for instance oxygen 
diffusion. Likely, mainly the first outer shell of crystallites in the silver particle contributes 
to the surface catalysis, implying that there should be an upper limit, as confirmed by the 
catalytic data for the silver powder. It is also interesting to compare our reaction rate to data 
obtained by Campbell on a Ag(110) single-crystal surface at 217 °C (Poxygen = 0.2 bar, Pethylene 

=  0.03 bar).49 The rate obtained by Campbell equals 0.38 mol/m2/h which is significantly 
lower than the rate in our work at 1 bar pressure for particles above 50 nm at 225 °C and 
at a comparable partial pressure of the reactants. The increasing reaction rate in excess of 
the value measured by Campbell emphasizes the crucial role of the grain boundaries in the 
reaction mechanism. Furthermore, the rate normalized to the surface area of the first shell 
crystallites (condition C, Figure 4.9c) is close to the value reported by Campbell. This further 
highlights the involvement of the grain boundaries in the reaction mechanism. 

The EO selectivity can be considerably increased by operating the reaction at higher 
pressure and adding chlorine to the feed. Both effects have been well discussed in the litera-
ture. A higher oxygen coverage due to a higher oxygen partial pressure leads to more oxygen 
at the surface, which is known to benefit the formation of EO.27,46 Chlorine species further 
increase the selectivity, which is understood in terms of a higher amount of electrophilic 
oxygen species.8 Although we observed a higher EO selectivity and a smaller dependence of 
EO selectivity on ethylene conversion for larger silver particles, these selectivity differences 
are most likely caused by a higher silver coverage of the support, thereby lowering the con-
tribution of isomerization of EO into acetaldehyde, which is then combusted. 
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4 .5 Conclusion

We investigated the particle size effect of the silver-catalyzed epoxidation reaction of 
ethylene to ethylene oxide. Silver catalysts supported on α-alumina were prepared by an 
industrial impregnation method. By varying the silver loading and calcination treatment, we 
obtained silver catalysts with average silver particle sizes in the 18–183 nm range. The per-
formance of these catalysts was determined in a mixture of ethylene and oxygen balanced 
with helium at 225°C. Three conditions were used for the catalytic evaluation, namely a 
total pressure of 1 bar, a total pressure of 20 bar and a total pressure of 20 bar with 1 ppm 
VC being added to the feed mixture. Catalysts containing relatively small particles with a 
size below 50 nm were predominantly monocrystalline. The surface-normalized ethylene 
conversion rate was independent of particle size for these small particles. Larger silver par-
ticles (>50 nm) are made up of multiple silver crystallites, with an average domain size be-
tween 25 and 30 nm, nearly independent of the particle size. For these polycrystalline silver 
particles, the surface-normalized reaction rate increases linearly with particle size. When 
the ethylene conversion rate is expressed per gram of silver, the rates for these larger par-
ticles are the same. This unusual particle size effect is attributed to an alternative pathway 
for oxygen activation at the surface of the particles. We speculate that oxygen is activated 
at defects of the surface close to grain boundaries, diffusion of oxygen along these grain 
boundaries throughout the silver particles and through dissolution and diffusion in the bulk 
to the external surface, where the oxygen species can react with ethylene. Indeed, the re-
action rate normalized to the surface area of the first outer shell of crystallites making up a 
silver particle was found to be constant for polycrystalline particles. Literature suggests that 
the most stable Ag(111) surface has a very low tendency to dissociatie oxygen. Thus, we 
speculate that the reaction takes place on a low-covered silver surface that cannot activate 
molecular oxygen well. Oxygen is mainly supplied via grain boundaries. We found that rais-
ing the reaction pressure from 1 bar to 20 bar leads to a strong increase in the reaction rate 
and the EO selectivity. This can be explained by an increase in the amount of oxygen species 
at the surface that not only benefits the rate but also the EO selectivity (electrophilic oxygen 
species). EO selectivity can be further improved by adding chlorine, which however lowers 
the reaction rate. Notably, the same particle size dependence of the rate is observed for all 
three reaction conditions. Regarding EO selectivity, we found indications that the depen-
dence on conversion is mostly due to consecutive reactions of EO on the hydroxyl groups of 
the support. The preference for relatively large silver particles in  industrial EO catalysts can 
be explained in the following manner. As the rate depends on the crystallite surface area 
rather than the dispersion of silver, the rate normalized to this surface area is constant. As 
moreover the crystallite size is independent of particle size, it is beneficial to prepare large 
silver particles. This leads to a high rate normalized on the external surface area, although 
the weight-based rate is constant. The reason to prepare catalysts with large silver particles 
is likely associated with the relatively high silver loadings employed. This leads to a high 
silver coverage of the α-alumina, which limits undesired reactions of EO on hydroxyl groups 
to full combustion products via acetaldehyde. 
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Chapter 5
The influence of cesium on supported 

silver particles for Ethylene Epoxidation

The effect of cesium in the 0–1000 ppm by weight range on sil-
ver-catalyzed ethylene epoxidation was investigated by XPS, sol-
id state 133Cs NMR, STEM and catalytic activity measurements 

under industrially relevant conditions. Characterization shows that 
cesium resides in three different chemical environments (i) as highly 
dispersed cesium in interaction with silver particles or the α-alumina 
support, (ii) as clustered cesium (oxide) on α-alumina above the mon-
olayer coverage, and (iii) as cesium species at the interface between 
silver and α-alumina. The highest ethylene oxide productivity was ob-
tained for a silver catalyst promoted with 500 ppm cesium. Ethylene 
oxide selectivity was nearly constant with respect to cesium content, 
except at the highest cesium content at which a much  lower selectivity 
was noted. During the ongoing reaction, the cesium surface concen-
trations changed substantially. With increasing cesium content, silver 
sintering became more pronounced, resulting in the migration of ce-
sium from the silver surface to the support and exposure of cesium 
on α-alumina. A higher cesium content also led to a better wetting of 
silver on the α-alumina support. The cesium-containing catalysts ex-
hibited a strong transient catalytic behavior with respect to ethylene 
conversion and ethylene oxide selectivity. A tentative explanation for 
this behavior is that chlorine added as vinyl chloride first reacts with 
cesium species on the support, followed after saturation by deposi-
tion on the silver surface. This delays the positive effect of cesium on 
silver with increasing cesium content. The present study emphasizes 
the morphological influence of cesium promoter on the silver phase 
and the interaction between silver and cesium resulting in complex 
activation behavior.
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5.1 Introduction

The direct epoxidation of ethylene to ethylene oxide (EO) constitutes one of the major 
heterogeneous catalytic processes in the chemical industry.1,2 EO catalysts are comprised 
of silver particles as the active phase, which is distributed over α-alumina support together 
with added promoters. Promoters can broadly be classified as electronic promoters, affect-
ing the quality of the active sites for the reaction of interest, and structural promoters, 
altering the morphology of the catalyst.3 Industrial EO formulations use a wide range of 
promoter elements,4 including small amounts (typically in the ppm-range) of cesium, rhe-
nium, lithium and molybdenum, while chlorine is another common promoter added in the 
form of gaseous organohalide compounds to the reactor feed.1,4–6 The exact role of each of 
these promoters remains debated.5,7–12 Most of the previous works on this topic have dealt 
with the influence of chlorine and cesium on the overall catalytic performance of silver 
catalysts.8,10,12,13 Chlorine is usually thought to improve EO selectivity by blocking surface 
vacant sites on the silver, which otherwise result in unwanted complete combustion, and 
by increasing the fraction of ‘electrophilic oxygen’ at the surface.9,11 The role of cesium is 
to increase the catalytic performance via promotion of direct epoxidation, presumably by 
stabilizing the corresponding transition state and by poisoning of acid sites on the support, 
thereby minimizing EO isomerization to acetaldehyde which is prone to combustion on sil-
ver.14,15 

The former electronic promoter role of cesium has been investigated in several exper-
imental model as well as theoretical studies. Cesium located on a silver surface will likely 
form cesium oxides and -hydroxides, which leads to the stabilization of a silver-oxide over-
layer and a higher EO selectivity.10,13,15

Minahan and Hoflund investigated the structural influence of cesium promoter on sil-
ver catalysts.14,16–18 The authors postulated that cesium increased the interaction between 
silver and the support, altering the morphology of the silver particles and consequently EO 
productivity. Additionally, the cesium promoted catalyst underwent severe sintering during 
reaction. Another aspect noted in their work was the redistribution of cesium during the 
epoxidation reaction. In contrast, the group of Lambert did not see these kind of morpho-
logical changes of the active silver phase induced by cesium.19 

In this work, we systematically investigated the impact of cesium on the active phase 
and catalytic performance of α-alumina-supported silver particles. Different aspects such 
as the influence of chlorine addition and the evolution of the active phase during catalyst 
activation are part of our studies. The surface composition of fresh and used catalysts was 
investigated by XPS, while solid-state 133Cs NMR spectroscopy provided further information 
on the state of the promoter. Quantitative transmission electron microscopy was used to 
characterize the silver particles and possible changes as a function of cesium content and as 
a consequence of the EO reaction.

5 .2 Experimental

Catalyst preparation 

The as-received 3 mm α-alumina pellets (Saint-Gobain NorPro, SA 5102) were crushed 
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and sieved to a 125–250 μm size fraction and calcined overnight at 550 °C. Silver oxalate 
(Ag2C2O4) was prepared by dissolving silver nitrate (AgNO3, Alfa Aesar, ACS, ≥99.9%, 5 g) and 
oxalic acid (C2H2O4, Sigma Aldrich, ReagentPlus®, ≥99%, 50 g) in 100 mL of deionized water 
followed by stirring for 10 min. The obtained white suspension was filtered and washed 
three times with deionized water. Afterwards, the solid was dried under vacuum overnight 
and stored until further use. Supported silver catalysts were synthesized using a procedure 
derived from patent literature.4 An amount of 2.0 g of the sieved α-alumina support was 
impregnated until incipient wetness with a silver oxalate-ethylene diamine solution (molar 
ratio 3:1) in deionized water (2.46 M ethylene diamine and 0.82 M silver oxalate). For the ce-
sium-promoted samples, an amount of cesium nitrate (CsNO3, Sigma-Aldrich, purity ±99%) 
was added to the impregnation solution aiming at afinal cesium content in the 0–1000 ppm 
range. Next, the catalyst precursor was dried under dynamic vacuum at room temperature 
for 1 h and subsequently calcined at 275 °C (heating rate 10 °C/min, 10 vol% oxygen in 
helium, 1 bar) for 4 h in a quartz tubular flow reactor. The as-obtained sample was used 
for further characterization and activity testing. Several reference samples without silver 
were synthesized by impregnation of the support with a cesium nitrate solution (CsNO3, 
 Sigma-Aldrich, purity ±99%). The concentrations were adjusted to achieve final cesium con-
tents of 250 ppm, 500 ppm, 750 ppm and 1000 ppm. These reference samples were treated 
in the same manner as the silver-containing catalysts.

Catalytic activity measurements 

Catalytic performance of the prepared materials was evaluated in a plug-flow reactor. 
A stainless-steel reactor was loaded with 40 mg of silver catalyst, which was held between 
two quartz wool plugs. The ethylene conversion always remained below 10%. The pre-treat-
ment gas mixture consisted of 10 vol% oxygen in helium and a total flow of 20 mL/min was 
maintained by thermal mass flow controllers. Before reaction, the pre-treatment gas flow 
through the reactor was stabilized at 20 bar for 2 h. Then, the reactor was heated to 225 °C 
at a rate of 20 °C/min and dwelled for 3 h in the pre-treatment gas at 20 bar. The reaction 
was started by switching two four-way valves, which replaced the pre-treatment gas by the 
reaction feed mixture at the same pressure. The reaction feed mixture consisted of 10 vol% 
oxygen and 5 vol% ethylene balanced by helium, at a total flow rate of 20 mL/min. Optional-
ly, a small flow of a mixture of 99.5 ppm vinyl chloride (VC) in helium was added to achieve a 
final chloride concentration of 1 ppm. Online gas analysis was carried out by a three-channel 
gas chromatograph (Compact GC, Interscience) equipped with one flame ionization detec-
tor (FID) and two thermal conductivity detectors (TCD). The FID coupled with an Rt-QSBond 
column was used to analyze ethylene oxide and acetaldehyde. A TCD coupled with a Mol-
sieve 5A column was used to analyze oxygen. The other TCD coupled with an Rt-QBond 
column was used to detect carbon dioxide and ethylene. The main products were analyzed 
at 5 min interval. After 2–60 h, the reaction was terminated by quenching in helium and 
cooling the reactor to room temperature.

Catalyst characterization

High-Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-
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STEM) was performed on the TU/e CryoTitan (FEI, now Fischer-Scientific) at room tempera-
ture. STEM sample preparation involved sonication of the samples in pure ethanol (Bio-
solve, extra dry, 99.9%) and applying a few droplets of the suspension to a 200 mesh cupper 
TEM grid with a holey carbon support film. Prior to imaging, the supported samples were 
placed overnight in an oven at 40 °C to remove residual ethanol. STEM images were ac-
quired using a probe convergence angle of 10 mrad, a dwell time of 2 μs and a camera 
length of 89 mm in combination with a Fischione HAADF detector. XRD diffractograms were 
recorded with a Bruker D2 Endeavor powder diffraction system using Cu Kα radiation. The 
scanning speed was 6.0° 2θ·min-1 in the range of 5–90° 2θ. Crystallite sizes were estimated 
by applying the Scherrer equation to the Ag(200) and Ag(220) diffraction peaks located at 
44.3° 2θ and 64.7° 2θ, respectively. XPS measurements were carried out on a Thermo Scien-
tific K-Alpha apparatus equipped with a monochromatic small-spot X-ray source and a 180° 
double focusing hemispherical analyzer with a 128-channel detector. Spectra were obtained 
using an aluminum anode (Al Kα  = 1486.6 eV) operating at 72 W and a spot size of 400 µm. 
Survey scans were measured at a constant pass energy of 200 eV and region scans at 50 eV. 
The background pressure was 2 x 10-9 mbar and during measurement 3 x 10-7 mbar argon 
because of the charge compensation dual beam source. XP spectra were fitted with Casa-
XPS. A Shirley background subtraction was applied and Gauss-Lorentz curves were fitted 
(Appendix C2, Figure C3). Surface concentrations were obtained by using tabulated sensi-
tivity factors. Nuclear magnetic resonance (NMR) spectra were recorded on an 11.7 Tesla 
Bruker DMX500 NMR spectrometer operating at 65.6 MHz for 133Cs. The measurements 
were carried out using a magic-angle-spinning (MAS) probe head with a rotor diameter of 
4 mm, operating at a spinning rate of 10 kHz. The experiments were done using a single 
pulse sequence with an 18° short pulse of 1 µs and an interscan delay of 1 s. The chemical 
shifts are referenced to a 1 M CsCl solution in water. Prior to analysis each sample was 
hydrated by exposure to air saturated with water to improve signal sensitivity and spectral 
resolution.

5 .3 Results and discussion

Silver catalysts were prepared using a synthesis method described in the patent litera-
ture in which α-alumina is impregnated with a solution containing silver oxalate and eth-
ylenediamine, followed by drying and calcination in 10 vol% oxygen in helium at 275 °C. 
Cesium was added in the form of its nitrate during impregnation of the silver precursor. By 
use of XPS and TGA, we established that all nitrogen from the ethylenediamine ligand was 
removed (Appendix C2). 

The main physio-chemical properties of the samples are collected in Table 5.1. All the 
prepared catalysts had a silver loading of about 8 wt% and contained silver particles with an 
average size of ~100 nm (Table 5.1 and Appendix C1). The presence of cesium did not affect 
the silver particle size of the freshly prepared catalysts. Catalytic performance was evaluat-
ed under industrial relevant conditions at a temperature of 225°C, a pressure of 20 bar and 
a feed containing 5 vol% ethylene, 10 vol% oxygen and 1 ppm VC balanced by helium at a 
gas hourly space velocity of 8000 h-1. Ethylene conversion and formation of ethylene oxide, 
water and CO2 was followed for 60 h. 
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Figure 5.1 shows how the cesium content affects the reaction rate normalized to the 
silver surface (Figure 5.1a) and the EO selectivity (Figure 5.1b). The reaction rate initially 
increases with cesium content until 500 ppm, followed by a sharp decrease in catalytic per-
formance. The EO selectivity is higher than 70% for all samples, except when the cesium 
content is 1000 ppm (~60%). The highest EO formation rate is obtained for the catalyst with 

Figure 5 .1 . Catalytic performance of silver catalysts after 60 h as a function of the cesium content: (a) reaction rate 
and (b) EO selectivity (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, 1 ppm VC and balance helium).

Table 5 .1 . Physio-chemical properties of the as-prepared samples.

Sample name Ag content 
(wt%)1

Cs content 
(ppm)

Ag particle 
size (nm)2 σ (nm) Ag crystallite size 

(nm)3

Ag/α-Al2O3 8.18 0 102 41 30

Ag-Cs(250)/α-Al2O3 8.09 250 87 47 26

Ag-Cs(500)/α-Al2O3 8.3 500 98 45 26

Ag-Cs(750)/α-Al2O3 8.48 750 100 36 29

Ag-Cs(1000)/α-Al2O3 9.06 1000 96 39 28

Cs(250)/α-Al2O3 0 250 - - -

Cs(500)/α-Al2O3 0 500 - - -

Cs(750)/α-Al2O3 0 750 - - -

Cs(1000)/α-Al2O3 0 1000 - - -
1Determined by ICP-OES, 2Average particle size determined by HAADF-STEM, 3Determined by applying the Scherrer 
equation on the Ag(220) XRD peak.
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a cesium content of 500 ppm, which is in good agreement with literature.20 
XPS was used to obtain insight into the cesium distribution and its location relative to sil-

ver. Figure 5.2a shows how the cesium surface concentration changes with cesium content 
for fresh and used Ag-Cs catalysts and fresh cesium-only reference samples. The increasing 
cesium signal up to a cesium content of 500 ppm is consistent with a computed cesium 
monolayer coverage of ~500 ppm (Appendix C3). It is likely that, at higher cesium content, 
cesium oxide clusters are formed. The cesium surface concentration in the reference sam-
ples without silver is significantly higher than in the Ag-Cs samples. This difference can be 
explained by a higher total surface area for the silver-containing catalysts compared to the 
reference samples. Figure 5.2a also shows how the cesium surface concentration in the 
used catalysts depends on cesium content. In line with literature,14 we find that the cesium 
content at the surface probed by XPS increased during the ethylene oxidation reaction. Fig-

Figure 5 .2 . Surface analysis by XPS of cesium 3d and silver 3d regimes: (a) cesium surface concentration and (b) 
cesium/silver ratio as a function of cesium, (c) cesium and silver surface concentration and (d) cesium/silver ratio 
for Ag-Cs(750)/α-Al2O3 as a function of the reaction time (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, 
1 ppm VC and balance helium; lines are drawn to guide the eye). Ag:Al ratios shown in Appendix C4.
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ure 5.2b shows that the highest cesium/silver ratio is obtained for the Ag-Cs(750) sample. 
The difference observed between fresh and used samples in Figure 5.2a is further under-
pinned by the time-dependent data for Ag-Cs(750) (Figure 5.2c and 5.2d). As the increasing 
cesium signal is accompanied by a decreasing silver signal, we speculate that silver particles 

sinter and more cesium interacting with the α-alumina support becomes exposed at the 
surface during ethylene oxidation. 

The local chemical environment of cesium was investigated by magic-angle spinning 133Cs 
NMR spectroscopy. Cesium-133 has favorable nuclear properties for NMR spectroscopy 
such as 100% natural abundance, I = 7/2 and a small quadrupole moment. Figure 5.3 shows 
the central sharp isotopic peaks of cesium-133 of the samples. The chemical shifts are refer-
enced to a 0.1 M CsCl solution in water. Spinning side-bands due to first-order quadrupolar 
interactions are not shown and no second-order quadrupolar broadening was observed at 
the used magnetic field. All samples were hydrated prior to recording NMR spectra. The 
NMR spectrum of the cesium-only sample contains a single signal at 1 ppm, which can be as-
signed to cesium cations in interaction with the α-alumina support. The NMR spectra of the 
silver-containing catalysts contain the same feature at 1 ppm and another signal at -5 ppm 
with a shoulder at -5.5 ppm. The features at ~-5 ppm are therefore likely due to cesium 

Figure 5 .3 . Normalized 133Cs-NMR spectra for Ag-Cs and cesium-only samples. 
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in interaction with silver particles. We can see that the relative intensity of the amount of 
cesium atoms associated with silver increases with respect to cesium on the support, when 
the cesium content is raised. This trend indicates that, when more cesium is added to the 
catalyst, a larger amount of cesium interacts with the silver phase. The exact nature of the 
two cesium species in interaction with silver remains unknown, but we can speculate that 
one of them relates to cesium dispersed on the external surface of the silver particles, while 
the other one is due to cesium located between silver particles and the α-alumina support. 

XPS analysis pointed to growth of the silver particles during ethylene oxidation. In order 
to study the influence of cesium on silver sintering, we compare the average silver parti-
cle size determined by analysis of STEM images for fresh and used samples in Figure 5.4a. 
Figure 5.4b displays the evolution of the average silver particle size during the ethylene 
oxidation reaction for Ag-Cs(750). The corresponding particle size histograms are given in 
Appendix C5. In line with Chapter 3,21 the presence of VC in the reaction mixture results in a 
nearly constant average size of the silver particles in the absence of cesium. The cesium-con-
taining catalysts, on the other hand, are prone to sintering, as evident from the substantial 

growth of the silver particles and broadening of the particle size distribution (Figure 5.4a, 
and Appendix C5).

The evolution of the average silver particle size for Ag-Cs(750) during the ethylene oxi-
dation reaction can be followed in Figure 5.4b. Both size and size distribution of the silver 
particles increase substantially during reaction (Appendix C5). The catalysts used for shorter 
reaction times (1 h, 12 h and 32 h) contain a small fraction of 10  –20 nm silver particles, 
which were not observed in the fresh sample and were also not present in the catalyst 
used for 60 h (Appendix C5). These findings indicate a possible mechanism for silver particle 
sintering, involving redispersion of silver into small particles with a higher mobility, which 
coalesce with larger particles. Clearly, the mobility of silver is higher on the cesium-contain-
ing samples. 

Figure 5 .4 . Average size of silver particles as function of (a) cesium content and (b) reaction time for the 
Ag-Cs(750)/α-Al2O3 catalyst (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, 1 ppm VC and balance helium).
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Further analysis of the STEM images provides evidence for an increased wetting of silver 
particles on the cesium-containing α-alumina support. Earlier, it has been shown that cesi-
um can induce the formation of thin silver films on α-alumina.5 We analyzed the base and 
height of a substantial number of silver particles viewed edge-on for fresh and used (60 h) 
catalysts. The results in Figure 5.5 point to an increased interaction of the silver particles 
when the cesium content is higher. 

Before discussing in more detail the catalytic performance data, we summarize the main 
findings of the characterization of the fresh and used samples. Cesium is present in the form 
of dispersed cations on the α-alumina support and in interaction with the silver particles, 
likely on the silver particles as well as between the silver particles and the α-alumina sup-
port. Cesium on the α-alumina support is highly dispersed up to a monolayer coverage of 
500 ppm. Higher content leads to cesium oxide clusters. Part of the cesium on the α-alumina 

Figure 5 .5 . (a) Results of flatness quantification performed on Ag particles viewed on-edge. Influence of Cs content. 
(b) Geometrical difference between a hemispherical particle wit flatness value 1.5 and 3.0. STEM images of 
(c) Ag/α-Al2O3 and (d) Ag-Cs(1000)/α-Al2O3
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support is covered by the silver particles as evident from a comparison of the silver catalysts 
with cesium-only reference samples. During the ethylene epoxidation reaction, the silver 
particles for the cesium containing catalyst sinter. Sintering is more prominent in samples 
containing more cesium. Notably, the silver particles on the cesium-free α-alumina support 
do not sinter during the ethylene oxidation reaction. 

Figure 5.6 displays the time-on-stream behavior of the catalysts during ethylene oxida-
tion. All the catalysts display a complex transient behavior, which was verified to be repro-
ducible (Appendix C8, Figure C11). The silver-only catalyst has a high initial reaction rate, 
which decreases rapidly due to chlorine poisoning.22,23 The transient behavior changes with 
the cesium content. A maximum in the reaction rate for the cesium-containing samples 
shifts from very early reaction times to later reaction times with increasing cesium load-
ing. The time at which this maximum ethylene conversion and EO selectivity occur var-
ies from close to 0 h for Ag-Cs(250)/α-Al2O3 to ~5 h for Ag-Cs(500)/α-Al2O3 and ~12 h for 
Ag-Cs(750)/α-Al2O3 and Ag-Cs(500)/α-Al2O3. The chlorine surface concentration probed by 
XPS is shown in Figure 5.7. Although the final chlorine concentration for all the samples is 
similar (Figure 5.7b), the chlorine pick-up rates differ significantly (Figure 5.7a). The chlo-
rine concentration on Ag-Cs(500)/α-Al2O3 increases much faster and is saturated after 12 h 
than on Ag-Cs(750)/α-Al2O3  for which it is saturated after 60 h. Therefore, the data suggest 
a correlation between the maximum observed in ethylene oxide oxidation rate and chlo-
rine deposition. Higher cesium content delays both the point at which the surface becomes 
saturated with chlorine and the ethylene conversion maximum. We therefore suggest that 
chlorine is deposited first at the surface by reacting with cesium species. Based on the chlo-
rine feed rate and the cesium content in the sample, we can estimate that the conversion of 
cesium oxide to cesium chloride will take a few hours (Appendix C10). Since the saturation 

Figure 5 .6 . Catalytic performance for Ag/α-Al2O3, Ag-Cs(250)/α-Al2O3, Ag-Cs(500)/α-Al2O3, Ag-Cs(750)/α-Al2O3 and 
Ag-Cs(1000)/α-Al2O3 in terms of (a) total reaction rate, (b) EO selectivity (reaction conditions: 225°C, 20 bar, 5% 
C2H4, 10% O2 and balance helium).
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time appears to increase strongly with cesium content as for instance can be observed in the 
much longer saturation time for Ag-Cs(750)/α-Al2O3 in comparison with Ag-Cs(500)/α-Al2O3, 
we speculate that chlorine especially interacts with clustered cesium oxide. After reaching 
chloride/cesium atomic ratios between 1 and 2 (Appendix C9, Figure C11), chlorine will start 
poisoning the silver surface, lowering the ethylene conversion. The dynamics of this cata-
lyst system are more complex, as the maximum in ethylene conversion is followed by an 
increase in ethylene conversion for the samples with intermediate cesium content. This is 
likely due to the migration of cesium from the silver surface to the α-alumina surface. This 
would also explain the changes in the EO selectivity with too high cesium content finally 
limiting the EO selectivity. Although more experiments are needed to fully understand these 
transients, a tentative model is that the presence of cesium or cesium chloride at the silver 
surface is beneficial, although a too high amount lowers the selectivity as for instance ob-
served for Ag-Cs(1000)/α-Al2O3.

To further investigate the interaction of chlorine with cesium, we compare the catalytic 
performance of Ag-Cs(750)/α-Al2O3 in presence and absence of VC (Figure 5.8). Both the 
ethylene conversion rate and EO selectivity are significantly lower without than with VC in 
the feed. Without VC, we observe a nearly constant rate of EO and CO2 formation, leading to 
a poor EO selectivity of around 50%. As in the absence of chlorine cesium does not promote 
the silver catalyst, it is concluded that the promoting effect of silver requires chlorine. When 
VC is present in the feed, the initial EO and CO2 formation rates are similar to the case with-
out VC. After a few hours, the EO reaction rate increases, while the CO2 reaction rate is un-
affected. We attribute this to the initial preferential interaction of chlorine with cesium over 
silver. When the cesium species are saturated with chlorine, chlorine will start to deposit on 
the silver phase, benefiting EO over CO2 formation. Together with the promotion of silver 
by chlorine, we also observe a decrease in the EO reaction rate due to the poisoning of the 
surface by excess chlorine. Notably, the increase of EO selectivity is linked to the increase in 

Figure 5 .7 . (a) Chlorine (2p) surface concentration obtained by XPS as function of time for Ag-Cs(500)/α-Al2O3 and 
Ag-Cs(750)/α-Al2O3. (b) final chlorine (2p) surface concentration obtained by XPS as function of total Cs-content. 
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EO formation rate, emphasizing that too much chlorine ends up at the catalytic surface. This 
suggests that the VC content can be further optimized.

From XPS and 133Cs NMR characterization, it follows that cesium is present at different lo-
cations in the Ag-Al2O3 system. Cesium enhances the wetting of the silver on the α-alumina 
support and the silver particles grow faster during the EO reaction in its presence. Cesium 
redistributes during the reaction, induced by this particle size growth. On the one hand, 
cesium migrates from the silver surface to the support, on the other hand cesium initially 
located on the Ag/α-Al2O3 interface becomes exposed. Complex transients observed during 
the ongoing EO reaction in the presence of VC have to do with the interaction of chlorine 
with cesium and the silver surface. Most likely, the preferential interaction of chloride with 
cesium over silver results in a delayed promotion of the silver by chlorine as evidenced by 
the EO rate and EO selectivity increasing after longer reaction times with increasing cesium 
content. Too high cesium content limits the EO reaction rate and EO selectivity, likely be-
cause of silver poisoning. 

5 .4 Conclusion 

Silver catalysts with a particle size close to 100 nm were promoted by cesium in the 
0–1000 ppm range. The freshly calcined and used catalysts were characterized by XPS, solid 
state 133Cs NMR, and STEM in order to determine the location and distribution of cesium and 
its impact on the silver phase. Characterization shows that cesium resides in three different 

Figure 5 .8 . Catalytic performance for Ag-Cs(750)/α-Al2O3 with (blue) and without VC (black) displaying (a) The 
epoxidation rate (empty circles) and the combustion rate (filled circles) and (b) the EO selectivity (reaction 
conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). 
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chemical environments, as highly dispersed cesium in interaction with silver particles or the 
α-alumina support, as clustered cesium (oxide) on α-alumina above the monolayer cover-
age, and as cesium species at the interface between silver and α-alumina. With respect to 
high EO productivity, the optimum cesium content was 500 ppm. Reaction rates for selective 
oxidation and combustion both increased with cesium content up to 500 ppm after which 
a strong decrease was observed. EO selectivity was nearly constant with respect to cesium 
constant, except at the highest cesium content that presented a much lower selectivity. 
During the EO reaction, the cesium surface concentrations changed substantially. With in-
creasing cesium content, silver sintering becomes more pronounced, resulting in the migra-
tion of silver from the silver surface to the support and exposure of cesium on α-alumina. 
All catalysts containing cesium showed a strong transient catalytic behavior with respect to 
ethylene conversion and EO selectivity. This transient behavior was absent for a cesium-free 
reference catalyst. Based on the collected data, we speculate that the transient behavior 
relates to the preferential reaction of chlorine added as VC with cesium species on the sup-
port, followed by deposition of chlorine on the silver surface. With increasing cesium con-
tent, therefore, it takes longer before the promoting effect of chlorine on silver-catalyzed EO 
formation occurs. This activation period is followed by a slow decrease in catalytic perfor-
mance because of too high chlorine content in the feed. The data emphasizes the influence 
of cesium on the morphology and sintering behavior of silver particles and the modification 
of the promoting role of chlorine due to cesium-chlorine interactions. 

Although the adition of cesium leads to significant morphological changes of the silver 
particles, we do not expect that these changes influence the intrinsic reactivity. Likely, the 
observed differences in catalytic behavior originate from the surface modifications of chlo-
rine and cesium, which is supported by the literature. Chlorine can block sites active in the 
direct combustion of ethylene and increases the amount electrophilic oxygen at the surface, 
also improving EO selectivity.9,11 Cesium on the other hand decreases the EO isomerization 
to acetaldehyde, which combusts rapidly on the silver surface, by poisoning support hydrox-
yl groups.14,15 This chapter highlights the complex influence of cesium and chlorine promo-
tors in the ethylene epoxidation, which all influence a multitude of factors.

Figure 5 .9 . Schematic overview of the different possible locations of Cs on the catalyst.
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Chapter 6
Identical location imaging of silver particles 

during Ethylene Epoxidation

Structural changes in α-alumina supported silver particles during 
ethylene oxidation under industrial relevant conditions (20 bar 
and 225 °C, without and with chlorine) were investigated by 

quantitative TEM. Identical locations of powder catalyst samples (two 
catalysts with silver particle sizes of 41 ± 16 nm and 127 ± 47 nm) de-
posited on a thin silicon nitride TEM grid were investigated for the 
fresh catalyst and after 60 h of the ethylene oxide (EO) reaction with-
out and with chlorine. The evolution of the particle size depended on 
the initial size and the presence of chlorine. Without chlorine, silver 
particles were only slightly affected with a tendency for smaller parti-
cles to shrink. When chlorine was present during the EO reaction, the 
changes were much more pronounced. Silver particles smaller than 
~30 nm disappeared from the area imaged, pointing to Ostwald rip-
ening as a primary sintering mechanism in which we suspect mobile 
silver-chloride species to play an important role. Larger particles with 
a size below 100 nm were not affected much by the EO reaction with 
chlorine. However, particles larger than 100 nm tend to fracture into 
smaller ones in the presence of chlorine, resulting in a re-dispersion of 
the silver active phase during the ongoing EO reaction. These results 
confirm the dynamic nature of silver particles during the EO reaction 
and emphasize the role of chlorine in the substantial morphological 
changes of the active silver phase.
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6.1 Introduction

Ethylene epoxidation to ethylene oxide (EO) is a major chemical process with a global 
annual production of approximately 34.5 x 106 tons.1 For commercial EO production silver is 
regarded as the only catalyst that is sufficiently active and selective.2 Industrially, a ~90% EO 
selectivity is achieved by adding small amounts of promoters such as cesim, rhenium and 
molybdenum. In addition, a gaseous organochlorine compound (e.g. vinyl chloride, VC) is 
co-fed on-stream in trace amounts to increase the EO selectivity by chlorine modification of 
the active sites.3,4 Chlorine affects the silver epoxidation catalyst in various ways. It poisons 
unselective vacant sites, thereby reducing the direct combustion of ethylene to carbon di-
oxide.3 Chlorine is also thought to increase the amount of what has been termed “electro-
philic oxygen” species, which are involved in the oxidation of ethylene to EO.4 Furthermore, 
the presence of chlorine significantly alters the structure of the silver particles as shown in 
Chapter 3. Under the influence of chlorine, silver particles larger than 100 nm re-disperse 
into smaller particles. The mechanism of this re-dispersion process is still unknown and will 
be investigated in this chapter.

Besides activity and selectivity, also stability is an important parameter in (heteroge-
neous) catalysis. Deactivation by strong adsorption of a particular reaction product on the 
surface is often a practical challenge. Furthermore, the active phase of a catalyst might also 
undergo changes during the ongoing reaction, which can lead to activation or deactivation. 
Deactivation is usually associated with sintering of the active phase, leading to a loss of ac-
tive sites.5 Sintering is most commonly assumed to proceed via Ostwald ripening, whereby 
larger nanoparticles grow at the expense of smaller ones, due to transport of small units 
like mobile atomic species over the support surface. A second sintering mechanism called 
Smoluchowski ripening involves mobile nanoparticles on the support surface, leading to 
coalescence into larger particles. The change in particle size during reaction might also lead 
to a different distribution of present types of active sites at the catalytic surface. For metal 
nanoparticles, this is very well known as structure sensitivity in which the presence of ter-
race, steps, kinks and other specific topologies change profoundly for particles smaller than 
10 nm.6 The surfaces of nanoparticles can also change due to strongly adsorbed species. 
Some key examples are morphologically oscillating platinum nanoparticles during CO oxida-
tion,7 the reversible restructuring of copper nanoparticles during methanol synthesis8 and 
the shape change of rhodium nanoparticles in different gaseous environments.9 In some 
instances, metallic nanoparticles can even display liquid-like behavior.10

For ethylene epoxidation, we have recently shown that the silver particles undergo mor-
phological changes during the reaction.11 Sintering of silver particles in ethylene/oxygen 
mixtures was observed, which could be partially reversed by addition of chlorine in the 
feed. These conclusions were based on comparing averaged values of the size, size distri-
bution and shape of a sufficiently large number of particles imaged by TEM. An advantage 
of this approach is that it is based on statistically relevant average data, but a drawback is 
that averages generally do not allow for insight into the sintering mechanism for which the 
evolution of individual particles needs to be tracked. In order to investigate morphological 
changes for individual particles in more detail and to understand the role of chlorine, in 
situ TEM would be suitable. However, current in situ TEM cells are limited to about 1 bar, 
which is much lower than the pressure used in industrial ethylene epoxidation. An alterna-
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tive approach that can be employed is based on temperature stable and inert TEM grids on 
which the catalyst is deposited and a the use of a reactor for these TEM grids to simulate 
the reactions. This approach allows for TEM analysis of the same location of catalyst placed 
on such TEM grids, prior to and after morphological changes induced by pretreatment and 
reaction. Some examples of this approach, referred to as identical location imaging (ILI), are 
available in the literature.12,13 

In this chapter, we will use ILI to track structural and morphological changes after expo-
sure to industrial ethylene epoxidation conditions in absence and presence of the VC pro-
moter. We use two α-alumina supported silver catalysts, one with an average particle size 
of ~40 nm particles, and one with on average ~120 nm particles. As TEM grids, we use Si3N4  
wafers with a square membrane window with a thickness of 15 nm. The square window is 
transparent when imaged with TEM, allowing investigation of the sample deposited on the 
membrane window. These TEM grids are placed in a specifically designed catalytic reactor 
which can be heated and to which gases can be fed, while a back-pressure regulator controls 
the reaction pressure. TEM images from the same locations before and after different treat-
ments by the ILI approach12,13 were analysed in two different ways: ‘Identical Area Analysis 
(IAA)’ and ‘Identical Particle Analysis (IPA)’. With IAA, the local particle size distribution and 
the number of particles in a selected area is determined. For IPA, the particle size evolu-
tion of several individual particles is tracked. This can directly show whether small or large 
particles are more prone to change and, more importantly, which structural changes they 
undergo. 

6 .2 Experimental

Catalyst synthesis

As a support material α-alumina was used. The as-received 3 mm α-alumina pellets 
(Saint-Gobain NorPro, SA 5102), were crushed and sieved to a 125–250 μm size fraction 
and calcined overnight at 550 °C. As a silver precursor, silver oxalate (Ag2C2O4) was used, 
which was synthesized by dissolving silver nitrate (AgNO3, Alfa Aesar, ACS, ≥99.9%, 5 g) and 
oxalic acid (C2H2O4, Sigma Aldrich, ReagentPlus®, ≥99%, 50 g) in 100 mL of deionized water 
followed by stirring for 10 min. The obtained white suspension was filtered and washed with 
deionized water three times. Afterwards the support was dried under vacuum overnight 
and stored until further use. A procedure derived from patent literature was employed to 
synthesize the silver catalysts.14 The catalysts were prepared by incipient wetness impreg-
nation of 2.0 g of the sieved support with a silver oxalate(0.82 M)/ethylene diamine(2.46) 
solution in deionized water. The total amount of silver oxalate was adjusted to obtain silver 
loadings of 5 wt% and 10 wt%. The resulting catalyst precursor was vacuum dried at room 
temperature for 1 h and calcined at 275 °C (heating rate 10 °C/min, 10 vol% O2 in He, 1 bar) 
for 4 h in a quartz tubular flow reactor. The obtained powders were characterized with XRD 
and HAADF-STEM.  

Catalyst deposition on Si3N4 TEM grids

To investigate the morphological changes of the silver catalyst at several stages of the 
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reaction by TEM, a small amount of catalyst was deposited on silicon nitride TEM grids (Per-
fect Edge Si3N4 wafer, Smalltech supplies, window size 0.1 mm, membrane thickness 15 nm, 
diameter 3 mm). Before deposition, the silicon nitride TEM grids were cleaned with ethanol 
and dried at 110 °C overnight. After finely crushing the sample, a small amount (1–10 mg) 
was dispersed into 3 mL of ethanol (Biosolve, extra dry, 99.9%). This dispersion was sonicat-
ed and immediately used thereafter. On each Si3N4 TEM grid one drop of the dispersion was 
positioned such that the droplet remained intact due to the surface tension of the liquid. 
After 2–3 minutes a second drop was added on top in order to break surface tension and 
distribute the liquid over the entire grid surface. Afterwards, the wafer was left to dry in air. 
Following this procedure, a thin layer of catalyst could be reproducibly deposited on the sil-
icon nitride TEM grids. Silicon nitride is considered as a stable and inert material under the 
employed reaction conditions and thus not expected to influence the restructuring of the 
silver particles. The Si3N4 TEM grids were analyzed with TEM.

Catalyst characterization

The powder catalysts were characterized by XRD and scanning TEM (STEM). For STEM 
we employed High Angle Annular Dark Field Scanning Transmission Electron Microscopy 
(HAADF-STEM) on the TU/e CryoTitan (FEI, now Fischer-Scientific) at room temperature. 
STEM images were acquired using a probe convergence angle of 10 mrad, a dwell time of 
2 μs and a camera length of 89 mm in combination with a Fischione HAADF detector. Dry 
STEM sample preparation involved sonication of the samples in pure ethanol (Biosolve, Ex-
tra dry, 99.9%) and applying a few droplets of the suspension to a 200 mesh Cu TEM grid 
with a holey carbon support film. Prior to imaging, the supported samples were left in an 
oven at 40 °C overnight to remove residual ethanol.  XRD patterns were recorded with a 
Bruker D2 Endeavor powder diffraction system using Cu Kα radiation. The scanning speed 
was 6.0° min-1 in the range of 5–90°. Crystallite sizes were determined using the Scherrer 
equation on the Ag(220) diffraction peak located at and 64.7°.

The Si3N4-TEM wafers were imaged with TEM. TEM micrographs were acquired on a 
FEI Tecnai 20 transmission electron microscope type Sphera (FEI, now Fischer-Scientific), 
equipped with a LaB6 filament and operated at an acceleration voltage of 200 kV. TEM im-
ages were recorded on a 4k x 4k CCD camera. For analysis of the TEM images an in-house 
written Matlab script was used to measure the size of the individual particles and to label 
them for later re-analysis. In case of identical particle imaging, the size is determined by 
manually selecting two points at opposing edges of the nanoparticle, first, along it’s long 
axis and, second, along it’s short axis.

After TEM analysis of the freshly prepared TEM grids, the wafers were used as cata-
lysts in the epoxidation of ethylene. The TEM samples were placed in a specially designed 
high-pressure reactor with space for 9 TEM grids (Appendix D1). For pre-treatment a gas 
mixture containing 10 vol% oxygen balanced with helium was fed in the reactor at a total 
flow of 20 mL/min at 20 bar pressure. The reaction gas mixture contained 10 vol% O2 and 
5 vol% ethylene, which was balanced with helium at a total flow rate of 20 mL/min. Before 
reaction, the pre-treatment gas was stabilized at a pressure of 20 bar for 2 hours, followed 
by temperature-programmed heating to 225 °C (ramp rate 20 °C/min) and dwelling for 3 
hours. The reaction was started by replacing the pre-treatment gas with the reaction gas. 
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After 60 hours the reaction was terminated by replacing the reaction gas by helium and 
cooling the reactor to room temperature. The TEM grids were then analyzed by TEM on the 
same locations as during the first analysis. Then, the same reaction procedure was repeated, 
using a reaction gas mixture that contained 1 ppm vinyl chloride (VC) for 60h. After termi-
nating the reaction by replacing the reaction gas by helium and cooling the reactor to room 
temperature, the TEM wafers were analyzed again. 

6 .3 Results and discussion

To investigate the morphological changes of differently sized silver particles in detail, 
two catalysts were synthesized based on methods from the patent literature.14 By adjusting 
the silver loading to either 5 or 10 wt% and varying the pre-treatment gas environment the 

obtained average particle sizes were 41 ± 16 nm and 127 ± 47 nm, respectively. These cata-
lysts are denoted as Ag(41) and Ag(127), respectively, and have been previously described 
in Chapter 2 and 3. The main physio-chemical properties of these catalysts are listed in 
Table 6.1. Ag(41) and Ag(127) have crystallite sizes of 20 nm and 27 nm, respectively, as de-
termined by XRD. From this, we can estimate that an average silver particle in Ag(127) con-
sists of ~100 crystallites, while a typical silver particle in Ag(41) contains ~8 crystallites. Thus, 
larger particles contain significantly more grain boundaries than smaller particles, which we 
demonstrated before to substantially affect the EO reaction.  

We first present catalytic performance data of Ag(41) and Ag(106) to understand how 
the EO reaction with and without VC affected the size and size distribution of the silver par-
ticles in silver catalysts with small and large particles. Ag(106) contains silver particles with 
similar average size and size distribution as Ag(127). We present catalytic data for Ag(106), 
because post-reaction TEM analysis was not carried out for Ag(127) in our earlier work. The 
catalysts were tested in a feed of 5 vol% ethylene and 10 vol% oxygen balanced by helium 
at 225 °C and 20 bar for 60 h. In another experiment, they were tested in the same way fol-
lowed by exposure to the same feed containing 1 ppm VC for 60 h.  Figure 6.1 shows that the 
weight-based ethylene reaction rates are substantially higher for Ag(41), although the EO 
selectivity is significantly lower. After an initial increase of the reaction rate, the activity of 
Ag(41) slowly declines with time-on-stream. The EO selectivity was initially close to 50% and 
then also decreases further. The low EO selectivity is in line with what has been reported 
for catalysts containing relatively small silver particles.15 The Ag(106) catalyst is less active, 

Table 6 .1 . Parameters used to control particle size for Ag/α-Al2 O3 catalysts.

Sample 
name He / O2 (%) T (°C) Ag content 

(wt%)1 d (nm)2 n (-) XRD 
(nm)3

d (nm) 
EO reaction
60 h4

d (nm) 
EO reaction 
60 h, 1ppm VC5

Ag(41) 100 / 0 275 4.5 41 ± 16 400 20 45 57

Ag(106) 90 / 10 275 8.7 106 ± 47 199 30 172 93

Ag(127) 90 / 10 275 10.0 127 ± 47 349 27 n.a. n.a.
1 Determined by ICP-OES, 2 Number-average determined by HAADF-STEM, 3 Determined by Scherrer equation 
applied to Ag(220) reflection, 4 5 vol% ethylene, 10 vol% oxygen, 20 bar, 225 °C. 



108 • Chapter 6

but shows a slowly increasing reaction rate. The EO selectivity is initially around 75% and 
then slowly decreases to 60%. In the presence of VC, the catalysts quickly deactivate due to 
the poisoning effect of excess chlorine. Steady-state rates are achieved after 25 h and are 
higher for Ag(41) than for Ag(106). On the other hand, EO selectivity is significantly higher 
for Ag(106), although there is also a clear promoting effect of chlorine on Ag(41). We em-
phasize that the catalytic performance of Ag(127) evolved in a very similar manner as that 
of Ag(106). The particle size changes as function of reaction conditions for the bulk materi-
als are shown in Table 6.1. For Ag(41), after 60 h of reaction without chlorine, the average 
particle size increases from 41 nm to 45 nm. When the same catalyst is exposed to a similar 
feed that also contained chlorine, the average silver particle size increased from 41 nm to 
57 nm. Thus, the presence of chlorine leads to the growth of silver particles in Ag(41). For 
Ag(106), the average silver particle size increases from 106 nm to 172 nm during the EO 
reaction without chlorine, whereas in its presence the particle size was found to decrease 
from 106 nm to 93 nm, as earlier described in Chapter 3. To investigate in more detail these 
changes, ILI was applied to these catalysts. 

For this purpose, the catalyst powders were deposited on the TEM grids with Si3N4 win-
dows and analysed and treated following the procedure shown in Figure 6.2. After analysis 
of the deposited catalyst powder, the materials were exposed to a feed of 5 vol% ethylene 
and 10 vol% oxygen balanced by helium at 225 °C and 20 bar for 60 h. After re-analysis of 
the sample, the reaction procedure was repeated in the presence of 1 ppm VC. Then, a 
final TEM analysis was carried out. This procedure is slightly different from the approach by 
which the catalytic performance was measured. 

Figure 6 .1 . Reactivity data for Ag(41) and Ag(127) (a) Ethylene conversion rate at 20 bar and 20 bar + VC (b) EO 
selectivity at 20 bar and 20 bar + VC (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and 
balance helium). 



Identical location imaging of silver particles during Ethylene Epoxidation • 109 

A typical example of the resulting TEM images is given in Figure 6.3. Significant chang-
es in the silver phase can be observed following the exposure to different reactive gas at-

Figure 6 .2 . Workflow used in this chapter. 

Figure 6 .3 . TEM images from an identical location of Ag(127) for the (a) fresh, (b) 60 h and (c) 60 h + 60 h VC sample. 
The different type of events are highlighted with an coloured circle.  
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mospheres. For easy viewing, a few characteristic events are marked in Figure 6.3, which 
emphasize that the silver particles undergo dynamic restructuring during the EO reaction. 
Before we discuss the results from IAA and IPA, we will first discuss the various events that 
we noted in our image analysis and will classify them. A full overview of the observed events 
is given in Appendix D2 .

We observe the growth of silver particles (Appendix D, Figure D2) and also the shrinkage 
of silver particles to the extent that some particles even seem to disappear from the field of 
view (green circle Figure 6.3 and Appendix, Figure D3). From inspection of several images, 
we conclude that smaller particles tend to disappear, suggesting that the changes follow an 
Ostwald ripening mechanism. We should take care here as disappearance of silver particles 
may also mean that the particles shrank to a size below the detection of our bright-field TEM 
imaging. The blue circle in Figure 6.3 displays an example of particle coalescence, where two 
particles are so close to each other that they merge into one particle. The occurrence of co-
alescence indicates mobility of the silver particles.16 Although in Figure 6.3 (blue circle) such 
a coalescence event is clearly observed, it also stands out that the shape of the initial parti-
cles is still visible. In general, we did not observe extensive migration of silver particles over 
the support surface, so that coalescence is likely limited to proximate particles. An example 
of the earlier reported pore formation (Chapter 3) is shown in Appendix D, Figure D5. We 
then deduced that such pore formation in silver particles is most likely induced by oxygen 
diffusion over the grain boundaries. In Chapter 3, we also discussed re-dispersion of silver 
particles based on particle size averages determined by TEM. An example at the particle 
level is given in the red circle in Figure 6.3, showing the break-up of a silver particle. In this 
particular case, a particle breaks up in several roughly equally sized particles. Accordingly, 
we conclude that processes that cause the particles to slowly shrink such as etching cannot 
explain the observed re-dispersion. Further analysis of such break-up events will be dis-
cussed below. 

Identical Area Analysis (IAA)

To obtain a more detailed insight into the local particle size evolution, ILA was applied. 
Figure 6.4 displays an imaged area of Ag(47) for the three stages including the corresponding 
particle size histograms. The corresponding numerical data is listed in Table 6.2. Additional 
images are provided in Appendix D5. After 60 h EO reaction, the average silver particle size 
based on the imaged area increased from 38 nm for the fresh sample to 40 nm for the used 
sample. These sizes are nearly similar to the average size of 41 nm obtained after calcination 
by analyzing a larger number of particles (n = 400). After repeating the EO reaction in the 
presence of VC for 60 h, a slight increase of the average particle size to 47 nm was observed. 
The amount of silver particles in the imaged area decreased from n = 53 for the fresh sam-
ples to n = 42 after 60 h EO reaction. When the reaction was continued in the presence of VC 
for 60 h, the number of particles decreased to n = 24. Thus, the ongoing EO reaction leads 
to the disappearance of particles and this change is more pronounced in the presence of 
VC. A more detailed inspection of the particle size distribution shows that the fresh sample 
contains 13 particles smaller than 30 nm. Whereas this was virtually unchanged after 60 h 
EO reaction (14 particles), there were only 2 particles smaller than 30 nm after the reaction 
with VC. For comparison, the fresh sample contains 40 particles larger than 30 nm, 28 of 
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such particles after 60 h EO reaction and 22 after the EO reaction in presence of chlorine.
A similar set of measurements was carried out for the Ag(127) sample and the corre-

sponding data are given in Figure 6.5 and Table 6.2 (additional images in Appendix D5). 
Similar to Ag(41), the changes in the average particle size were minor after 60 h EO reaction 
without VC. In the fresh sample, the average particle size was 119 nm (n = 117), while it was 
124 nm (n = 89) after the EO reaction. In stark contrast with Ag(41), carrying out the EO re-
action with VC led to a significant increase of the number of visible silver particles (n = 165), 
a decrease of the average particle size to 94 nm and an increase of the fraction of particles 
smaller than 100 nm from 47% to 70%. These changes are highlighted in Figure 6.5 as events 
in which silver particles break up into smaller ones. 

Figure 6 .4 . TEM images of Ag(41) deposited on the Si3N4 wafer for (a) Fresh, (b) spent 60 h (c) spent 60 h + 60 h VC 
and corresponding histograms (d),(e) and (f) reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm 
VC and balance helium).

Table 6 .2 . Particle size evolution data of Ag(43) for the area imaged in Figure 6.4 and 6.5 and for Ag(127). n.d.=not 
determined 

Sample d (nm) σ (nm) n (-) nd<30 (-) fd<30 (%) nd<100 (-) fd<100 (%)

Ag(41)-fresh 38 12 53 13 25 n.d. n.d.

Ag(41)-60 h 40 16 42 14 33 n.d. n.d.

Ag(41)-60 h + 60 h VC 47 18 24 2 8 n.d. n.d.

Ag(127)-fresh 119 56 117 n.d. n.d. 52 44

Ag(127)-60 h 124 66 89 n.d. n.d. 42 47

Ag(127)-60 h + 60 h VC 94 50 165 n.d. n.d. 115 70
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From these ILA experiments, we infer that the most significant changes occur when VC is 
introduced. The presence of VC in the EO reaction feed leads to a significantly lower amount 
of particles smaller than 30 nm. The influence of chlorine on larger particles is very differ-
ent. Strikingly, we observe that particles larger than 100 nm can break up into smaller ones, 

which are typically significantly smaller than 100 nm. Image analysis suggests that increased 
wetting plays a role in this redispersion process. 

Identical Particle Analysis (IPA)

A more detailed analysis of changes in morphology at the single particle level is possible 
by IPA. For Ag(41), a number of particles from Figure 6.4 were selected for an analysis of 
their size following the different reactions. Figure 6.6 shows the size of individually tracked 
particles after the EO reaction without and with chlorine as a function of the original size 
of the silver particle. Data points above the diagonal represent particles that have grown 
larger than the original size, particles below the diagonal implies a decrease of the particle 
size. After 60 h EO reaction without VC, minor changes are observed with especially smaller 
particles becoming slightly smaller, while larger ones grow or remain nearly of the same 
size. The changes after 60 h further EO reaction with VC are more pronounced in the sense 
that a large fraction of particles were not visible anymore. As the silver particles that disap-
peared had an average size of 34 nm and the ones that remained of 57 nm, we can conclude 
that the ripening process mainly affects the smaller particles. Given that particle mobility 

Figure 6 .5 . TEM images of Ag(127) deposited on the Si3N4 wafer for (a) Fresh, (b) spent 60 h (c) spent 60 h + 60 h 
VC and corresponding histograms (d),(e) and (f) reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 
ppm VC and balance helium). .
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Figure 6 .6 . Particle size evolution of individual tracked particles on Ag(47). The silver particle size after the EO 
reaction without chlorine (black dots) and with chlorine (red dots) is shown as a function of the size of the silver 
particle in the fresh catalyst reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance 
helium). . 

Figure 6 .7 . Particle size evolution of individual tracked particles on Ag(127). The silver particle size after the EO 
reaction without chlorine (black dots) and with chlorine (red dots; open dots for particles broken up, closed dots for 
particles that did not break up) is shown as a function of the size of the silver particle in the fresh catalyst (reaction 
conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). 
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from our image analysis is limited, we speculate that the loss of dispersion is mostly due to 
Ostwald ripening. It might be that mobile silver chloride species with a much lower Tamman 
temperature (228 °C) than silver (481 °C) play a role in the more pronounced sintering in the 
presence of chlorine. Earlier studies have demonstrated that the exposure of silver particles 
to organochloride promoter can lead to formation of silver chloride.17,18

A similar approach was followed for Ag(127) and a subset of the particle size evolution 
data is shown in Figure 6.7. These data show that the particle size does not change sub-

stantially during the EO reaction without chlorine. The imaged area does not contain silver 
particles smaller than 30 nm. During the reaction with chlorine, the changes are much more 
pronounced. A significant fraction of the silver particles larger than 100 nm break up into 
smaller ones. On the other hand, the few silver particles smaller than 100 nm are much less 
affected by the EO reaction with chlorine. 

Dispersion of nanoparticles of platinum, gold, and silver by organo-halide compounds 
such as 1,2-dichloropropane has been observed before.19–21 In these cases, the metallic 
nanoparticles were completely dispersed into very fine clusters, presumable via metal-ha-
lide intermediate species involving an etching process. Based on the ILA results, we conclude 
that the dispersion of silver particles into smaller ones does not involve etching or similar 
processes, which would have caused the particles to gradually shrink. Instead, the presence 
of chlorine causes a significant change of the shape of the silver particles, leading to the 
formation of multiple particles and, finally, disintegration of the original silver particle into 
smaller ones. Earlier, we established that the decreasing average size of relatively large silver 
particles during the ongoing EO reaction in the presence of chlorine requires the presence 
of all three gas-phase compounds ethylene, oxygen and VC. From this, we conclude that a 
simple model in which the surface free energy change due to the formation of a chlorine 
layer on the surface of the silver particles cannot explain the particle dynamics observed 
here. Our earlier data show that the primary crystallite size of the silver particles is hardly 
affected by these treatments. Together with the much lower tendency of smaller particles to 
break up, we infer that the grain boundaries between crystallites are involved in the break-
up of the silver particles. The mechanism for these profound morphological changes re-
mains unknown, but it resembles the fracture of supported metal particles observed during 

Figure 6 .8 . TEM image of redispersed particles on Ag(127) after 60 h + 60 h VC (reaction conditions: 225°C, 20 bar, 
5% C2H4, 10% O2, optionally 1 ppm VC and balance helium). 
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oxidation-reduction cycles.19,22 Figure 6.8 highlights the complexity of the break-up process 
by showing that, between the smaller particles being formed from a larger one, there is a 
thin layer visible, which may hint at increased wetting of the support surface. This layer may 
be made up from silver chloride,17,18 resulting in a different interaction between the silver 
particle and the support. Further detailed analysis is required to understand the mechanistic 
origins of these shape and size changes. 

Summarizing, we can state that Ostwald ripening appears to be relevant in the particle 
size growth of relatively small silver particles during the ongoing EO reaction and that Ost-
wald ripening is accelerated by the presence of chlorine. Possibly, this is due to the forma-
tion of mobile silver-chloride species. A catalyst containing on average particles of 100 nm 
responds differently to the EO reaction. There is hardly any effect of the EO reaction without 
chlorine on the size and size distribution of the silver particles. In the presence of chlorine, 
however, we observe that particles larger than 100 nm break up in smaller ones, leading to 
a higher silver dispersion. 

Finally, we briefly discuss the influence of these morphological changes on the reaction 
rates. Without chlorine, the reaction rates are higher for the smaller particles in line with a 
higher dispersion. After a short activation time, the small-particle catalysts shows a slowly 
decreasing reaction rate, which might be attributed to slow Ostwald ripening. The activation 
period for the large-particle catalyst is much longer, which we earlier attributed to a slower 
build-up of oxygen at the higher amount of grain boundaries compared to the small-particle 
catalyst. Notably, after the activation period the reaction rate does not change much, which 
is in line with the nearly constant particle size during the EO reaction without chlorine. It is 
difficult to make firm statements about the relation between size changes in the presence 
of chlorine, because chlorine strongly suppresses the reaction rate. 

6 .4 Conclusions

We have employed quantitative TEM of identical locations of α-alumina supported silver 
under industrially relevant conditions to explore the influence of the ongoing EO reaction 
at 20 bar and 225 °C without and with chlorine added in the form of VC on the size of in-
dividual silver particles. We compare two catalysts with average silver particles of ~40 nm 
and ~100 nm. The evolution of the silver particles depended on the size and the presence 
of chlorine. Without chlorine, silver particles were only slightly affected with a tendency for 
smaller particles to shrink. When chlorine was present during the EO reaction, the chang-
es were very pronounced and depended on the particle size. Silver particles smaller than 
~30 nm disappeared from the area imaged, pointing to Ostwald ripening as a primary sinter-
ing mechanism for which we suspect the formation of mobile silver-chloride species to be 
relevant. Larger particles with size below 100 nm were not affected substantially by the EO 
reaction with chlorine. However, particles larger than 100 nm fractured into smaller parti-
cles in the presence of chlorine, resulting in a re-dispersion of the silver active phase during 
the ongoing EO reaction. Although the underlying mechanism of this break-up of silver par-
ticles is unclear, these findings confirm the dynamic nature of the silver phase during the 
EO reaction and emphasize the role of chlorine in Ostwald ripening of small particles and 
re-dispersion of larger particles into smaller ones.
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Chapter 7
The influence and removability of colloidal 

capping agents on CO hydrogenation by 

zirconia-supported rhodium nanoparticles

Using wet-chemical methods, cubic, tetrahedral and random-
ly shaped rhodium nanoparticles (NP) with different surface 
termination were synthesized and subsequently deposited on 

ZrO 2 supports. To guide NP shape three capping agents were used dur-
ing synthesis: polyvinylpyrrolidone (PVP), trimethyl(tetradecyl)-am-
monium bromide (TTAB) and oleylamine (OAm). TTAB and PVP could 
not be completely removed from the final catalyst, leaving a capping 
residue as confirmed by XPS. In contrast, OAm could be fully removed. 
The influence of the NP shape and the influence of the capping agents 
were evaluated under CO hydrogenation conditions. It was found that 
both PVP and TTAB residues blocked parts of the rhodium surface and 
dominated catalytic activity beyond effects from NP shape and surface 
termination. OAm could be successfully removed. The extent of metal 
surface blocking by the capping residue, probed by chemisorption, is 
larger than the observed reduction in CO hydrogenation activity. This 
suggests that a majority of “less-active” sites are being blocked by the 
capping residue and that a successful removal of the residue from the 
most active sites is possible.

This chapter is based on: Chemcatchem, 2017, 9, 1018
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7 .1 Introduction

A growing world population and emerging countries increase the global demand for 
fuels and chemicals. The extraction of new oil reserves requires techniques increasing in 
costs and environment risks. Also, geopolitical developments require feedstocks for fuels 
and chemicals to become independent from crude oil. Therefore, there is a drive towards 
the development of new production processes which can utilize multiple feedstocks. In 
this context, CO hydrogenation reactions, which convert synthesis gas (CO + H2) towards 
higher value chemicals such as long hydrocarbons (Fischer-Tropsch, FT), methanol, ethanol, 
and higher oxygenates, become increasingly important. Synthesis gas can be derived from 
various carbon containing sources, like natural gas, coal or biomass. This high versatility 
in feedstock makes the CO hydrogenation reaction, therefore, an interesting alternative as 
compared to production of fuels and chemicals from fossil resources.

CO hydrogenation catalyzed by metal nanoparticles (NPs) is a structure sensitive reac-
tion,1 and a relationship between the NP size and activity has been shown for Ru, Co, Fe and 
Rh.2–8 The origin of this structure sensitivity is argued to result from the presence of step-
edge sites, as these sites are believed to facilitate CO dissociation, which is an essential step 
in the mechanism of the FT reaction and other CO hydrogenation reactions.9 Under FT-con-
ditions, especially Ru, Co and Fe all show high activities towards long hydrocarbon produc-
tion due to their low barrier for CO dissociation.10 Other transition metals such as Ni and 
Pd have higher barriers for CO dissociation, producing predominantly methane and meth-
anol.10 From an academic point of view, rhodium is highly interesting as its position in the 
periodic table between Ru and Pd already indicates a moderate barrier for CO dissociation 
that allows both molecular and dissociated CO species to be present on the metal surface, 
which upon hydrogenation can yield ethanol and higher oxygenates. These are important 
intermediates in the chemical industry and ethanol is also an interesting energy carrier.11

In more general terms, CO hydrogenation reactions are structure sensitive reactions 
which can be seen as an opportunity to study particle size effects, as done extensively in 
literature.6–8,12-14 Step-edge sites play a pivotal role in the activation of π-bonds such as found 
in CO. Therefore, the total reactivity of a NP is governed not only by its size, but more impor-
tantly by the number of step-edge sites and surface termination. To control the termination 
of metal NPs its shape needs to be controlled. Therefore, it is essential to manufacture 
three-dimensional model systems for fundamental catalysis studies, which have a controlled 
NP size and shape, hence, a defined surface termination, surface area and number of step 
edge sites. This approach enables the possibility to investigate in much detail the collective 
NP properties in heterogeneous catalysts.15

While the influence of rhodium NP shape has been demonstrated for NO reduction, CO 
oxidation, and arene hydrogenation,16–19 the effects of rhodium NP shape on CO hydroge-
nation activity and selectivity has not been investigated. Especially a comparison of rhodi-
um NPs terminated by (100) surfaces, which are thought to be more active in CO hydro-
genation,20 with, e.g., NPs terminated by (111) surfaces, is of fundamental interest. In this 
manuscript we investigate the effects of shaped rhodium NPs synthesized trough colloidal 
methods on its catalytic performance.

There are many colloidal routes to synthesize metallic NPs of well-defined size and 
shape. One frequently employed approach is the polyol method.21 Here, colloidal NPs are 
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synthesized through reduction of a metal salt by a glycol, e.g., ethylene glycol (EG), with the 
glycol also acting as the solvent. To steer the shape of a metal NP, various structure directing 
agents are used which promote the growth of certain surfaces, i.e., crystallographic planes. 
To maintain a monodisperse particle size distribution, a capping agent is added which pre-
vents Ostwald ripening. For the synthesis of rhodium nanocubes, polyvinylpyrrolidone (PVP) 
is used as capping agent and trimethyl(tetradecyl)ammonium bromide (TTAB) as structure 
directing agent to promote the Rh(100) surface growth, yielding thermodynamically stable 
rhodium nanocubes.22 To synthesize other shapes a kinetic approach is chosen that pro-
motes the formation of the thermodynamically less stable Rh(111) surfaces. Here, an or-
ganometallic precursor which is reduced slowly in oleylamine (OAm) will yield tetrahedral 
rhodium NPs and rhodium nanosheets.17,18,23,24 In this case, OAm fulfills three functions all at 
once, namely that of solvent, capping agent and structure directing agent.

For NPs synthesized via the polyol method it is known that PVP and TTAB decrease the 
overall reaction rate and selectivity towards oxygenates in liquid-phase FT synthesis on Ru,25 
even after prolonged thermal treatment. A tentative explanation for this behavior is that 
the capping agents and/or decomposition products remain on the metal surface, blocking 
a part of the catalytically active sites, hence, competing with adsorbing species from the 
synthesis gas.25–27 

In this chapter, we investigate the influence of capping agents, NP shape, size and sur-
face termination of colloidal rhodium on zirconia model catalysts on CO hydrogenation. 
Thermal treatment in hydrogen will be applied in order to remove the capping agent. The 
influence of the capping residue will be investigated with XPS, H2-chemisorption and CO 
hydrogenation activity and selectivity measurements. As reference, rhodium catalysts pre-
pared by conventional impregnation, without capping agents being present, are employed.

7.2 Experimental section

Colloidal synthesis of polyhedral rhodium nanoparticles and nanocubes 

For the rhodium polyhedral synthesis, 54.16 mg RhCl3·nH2O (Sigma-Aldrich) and 0.44 g 
poly(vinylpyrrolidone) (PVP, Mw=10 000, Sigma-Aldrich) were dissolved in 80 mL ethylene 
glycol (EG, Sigma-Aldrich, Anhydrous, 99.8%) in a 250 mL one-necked round bottom flask. 
For the rhodium nanocube synthesis, an additional 0.34 g of trimethyl(tetradecyl)ammo-
nium bromide (TTAB, Alfa Aeasar, 98%) was added. To obtain a homogenous mixture, the 
solution was sonicated for 30 min at 30 °C and purged with nitrogen for at least 1 h. Under 
a nitrogen atmosphere (glovebag), the reaction mixture was equally divided into two Teflon 
autoclaves and air-tight closed. The Teflon autoclaves were loaded in a microwave oven 
(Milestone Microsynth) and heated, prior to reaction to 60 °C. The reaction was initiated by 
quickly heating (within 30 seconds) the reaction mixture to the reaction temperature (140 
or 190 °C) and it was kept at that temperature for 6 h. Before and during the reaction the 
temperature was measured with a Teflon lined thermocouple. After the reaction, the auto-
claves were cooled by flushing the microwave oven with pressurized air. The contents of the 
two autoclaves were mixed. The resulting black suspension was diluted with 50 mL acetone 
and the nanoparticles were obtained by centrifugation. To remove any contaminations, the 
black precipitates were redispersed in a few droplets of demineralized water and 10 mL of 
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a 1:1 diethyl ether (Biosolve, AR, 99.5%): acetone mixture followed by centrifugation. This 
procedure was repeated three times before the nanoparticles were finally dispersed in eth-
anol and stored at RT. The colloidal samples will be referred to as Rh(temperature)-capping 
agent, for example Rh(190)-PVP.

Colloidal synthesis of tetrahedral rhodium nanoparticles

For the synthesis of Oleylamine (OAm) capped tetrahedral nanoparticles, 20 mg of μ-di-
chlorotetracarbonyldirhodium(I) (Rh2Cl2(CO)4, Sigma-Aldrich, 96%) was dissolved in 1.4 mL 
OAm (Sigma-Aldrich, Technical Grade, 70%) dried over molecular sieves in a nitrogen, air-
free atmosphere. Then the mixture was heated to 140 °C with an average heating rate of 
1 °C/min and kept for 1 h at the final temperature. The formed black precipitates were ob-
tained by dilution in 10 mL of acetone followed by centrifugation. The OAm capped tetrahe-
dral nanoparticles were washed with 30 mL ethanol and 10 mL dichloromethane (DCM, Bio-
solve, AR, 99.9%) or 10 mL chloroform (Biosolve, 99.5%), this was repeated three times. The 
nanoparticles were finally dispersed in hexane and stored at RT. The colloidal OAm capped 
samples will be referred to as Rh-OAm. 

Nanoparticle deposition on zirconia supports 

The colloidal solutions containing either rhodium polyhedral or cubic nanoparticles in 
ethanol were sonicated at room temperature for at least 1 h prior to deposition on the zir-
conia support. In a separate erlenmeyer, 2.5 g of dried ZrO2 was dispersed in ethanol. This 
dispersion was stirred for 2 h. After 2 h the sonicated nanoparticle dispersion was added to 
the ZrO2 dispersion. This solution was again stirred for 2 h (with a plug on the erlenmeyer). 
After the 2 h the erlenmeyer was placed in a sonication bath and the plug was removed. 
This dispersion was sonicated at room temperature until all the ethanol was evaporated 
(typically 1 week). For the loading of the rhodium tetrahedral nanoparticles, chloroform was 
used instead of ethanol. The dark-brown solid was collected and dried in a vacuum oven 
for 24 h at 70 °C. The synthesized catalyst will be referred to as Rh(temperature)-capping 
agent/ZrO2, for example, Rh(190)-PVP/ZrO2. An overview of sample number and description 
is shown in Table 7.2. 

Reference samples

A reference catalyst was prepared by pore volume impregnation using an aqueous 
solution of Rh(NO3)3·nH2O (Sigma Aldrich) of appropriate concentration to obtain a 2 wt% 
rhodium metal loading. The support material was pressed and sieved into a fraction of 
125–250 µm. Prior to impregnation, the support was calcined in a mixture of 20 vol% O2 in 
N2 at a flow rate of 100 mL/min, while being heated at a rate of 2 °C/min to the final temper-
ature of 600 °C followed by an isothermal period of 4 h. The impregnated support was dried 
for 3 h in air and at 110 °C overnight before further treatment. The catalyst precursor was 
finally calcined at 600 and 900 °C, yielding average particle sizes 1.3 and 2.9 nm respectively. 
The samples will be referred to as REF-1 and REF-2, respectively.
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CO titration

CO adsorption and desorption measurements were carried out in a plug-flow reactor. 
The samples were pressed and crushed to a final particle size of 125–250 µm. In a typical 
experiment, ~200 mg sample was loaded into a quartz tube and kept between two layers of 
quartz wool. Typically, the reduction was performed at 275 °C under a 40% vol% H2/He flow 
for various reduction times ranging from 2 to 14 h. The hydrogen was removed by purging 
with helium for 1 h and cooling to room temperature. A 10 µL sample loop was filled with 
CO at ambient pressure and pulsed into the reaction stream via a 6-way valve with a time 
interval of 3 minutes between each pulse until saturation. To quantify the amount of CO 
introduced into the system, peak intensities were divided by those of He, the baseline was 
corrected and peaks were integrated. The amount of adsorbed CO was calculated from the 
introduced amount until point of saturation. 

Characterization

Transmission Electron Microcsopy (TEM): TEM micrographs were acquired on a FEI Tec-
nai 20 transmission electron microscope (FEI company, now Fisher Scientific) equipped with 
a LaB6 filament and operated at an acceleration voltage of 200 kV. TEM sample preparation 
involved typically, sonication of the samples in pure ethanol and applying a few droplets of 
the suspension to a 200 mesh Cu TEM grid with a holey carbon support film. In some cases, 
a Cu grid with a holey carbon film and an additional continuous 2 nm carbon layer was used 
in order to obtain maximum contrast. TEM images were recorded at different magnifications 
using a Gatan 1k x 1k CCD camera. Analysis of electron micrographs was carried out on at 
least 150 nanoparticles for each sample in Matlab with an in-house developed scripts to 
assist in shape and size analysis. The size is determined by manually selecting two points at 
opposing edges of the nanoparticle, first, along its long axis and, second, along its short axis. 
Shape (spherical, tetrahedral, cubic, etc.) was assigned by visual assessment under com-
ments in the script. A screenshot of the Matlab script is given in the Appendix E, Figure E2.

High Angular Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM): HAADF-STEM images were acquired on the TU/e CryoTitan at room temperature. 
TEM sample preparation was performed as detailed above. Prior to imaging the zirconia 
supported samples were left in an oven at 130 °C overnight to desorb residual solvent. STEM 
images were acquired using a probe convergence angle of 10 mrad, a dwell time of 32 μs 
and a camera length of 89 mm in combination with a Fischione HAADF detector. For particle 
size measurements images at a nominal magnification of 320 kx, corresponding to a pixel 
size of 0.17 nm, were used. The probe size was estimated to about 0.4 nm which allows 
reliable detection of particles as small as ~0.8 nm. STEM images were analyzed in Matlab as 
mentioned above.  

X-ray absorption spectroscopy (XAS): XAS measurements were carried out at the 
Dutch-Belgian beamline (Dubble) at the ESRF in Grenoble. Data were collected at the rhodi-
um K edge with a solid-state detector. Energy selection was done by a double crystal Si(111) 
monochromator. Background removal was carried out by standard procedures.30 Extend 
X-ray absorption fine structure (EXAFS) analysis was then performed with EXCURVE931 on 
k3-weighted unfiltered raw data using the curved wave theory. Phase shifts were derived 
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from ab initio calculations using Heldin-Lundqvist exchange potentials and Von Barth ground 
states. Energy calibration was carried out with a rhodium foil. The amplitude reduction fac-
tor S02 was set at 1 by calibration of the first- and second shell Rh-Rh coordination numbers 
to 12 and 6 for the k3-weighted EXAFS fits of the rhodium foil.30 The near-edge region of the 
absorption spectra of reference compounds were used to fit the near-edge region of the cat-
alysts. Spectra were recorded in a stainless-steel cell in a controlled atmosphere. Typically, 
the sample was pressed in a holder and placed in the cell. High-purity gases were delivered 
by thermal mass flow controllers. EXAFS were recorded of the sample at room temperature 
and after heating at 300 °C in a H2/He flow. 

X-ray photoelectron spectroscopy (XPS): The XPS measurements are carried out with 
a Thermo Scientific K-Alpha apparatus, equipped with a monochromatic small-spot X-ray 
source and a 180° double focusing hemispherical analyser with a 128-channel detector. 
Spectra were obtained using an aluminium anode (Al Kα  = 1486.6 eV) operating at 72 W 
and a spot size of 400 µm. Survey scans were measured at a constant pass energy of 200 eV 
and region scans at 50 eV. The background pressure was 2 x 10-9 mbar and during measure-
ment 3 x 10-7 mbar argon because of the charge compensation dual beam source. XP spectra 
were fitted with CasaXPS. A Shirley background subtraction was applied and Gauss-Lorentz 
curves were fitted.

CO hydrogenation activity tests

Catalytic measurements were carried out in a stainless-steel fixed-bed reactor. The 
amount of sample was adjusted to obtain a conversion level well below 10%. The sample 
was mixed with SiC of similar sieve fraction to obtain a bed height of ~40 mm. The temper-
ature of the reactor was continuously measured at the height of the bed by a temperature 
controller that was connected to the reactor tube. Typically, the sample was reduced at 
275 °C in a H2 flow between 2 and 16 h before syngas (H2/CO = 2)  was flown into the reactor. 
Tests were carried out at 20 bar for 20 h. The gas flows were controlled by mass flow con-
trollers and all tubing was kept at 140 °C after the point of mixing. The composition of the ef-
fluence products was analysed by online gas chromatography (Shimadzu GC 2041) equipped 
with appropriate columns. The conversion and carbon product selectivity was calculated on 
a carbon mass basis. At the end of the test, the sample was cooled to room temperature in 
the feed and passivated by a flow with 1–3 vol% O2 in N2 before exposure to air.

7 .3 Results and discussion

Rhodium NPs of different shape were synthesized employing colloidal synthesis meth-
ods. In Figure 7.2, both shape, size and size distributions of the unsupported NPs are shown 
based on the analysis of multiple TEM images for Rh(190)-PVP, Rh(190)-PVP-TTAB and Rh-
OAm. The PVP-capped NPs have mainly a polyhedral shape with a size of 3.6 ± 0.8 nm, con-
taining cubes, tetrahedra, spheres and other shapes (Figure 7.2a). When both PVP and TTAB 
were employed as capping agent, mainly cubic nanoparticles (perfect and edge truncated) 
with an average size of 3.2 ± 0.6 nm were obtained (Figure 7.2b). In the kinetic method, the 
formation of the thermodynamically favored products is kinetically hindered, facilitating the 
formation of less stable rhodium NP shapes. The use of Rh2Cl2(CO)4 and OAm, yielded small 
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Figure 7 .1 . Angle measurements rhodium nanosheets

Figure 7 .2 . Representative TEM images, histograms and shape distributions of the as-synthesized nanoparticles 
using various capping agents for a) PVP (T=190 °C), b) PVP + TTAB (T=190 °C) and c) OAm (T=140 °C). Scalebars: 50 nm.
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tetrahedra (4.6 ± 0.7 nm), nanosheets (16 ± 4 nm in diameter) and spherical NP of ~1 nm 
(Figure 7.1 and Figure 7.2c). In terms of exposed metal surface the nanosheets contribute 
77%, the tetrahedra 18% and the nanoparticles 4% as calculated from the TEM derived par-
ticle size distribution. The rhodium nanosheets, viewed edge-on, expose a lattice spacing of 
0.22 nm (Figure 7.2c, inset) which corresponds to the Rh(111) lattice, in agreement with a 
previous study.17,23,24 Based on the observed geometries, the average surface area of each 
shape was estimated, using the formula in the footnotes of Table 7.1. Combined with the 
number of shapes counted, the percentage of each shape to the total metal surface area 
was calculated (Table 7.1). Angle measurements of the rhodium nanosheets corners viewed 
from top are shown Figure 7.1. The shape angles are mainly 60 and 120 degrees. This corre-

Table 7 .1 . Calculation for relative contribution to total surface area.

Shape Count (-) Average size (nm) Average area (nm2) Area contribution (%)

Sheets(a) 34 16 258 77

Tetrahedra(b) 50 4.6 42 19

Spheres(c) 104 1.1 4 4
(a) Area sheets = (Average size)2, (b) Area tetrahedra = 0.5 * (Average size)2, (c) Area spheres = π * (Average size)2

Figure 7 .3 . HAADF-STEM image of (a) + (b) Rh-P1 and (c) + (d) Rh-O 
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sponds to the angles measured for Rh-nanosheets found in literature.1 
The synthesized NPs were deposited on ZrO2 supports by applying sonication deposition 

as described in the experimental section. The sonication deposition did not lead to signifi-
cant changes in NP shape and size (Figure 7.4a). Differences are attributed to difficulties in 
a clear determination of cubic rhodium NPs on the support which increases the number of 
spherical NPs (Figure 7.2b vs Figure 7.4a). The supported catalysts, e.g. Rh-PT2, is stable un-
der reductive conditions (Figure 7.4b after exposure to 275 °C, 40% H2 in He) while after CO 
hydrogenation conditions (Figure 7.4c, 275 °C, 20 bar H2/CO = 2) the shape distribution only 
changed slightly with an increased amount of truncated cubes and spherical particles being 
present. But overall, the cubic nanoparticles (perfect and edge truncated) are still dominat-
ing in numbers. Additional HAADF-STEM images are shown in Figure 7.3.

In summary, five colloidal model catalysts and two reference catalysts were synthesized 

Figure 7 .4 . Representative TEM images, histograms and shape distributions of the as-synthesized nanoparticles 
deposited on ZrO2 , Rh-PT2; (a) Fresh, (b) Reduced (10 h) and (c) Spent. Scalebars: 50 nm.
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(Table 7.2). The colloidal model catalysts consisted of rhodium capped with PVP (3.2 and 
3.2 nm) with various shapes (Rh-P1, Rh-P2), rhodium capped with PVP and TTAB (3.0 and 
3.4 nm) with an increased amount of cubic shaped nanoparticles (Rh-PT1, Rh-PT2), and 
OAm capped rhodium nanoparticles which exhibited an increased amount of tetrahedral 
and nanosheets (Rh-O).  

In Table 7.2 the average particle size (TEM), metal loading (ICP-AES) and average coor-
dination numbers (EXAFS) of all catalysts are shown. Indeed, ICP-AES confirms that all the 
synthesized catalysts have a comparable metal loading in the range of 1.9–2.5 wt% Rh. The 
average coordination numbers obtained by EXAFS analysis and fitting (Appendix E1) are sim-
ilar for polyhedral and cubic nanoparticles, consistent with the presence of nanoparticles 
of a few nm in size. The average coordination for catalyst Rh-O is significantly lower, which 
argues that, besides the tetrahedral particles, nanoparticles with a much higher fraction of 
under-coordinated Rh-atoms are present. This is explained by the presence of sheets and 
1 nm clusters, which have been found in large numbers in the TEM images as well.

From previous work found in literature,27 it is expected that repeated washing by centrif-
ugation and re-dispersion does not remove all the capping agents, such that some capping 
residues will potentially block parts of the available metal surface during catalysis.25-27 We 
followed the removal of the capping residue using reduction cycles carried out for 2 h at 
275 °C in 40 vol% H2 atmosphere while probing the available metal surface by CO titration. 
A plot of the absorbed volume of CO as a function of total reduction time is provided in 
Appendix E2 for Rh-P1. In general it was observed that after a sample-specific reduction 
time, ranging from 2 to 16 h per sample, the amount of adsorbed CO did not increase any-
more with subsequent reduction cycles, indicating that no capping residue could be further 
removed. These reduction times were set as the standard reduction time prior to catalytic 
testing (Table 7.4). The PVP capped samples (Rh-P1, Rh-P2) required reduction times of 
14–16 h, the PVP-TTAB (Rh-PT1, Rh-PT2) capped samples required 6 and 10 h. In contrast, 
for the OAm capped sample (Rh-O), a reduction period of only 2 h was sufficient, which is 
significant lower than the other reduction times.

To quantify the amount of capping residue before and after reduction XPS was employed. 
Since all the capping agents (PVP, TTAB and OAm) contain nitrogen, the Zr/N ratio was used 
for quantification. The measured Zr/N ratios of the fresh, reduced and spent catalysts are 

Table 7 .2 . Overview of the model catalyst number, description and properties.

Sample Description Particle size (nm)(a) Rh content (wt%)(b) N(c)

Rh-P1 Rh(140)-PVP/ZrO2 3.2 ± 0.6 1.9 ± 0.1 n.d. 

Rh-P2 Rh(190)-PVP/ZrO2 3.2 ± 0.7 2.3 ± 0.1 6.1

Rh-PT1 Rh(140)-PVP-TTAB/ZrO2 3.0 ± 0.5 2.3 ± 0.1 5.3

Rh-PT2 Rh(190)-PVP-TTAB/ZrO2 3.4 ± 0.7 2.5 ± 0.1 6.3

Rh-O Rh-OAm/ZrO2 1.2 ± 0.4 1.9 ± 0.1 4.6

REF-1 Rh(1.5nm)/ZrO2 1.5 2.0 ± 0.1 n.d.

REF-2 Rh(2.9nm)/ZrO2 2.9 2.0 ± 0.1 n.d.
As determined by (a) TEM, (b) ICP-AES, (c) EXAFS, N = Average coordination number, n.d. = not determined
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shown in Table 7.3.
Interestingly, both the PVP (Rh-P1, Rh-P2) and PVP-TTAB (Rh-PT1, Rh-PT2) capped sam-

ples still contained organics from the synthesis even after a prolonged period of 30 h. In 
contrast, OAm could be fully removed after only 2 h of reduction. Moreover, the capping 
residue was also not removed during the CO hydrogenation reaction, as the spent catalysts 
did not show a significant drop in nitrogen content by XPS (Table 7.3). In some cases (Rh-P1, 
Rh-PT1 and Rh-PT2), the N/Zr ratio slightly increases, these changes are considered to be 
insignificant and are attributed to experimental errors such as spot location, surface rough-
ness or coverage by the capping residue. To further investigate how much of the rhodium 
surface is blocked by the capping residue, we performed H2-chemisorption experiments. 

The available metal surface for H2-dissociation was compared to the theoretically available 
metal surface calculated from the TEM particle size (Table 7.4). By combining above val-
ues the percentage of blocked metal surface was estimated (displayed in last column of 
Table 7.4). All the samples that still contain capping residue showed a significantly lower 
metal surface area than predicted by TEM. This is in contrast with the reference catalysts 
(REF-1, REF-2) were no capping agent was present or with the OAm catalyst (Rh-O) where 
we were able to almost completely remove the capping residue, with only a loss of 11% 
in metal surface. Residue originating from TTAB and PVP blocks between 38 to 68% of the 
rhodium metal surface.

The observed blocking of NP surface was also reflected in the catalytic activity of the 
model catalysts (Table 7.5). The catalysts with significant blocking by capping residue 
(Rh-P1, Rh-P2, Rh-PT1 and Rh-PT2) show a much lower CO conversion rate then their coun-
terpart prepared by conventional impregnation (REF-2). As for the sample capped with 
OAm (Rh-O) only 11% of blocked surface was observed, hence, the CO conversion rate is 
close to the reference catalyst (REF-1). The activity of catalyst containing residues from 

Table 7 .3 . The Rh(0) fraction and N/Zr atomic ratios based on XPS spectra for all the samples without treatment, 
reduced and the spent catalyst.

Sample Description Treatment Rh(0) N/Zr

Rh-P1 Rh(140)-PVP/ZrO2 Fresh
Reduced
Spent

0.95
0.94
0.95

0.40
0.21
0.19

Rh-P2 Rh(190)-PVP/ZrO2 Fresh
Reduced
Spent

0.93
0.96
0.93

0.29
0.16
0.17

Rh-PT1 Rh(140)-PVP-TTAB/ZrO2 Fresh
Reduced
Spent

0.95
0.96
0.96

0.09
0.12
0.05

Rh-PT2 Rh(190)-PVP-TTAB/ZrO2 Fresh
Reduced
Reduced, 30h
Spent

0.97
1.00
1.00
0.96

0.05
0.03
0.03
0.04

Rh-O Rh-OAm/ZrO2 Fresh
Reduced
Spent

0.00
0.40
0.86

0.05
0.00
0.00
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PVP and TTAB (Rh-P1, Rh-P2, Rh-PT1 and Rh-PT2) show a significant decrease in activity 
(20–27%). Surprisingly, this is much less than what one would expect from the percentage 
of metal surface being blocked (38–68%). A tentative explanation for this difference is that 
the conditions during H2-chemisorption (-70 °C, low pressure) deviate significantly from the 
CO hydrogenation conditions (275 °C, 20 bar). Alternatively, we could explain this by the 
fact that mainly non-critical surface sites are blocked by the capping residue, therefore the 
highly active sites still being available for catalysis.

Based on the catalytic test results, the capping residue not only has an influence on 
activity but also on selectivity. Catalysts Rh-P1, Rh-P2, Rh-PT1 and Rh-PT2 produce 10–15% 
more C2+ hydrocarbons and methane at the cost of methanol and ethanol production com-
pared to the residue-free reference catalyst (REF-2). For catalyst Rh-O prepared with re-
movable OAm, the observed selectivity and activity is comparable to the corresponding 
reference catalyst (REF-1).

The effects of the capping residue can be summarized as: 1) decreasing the CO consump-
tion rate but less than expected from the surface blocking, 2) increasing the methane pro-
duction  at the expense of oxygenate production. This behavior seems to be closely linked 
to planar rhodium active sites which are selective towards oxygenates but have a low activ-

Table 7 .4 . Particle sizes as determined by TEM along with calculated dispersion compared to experimental 
dispersion based on H2 chemisorption. From these two values the percentage of blocked metal surface is calculated.

Sample Description Reduction (h) Dispersion (TEM) H/Rh Blocked (%)

Rh-P1 Rh(140)-PVP/ZrO2 14 0.34 0.12 65

Rh-P2 Rh(190)-PVP/ZrO2 16 0.34 0.12 65

Rh-PT1 Rh(140)-PVP-TTAB/ZrO2 6 0.37 0.12 68

Rh-PT2 Rh(190)-PVP-TTAB/ZrO2 10 0.32 0.20 38

Rh-O Rh-OAm/ZrO2 2 0.92 0.82 11

REF-1 Rh(1.5nm)/ZrO2 2 0.92 0.92 0

REF-2 Rh(2.9nm)/ZrO2 2 0.37 0.37 0

Table 7 .5 . Catalytic performance data of Rh(shaped)/ZrO2 catalysts during CO hydrogenation: CO conversion rate 
(TOF) and selectivities (S) (T = 275 °C, P = 20 bar, H2/CO = 2).

Sample Description Reduction 
(h)

TOF 
(h-1)

S CH4 

(%)
S HC2+ 

(%)
S MeOH 
(%)

S EtOH 
(%)

Rh-P1 Rh(140)-PVP/ZrO2 14 115 71 15 4 3

Rh-P2 Rh(190)-PVP/ZrO2 16 105 72 14 4 3

Rh-PT1 Rh(140)-PVP-TTAB/ZrO2 6 118 71 17 2 3

Rh-PT2 Rh(190)-PVP-TTAB/ZrO2 0
10
30

61
110
117

77
66
67

15
19
19

2
3
2

2
4
4

Rh-O Rh-OAm/ZrO2 2 116 59 7 13 16

REF-1 Rh(1.5nm)/ZrO2 2 127 59 8 10 15

REF-2 Rh(2.9nm)/ZrO2 2 144 56 4 7 24
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ity, in contrast to step-edge sites, which are highly active and mainly produce methane.28,29 

Therefore, we hypothesize that the capping residue mainly blocks the less active (planar)
sites which produce oxygenates and that the highly active (step)sites which mainly produce 
methane are available for catalysis after reduction at 275 °C .

Overall, the difference between catalysts Rh-P1, Rh-P2, Rh-PT1 and Rh-PT2 is negligible 
small, both in selectivity and activity. The influence of the capping residue on the catalytic 
behavior probably dominates the proposed surface termination effects of the nanoparti-
cles. Possibly, the capping residue blocks active sites in different ways; this is why a shift 
in selectivity is observed when capping residue is present. This is in line with the activity 
of catalyst Rh-O, where all the organics are removed and no influence on its selectivity as 
compared to REF-1 is observed.

7 .4 Conclusions

In summary, using two colloidal approaches and conventional impregnation, 5 colloidal 
and 2 reference catalysts of rhodium on zirconia were prepared. For the colloidal routes, 
rhodium nanoparticles of controlled shape and surface termination were obtained, using 
PVP, TTAB and OAm as capping agents. Nevertheless, removal of the organics prior to catal-
ysis is not complete and has a pronounced influence on the catalytic behavior.

PVP and TTAB residues block up to 68% of the metal surface even after 30 h of reduction 
conditions. OAm is removed from rhodium after 2 h with only ~10% of the surface being 
blocked. The activity of catalysts with a substantial amount of blocked surface is decreased 
but less severe than predicted from surface blocking alone. A possible explanation could be 
that the capping residue is located on parts of the metal surface which are less active than 
the sites which are residue free. More specifically, under reducing conditions, the removal 
of the capping agents is more effective at edge and corner sites then at planar sites, leaving, 
after the treatment, the edge sites open for catalysis and the planar sites blocked by capping 
residue. An alternative explanation could be that the chemisorption conditions are rather 
different from the catalytic CO hydrogenation conditions. 

In the present study the effects originating from the capping residue have a stronger 
impact than the predicted shape and surface termination effect which could not be inferred. 
Since surface blocking by capping residue may be different for different surface sites in-
terpretation of the activity measurements is complicated. Therefore, it is very important, 
that in any further studies on shaped nanoparticles, that the organic capping agents and its 
residue are completely removed in order to observe any shape effects. In our studies it was 
found that OAm could be much more easily removed then PVP and TTAB under reducing 
conditions. Therefore, the use of OAm as a capping agent, if successful for the synthesis is 
recommended over PVP. The presented methods and results can be a useful contribution 
towards the design of catalytic 3D model systems.
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Summary and outlook

Structural changes in Ethylene Epoxidation 

catalysts investigated by Transmission 

Electron Microscopy
Catalysts, in general, and heterogeneous catalysts, in particular, are pivotal for our mod-

ern society, as they are used in approximately 90% of all industrial chemical processes. e.g., 
for the manufacture of bulk chemicals, polymers, pharmaceuticals and other consumer 
products as well as clean transportation fuels. Catalysts are often comprised of a support 
material on which the active phase is located with a high dispersion in the form of met-
al nanoparticles. For industrial catalytic processes such as the Fischer-Tropsch synthesis, 
Haber-Bosch process and methanol synthesis, the ideal size of the metal nanoparticles is in 
the order of a few nanometers. For these reactions the structure-activity relationships are 
relatively well understood in terms of specific optimum surface atom topologies for particu-
lar reactions. In contrast, for commercial ethylene epoxidation, for which silver particles are 
employed as catalysts, these structure sensitivity concepts do not seem to apply. Practically, 
much larger particles with sizes above 100 nm are used. The origin of this unusual require-
ment for large particles is not well understood. 

In recent years, it has also become clear that the structure and morphology of a hetero-
geneous catalyst can significantly change during the ongoing reaction. Exposure to various 
gasses can lead to significant shape changes of the nanoparticle and the active metal sur-
face. Understanding these dynamics is of utmost importance to design better heteroge-
neous catalysis for the chemical industry. 

The epoxidation of ethylene towards ethylene oxide (EO) is a major industrial chemical 
process with an annual production of ca. 35 million tons per year. Industrial EO catalysts can 
reach selectivities up to 90%. Silver is the only metal that can selectively convert ethylene 
towards EO due to its unique interaction with oxygen. The side-products of the ethylene 
oxidation reaction are water and carbon dioxide. The latter aspect makes EO production 
one of the largest contributors to CO2 emissions from the chemical industry. Suppressing the 
CO2 formation and improving the EO selectivity of these catalysts would therefore also be of 
importance to meet sustainability targets. Establishing clear structure-activity relationships 
and understanding the already earlier noted dynamic behaviour of silver-based EO catalysts 
is therefore of great practical interest. In addition, modern EO catalysts also contain differ-
ent promoters to improve performance. Of particular interest are cesium and chlorine as 
they are known to affect ethylene conversion rate and EO selectivity profoundly. Therefore, 
this thesis has focused on the (dynamic) structural and morphological changes that silver 
catalysts undergo during the ethylene epoxidation reaction with a special attention for the 
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effect of cesium and chloride promoters.
Various structural and morphological aspects of heterogeneous catalysts on a wide 

length scale (from nano to meso) can influence the catalytic performance. In Chapter 2, is 
discussed how electron microscopy can be used to assess these structural and morpholog-
ical aspects. Besides particle size, other morphological descriptors such as particle shape, 
interparticle distances and accessibility can be determined using electron microscopy. One 
of the challenges is how to quantify these morphological and structural parameters. Often, 
these aspects depend on the reaction conditions, requiring in situ or operando methods 
to resolve them. The emphasis is on the use of transmission electron microscopy (TEM), 
which has become an important tool to characterize complex nanomaterials on different 
length scales, ranging from the sub-nm active sites to the meso-range covering the support 
architecture. The main challenge lies in translating all the morphological and structural de-
scriptors to the overall catalytic performance for which a simple but powerful 3D surface 
science model is introduced. 

In Chapter 3 it is shown that silver catalysts significantly change their morphology under 
reaction conditions. Using electron tomography (ET), it is confirmed that the restructuring 
of silver particles goes significantly beyond the external surface as a porous structure is 
formed in the silver particles. Pore formation is not limited to the external surface, but also 
occurs in the bulk of the 100 nm sized supported silver particles used in this study. As the 
silver particles are polycrystalline, it is proposed that grain boundaries play an important 
role in the oxygen transport from the external surface area into the bulk. The ongoing ox-
ygen transport along the grain boundaries is hypothesized to induce stacking faults, which 
finally leads to pore formation. Quantification of ET and TEM data served as an important 
tool to determine the porosity of the silver particles. In this way, it is shown that the chlorine 
promoter, which increases the EO selectivity by modifying the active site, also changes the 
silver particle structure by decreasing the number of pores. It is also observed that sintering 
of silver particles observed during the EO reaction can be suppressed by the use of chlorine 
as a promoter. This chlorine-induced restructuring occurred within a few hours on stream. 
The dynamic nature of the silver catalyst is further highlighted by the remarkable finding 
that chlorine can reverse sintering of silver particles. Thus, this chapter provides insight into 
the role of bulk transformation effects of silver particles that are predominantly polycrystal-
line. Moreover, chlorine affects these transformations at the particle scale, presumably also 
leading to the break-up of large particles into smaller ones. 

Chapter 4 explores structure-activity relations by varying the silver particle size from 
18 nm to 183 nm. Overall, particles up to 30 nm are mainly monocrystalline with larger 
particles (>50 nm) being made up from multiple crystallites. When evaluated in ethylene 
epoxidation, silver particles >50 nm display a surface-normalized reaction rate that increas-
es linearly with particle size. Furthermore, silver particles <50 nm reach their steady-state 
conversion of ethylene within 1 h on stream, whereas particles >50 nm exhibit a prolonged 
activation period. The increasingly longer activation period for larger particles is likely due to 
the involvement of bulk processes in the reaction. This conclusion is supported by the fact 
that also the previously discussed restructuring is observed in the bulk of the silver particles. 
When the reaction rate is normalized to the surface area of the first outer shell of silver 
crystallites of the silver particles the reaction rate remains constant for particles >50 nm. 
Furthermore, oxygen desorption experiments show that oxygen not only adsorbs on the 
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external surface of the particles, but also on all the grain boundaries in the silver particle. 
Thus, the complete silver particle is involved in oxygen activation and the external crystal-
lites of the silver particles are likely involved with the conversion of ethylene towards the 
final products. It implies that processes occurring at the grain boundaries, such as oxygen 
diffusion into the bulk of silver, play an important role in the catalytic cycle.

In Chapter 5 the influence of the cesium promoter on the silver particle structure and 
morphology is described. The promoting effect of cesium is industrially applied to boost the 
catalytic performance in terms of EO selectivity. The addition of 500 ppm via co-impregna-
tion led to an optimal EO yield. Cesium is located in three different chemical environments, 
as highly dispersed cesium atoms or, at higher loading, as small cesium (oxide) clusters, as 
highly clustered cesium (oxide) at the interface between silver and α-alumina and at the sil-
ver surface. During the EO reaction, the cesium surface concentrations changed substantial-
ly. The amount of cesium influences the silver structure and morphology in two ways. Firstly, 
cesium enhances silver particle growth and wetting of the particles on the support. During 
the EO reaction, cesium is redistributed over the catalyst surface, which is most likely in-
duced by the growth of the silver particles. The cesium-promoted catalysts displayed strong 
transients in terms of ethylene conversion and EO selectivity. Most likely, these originate 
from the complex interaction between silver, cesium and chlorine. The addition of cesium 
leads to lower pick-up rates of chlorine, while the final chlorine surface concentration does 
not change. Possibly, chlorine first reacts with cesium and only thereafter saturates the sil-
ver surface, affecting the intrinsic quality of the active sites. The present study emphasizes 
the morphological influence of cesium promoter on the silver phase and the interaction 
between silver and cesium resulting in complex activation behavior.

Re-structuring of silver particles was further investigated on an individual particle lev-
el in Chapter 6. Using identical location imaging, the break-up of the silver particles was 
observed. Remarkably, particles above 100 nm were re-dispersed into smaller ones in the 
presence of chlorine, whereas addition of chlorine affected particles smaller than 30 nm in 
a way resembling Ostwald ripening. The data suggest that the smallest particles shrink and 
finally disappear. The break-up of large particles could be induced by changes in surface free 
energies by the formation of a chlorine layer on the surface of the silver particles. Larger 
polycrystalline particles are more likely to break up when chlorine is present. Therefore, 
it is plausible that the grain boundaries are involved in this process. These results confirm 
the dynamic nature of silver particles during the EO reaction. The restructuring of the silver 
particles strongly depends on the reaction feed, and especially on the presence of chlo-
rine, which induced the most significant changes. Furthermore the restructuring is strongly 
dependent on the size of the particles. Identical location imaging proved to be a powerful 
tool for the observation of the restructuring on a single-particle level which yielded unique 
insights. 

In previous chapters, the influence of reaction conditions and promoters on the final 
particle structure was investigated. Chapter 7 takes a different approach, in which the 
nanoparticle structure is purposely adjusted to investigate the influence of the structure on 
the catalytic activity. In an effort to change the structure of the active nanoparticles by de-
sign, the shape of rhodium nanoparticles was adjusted by the use of organic capping agents. 
Using these capping agents, it is possible to synthesize cubic, tetrahedral and polyhedral 
rhodium particles. Quantitative shape analysis of the electron microscopy images proofed 
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to be a powerful tool to validate the shape of the nanoparticles. Finally, the activity in the 
CO hydrogenation reaction was tested. The rhodium nanoparticles on zirconia showed a sig-
nificant lower catalytic activity compared to the reference samples without capping agents. 
The used capping agents in the synthesis have a pronounced influence on the catalytic per-
formance. Specifically, capping agents such as polyvinylpyrrolidone and trimethyl(tetrade-
cyl)ammonium bromide left organic residue on the nanoparticles, even after attempts to 
remove it by reduction. These residues have a negative influence on CO hydrogenation ac-
tivity and selectivity, by blocking the available metal surface. In contrast, the capping agent 
oleylamine could be fully removed and no significant influence on the catalytic activity was 
found. Extensive characterization by XPS and chemisorption shows that the organic residue 
can block up to 70% of the available metal surface. Interestingly, the activity of these cata-
lysts decreases substantial but less severe than predicted from the surface blocking alone. 
Furthermore, the methane selectivity of these samples significantly increased at the cost of 
oxygenate production. A possible explanation could be that the capping residue is located 
on parts of the metal surface which are less active than the sites which are residue free. The 
step-edge sites of rhodium nanoparticles are known to be highly active in CO hydrogenation 
and display a higher selectivity towards methane. Possibly, the organic residues are mainly 
located on the less active sites, such as planar sites.  These findings underline the impor-
tance of careful characterization of catalytic systems synthesized via colloidal methods em-
ploying organic capping agents.  

In this thesis it is shown that silver particles change dynamically under industrial eth-
ylene epoxidation conditions. The formation of pores indicates that not only the external 
silver surface is influenced by catalysis, but that also the underlying bulk is affected. The 
complex nature of silver-catalyzed EO formation is further underlined since the structure 
sensitivity of the silver catalyzed ethylene epoxidation was investigated. The grain bound-
aries facilitate the diffusion of oxygen into the bulk of silver particles and therefore seem 
to be a rate-determining factor in the overall catalytic cycle. The addition of promotors sig-
nificantly alters the structure and morphology of the silver particles. For example, chlorine 
is able to redisperse silver particles during the reaction, drastically influencing the structure 
of the active phase. Importantly, the re-structuring is size dependent. Furthermore, cesi-
um redistributed during the reaction and had a pronounced influence on the interaction of 
the silver phase with chlorine. Thus, changing parameters in terms of reaction conditions, 
promoters and particle size all influence the re-structuring of silver particles. An important 
corollary of this work is that the catalyst in the working state might be very different from 
the original state after preparation or activation. A particular aspect for large silver particles 
used in the EO reaction is that the underlying bulk also plays a role in the catalytic reaction. 
Further work could for instance focus on modifying the size of the primary silver crystallites, 
a reduction being proposed as an effective way of increasing the reaction rate. This thesis 
also demonstrates the usefulness of quantitative microscopy as a powerful tool in hetero-
geneous catalysis research, because it can not only provide information of particle size, but 
also on other structural factors such as the particle morphology in terms of shape, wetting 
and porosity. 
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Appendix A
Supporting information for Chapter 3

A1: XRD

Figure A1 . XRD diffractogram of Ag/α-Al2O3.
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A2: XPS

Figure A2 . XPS Spectra of Ag/α-Al2O3 in the (a) Ag3d, (b) N1s and (c) C1s region. The signal in the C1s region is due 
to adventitious carbon. Cl2p region of (d) Ag(60 h)/α-Al2O3, (e) Ag(60h VC)/α-Al2O3 and (f) Ag(60 h + 60 h VC)/α-
Al2O3.
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A3: STEM images

 

Figure A3 . Representative STEM images of (a) Ag(O2)/α-Al2O3, (b) Ag(C2H4)/α-Al2O3, (c) Ag(VC)/α-Al2O3, 
(d) Ag(O2 + VC)/α-Al2O3. 

(b)(a)

(d)(c)

(c)
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A3: STEM images

 

Figure A3 . Representative STEM images of (a) Ag(O2)/α-Al2O3, (b) Ag(C2H4)/α-Al2O3, (c) Ag(VC)/α-Al2O3, 
(d) Ag(O2 + VC)/α-Al2O3. 

(b)(a)

(d)(c)

(c) 

 

 

Figure A4 . Representative STEM images of (a) Ag/α-Al2O3, (b) Ag(0h)/α-Al2O3, (c) Ag(2h)/α-Al2O3, (d) Ag(20h)/α-
Al2O3, (e) Ag(60h)/α-Al2O3, (f) Ag(60h + 2h VC)/α-Al2O3, (g) Ag(60h + 20h VC)/α-Al2O3, h) Ag(60h + 60h VC)/α-Al2O3 
and (i) Ag(60h VC)/α-Al2O3.

(b)                     (c)(a)

(f)(e)(d)

(i)(h)(g)
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Figure A5 . Particle size distribution based on STEM images for (a) Ag/α-Al2O3, (b) Ag(0h)/α-Al2O3, (c) Ag(2h)/α-
Al2O3, (d) Ag(20h)/α-Al2O3, (e) Ag(60h)/α-Al2O3, (f) Ag(60h + 2h VC)/α-Al2O3, (g) Ag(60h + 20h VC)/α-Al2O3, (h) 
Ag(60h + 60h VC)/α-Al2O3 and (i) Ag(60h VC)/α-Al2O3.
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Table A2 . STEM and XRD data for fresh and gas treated samples.

Treatment n
STEM Particle size XRD 

Crystallite size 
(nm)µ (nm) σ (nm) σµ (nm)

Fresh 199 107 47 3.3 30

O2 + C2H4 252 172 79 5.0 24

10% O2 250 126 54 3.4 21

5% C2H4 168 112 62 4.7 27

1 ppm C2H3Cl 255 115 61 3.8 26

10% O2 + 1 ppm VC 260 107 52 3.2 25
n = number of particles counted, µ = mean, σ = standard deviation, σµ = Standard error of mean

A5: Cryogenic quenching of catalyst and low dose STEM

In order to exclude effects of slowly cooling the reactor which may cause the formation 
of voids in the silver particles, rapid quenching similar as used in CryoTEM, was employed 
to preserve the native state of the Ag particle.4 This was subsequently analyzed by low-
dose cryo-(S)TEM to prevent beam damage. Representative images (Appendix A, Figure A6) 
confirm the formation of voids in the silver particles during catalysis. Catalyst samples were 
rapidly quenched by venting the catalyst bed directly from the reaction gas mixture, at re-
action pressure and at reaction temperature into a dewar filled with liquid nitrogen. Low 
dose STEM of cryogenically preserved samples was performed by reducing the Extraction 
voltage of the field emission gun from 4500 V to 3950 V and reducing the dwell time from 2 
µs to 1 µs. All other imaging parameters such as camera length etc. were kept constant. The 
accumulated beam current for the low-dose measurements was 1.28 e-/Å2/image based on 
a CCD recording of the STEM diffraction disc.

Figure A6 . STEM images recorded under cryogenic temperatures.
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A6: Quantitative analysis

Figure A7 . Detailed on size measurements; Yellow line – determination of particle size and histogram for this 
specific area.

Figure A8 . Detailed on pore measurements; Black line – determination of particle size, blue line; determination of 
pore size.
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A7: Distance map

 

  
Figure A9 . (a) Data flow for determining the distance of voids to the Ag particle surface. (b) Nummerical cross-
section through 3D distance map calculated in matlab from the tomography data.

A8: Detailed tomography and STEM quantification data

Table A3 . Tomography data for fresh and gas treated samples.

Material / Parameter Volume 
(nm3)

Regions   
(-)

Average 
volume (nm3)

Average size 
(nm)

Surface 
area (nm2)

Vacuum 5.8 x 108     

Ag 5.8 x 107 35 1.6 x 106 147 23 x 105

Pores 7.7 x 105 103 7.5 x 103 24 19 x 104

Cavities 3.8 x 105 155 2.5 x 103 17 13 x 104  

Al2O3 2.6 x 104      

Fraction Value (%) Label Interface Surface area 
(nm2) Fraction Value 

(%)

(Pores+Cavities)/     
(Ag+Cavities+Pores) 1.96 A Ag-Vacuum 88213 B / (A+B) 1.69

Pores/(Cavities+Pores) 66.8 B Pores-Vacuum 1517  

  C Ag-Pores 6360 C / (B + C) 6.72

(a)                                           (b)
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Figure A10 . Porosity of spent samples after 60 h of reaction under various conditions. 

 

100 200 300 400
0

5

10

15

20

25

30

35

40

45

50

po
re

si
ze

(m
ea

n)
 (n

m
)

d (nm)
100 200 300 400

0

5

10

15

20

25

30

35

n_
po

re
s 

(-)

d (nm)
100 200 300 400

0

5

10

15

20

25

30

Po
ro

si
ty

 (-
)

d (nm)

Figure A11 . Correlation between particle size and (a) Poresize (b) Number of pores per particle (c) porosity for 
Ag(60h)/α-Al2O3.

To differentiate between the influence of VC and the changes in particle size on the po-
rosity, the changes of porosity in a defined size range where compared, shown in Table A4. 
These results indicate that VC also decreases the porosity for particles in the same size 
range.

Table A4 . Influence of VC on silver particles within a defined size range.

Temperature (°C) Size range (nm) n (-) Porosity no VC (-) n (-) Porosity VC (-)

225 140 - 220 21 3.3 16 1.6

250 140 - 220 18 5.4 35 1.4

(b) (c)(a)
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A9: O2-TPD

Figure A12 . Oxygen TPD profile for Ag/α-Al2O3. O2-TPD measurements were performed after exposure to oxygen at 
250 °C for 3 h followed by cooling in oxygen and short flushing in helium. 

A10: Duplo experiment

Figure A13 . Particle size distribution based STEM images for (a) Ag(60h)/α-Al2O3 (b) Ag(60 h + 60 h VC)/α-Al2O3 (c) 
Ag(60h)/α-Al2O3 and (d) Ag(60h + 60 h VC)/α-Al2O3. Data in (a) and (b) from different batches. Data in (c) and (d) 
from same run, where the sample was placed back in the reactor.
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Appendix B
Supporting information for Chapter 4

B1: XPS

Figure B1 . XPS Spectra of fresh Ag(106) in the (a) Ag3d, (b) N1s, (c) Al2p and (d) C1s region. The 284.8 eV signal in 
the C1s region is due to adventitious carbon. 
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B2: Used catalysts

Besides number averaging, also surface averaging and volume averaging could be con-
sidered in the particle size analysis. Both averaging methods show similar trends. 

Figure B2 . Surface normalized rates for 20 bar (a) and 20 bar + VC (c) and rates per gram of silver for 20 bar (b) and 
20 bar + VC (d). Rates and particle sizes based on used catalyst after 60 h of reaction. Number, area and volumes 
averages are shown. 
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B3: Time on stream behavior

Figure B3 . The weight-normalized reaction rate as function of time on stream for (a) 20 bar + VC (condition A) and 
(b) 20 bar (condition B) (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% O2, optionally 1 ppm VC and balance 
helium). 
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Appendix C
Supporting information for Chapter 5

C1: STEM images

Figure C1 . STEM images of (a) Ag-Cs-250/α-Al2O3 (b) Ag-Cs-500/α-Al2O3 (c) Ag-Cs-750/α-Al2O3 and (d) Ag-Cs-1000/
α-Al2O3. Scale bar 500 nm.
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Figure C2 . Histograms of (a) Ag/α-Al2O3 (b) Ag-Cs(250)/α-Al2O3 (c) Ag-Cs(500)/α-Al2O3 (d) Ag-Cs(750)/α-Al2O3 and 
(e) Ag-Cs(1000)/α-Al2O3

C2: Precursor removal (TGA and XPS)

Figure C3 . XPS Spectra of fresh Ag(106) in the (a) Ag3d, (b) N1s, (c) Al2p and (d) C1s region. The 284.8 eV signal in 
the C1s at t region is due to adventitious carbon. 
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Figure C3 . TGA of Ag-Cs(750)/α-Al2O3. 

C3: Point-to-point distance

Figure C5 . (a) Calculated point-to-point distance based on Cs-content (b) model used for the calculation.
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C4: XPS Ag:Al ratio

Figure C6 .  XPS data for (a) Cs:Al ratio versus Cs-content and (b) Cs:Al ratio versus time-on-stream.



160 • Supporting Information

C5: Particle size growth

Figure C7 . Particle size distributions for 60h spent samples in the presence of 1 ppm of VC for (a) Ag/α-Al2O3 
(b) Ag-Cs(250)/α-Al2O3 (c) Ag-Cs(500)/α-Al2O3 (d) Ag-Cs(750)/α-Al2O3 (e) Ag-Cs(1000)/α-Al2O3 and (f) particle size 
evolution as function of Cs-content for fresh and spent samples. 
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Figure C8 . Particle size distributions for 60h spent samples in the presence of 1 ppm of VC for (a) Ag/α-Al2O3 
(b) Ag-Cs(250)/α-Al2O3 (c) Ag-Cs(500)/α-Al2O3 (d) Ag-Cs(750)/α-Al2O3 (e) Ag-Cs(1000)/α-Al2O3 and (f) Particle size 
evolution as function of Cs-content for fresh and spent samples (reaction conditions: 225°C, 20 bar, 5% C2H4, 10% 
O2, 1 ppm VC and balance helium). Line is drawn to guide the eye.
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C6: STEM versus XPS 

Figure C9 . Correlation between the STEM dispersion and the XPS Ag surface content.

C7: Wetting Analysis 

Figure C10 . Example of flatness measurement for particles viewed on-edge. 
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C8: Reproducibility transients Ag-Cs(750)

Figure C11 . Ethylene conversion for reproducibility tests of Ag-Cs(750)/α-Al2O3

C9: Chlorine XPS

Figure C11 . Chlorine (2p) and cesium (3d) atomic ratios obtain by XPS as function of total cesium content.  
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C10: Chlorine saturation time

Table C1 . Calculated chlorine saturation times with varying cesium content, assuming a 1:1 stoichiometry. 

Cs-content 
(ppm)

1:1 Cl saturation time 
(hours)

250 1.4

500 2.8

750 4.2

1000 5.6
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Appendix D
Supporting information for Chapter 6

D1: TEM reactor

Figure D1 . High pressure TEM holder capable of holding 6 grids.

D2: Restructuring events

Figure D2 . Example of particle size increase. 

Figure D3 . Example of particle size decrease, marked in red particles decreasing in size.
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Figure D4 . Coalescence of two silver particles supported on α-Al2O3

Figure D5 . An example of pore formation during the epoxidation reaction.
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Figure D6 . Example of silver particles which break-up into smaller ones.

D3: Identical area analysis

Figure D7 . IAA for Ag(41)

Figure D8 . IAA for Ag(127)
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D4: Identical particle analysis 

Figure D9 . IPA for Ag(41)

Figure D10 . IPA for Ag(127).

D5: Additional images

Figure D11 . Additional images for Ag(41).



Appendix D • 169 

Figure D12 . Additional images for Ag(127). 
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Appendix E
Supporting information for Chapter 7

E1: XANES and EXAFS

Table E1 . Rh K-edge XANES spectra fitting results and fit parameters of k3-weighted EXAFS spectra of supported 
Rh-shaped catalysts

Sample Description Reduction (h) fRh3+ (%)
EXAFS analysis1

Shell R (Å) N Δσ2 (Å2) Eo (eV)

Rh-P2 Rh(190)-PVP/
ZrO2

0
16

9
5

Rh-Rh
Rh-Rh

2.69
2.69

6.07
6.03

0.004
0.004

-1.5
-1.8

Rh-PT1 Rh(140)-PVP-
TTAB/ZrO2

0 8 Rh-Rh 2.70 5.26 0.004 -3.2

Rh-PT2 Rh(190)-PVP-
TTAB/ZrO2

0
10

7
3

Rh-Rh
Rh-Rh

2.69
2.69

6.26
6.18

0.003
0.004

-1.9
-1.9

Rh-O Rh-OAm/ZrO2 0

2

80

11

Rh-O
Rh-Rh
Rh-Rh

2.03
2.69
2.69

3.37
1.2
4.44

0.006
0.007
0.005

1.5
-1.1

1Only the first Rh-O and Rh-Rh shells were fitted; Δk = x-x Å-1; estimated error in R ±x, N ±x%, Δσ2 ±x%, f=fraction 
of oxidic  Rh

E2: CO titration 
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Figure E1 . CO titration curve, absorbed volume versus reduction time. 
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E3: TEM image analysis

Figure E2 . Screenshot of in-house written Matlab script for shape analysis.  
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