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Abstract
The influence of both oxygen coverage on the selectivity of an Ag/Al2O3 catalyst and the influence of
industrial reaction conditions on the structure of individual nanoparticles was investigated. By
pulsing ethylene over a pre-oxidized catalyst we were able to slowly remove oxygen from the silver
surface. With decreasing oxygen coverage the selectivity also decreased. Performing TPD at selected
points confirmed the decrease of oxygen with an increasing amount of dosed ethylene. TPD profiles
were fitted to give an estimate for ratio of different oxygen types present.
It can be concluded that with decreasing oxygen coverage selectivity goes down. There also was a
shift in the composition of different oxygen species during the drop in selectivity. This means that
the nature of the oxygen species also has an influence on selectivity. Copper promotion yielded
similar results with copper possibly changing the surface stability to the extent of influencing the
ratio between different oxygen species.
Silver supported catalysts were deposited on silicon nitride wafers and were indexed using SEM and
TEM. Reaction under industrial conditions (225 °C and 20 bar) were carried out on the wafers after
which TEM images were taken of the same areas. Particle size analysis and event analysis was
carried out on each individual area. This data was combined and an analysis was made for two
reactions of 60 hours. Pore formation was found to affects around 1-10% of all large particles during
120 h of reaction. Pore formation seems to be unaffected by chlorine addition or cesium promotion.
No pore formation was observed for small particles, which is likely due to the fact that small
particles do not have the grain boundaries or amount of subsurface oxygen to facilitate pore growth.
The combination of cesium promotion and chlorine moderation seemed to stabilize the particle
growth on the catalyst, which could be connected to improved catalytic performance of the cesium
promoted catalysts. A process of particle wetting was observed for large and cesium promoted
particles. This process affects a large part of particles (15%) which makes it one of the major particle
growth mechanisms for the silver system. The exact nature on how it affects the
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Introduction
Energy is one of the most important issues in all of human history. In prehistoric times fire could
keep you warm and allowed you to cook food. In antiquity the energy from human muscle power
allowed man to create the pyramids and other great wonders of the world. At the end of the middle
ages the energy in gunpowder allowed the Europeans to expand their empires and conquer vast
stretches of the world. With the dawn of the 18th century man discovered the steam engine and with
that was able to release vast amounts of energy long stored in the earth’s crust in the form of coal.
In the 20th century the Second World War showed that the control of oil, and with that energy, was
vital for a country’s survival.
Each of these energy sources had their own challenges associated with them. And now in the 21st
century another great energy challenge is presented. How can we, as humans, produce enough
energy to meet our energy demands without destroying our planet in the process? This is where
catalysis may play an important role. While catalysts generally cannot be used for the production of
energy themselves, they can be used to make it more efficient or reduce emissions from the
processes that produce the energy. An example of this would be the three-way catalyst in a car’s
exhaust. The engine burns fuel, but in doing so, produces carbon monoxide, NOx and CHx. A catalyst
is then used to convert these gases to less harmful substances. In the end the car’s engine can
produce the energy needed for driving while the catalyst mitigates the damage of the gases
produced.

What is catalysis?
A catalyst is a substance which can
enhance the rate of a chemical reaction
and facilitate this at milder conditions.
The overall reaction barrier is lowered
but the thermodynamic start and end
states remain unchanged. In Figure 1 a
systematic overview of the catalytic
Haber-Bosch reaction can be seen. In
this reaction hydrogen (blue) and
nitrogen (green) are combined to form
ammonia. The first step involves the
adsorption and subsequent dissociation
of hydrogen and nitrogen on the surface
of the catalyst. In the next step
hydrogen atoms are attached one by
Figure 1. A schematic overview of the catalytic Haber-Bosch reaction.
one to the nitrogen atom in three Blue = hydrogen, Green = Nitrogen.
elementary reaction steps forming
ammonia (NH3). In the final step ammonia desorbs from the surface into the gas phase and can be
transported away. In the end the reaction products are the same, but the activation energy (Ea, cat in
figure) is lowered.
Depending on the nature of catalysts the catalytic processes are generally divided into three groups:
heterogeneous, homogeneous and biocatalysis.
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In heterogeneous catalysis the catalyst and reactant are present in different phases. In industry the
majority of heterogeneous catalysts are present in the solid state, with the reactants being present
in the liquid or gaseous state. A big advantage of solid catalysts is that it can be immobilized in the
reactor, removing the need to carry out costly separation steps. An example of heterogeneous
catalysts is the Haber-Bosch process. In this process hydrogen and nitrogen gas are converted into
ammonia by flowing gases over a metal catalyst, most commonly iron.
In homogeneous catalysis the catalyst and reactants are both present in the same phase, usually
liquid. Homogeneous catalysts find their main application in pharmaceutical and fine chemical
industries. One of the advantages of homogeneous catalysts in these industries is the higher
selectivities and possibility for stereo selectivity which heterogeneous catalysts can rarely provide. A
disadvantage is the higher costs associated with both production and separation of homogeneous
catalysts. Generally homogeneous catalysts are more expensive than heterogeneous catalysts due to
their more complex nature, especially synthesis of ligands can be quite costly. Also homogeneous
catalysts require an additional step to separate them from the reaction products contributing to
higher total processing cost. However since pharmaceutical and fine chemical industries have more
valuable products the use of a more costly catalyst can be justified. An example of homogeneous
catalysis is a Friedel-Crafts alkylation of benzene with an anhydrous aluminium trichloride.
Biocatalysts are a special group of homogeneous catalysts that can be found in nature. The structure
and composition of these catalysts have evolved over millions of years to obtain their current form
and function and are of vital importance for life as we know it. Every living being uses biocatalysts
for its metabolism and to create the building blocks for life. Biocatalysts consist of multiple amino
acids that are bound together and arranged in 3D structures. A major advantage of biocatalysts is
that they have very high selectivity and also sometimes stereo selectivity. One disadvantage is that
they are very sensitive to operating conditions such as temperature, pollutants, pH or pressure,
which have to be very mild. An example from the human body is the enzyme Amylase. This enzyme
is present in our mouth and is used to catalyze the hydrolysis of starch into sugars. Typical examples
of use in industry are the production of bread or beer using yeast.
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Usage of ethylene oxide
Ethylene oxide is an intermediate bulk chemical with an annual world production of 34.5 million tons
in 2016 [1], [2]. However due to its reactivity EO is usually converted to other products and not used
directly. One of the main products is ethylene glycol (EG) of which the reaction can be seen in
equation 1.
1
Two of the main uses of EG are that it can be used as antifreeze in among others the radiators of
cars. The other main use lies in the production of polyesters of which polyethylene terephthalate
(PET) is probably the best known.
In Shell’s OMEGA process the process to create EG is combined with the production of EO to reach
selectivities of 99.5% [3]. In this process EO reacts with CO2 to create ethylene carbonate which can
react with water to EG and release CO2, which is recycled back into the process. The reaction scheme
of this reaction can be seen in equation 2.

2

One of the applications were ethylene oxide can be used directly is as a disinfectant. As EO
penetrates through the pores of packaging and clothing it can be used in the sterilization of hospital
equipment. In this process one does have to consider the safety aspects as EO is very toxic,
flammable and carcinogenic. Therefore nowadays its sterilization applications are limited to only
specialized tasks.
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History
Silver is one of the oldest metals known to man with its discovery predating any written records. The
oldest findings of silver that can be dated accurately, can be found in Egypt in around 4000 B.C.[4].
The silver from these findings was probably purified by cupellation, a technique still used today.
During cupellation ores containing multiple metals are heated to very high temperatures. Base
metals will then oxidize or react with other components and form slag which then can be separated
from the noble metals.
The discovery of ethylene can be traced back to
1669 by Johann Joachim Becher who published his
findings in the book Physica Subterranea[5]. He
described the production of a gas by heating
ethanol in the presence of sulfuric acid. More
interesting however, is that the ancient Egyptians
had also already discovered ethylene, without
even knowing about it. Namely, in order to ripen
figs Egyptians placed them in a room and gash the
figs to make them ripen faster[6]. What is known
today is that in this process figs release ethylene Figure 2. First page of Physica Subterranea written by Johann
which acts as a plant hormone and stimulates Joachim Becher in 1669. Note all texts are in Latin.
ripening. Now imagine if at the time an ancient Egyptian metal smelter had some figs ripening in his
workshop, while he was in the process of smelting some silver. He could have been the first person
to oxidize ethylene to ethylene oxide using a silver catalyst without even knowing it. However,
understanding of this process would have to wait about six millennia.
The original process for the production of ethylene oxide was discovered in 1859 by Charles-Adolphe
Wurtz. This used chlorohydrin combined with potassium hydroxide to produce EO and calcium
chloride, see reaction equation 3 and 4. One major disadvantage of this earlier route was the
chlorine compounds it produced. This however did not stop industry as BASF started the
manufacture of EO using the chlorohydrin route in 1914 [7].
3

4

In 1931 Theodore Lefort made a crucial discovery, namely that metallic silver could be used as a
catalyst for the direct oxidation of ethylene with oxygen, reducing the need for chlorine
components. Industry quickly adapted and in 1935 Union Carbide started development on this new
method of epoxidation. Two years later Union Carbide would start up their new process at their
plant in South Charleston[8][9]. At the time an unpromoted silver catalyst was used which had a
selectivity of 50%[7].
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Silver
Why silver for epoxidation?
For the direct epoxidation reaction of
ethylene to ethylene oxide, silver is almost
exclusively used as there are no other metals
known that can yield comparable selectivity.
Elements like copper or gold, which are above
and below silver in the periodic table, are
known to have activity for other oxidation
reactions [10]. However the reason that silver
works best for EO epoxidation is best
explained through Sabatier’s principle. This
states that there exists an optimum for the
Figure 3. Systematic indication of Sabatier's principle.
binding between reactants and a catalyst. If
the reactants bind to strong with the catalyst, they can easily absorb and react, but the formed
products cannot desorb easily and the reaction is limited. On the other hand if the reactants do not
bind strongly enough, no species get adsorbed and no reaction can take place.
In the case of ethylene epoxidation the critical reactant is oxygen. If oxygen is adsorbed too strongly
to the metal surface, the reaction barrier for the reaction to ethylene oxide becomes too high and
the reaction slows down. If the oxygen does not adsorb strong enough no oxygen will be present on
the metal surface. The theoretical work done by Özbek et al.[11][12] on silver, copper and gold will
be used to illustrates this point. The authors compared the reaction barriers of silver, copper and
gold oxides for the epoxidation reaction. Copper was shown to oxidize easily, but the subsequent
reaction with ethylene was difficult. Gold oxides were found to be unstable and can be compared to
a situation where oxygen binding is too weak. The energy barriers of reactions with silver were
found to lie between those of copper and gold, making silver the more suitable catalyst for ethylene
epoxidation.

Reaction mechanism
The epoxidation of ethylene is a typical example of a catalytic process, because the product that is
thermodynamically favored, is not favored in the catalytic reaction. An indirect proof of this is that at
the moment the highest reported industrial selectivity is 92% towards ethylene oxide[13], which can
only be achieved if the process is kinetically limited. In equation 5 it can be seen that k1 is the
selective pathway in which ethylene reacts with oxygen in the presence of silver. K2 shows the
unselective pathway towards acetaldehyde, which is easily converted to CO2 and water in the
presence of silver, k4. The last pathway, k3, is the isomerization of ethylene oxide to acetaldehyde.
In literature is has been shown that this reaction requires a strong acid group to be present [14]. This
acid group can usually be found on various supports. This is one of the reasons why EO epoxidation
catalysts prefer the use of ultrapure low surface area α-alumina, free of acid hydroxyls [7].
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Oxygen
The exact mechanism of ethylene epoxidation is still debated in literature today. One of the critical
points is the nature of the oxygen species. In literature multiple oxygen species are proposed and
investigated, ranging from nucleophilic and electrophilic to subsurface, molecular and atomic
oxygen. In this section these different oxygen theories and definitions will be discussed.
One of the earlier models for absorbed oxygen is the molecular and atomic model reported by Voge
[15] in 1968. He proposed that oxygen can adsorb in its molecular form and that only the molecular
form is reactive towards ethylene oxide. The remaining atomic oxygen would react towards CO2 and
water (equation 6 and 7). It can be seen that in equation 6, the selective reaction to EO produces
one atomic oxygen which needs to be converted to the unselective product in equation 7. Based on
this mechanism a theoretical maximum possible selectivity of 6/7 or 85.7% can be reached, which
for a long time was considered to be the limit. However nowadays an industrial selectivity of 92%
[13] has been reported, meaning that this mechanism could not be true in this form.
6
7

A variation on this atomic and molecular model is based on a classical Eley-Rideal mechanism with
multiple authors reporting such mechanisms [9][16][17]. In these models oxygen adsorbs onto the
surface and ethylene reacts from the gas phase with the surfaces oxides to form ethylene oxide
which, depending on the model, is first adsorbed on the surface or immediately released to the gas
phase.
A term that is often used in literature with regards to ethylene epoxidation on silver is subsurface
oxygen. It is possible for oxygen to adsorb onto the surface of a silver particle. Based on the most
common oxidation state of silver (being +1), this surface would consist of Ag2O. However in
literature authors found that a second kind of oxygen was present in silver systems, namely
subsurface oxygen. This oxygen is present under the surface inside the silver particle. The exact
nature and bonds this oxygen makes are still debated, ranging from just under the initial Ag2O layer
to deep in the bulk of the particle. Multiple source report that this subsurface oxygen is needed for
the formation of EO [18][19][20][21]. Some examples from literature of the reactivity and behavior
of this oxygen will be discussed next.
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Backx et al. [22] were able to show that on a Ag(110) single crystal there exists a subsurface
reservoir that can exchange its oxygen content with the atmosphere above. From this behavior they
concluded that the subsurface oxygen would have to be close in the lattice near the surface. In
experiments from Campbell et al.[23], oxygen was titrated from the surface by reaction with CO. The
authors were able to show that there are at least two different types of oxygen present on a single
crystal. The first being a reactive form that can react immediately upon contact with CO. The second
being some form of subsurface oxygen that requires heating in order to become reactive. Under the
vacuum conditions that Campbell et al.[23] used, they found that the suspected subsurface oxygen
could be brought out of the bulk to the surface at 470 K and further desorption was found to occur
at 600 K. Van Santen and de Groot [24] later showed that labeled subsurface oxygen can end up in
EO, and more importantly, that subsurface oxygen needs to be present in order for EO to form.
Generally nucleophilic and electrophilic oxygen species can be distinguished. Schlögl et al. [25][26],
were able to link two different oxygen species on the surface of silver to the selectivity of the
reaction. The authors identified these species as nucleophilic and electrophilic oxygen, with
electrophilic being the more selective species. This experimental evidence supports the earlier
hypothesis of Van Santen et al. [27] as seen in Figure 4. Van Santen et al. [27] proposed that the
electrophilic oxygen would attack the double bond of ethylene, whereas nucleophilic oxygen would
attack the C-H bond. Electrophilic oxygen would be stabilized by the presences of subsurface oxygen,
Figure 4a, possibly explaining reports of the need for subsurface oxygen for selective epoxidation.

Figure 4. Schematic representation of the effect of electrophilic and nucleophilic
oxygen. Taken from Van Santen et al. [27].
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Oxometallacycle mechanism
In contrast to the previous mechanism, the oxometallacycle (OMC) mechanism uses a common
C2H5O species. This OMC species can react to both EO and acetaldehyde (AA), where AA reacts
further to CO2 and water. In this mechanism the selectivity depends mainly on the reaction barriers
of k1 and k2, see Figure 5. One of the main differences with this model is that both the reaction to
EO and AA proceed through the same oxygen bearing specie, the OMC. In this mechanism the state
of oxygen reacting with ethylene should not have an impact on the eventual selectivity of the
reaction.

Figure 5. Possible mechanism showing the OMC intermediate as common precursor to EO
and AA, reprinted from Özbek et al. [12].
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Promoting metals
Özbek et al.[11] calculated that copper and gold oxides have a shift in chemical reaction barriers for
the epoxidation reaction as compared to silver oxide because of their position in the periodic table.
It is therefore expected that promoting silver with copper or gold would lead to a similar change in
reaction barriers. It is however, not the aim to directly improve the catalyst with this promotion, but
rather to create catalysts that can be useful for studying the behavior of oxygen. By in- or decreasing
reaction barriers it might be possible to more clearly see changes in oxygen behavior, and this
information could be used for the understanding of the mechanism.
In literature a lot of other promoting metals can be found. Cesium, rhenium or lithium are frequently
mentioned in patent literature [28], [29]. The work of Jingfa et al. [30] showed that adding rhenium
or cesium had a positive effect on both selectivity and conversion. In this work promotion with
cesium will be considered. Synthesis procedures for catalyst with cesium promotion were optimized
by Eline Hermans [31] and the catalyst with 10wt% Ag/Al2O3 and 750 ppm cesium were used.
Activity test of this catalyst showed that for 750 ppm promotion and 1 ppm vinyl chlorine addition,
the same selectivity but increased activity can be achieved as compared to the unpromoted catalyst.
Synthesis methods for this catalyst can be found in the experimental section.

Chlorine
Chlorine is a moderator for the selectivity of
ethylene oxide. However while it improves
selectivity the overall reaction rate generally
drops. Chlorine is introduced into the reaction
using vinyl chloride, which adsorbs onto the
surface and reacts with oxygen to form CO2 and
chlorine. Two main chlorine effects found in
literature will be discussed here.
The effect of chlorine acting as a site blocker,
Figure 6. possible formation of electrophilic oxygen in
proposed by Campbell et al. [4][5]. One of the presence of chlorine [27].
effects is that the unselective reaction towards
CO2 needs more free silver sites than the selective route. When chlorine is added, it blocks a number
of these sites and as a result slows down the unselective pathway. Chlorine also slows down the
selective route but less harshly as compared to the unselective route.
Another possibility is that the electronic effect is more important. As explained in the section
‘’Oxygen’’, two types of oxygen can be distinguished on the surface, nucleophilic and electrophilic.
Of these two types electrophilic is thought to create ethylene oxide. Van Santen et al. [27] have
proposed that chlorine pulls electron density from oxygen and as such creates more electrophilic
oxygen. In this process chlorine can still block silver sites, but the fundamental difference with the
earlier effect is that chlorine also has an electromagnetic effect.
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Particle size
Metal nanoparticle size is an important factor in any catalytic system as it affects a number of
parameters. In order to explain these effects we will first assume a simple model of a spherical
particle with a surface reaction. The changing parameter in this case is surface area. As the diameter
of the particle doubles, its surface area will increase by factor four and its volume by factor eight.
This means that per volume catalyst the amount of surface area, and therefore active sites, will
decrease as particle size increases. Since the metals for most catalysts are expensive it is
advantageous to have as much activity as possible per volume metal.
Another metal nanoparticle effect that is more specific for silver is that large nanoparticles have
higher selectivity. Goncharova et al. [34][35] showed that there was a strong dependency between
increasing particle size and selectivity towards EO formation on silver. The authors showed that this
size dependency was most likely caused by changes in the surface sublayers. And that by increasing
particle size certain crystal planes would be favored.

Figure 7. Silver nanoparticle size dependency of selectivity, graph from Goncharova et al. [34].

Metal nanoparticles are usually placed on support material. These supports are commonly porous
materials in order to increase surface area. One of the advantages for a high surface area support is
that more metal nanoparticles can be deposited in less volume, meaning that the catalyst as a whole
has more activity per unit volume. This can be advantageous for reactor design as more activity per
unit volume generally means smaller reactors which can save in construction costs.
In the case of ethylene epoxidation the product EO can isomerize to AA, which in the presents of
active silver surface reacts towards CO2 and water [14]. If EO is formed deep inside pores, it has to
diffuse out. In this time EO is in contact with silver nanoparticle surfaces giving it a higher change of
isomerization. Therefore low surface area α-alumina is used because it has low pore volume and
minimal OH groups, which could cause isomerization.
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Metal nanoparticle growth mechanisms
A catalyst’s particle size is important for its functioning, however during heating or reaction this
particle size can change. This process of changing particle size through heating or reaction is called
sintering. Sintering itself can be divided into two main growth mechanisms: coalescence and
Ostwald ripening. With coalescence two particles can gain enough mobility to be able to move
towards each other and combine, creating one bigger particle.
Ostwald ripening is a process where large metal nanoparticles grow at the expense of smaller
nanoparticles. This process occurs because atoms on the surface of a particle are less stable than
atoms in the bulk. The surface atoms detach from their particles and diffuse in the continuous phase
after which they can combine with another particle. The atoms on the surface of smaller particles
are less stable than those of large particles, since the surface atoms in smaller particles have a lower
average
coordination
number
compared to large particles, due to
relatively more edge and corner
atoms. As a result large particles are
energetically favored over small
particles. Therefor with Ostwald
ripening a large particle will grow at
the expense of a small particle over
time, whereas for coalescence two
particles combine in a relatively short
Figure 8. An example of Ostwald ripening and coalescence.
time. An example of these two
processes can be seen in Figure 8.
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Scope of project
The scope of this project can be divided in two parts. The first part is to investigate the effect
different oxygen coverages have on the ethylene epoxidation reaction. The second part will focus on
the change in silver nanoparticle size during the epoxidation reaction.
From literature it is known that oxygen has a significant influence on selectivity in the ethylene
epoxidation reaction [16] [19]. Several of the mechanisms debated in literature are explained in the
sections ‘’Reaction mechanism’’,’’ Oxygen’’ and ”Oxometallacycle mechanism”. In these mechanisms
oxygen plays an important role. We will investigate the role of oxygen by approaching the function
of oxygen using oxygen coverage. This is will be done by oxidizing silver supported catalysts to create
a surface covered in oxygen after which ethylene is pulsed. These pulses are carried out in oxygen
poor conditions to slowly move from conditions of oxygen rich to oxygen poor surface. TPD profiles
and reaction products will be measured during pulsing to follow the dependency between oxygen
coverage and selectivity. These reactions are carried out for different size particles and different
dopants to determine if these affect the oxygen coverage dependency. The trends resulting from
these samples can then be used to investigate the oxygen mechanism.
The second part of the project is focused on particle size and changes in particle size during reaction.
From Goncharova et al. [34] it is known that for silver catalyzed ethylene epoxidation the particle
size has a major effect on the rate of ethylene oxide production and selectivity. It is also known that
it is common for metal particles to sinter and have changes in their particles size when exposed to
heat and reaction[36]. For sintering several mechanisms are known as described by Thomas Hansen
et al.[36]. In this project it will be investigated which mechanism is significant for particle size
changes in the silver nanoparticle system. To do this a system is created where individual particle
sizes can be tracked before and after reaction. This makes it possible to more accurately identify
different sintering processes and hopefully give a better explanation for particle size changes in this
system.
Experimentally, supported silver catalyst will be deposited on silicon nitride wafers with a window
designed to be used for TEM. The particles on these wafers will be indexed using SEM and
sufficiently good wafers will be indexed using TEM. After indexing, reaction will be carried out at
industrial conditions of 225°C and 20 bar. After reaction the wafers will be indexed again by carefully
keeping track of particles location. Individual particle growth can, in this manner, be tracked. From
these experiments the process of particle growth, if any, can be elucidated. These experiments will
also be carried out for catalysts with different particle sizes and cesium doping. The effect of the
addition of a chlorine moderator on this process will also be explored. The results will be analyzed in
a quantitative manner to be able to link the image data to on-stream experiments and selectivity
data. A better understanding in catalyst deactivation can in the design of more stable catalysts.
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Experimental
Catalyst preparation
Silver catalysts of several particle sizes were synthesized. Catalysts were doped with copper, gold
and cesium. The following synthesis procedures are cited from the theses of Eline Hermans [31] and
Shreyas Amin[37].
Pre-treatment of ɑ-Al2O3
The ɑ-Al2O3 used for catalyst preparation was sourced from Saint-Gobain NorPro. The sample code
was SA 5102, which refers to 3 mm pellets of low surface alumina [38]. These pellets were crushed
using mortar and pestle and then they were sieved to get particles in the range of 125-250 µm. We
followed a pre-treatment procedure that involved washing the ɑ-Al2O3 support with distilled water.
Conceptually our washing procedure was similar to the one cited in the literature [39] where they
used alumina monolith and washed it in boiling distilled water.
For our procedure, the crushed support was filled in a cellulose thimble and placed inside the
Soxhlet equipment. A temperature controlled oil bath was used to boil the distilled water in the
Soxhlet equipment and a cooling water was used to condense the vapors formed in the equipment.
The alumina support was washed continuously with distilled water which was dripping due to the
condensation of vapors from the top of the equipment. The catalyst sample chamber was
completely filled with water in approximately 20 minutes and then it was emptied automatically by
siphon effect. This entire procedure was allowed to continue for approximately 2 days (48 hours).
Thus the cycle of washing the alumina support and emptying the water was repeated for
approximately 150 times during the complete washing procedure.
After the washing procedure, the support material was dried at room temperature under vacuum
for several hours and then at 110°C for 1 hour to remove any residual moisture and then it was
stored for later catalyst synthesis procedure. Before proceeding for the synthesis of the bimetallic
catalyst, the alumina support was heated and held overnight at 550°C to remove any organic
impurities from the catalyst surface. [37]
Precursor solutions
Silver oxalate (Ag2C2O4) was used as the silver precursor in all subsequent synthesis procedures. It
was prepared by mixing silver nitrate (AgNO3) (Alfa Aesar, 11414 Silver nitrate, ACS, 99.9+% (metals
basis)) with excess of oxalic acid (C2H2O4) (Sigma Aldrich, 241172 ALDRICH, Oxalic acid, ReagentPlus®,
≥99%) dissolved in distilled water and filtering out the precipitates. The precipitates were washed
with water to remove excess acid and later dried in vacuum to remove moisture. [37]
Catalyst synthesis
Ag catalysts with various sizes were synthesized using the incipient wetness impregnation (IWI)
method [40]. The prepared silver oxalate was slowly dissolved into an aqueous solution containing
3:1 M ratio of ethylene diamine to silver oxalate, according to the method reported by Diao et
al.[41] The amount of silver oxalate was varied to achieve a loading of 2-10 wt% Ag and addition of
caesium nitrate to achieve 0-1000 ppm Cs. All impregnation solutions were _lled up with deionized
water until 1.6 mL reached and added to 2 g support. Optionally, the impregnated support was dried
in a vacuum oven at room temperature for approximately 30 min before the catalysts were calcined
under various conditions (medium, temperature and calcination time). [31]
16

Pulse setup
Pulse experiments were carried out in a quartz reactor tube inside a heating mantel. The catalyst
was placed in the center of the reactor tube with quartz wool at both ends. Temperature was
controlled using a thermocouple on the outside of tube with the tip placed close to the catalyst bed.
Gas was flown through the reactor and analyzed by sampling the gas flow using a capillary
connected to a differential pump. Part of this gas flow was sent to MS. A continuous gas flow was
established through the loop, which could be switched to the reactor line in order to insert a certain
gas volume. Precise pulse volumes of 10 µl, 100 µl and 1 ml were used. The reactor outlet was heat
traced at 90 °C in order to prevent water condensation in the lines.
Helium
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O

16

O

Hydrogen

Differential
Pump

Ethylene

MS

Ethylene
16

O

Figure 9. Schematic overview of pulse setup.

A typical pulse experiment used the following procedure. 250 mg of catalyst is loaded and pretreated in pure O2 (10 mL/min) at 250 °C. After 1.5 hours the temperature is lowered to reaction
temperature (225 °C) and the system is flushed with He (50 mL/min) for 1 hour. Ethylene flow is
established in secondary line (2 mL/min) through the pulse. Ethylene is pulsed using an automatic
timing device (Multicomat RS 122-MH/ATX) at 200 second intervals. After X amount of pulses the
pulses were stopped and temperature was lowered to RT. A TPD was carried out by raising the
temperature at 10 °C/min till 550 °C. A schematic overview can be seen in Figure 10.

Figure 10. Schematic overview of a pulse experiment.
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Processing
An in-house developed Matlab script was used to process MS-pulse data. Steps in the script include
importing the data, creating a baseline, peaks integration and conversions from MS signal to
absolute gas amount. In order to determine the sensitivity of the detector for each of the products,
reference experiments were carried out. The pulse setup was loaded with Al2O3 support and was
heated to reaction temperature (225 °C). Pure product gases (CO2, ethylene, EO and O2) were pulsed
using 100 µL pulse. A more detailed description of the Matlab program can be found in appendix A.
The peak areas where plotted against the corresponding pulse number and smoothed with a
Savitzky-Golay filter. All the data was normalized between zero and one in order to compare trends.
Conversion and selectivity were calculated using equations 8 and 9. Note that these are ethylene
conversion and EO selectivity.
𝐸𝑂 +

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝐶𝑂2
2

∗ 100%
𝐶𝑂
𝐸𝑡ℎ𝑦𝑙𝑒𝑛𝑒 + 𝐸𝑂 + 2 2
𝐸𝑂
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
∗ 100%
𝐶𝑂
𝐸𝑂 + 2 2

8

9

TPD
In order to determine oxygen content of a catalyst a temperature programmed desorption (TPD)
was carried out. The sample was cooled down from reaction temperature (225°) to room
temperature and flushed with 50 ml/min of helium for 1h to clear the gas phase oxygen from the
system. Temperature was raised at 10 °C/min to 550°C while helium flow was maintained. Gases
were analyzed by MS. In order to quantify these results reference experiments were carried out
where oxygen was pulsed using a 100 µl loop. Pulses were repeated 25 times and the experiment
was repeated on another day. These values were averaged and using the ideal gas law the amount
of moles oxygen was calculated.
In order to convert to monolayer oxygen equivalent it was assumed that oxygen would form
Ag(I)oxide. In “The Handbook of Heterogeneous Catalysis” [40] a theoretical model was established
for the determination of the dispersion for varying particle sizes. It first assumes the three lowest
index planes of the crystal structure and uses crystal data to calculate ns the number of surface
atoms per surface unit. Next the volume of an atom in the bulk was calculated using equation 10.
This was combined in equation 11 to calculate the final dispersion.
𝑣𝑚 =

𝑀
𝜌 ∗ 𝑁𝑎

𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 =

6 ∗ 𝑣𝑚 ∗ 𝑛𝑠
𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

10
11

From theory it is known that multiple oxygen species exist in or on a silver nanoparticle. It is likely
that these oxygen species have different binding energies and therefore will desorb at different
temperatures, making it possible to detect them in TPD experiments. In order to give an indication of
the presents of these oxygen species, peak fitting is applied. For each TPD two Gauss peaks were
fitted. The results of these operations can be found in the results section.
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Wafer deposition
Catalysts were deposited on round Si3N4 TEM wafers (Perfect Edge Si3N4 wafer, Smalltech supplies,
window size 0.1 mm, membrane thickness 15 nm, diameter 3 mm). The wafer had a square window
in the middle where it was only several nm thick. By depositing material in this area the electron
beam of TEM could penetrate the wafer and images could be taken. Before deposition the wafer
was cleaned with ethanol and dried at 100 °C for several hours. The catalyst was first crushed and
then a small amount of catalyst (1-10 mg) is added to about 3 ml of ethanol. This dispersion was
mixed, sonicated and immediately used. Wafers were put on a piece of filtration paper and 1 drop of
solution was positioned on top, as such that the solution did not flow off the wafer. After 2-3
minutes another drop was deposited on the resting droplet in order to break surface tension and let
most of the drop flow off the wafer. The resulting solution was left to dry in air. Wafers were initially
screened using a Phenom Pro SEM (10 kV), after which suitable samples were indexed with TEM. An
example of a wafer under SEM is given in Figure 11, note that the coloured boxes are zoomed in
images taken by TEM. An overview of the wafers used is given in Table 1.

Figure 11. Example of SEM image of 10 wt% Ag on Al2O3, particle size = 100 nm (RP110C). Coloured boxes
indicate locations of TEM images.
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Table 1. Wafer samples with catalyst deposits.

Sample name

Catalyst name

Alternative name

Particle size [nm]
+Promoting metal

RP96-C-

RP63

W1-Ag(128)

128

RP96-D-

RP63

W2-Ag(128)

128

RP103-D-

RP63

W3-Ag(128)

128

RP106-G-

RP104

W4-Ag(50)

50

RP110-A-

RP99

W5-Ag(100)

100

RP110-C-

RP99

W6-Ag(100)

100

RP110-E-

RP104

W7-Ag(50)

50

RP124-N-

RP63

W8-Ag(128)

128

RP127-A-

EH29

W9-Ag(110)/Cs

110 + Cesium

RP127-B-

EH29

W10-Ag(110)/Cs

110 + Cesium

RP128-D-

RP63

W11-Ag(128)

128

In the wafer results section samples will receive the suffix –image-[number] indicating that the
information was from the same sample but taken from a different image.

Wafer analysis
In order to analyze TEM data, images were placed on top of each other using different layers in
GIMP 2.10.2 (open sources graphic editing program). The images were rotated such that key support
particles would align. By turning these two images into a GIF format it becomes much easier to spot
individual differences between images. For quantitative analysis an area was marked out on the
images in which all particles and different events were counted.

SEM
Scanning electron micrographs (SEM) were taken using the Phenom World Pro operated with an
acceleration voltage of 10 kV. Samples were Si3N4 wafers with Ag/Al2O3 deposits. Images were used
for further indexing under TEM.

STEM
Scanning transmission electron micrographs (STEM) were taken with the TU/e Sphera operated at
room temperature with an acceleration voltage of 300 kV. Samples were Si3N4 wafers with Ag/Al2O3
deposits. Samples were used without an further processing steps.

TEM reactor
In order to carry out reaction on the wafers, a special TEM reactor was used. The wafers were placed
in chambers in the reactor such that the surface of the wafers was open to the gas flow. The reactor
was sealed and placed in a specially designed oven. A thermocouple was inserted into the metal
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block of the reactor. Gases were flown continuously over the wafers at 20 ml/min at 20 bar. To start
reaction the system was pressurized under an atmosphere of helium with 10% oxygen. When 20 bar
was reached, the reactor was heated to 225 °C with an ramp rate of 20 °/min. This was held for 3 h
of pre-treatment and 20 h, 40 h or 60 h reaction. Reaction gases were kept constant with 10% O2,
5% ethylene and 85% helium with a total flow of 20 ml/min. Optionally 1% of 100 ppm vinyl chloride
in helium was added. After reaction the reactor was cooled down to room temperature and flushed
with helium.

Mass spectrometry
For analysis of the flow experiments mass spectrometry was used. The device used was a
quadrupole mass spectrometer (Balzers QMG 420). Table 2 gives a summary of masses that were
followed during reaction.
Table 2. Summary of masses and corresponding fragments measured by MS.

Mass

Fragment

Original species

15

CH3+

EO, Ethylene

16

O+

Oxygen

18

H2O+

Water

28

C2H4+

Ethylene

29

COH+

EO

32

O2+

Oxygen

44

CO2+ , C2H4O+

CO2, EO

One of the species that is cross sensitive with the signals of EO is acetaldehyde (AA). Since AA is an
isomer of EO it can be difficult to differentiate the two. However it is known that AA will burn
completely to CO2 and water in the presence of metallic silver [7]. Therefore it is unlikely that this
substance will be produced in significant quantities.
Quantification
In order to couple the MS intensity to quantifiable units, reference experiments were carried out
using pure gases. These were carried out for ethylene, ethylene oxide, CO2 and oxygen. The
following procedure was used: empty support was loaded into the reactor. The support was brought
under helium atmosphere and heated to reaction conditions; this was left to stabilize for one hour.
The substance in question was pulsed with a 100 µl pulse for a minimum of 13 pulses. These pulses
were integrated and averaged. This value was used to convert MS intensity to gas volume which
could be converted to mole using the ideal gas law.
Isotopes
In using MS, isotopes of different elements are a property that has to be taken in to account. In
Table 3 the theoretical distribution for expected fragments is calculated. In this calculation the
following isotopes in Table 4 were taken into account with their respective natural abundances. Of
these isotopes it was found that only 13C had a significant influence on the signals. The 29 m/z is
most affected by this due to the 13C of ethylene which can interfere. It was therefore assumed that
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29

ethylene was the only significant interference on the 29 m/z signal, since the 28 m/z signal of
ethylene is always two orders of magnitude bigger than the 29 m/z signal and the theoretical
interference is around 2.25%, see Table 3. To compensate for this the 28 m/z signal of the
corresponding experiment was taken and it was multiplied by the theoretical ratio between the
28
ethylene and 29ethylene. This value was subtracted from the original 29 m/z signal.
When an isotopic labeled oxygen mixture was used, this consisted out of 18O with purity greater than
97% (Eurisotop). For this oxygen mixture the theoretical distribution was also calculated and can be
found in Table 3 marked as iso. This higher percentage isotope mixture is especially useful to resolve
the 44 m/z signal. As EO only contains a single oxygen this will only shift 2 m/z while CO2 will shift 4.
Of course there is a chance that CO2 will only have one 18O and will have mass 46. This chance is
calculated in Table 3 and is compensated for.
In order to calculate the change of an isotope being present in a molecule the following formula was
used.
𝑐ℎ𝑎𝑛𝑐𝑒 =

𝑛!
∗ 𝑝𝑘 ∗ (1 − 𝑝)𝑛−𝑘 ∗ 100%
𝑘! ∗ (𝑛 − 𝑘)!

12

With n being the total number of atoms which can be the isotope, k the amount of labeled atoms
and p the natural abundance. This formula consists out of two main parts. The first part:
𝑛!
𝑘! ∗ (𝑛 − 𝑘)!

13

Is used to determine in how many combinations the isotope can exist. For example take three books
on a shelf. Two times book A and one times book B. It is not too difficult to imagine that these books
can be arranged in three unique ways. And if the books were to be placed randomly all combinations
would have an equal chance of coming up.
The second part of the formula is easier.
𝑝𝑘 ∗ (1 − 𝑝)𝑛−𝑘

14

To calculate the chance for a certain combination we revert back to our book metaphor. We want to
calculate the chance for the sequence ABA. This means multiplying the chance for A twice with the
chance for B, or more general as depicted in formula 14. If this is then combined with formula 13, it
yields formula 12.
It must be noted that this calculation only takes into account the statistical chance of an isotope
being built into a molecule. Energetic differences for the reaction with isotopes were not considered
in this study.
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Substance Fragment
CO2

CO2

CO2

CO

EO

C2H4O

EO

COH

CO2

CO2 (iso)

CO2

CO (iso)

EO

C2H4O (iso)

EO

COH (iso)

Ethylene

C2H4

28 m/z

98.66%

29 m/z

1.14%

98.64%

0.20%

30 m/z

1.16%

95.93%

2.25%

32 m/z

44 m/z

45 m/z

46 m/z

98.50%

1.10%

0.39%

97.50%

2.29%

Natural abundance

12C

98.9%

13C

1.1%

16O

99.76%

17O

0.04%

18O

0.20%

1H

99.99%

2H/D

0.01%

49 m/z

1.03%

0.09%

5.76%

0.06%

93.06%

0.20%

94.88%

2.11%

0.01%

1.07%

95.93%

1.07%

0.01%

Table 4. natural abundance of stable isotopes used in theoretical calculations in Table 3 [42].
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test

48 m/z

0.20%

Table 3. mass detection patterns for fragments resulting from different parent molecules. Empty spaces indicate values lower than 0.005%.

Isotope

47 m/z

0.20%

0.20%
97.73%

31 m/z

Results & Discussion (Pulse)
A combination of pulse and TPD experiments were carried out in order to probe selectivity
dependency of oxygen coverage. Pulse experiments were done to titrate the surface of oxygen and
to obtain selectivity data as function of oxygen coverage. TPD experiments were used as supplement
to pulse experiments to determine oxygen content in select situations. An example of a standard

Figure 12. A schematic overview of pulse experiments.

pulse experiment can be seen in Figure 12. The first box left to right indicates a pre-treatment in
pure oxygen for 1.5 hours at 250 °C. The second box is a flushing step to remove excess oxygen from
the atmosphere. Then ethylene is pulsed at 100 µl depicted in the third box. The last step is optional
and consists of a TPD profile in which first the system is brought to room temperature and then
heated to 550 °C with a ramp rate of 10 °C/min.

24

Reaction temperatures
A temperature programmed reaction (TPR) was carried out to determine optimal reaction
temperature for further experiments. 250 mg of 10 wt% Ag on α-alumina was loaded. The reaction
was carried out under 10% oxygen in helium flow and 10 µl of ethylene was pulsed every 10 min.
The temperature was raised with 15 °C/h, which equals with an increase of 2.5 °C per pulse. The
integrated peak values as function of pulse number/time are shown in Figure 13.
An optimum for EO formation can be seen at around 265 °C, however for consecutive pulse
experiments reaction temperature was chosen at 225 °C. This was done to run at lower conversion
to prevent transport limitations from occurring and to prevent the CO2 signal from overpowering the
EO signal.

0.015
44 = CO2 + EO
27 = Ethylene
29 = Ethylene oxide

Intensity

0.04

3x magnified
0.012

0.03

0.009

0.02

0.006

0.01

0.003

0.00

0.000
350

50

100

150

200

250

300

Intensity

0.05

Temperature °C
Figure 13. Ethylene pulse volume 10 µl, RT-->350°C at 15°/hr. Gas flow 40ml/min He + 5 ml/min O2. Experiment
RP29, sample = SA00-a
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Auto reduction of silver oxide
In literature it can be found that silver oxide can be unstable at elevated temperatures [43]. In order
to determine the importance of this effect two experiments were carried out on silver powder. The
powder was oxidized in pure oxygen at 250 °C, after which it was flushed with helium and ethylene
was pulsed (10 µL). For the second experiment the time between pulses was doubled from 200
seconds to 400 seconds, the results can be seen in Figure 14.
It can be seen that the main peak shifts from pulse number 190 to 100, and that the total peak also
seems compressed. This is likely due to the stability of silver oxides under higher temperatures. At
elevated temperatures in the absence of oxygen, the absorbed oxygen will slowly desorb from the
silver. In other words, besides reduction by ethylene, silver will also be reduced over time by at
elevated temperature. Therefore if the pulse interval is doubled the, the time between each pulse is
doubled and more oxygen is lost in this time. To circumvent this, the pulses are still continuously
given while the oxygen coverage is decreasing, and therefore the reaction products are still
produced at certain coverage levels.
0.0008

29 m/z, EO
200s pulse interval
400s pulse interval

Pulse Area

0.0007

0.0006

0.0005

0.0004

0.0003

0

50

100

150

200

250

300

Pulse Number
Figure 14. EO production during ethylene pulsing on pre-treated Ag powder produced through zinc
synthesis. Influence of pulse interval.
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Ethylene oxide without gaseous oxygen
The following experiments were carried out in order to see if a decrease in selectivity could be
detected as a function of oxygen coverage. This experiment was carried out for three pre-treatment
temperatures in order to establish whether this would have an effect. 250 mg of 10 wt% Ag on Al2O3
was pre-treated in pure oxygen at three different temperatures for 1.5 hours. The catalyst bed was
flushed with helium (50 mL/min) and ethylene was pulsed (100 µL). The results can be seen in Figure
15.
From the 15 m/z and 44 m/z signal (Figure 15a & b respectively) it is observed that EO and CO2 can
be produced in the absence of gas phase oxygen. This is in line with results for the silver powder.
Furthermore, the CO2 is observable for longer than the EO signal. It can be concluded that as more
pulses are given, the surface coverage decreases. Different pre-treatment temperatures did not
affect the overall result. The determination of selectivity did not result in reliable data due to the low
signal to noise ratio.

Figure 15. Integrated peak areas during ethylene pulsing (100% helium flow, 225 °C) over 10 wt% Ag/Al2O3 for a) EO and b)
CO2.Experiments RP58, RP59 & RP60 with sample = SA00-a.
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Selectivity vs oxygen coverage
In the previous section “Ethylene oxide without gaseous oxygen“ it was shown that when ethylene is
pulsed the selectivity drops. For the next set of experiments the catalyst is oxidized during the pretreatment and ethylene is pulsed again, however 1% of oxygen is added to the helium carrier flow to
mimic reaction conditions.

Figure 16. Ethylene pulse experiment with a flow of 50 mL/min He and 0.5 mL/min O2. Ethylene pulses of 100 µL are given every 200 s.
a) 29 m/z signal of ethylene oxide, b) selectivity calculated from absolute gas amounts, c) 44 m/z signal of CO2, d) TPD’s taken after
different amount of pulses. TPD’s were carried out by cooling down sample under oxygen atmosphere, flushing with helium and heating
to 550 °C at 10 °C/min. Coloured arrows indicate time of TPD. Dark blue TPD was taken using the fastest TPD procedure, the light blue
TPD profiles was taken under the same conditions as the remaining ones. Sample = RP63.

In Figure 16a the evolution of EO can be seen as function of pulse number. Here it can be seen that
the signal for EO is initially high and decreases as function oxygen coverage. In Figure 16c the signal
for CO2 is seen to increase at the same time. This is in contrast to Figure 15a & b, where both EO and
CO2 production drop after 10 pulses. A possible explanation for this difference is the addition of 1%
oxygen in continuous flow. The effect of this addition can be twofold. Firstly it could allow the
catalyst to re-oxidize between ethylene pulses, in this manner the stripping of oxygen from the
surface can be slowed down and be studied in more detail. The other effect is stability. Since silver
oxides are unstable it was theorized that it is favourable to have a certain partial pressure of oxygen
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present. This could ensure that the oxygen that is present on or under the surface remains stable
and does not desorb.
It could be seen in Figure 16a & c, the signal for EO slowly decreases and the signal for CO2 increases
as function of pulse number. This also translates into the EO selectivity, seen in Figure 16b, which
decreases. For this reaction TPD profiles were measured at 4 points indicated with the arrows. These
TPD profiles can be seen in Figure 16d together with the calculated monolayer oxygen coverage.
The TPD profile for 0 pulses shows an amount of 2.65 monolayers oxygen present (light blue arrow).
As more pulses are given the amount of oxygen in and on the catalyst decreases until the surface has
almost no oxygen left for 250 pulses (red arrow). At this point no detectable amounts of ethylene
oxide are produced and the only product is CO2. However the results of the TPD experiments are not
the actual coverages at a given amount of pulses. Rather it is an amount of oxygen that is at least on
the catalyst. This is due to the way the TPD profile has to be measured. In order to measure a TPD
profile, the temperature of the system is lowered to RT. To minimize the amount of auto reduction
(which occurs at elevated temperatures) flushing with He was started at RT, however oxygen
desorption during cooldown and flushing cannot be completely excluded. Therefore, TPD profiles at
certain time-points in the experiment are the most accurate indication for oxygen coverage.
In Figure 16b there is a significant drop in selectivity between pulse 30 and 100. However, the TPD
profiles of 30 and 100 pulses have nearly the same values. This makes for two schools of thought.
The first is that since the TPD profiles are the same the oxygen coverage at these two points must be
the same and this decrease in selectivity is not caused by the decrease in oxygen coverage.
The second possibility is that the oxygen lost during flushing does not scale linearly with total
amount of oxygen. For example, we take a situation A with 80 oxygen present and situation B with
50 oxygen present. Flushing starts and A very quickly loses 30 oxygen after which it slowly loses 10
more. B on the other hand only slowly loses 10 oxygen. Both A and B will, at the end, only have 40
oxygen left and this would be measured by a TPD. For the TPD profile for 30 and 100 pulses this
process could have occurred. This would mean that the selectivity loss in this area was caused by a
decrease in oxygen coverage. The possibility of oxygen coverage causing the drop in selectivity in
this domain will be further discussed in the section “TPD fitting”.
It should be noted that in Figure 16a the signal for EO, 29 m/z, does not trend towards zero, but
rather towards approximately 5.5e-3 intensity. This is the signal of ethylene with one 13C present.
This value of 5.5e-3 matches the theoretical value which would be expected if the 28 m/z signal is
multiplied by the chances for 13C ethylene calculated in the theoretical section. For the selectivity
calculation this value is subtracted from the 29 m/z signal. However some inaccuracy of a few
percent remains, which is why the calculated selectivity is slightly negative with a few percent.
Monolayer oxygen equivalent
It should at this point be noted that for the calculation of oxygen coverage use is made of monolayer
oxygen equivalent (MOE) calculation as explained in the experimental section. However this yields
coverages of well over 1, meaning that oxygen has to be present in another form than surface
Ag(I)oxide. A reference TPD was also carried out with empty support which yielded no oxygen peak.
One of the options is that silver could have a higher oxidation state, however this is very unlikely as
silver(II) and silver(III) states are unstable and require a very strong oxidizing agent in order to form.
When the MOE is taken, one can reverse the formulas to calculate how big a particle should be to fit
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1 monolayer at this maximum. It was found that the highest oxygen coverage is present using a pretreatment of 250 °C, see Figure 17 and Table 5, resulted in a MOE of 4.7. If this amount of oxygen is
set to be 1 monolayer the theoretical particle size was calculated to be approximately 30 nm.
Peak broadening of XRD can be used to determine the crystallite size by using the Scherrer equation.
The result of this was crystallites of around 30 nm. This could mean that the large silver particles
consist of multiple crystallites connected up via grain boundaries. Subsurface oxygen could then be
present at these grain boundaries and explain where the extra oxygen is coming from.

3.0E-4

32 m/z, Oxygen

Intensity [a.u.]

Pre-treatment
TPD experiments were carried out to
No pretreatment
Pretreatment 200°C
probe if the oxygen content of the
2.0E-4
Pretreatment 225°C
catalyst could be influenced. By
Pretreatment 250°C
Pretreatment 275°C
influencing the oxygen content it was
expected that the selectivity in
1.0E-4
subsequent experiments could be
influenced. The results of the TPD
experiments can be found in Figure 17.
0.0
From these TPD experiments absolute
100
200
300
400
500
oxygen content was calculated which can
Temperature [°C]
be found in Table 5. Both the values for
Figure 17. TPD for different pre-treatment temperatures, no ethylene
the monolayer equivalent and crystallite
pulses. Sample = RP63.
model are given. It can be seen that for
different pre-treatment temperatures an optimum exists with respect to oxygen content. This
optimum lies at 250 °C where the oxygen content is 4.7 times monolayer coverage.
Based on the TPD data it was expected that differences in selectivity could be observed during pulse
experiments. Namely, if the pre-treatment was carried out at a different temperature, the pulse
experiments would start with different oxygen content. The results of these pulse experiments can
be seen in Figure 18. There are differences between pre-treatment temperatures, but no clear
correlation. It is possible that due to a low signal to noise ratio, no trends could be observed here.
Table 5. Oxygen amount detected with TPD for different pre-treatment temperatures

Pre-treatment

Monolayer equivalent

Crystallite model

RT

1.5

0.3

200 °C

2.4

0.6

225 °C

4.0

0.9

250 °C

4.7

1.1

275 °C

2.5

0.6

30

+

+

Figure 18a & b. Ethylene pulses in 50 ml/min of He and 0.5 ml/min O2. a) 29 m/z for COH fragment. b) 44 m/z for CO2
+
fragment or C2H4O fragment for EO. Experiments RP72, RP74 & RP75, sample = RP63.

TPD fitting
Peak fitting for TPD experiments was carried out. For pre-treatments in the range 200-275 °C the
first peak lies at around 285 °C with relative consistency. For pre-treatments there is an optimum at
250 °C for the area of the first peak, which is also the main contributor for the optimum for the total
area. For TPD’s after different pulse amounts, area 1 declines very fast after zero pulses and for 100
and 250+ pulses remains stable. As described in an earlier section the total area difference of 30 and
100 pulses is very small. This while at the same time pulse experiments show a big decline in
selectivity. It is for the moment assumed that the absolute amount of oxygen in these situations is
the same and that the same amount is lost as unmeasured oxygen. While the total amount of
oxygen doesn’t change, the composition does. It can be seen in Table 6, that changing from 30 to
100 pulse, the amount of area 2 increases while area 1 decreases. So the drop in selectivity could be
caused by this change in oxygen species on the catalyst. This conclusion lies in line with the work of
Schlögl [25] who showed using XPS that selectivity changed simultaneously with the change in
nucleophilic and electrophilic oxygen species.
Table 6. Results of peak fitting. X1 and X2 are x positions of the first and second peak. Area 1 and 2 are integrated areas of
fitted peaks, with Area Total the sum of both areas. Fitting of RP60 resulted in 1 peak being more accurate than 2.

Name

Description

X1[C°]

RP60

pre-treatment 200 °C

284

RP58

pre-treatment 225 °C

289

325

0.065

0.077

0.142

RP51

pre-treatment 250 °C

290

368

0.120

0.029

0.149

RP59

pre-treatment 275 °C

290

363

0.076

0.004

0.080

RP81

No pre-treatment

298

345

0.040

0.006

0.046

RP122

after 0 pulses

321

392

0.084

0.005

0.089

RP121

after 30 pulses

255

327

0.018

0.028

0.045

RP123

after 100 pulses

266

341

0.009

0.033

0.042

RP120

after 250+ pulses

275

366

0.010

0.005

0.014

RP130

Copper promotion

250

340

0.002

0.052

0.054

31

X2[C°]

Area 1

Area 2

0.074

Area Total
0.074

32 m/z, O2

3.0E-4

Intensity [a.u.]

Fitting of this data was done based on the
work of Schlögl et al.[25] and Van Santen
et al.[24][27]. According to this literature
the most likely case of that two kinds of
oxygen are present and can be fitted.
More details about the different kinds of
oxygen can be found in the section
“Oxygen”. It is acknowledged that fitting
with three or four peaks is also valid in
some cases and that due to the small
dataset there is a portion of uncertainty in
these results. Figure 19 shows an example
of a fitted TPD experiment.
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Cumulative Fit Peak

2.0E-4

1.0E-4

0.0
100

200

300

400

500

Temperature [°C]

Figure 19. Fitted oxygen TPD of RP51.

Pulse interval
Pulse intervals were varied to see if this would affect the results. When the pulse interval is
increased to 400 and 800 seconds the trends remain largely the same, as can be seen in Figure 20.
This firstly shows that the addition of 1% oxygen to the flow supresses the auto reduction of silver
oxide. As was shown in earlier experiments, see Figure 14, when no oxygen is added and pulse
interval is doubled the resulting response is compressed in time by a factor two. Since the
experiments with 1% do not show this compression it can be concluded that this oxygen loss is
supressed. The experiments in Figure 20 also show that the silver does not re-oxidize in a significant
manner as a result of 1% oxygen. If this was a significant factor, one would expect the experiment
with an 800 seconds interval to have a slower decline in EO production, as the silver has more time
to recover its oxygen content between pulses.

Figure 20. Pulse experiments for pulse intervals of 200, 400 and 800 seconds. Experiments RP72, RP96 & RP98, sample = RP63.

32

Copper and gold promotion
Silver catalyst was promoted with gold and copper in order to change the oxygen binding energy and
reactivity. By adding these promotors the energy of reaction barriers could potentially be changed
and this can perhaps reveal interesting behavior concerning oxygen.
The copper sample used was SA05 provided by Shreyas Amin [37], the sample contained 1500 ppm
of copper. The same pulse experiment was carried out as for unpromoted silver were copper was
first oxidized and then ethylene was pulsed over it, see Figure 21. Note that in order to compare the
results, they had to be smoothed and normalized. The selectivity given is calculated using the
normalized data seen, meaning that selectivity will run from 100% to 0%.

Figure 21. Normalised pulse experiments of 10wt% Ag and 1500 ppm Cu on 10wt% Ag. TPD taken at 30 pulses. Experiment
RP72 & RP111. Samples RP63 & SA02.

In order to compare whether oxygen coverage decreases at an equal rate, a TPD experiment was
carried out after 30 pulses for both samples. This resulted in the monolayer values also seen in
Figure 21. The coverage of copper at this instance is approximately 30% higher than unpromoted
silver. This could be the reason for the higher selectivity of the copper promoted sample. The lower
coverage could be explained in several possible ways. Firstly, it is an effect of reduced conversion.
Copper promotion could have reduced the number of active sites by blocking leading to a reduced
conversion rate, leading to less oxygen being used for each pulse. This could be check by measuring
the conversion; however these measurements were not sufficiently accurate to say anything
conclusive.
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Another possibility is that copper enhances the re-oxidization which allows the catalyst to regain
more oxygen in between pulses. A third option is that copper changes the surface in such a way that
the more selective type of oxygen is stabilized longer. This would be in line with the conclusions
made in the section “Monolayer oxygen equivalent” which state that between 30 and 100 pulses the
change in selectivity is more likely caused by a change in oxygen type rather than absolute amount.
The samples with gold doping did not have enough activity to carry out measurements with a high
enough signal to noise ratio. This is probably due to the presences of chlorine in the samples, as this
was used to synthesize the catalyst. Chlorine is known to increase selectivity for silver catalyst but
also to drastically decrease activity. Details on this problem can be found in the thesis of Shreyas
Amin[37].

Selectivity effect of particle size
When changing particle sizes a few crucial parameters change. In this case it was chosen to keep
surface areas constant. To achieve this is was necessary to change metal loadings, in analysing the
results this is considered.
In Figure 22 it can be seen that the 95 nm and 129 nm particles are quite similar in their pulse
behaviour. However the small particles have a much faster decline in EO production. This can be
related to the amount of oxygen that is present in the catalyst. The rate at which the EO signal
declines indicates that the oxygen that was present, is used up more rapidly as compared to a large
particle.

Figure 22. Pulse experiment carried out for different particle sizes. Large particles = 129 nm, medium particles = 95 nm and
small particles = 50 nm. Experiments RP72, RP105 & RP107.

From TPD experiments, Figure 23, it is known that smaller particles hold less oxygen reserves under
the same conditions even though the surface area of these particles per gram catalyst was calculated
to be the same. However the TPD profile only shows the absolute amount of oxygen released. In
synthesizing smaller particle sizes it was necessary to change the metal loading in order to obtain the
desired particle sizes. This makes that in comparing oxygen coverages there needs to be
compensated for weight loading and particle size. This was done in Table 7 where the integrated
area from the TPD seen in Figure 23, was converted to Ag2O monolayer equivalent. In order to
compare these catalysts, values for oxygen content per amount silver were also calculated. In this
calculation it was taken into account that particles had different loading and particle size.
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Figure 23. TPD measurement of three different particle sizes. Samples were oxidized in pure oxygen for 1.5 h at 250 °C.
Experiments RP52, RP53 & RP54.

In Table 7 it can be seen that the smallest particles (RP54) have the highest amount of oxygen per
gram of silver. However both the small particles (RP53 and RP54) have adjusted monolayer
coverages of around 1. This monolayer model is still based on Ag2O which could mean that the small
particles have less or no subsurface oxygen, but only a surface covered in Ag2O. The reason why only
large particles would have subsurface oxygen could be explained by grain boundaries. As explained
in the section “Monolayer oxygen equivalent”, for large particles XRD showed that the crystallite size
is around 30 nm, meaning that large particles consist out of multiple crystallite areas. For small
particles it is possible that these grain boundaries do not exist because the particle is too small to
support it. And as a result, small particles do not have subsurface oxygen. This could be the
explanation for the size effect in silver for the epoxidation reaction. Because small particles do not
have grain boundaries, they do not have subsurface oxygen and as a result do not have the
selectivity that large particles have.
Table 7. Surface coverages of varying particle sizes corrected for loading and particle size. Monolayer equivalent assumes a
surface of Ag2O.

Name

Particle
size [nm]

Loading
[wt%]

Monolayer equivalent particle
size and loading corrected

O2 per Ag
[µmole/g]

O2 per gram
catalyst [µmole/g]

RP51

127

10

4.7

197

19.7

RP53
(EH19)

42

10

0.96

115

11.5

RP54
(EH34)

23

2

1.1

266

5.3
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Conclusion pulse
In order to investigate the oxygen mechanism in the ethylene epoxidation reaction an experiment
was setup to measure selectivity as function of oxygen surface coverage. A silver surface was fully
oxidized with oxygen after which ethylene pulses were used to titrate the surface and measure
selectivity. It was shown that it is possible to carry out experiments where oxygen coverage is slowly
decreased and that selectivity measurements can be taken. This is done by having a low
concentration of oxygen in continuous flow after initial oxidation and pulsing with ethylene. By
increasing the pulse interval time in presence of low oxygen concentration, the results as function of
pulse number did not change. This means that low oxygen concentration prevents oxygen loss by
other processes than pulsing.
The general trend was that for decreasing oxygen coverage the selectivity also decreases. The
decrease in oxygen coverage can be followed with TPD profiles and shows a decrease of 4.7
monolayer equivalent to 0.5. Using XRD data and catalyst with smaller particle sizes, it was
concluded that a large part of oxygen is present in the subsurface. This shows that if theoretical
models of this system are to be undertaken, that this oxygen should be modeled very carefully.
TPD profiles were fitted using a two type oxygen model. During the decrease of selectivity the
composition of oxygen changed, therefore it is likely that the nature of oxygen also influences that
selectivity of the reaction.
The addition of copper changes the selectivity during pulse experiments. Combined with the TPD
data of copper it is possible that the change in selectivity that copper induces, comes from the
change in stabilization of different oxygen species.
For small particles the selectivity drops very quickly upon pulsing. This is due to less oxygen per gram
catalyst, which in turn is because smaller particles have less to no subsurface oxygen.

36

Results & Discussion (Wafers)
By depositing Ag/Al2O3 powder catalysts on Si3N4 wafers a system was created in which in situ
particle growth and change could be followed using TEM. Combining this with a high-pressure TEMwafer reactor allowed us to track individual silver nanoparticle growth and structural changes within
multiple areas of the support. Where other methods for the determination of particle size use
averaged values, this method analyzes particles on a particle by particles basis. The aim of this
method is to more accurately determine what growth mechanisms or processes are responsible for
particles size changes.

Events
TEM images of different reaction stages were compared to each other. It was clear from the images
that several processes or events can take place. However, showing a single instance of an event does
not mean anything, since this can still be coincidence. Therefore a more systematic approach is
needed. First the TEM images will be investigated and different events will be found. Next these
events will be classified into different groups. This section will be dedicated to identifying and
categorizing these events into groups. After a list of events is made, the events can be counted and
the results can be quantified.
Coalescence (combination)
In the case of coalescence two particles in close proximity merge into one. An example of this can be
seen in Figure 24 indicated by the red circle. In logging the events a coalescence event between two
or more particles will be logged as 1 event. In analyzing the data it was found that small particles are
more likely to coalesce as opposed to large particles. This can also be found in literature were
according to Hansen et al.[36] larger particles are less mobile and therefore less likely to coalesce.

Figure 24. Coalescence of two silver particles supported on α-alumina marked by red circle.
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Mechanical loss
Mechanical loss can occur for all samples and is unrelated to particle growth. It simply means that
pieces of sample break of or just fly away. Since the Al2O3 support is not chemically bonded with the
Si3N4 wafer they can break off. This can happen during transport or loading of the sample, but it can
also happen as a result of charging. As the wafer itself is not conductive, charging can become a
major issue when too large a zoom is used in TEM. It should also be taken into account that areas
surrounding an area that has broken of needn’t be representative of for example Oswald ripening or
other area effects and caution should be taken in analyzing these areas. An example of the process
can be seen in Figure 25.

Figure 25. Mechanical breaking in wafer samples. Left 0h reaction, right 20h reaction.
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Particle size changes
Silver particles can change in size due to a variety of mechanisms. For the classification of events the
growth and decline in particle size will be followed. In Figure 26 an example of particle size decrease
can be seen. In Figure 27 an example of particle size increase can be seen. Combination of multiple
particles will only be logged as coalescence and not as particle growth. Minimal changes in particle
size are hard to visually detect. Therefore it is possible for a certain area to have an increase in
particle size without direct particle size events logged. Particle size increase can occur in
combination with particle disappearance, which would be an indication of coalescence. Here it is

Figure 26. Example of particle size decrease, marked in red particles decreasing in size. Wafer = RP110-E.
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Figure 27. Example of particle size increase. Wafer = RP127-A.

assumed that a particle disappears and combines with a particle further away. Because two particles
combine a change in particle size should be noticeable. If only disappearance is logged with an
average increase in particle size, then this could be an indication of Ostwald ripening where small
particles gradually lose their material and disappear. Their material will be evenly divided between
multiple particles and it is less likely that a particle size increase event is detected.
Particle appearance/disappearance
Particles can appear and disappear for a variety of reasons. Several examples will be discussed here.
The first is movement over relatively large distance. If a particle moves too far from its original
position it is not possible to determine with certainty whether this particle is the same. Therefore
this would be marked as one particle appearing and one particle disappearing. If all the events are
summed and the amount of appearances and disappearances are roughly equal it can be concluded
that this is because of movement over large distance.
The second possibility is the growth of particles that are initially too small to be measured. If a
sample contains a number of small particles in the order of >5 nm, then it is possible that these
particles are not detected on the first TEM image. On the subsequent image these particles could
have combined or grown through another mechanism, making them large enough to be detected. In
the final event count this would be characterized by a large number of particles appearing and an
increase in total number of particles. The average particle size would likely decrease, however in this
case it is better to look at the particle size distribution. It would be expected that the amount of
small particles increases while the absolute amount of large particles does not increase.
The third option could be splitting of particles. If a large particle splits it creates two new particles of
smaller diameter. This would be characterized by a decrease in overall particle size and an increase
in number of particles counted. It would also be expected that a number of particle decrease events
take place.

40

Surface wetting/particle reforming
In analyzing the TEM images the following could be observed. At 0 h silver nanoparticle would
appear to be uniform and spherical. Starting at 20h and continuing on to 60 h and 60 h + 60 h VC,
the particle would change in size and uniformity, see Figure 28. Its size would drastically increase,
however the intensity of the increased area would go down. This decrease in intensity suggests
either of two things: silver of lesser thickness or chemically different material with different density.

Figure 28. TEM image of a silver nanoparticle for 0, 20, 60 and 120h of reaction. The last 60h were
carried out under atmosphere containing vinyl chloride.

For the creation of chemically different species two other molecules are available: oxygen and
ethylene. The most obvious species that could form is silver oxide. Silver oxide has a lower density
than silver (7.14 vs 10.49 g/cm3 respectively) with the growth of the particle also making sense as the
amount of mass doesn’t change but its density gets lowered so its volume must increase. Still, it is
unlikely that this is the case. Main reason being that silver oxides are unstable under illumination,
therefore it is unlikely that they would remain stable under an electron beam. For the case of 60 h +
60 h VC another chemical is available, namely vinyl chloride. However it is unlikely that what is seen
could be a chloride species. Since chloride is only available for the last transition, but no different
phenomena form after this transition. It looks like a second darker area is formed at 60 h + 60 h VC,
but the beginnings of this can already be seen in 60 h.
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The most likely answer may lie in a physical difference of the nanoparticle. If it is assumed that both
the light and dark part are metallic silver, than the logical conclusion is that the lighter area must be
thinner. This means that during reaction, an initially spherical particle reforms into two phases. One
particle phase which in location and thickness seems to resemble the original particle and a second
phase that seems to spread outwards from the original particle in a much thinner particle. A process
similar to this is wetting of a liquid on a solid surface. A schematic example of this process can be
seen in Figure 29. This example shows a particle “A” with little wetting, while “S” has near perfect

Figure 29. Example of surface wetting of liquid on a solid surface. A = non-wetting, S = perfect wetting.

wetting. Since the process in TEM looks similar to this process, it will be called wetting. Note that it is
not assumed that this process is or is related to wetting, but only that it looks like it.
For the following analysis it is assumed that observed difference in Figure 28 is a physical one. In
Figure 30 an analysis is made of the numerical grey value across a particle. This value fundamentally
indicates the amount of electrons which are transmitted through the material. This value can also be

Figure 30. Left, grey value analysis of a particle. Right, path taken by analysis, all paths are taken left to right.

used to give an indication of the thickness of the material as function of the horizontal plane. In
Figure 30 it can be seen that the particle starts of thick and decreases in thickness as function of
reaction time. It also forms as second plateau to the right of significantly less thickness. This suggests
that the material that is lost at the original position is being deposited to the right of the particle. It
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can also be seen that a second increase in height takes places on the plateau. This could indicate a
second particle growing next to the first particle connected through a lower area.
Figure 31 shows a representation of how wetting could take place on a silver particle during
reaction. Figure 31a shows the situation before reaction and during pretreatment where particles
are spherical. During the first 60 h of reaction in ethylene and oxygen (Figure 31b) the main particle
shrinks in size and the material lost is deposited to the side in a lower plateau area. The start of a
second particle can at this stage already be seen, see Figure 28 panel for 60 h. In Figure 31c, the
reaction progresses and a chlorine moderator is added. The main particle decreases a bit further in
size and the second particle is now clearly visible.

Figure 31. A 2D representation of a wetting silver particle during reaction
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Pore formation
The formation of light spots on particles could be observed after reaction. It is known that pores can
form in particles during reaction in processes like the Kirkendall effect [44]. This phenomenon could
perhaps be related to this effect in some way. It is therefore thought that the epoxidation reaction
contributes to the formation of these pores. An example of this pore formation can be seen in Figure
32. The pores are most visible after 120 h, but the beginning of them can already be seen after 20 h.
It is also theorized that the pores form along the grain boundaries (explained in the results section
“Monolayer oxygen equivalent”) where the subsurface oxygen is present.

Figure 32. An example of pore formation during the epoxidation reaction.
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Event Summary
Table 8 gives an overview of the selection criteria for each event as described in this section.
Table 8. Summary of events and their selection criteria.

Name

Selection criteria

Pore formation

A lighter area formed on a If one particle has more pores this will
particle
only be counted once

Coalescence

Two or more particles combine If n particles combine into 1 particle
into one particle
this counts as n times coalescence

Wetting

Original particle decreases in
size, a lighter area is formed
attached to the darker area in a
stain-like fashion

The method for particle size
measurement of these wetting
particles is described in more detail in
appendix B.

Particle size increase

A clear increase in particle size

-

Particle size decrease

A clear decrease in particle size

-

Particle appearance

A particle appears in a location If it is clear a particle has moved no
were previously there was no appearance or disappearance will be
particle.
counted.

Particle disappearance

A particle disappears in a If it is clear a particle has moved no
location were previously there appearance or disappearance will be
was a particle.
counted.
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Note

Quantification
In order to do a more thorough investigation of the particle growth mechanisms of the silver
supported particles a quantified analysis is carried out. The following procedures were used. First an
area was found which had clear distinct particles and was in focus for all reaction stages. This area
was marked and all events were indexed and counted. The selection of these events was done
according to previously explained event characteristics. The particle sizes of all particles in the area
were measured for images after 0 h, 60 h and 120 h of reaction. This information will be displayed in
the next section. First each image will be discussed separately after which a more general analysis
will follow.
The reaction 0 h → 60 h was carried out with a pre-treatment in 10% oxygen and 90% helium for 3
hours at 20 bar and 225 °C. After 3 hours the reaction mixture was switched to 10% oxygen and 5%
ethylene in helium. For the transition 60 h → 120 h no pre-treatment was carried out. The samples
were heated to 225 °C under 10% and 90% helium at 20 bar. When 225 °C was reached a switch was
made to reaction gas with 1 ppm vinyl chloride, 10% oxygen and 5% ethylene in helium.

Large particle size wafers
The large particle size wafers are deposited with 10 wt% Ag/Al2O3 catalyst. This catalyst has also
been used for a majority of pulse experiments. Previous particle size counts showed that this
catalyst has an average particle size of 128 nm.
W3-Ag(128)-image-1
The first transition of this wafer is 60 hours under chlorine free reaction conditions, the results can
be seen in Figure 33. This figure shows two graphs, on top an absolute particle size distribution with
the particle sizes of all particles in the designated area. In the table the mean, number of particles
and standard deviation is displayed. The second graph on the bottom displays the relative event
data for the two transitions. In order to obtain the relative data, the events of a transition were
divided by the total amount of particles at the end of the transition. So for the transition 0 h → 60 h,
the amount of particles for the distribution for 60 hours was used.
For the first transition around 33% events as percentage of the total amount of particles were
counted. Of these, particle disappearance was the major contributor with 12% of total or 16
particles absolute. For particles appearing and coalescence both 6 particles were logged, meaning
that this would result in a net change of particles of zero. This means that the total disappearance of
particles is 16 according to event data. From the particle size distribution count it can be calculated
that 11 particles went missing during the transition. The 5 extra particles that should have gone
missing might have been missed during the first count of particle sizes.
Table 9. Additional statistical parameters of W3-Ag(128)-image-1.

Standard
deviation [nm]

Standard
error

0h

59

4.88

60 h

65

5.89

120 h

51

3.5
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In the table in Figure 33 it can be seen that the mean
changes only 2 nm. In Table 9 the standard deviation
and standard error of this value are given. Both of
these values increase for the first transition. From this
it can be concluded that the population contributing
to the mean for 60 hours is more spread out than for
0 hours. In order to achieve the same mean with

equal amount of particles, more large and small particles need to be present. This suggests that
Ostwald ripening is present for these particles, as this process causes the growth of larger particles
at the expense of smaller particles, which would widen the distribution.

Figure 33. Particle size distribution and event data of RP103D-1A-10 image of W3-Ag(128)-image-1 wafer.

For the transition of 60 h to 120 h (Figure 33) a significant amount of small particles are formed, as
can be seen in the particle size distribution. In the event log this can be seen as particles appearing.
At the same time a substantial amount of wetting events can be observed. In order to exclude that
the increase of small particles is due to coalescence of small non-visible particles the absolute
amount particles was divided into three categories of small, medium and large particles, the results
of which are displayed in Table 10. Since the amount of silver in this area should remain the same,
because of conservation of mass. The silver for the increased amount of small particles should come
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from somewhere. If the amount of medium and large particles stay the same, then it will be more
likely that the small particles grew from non-visible. If the amount of large particles decreases and
medium increases, then it means that the large particles shrunk and that their material was used for
small particles.
In Table 10 it can be seen that for the transition 60 h → 120 h, the large fraction (150+ nm) the
amount of particles decrease dramatically with a decrease of 12 particles leaving the category. At
the same time the 100-150 nm category gains 18 particles. This in combination with the events of
wetting and particles appearing means that the wetting process causes big particles to create small
particles and shrink in the process. This information shows that the process of wetting can, under
the right circumstances create separated small particles.
Table 10. Absolute count of different size fractions of RP103D-1A-10 image of W3-Ag(128)-image-1 wafer.

Category

Small than 100 nm

100 – 150 nm

Larger than 150 nm

0h

50

57

38

60 h

55

42

37

120 h

127

60
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W8-Ag(128)-image-1
In the first transition from 0 h to 60 h the major process taking place is wetting (Figure 34). At the
same time the particle size increases and the total number of particles decreases. The process that
was observed for wetting on W3-Ag(128)-image-1, of wetting creating smaller particles, is not
observed here. Instead wetting increases average particle size. Note the increase of particle size is
very dependent on how wetting events is measured as described in appendix B. In some cases it was
observed that a wetting particle can merge with a particle that is close. This was not counted as an
extra coalescence event. The number of particles that go missing in the particle count is 49,
compared to 61 wetting events. This information combined mean that most of the particle decrease
is caused by wetting. On the images this can be seen as wetting particles expanding and combining
with neighboring particles. This effect makes wetting a very complex process. For the previous image
the number of particles went up and particles size went down as a result of wetting, while for this
image particle size went up and number of particles decreased.
During the second transition the particle size increases while the amount of particles remains the
same. For events around 5% of wetting and 8% of particle size increase are recorded. The particle
size increase in this area is quite substantial, especially in the range of 250 – 350 nm. The direct
cause of this increase is not exactly clear from the event data. It is known however that the number
of particles stays roughly the same for this transition, which could mean either of two things. A lot of
material is transported from outside of the area and particles grow as a result of that. Alternatively,
particles could get thinner through the process of wetting. In appendix B it is described how wetting
particles are measured which could explain how the particle size can grow but how the number of
particles can stay the same.
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Figure 34. Particle size distribution and events data of RP124N-1A-1 image of W3-Ag(128)-image-1 wafer.
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Small particle size wafers
The smaller particles were created in the same way as the large particles, except the loading for this
catalyst was five times lower at 2 wt%. The particles on this catalysts are on average much smaller
and due to this a higher zoom level was needed when taking TEM images. Using a higher zoom level
means more electrons per unit area which increased the likelihood of charging. As a result more
areas are lost during measuring and smaller areas with fewer particles had to be used for counting.
W7-Ag(50)-image-1
In the first 60 h, the number of particles decreases and the particle size increases (Figure 35).
Particularly a decrease of the smallest particles (<30 nm) can be observed in the particle size
distribution. In the event data two main processes can be seen: coalescence and particle
disappearance. It is clear that coalescence causes an increase in particle size and a decrease in
number of particle size. However particle disappearance can be due to more than one cause. Both
long distance coalescence and Ostwald ripening could cause a number of particle disappearance
events. Both mechanisms would also cause a decrease in the number of particles.
Table 11. Absolute event data W7-ag(50)-image-1.

In order to determine which mechanism is present the absolute
event data will be used as displayed in Table 11. From the
Coalescence
9
particle count in Figure 35, it is known that during the first
Particle disappearance
11
transition 40 particles go missing. 9 of these will have gone
Particle appearance
1
missing due to coalescence if it is assumed that 2 particles form
1 coalescence event. A net amount of 10 particles
Particle size increase
3
disappearance events were logged together with 3 particles
size increase events. If long distance coalescence occurs, it would be likely that the final particle has
a significant increase in size and would be detected as particle size increase. It is therefore assumed
that of the 10 disappearance events, 3 were due to coalescence. The remaining 7 would have been
due to Ostwald ripening.
Event

Counts

Of original 40 missing particles, 9+3 went missing due to coalescence and 7 went missing due to
Ostwald ripening. Here it becomes clear that logging events does not completely cover all particles,
as for half of the particles it is not clear which mechanism is responsible. For the particles that were
logged, the leading mechanism is coalescence with around double the amount of particles missing as
for Ostwald ripening.
The transition of 60 h to 120 h seems to have little effect on any value. The changes that do occur
could be due to measuring inaccuracy or some exchange of silver atoms between particles. Another
area on the same wafer (see next section ‘’W7-Ag(50)-image-2’’) does exhibit more events, however
this area only had a small amount of particles and therefore this need not be representative.
The lack of change during the chlorine reaction could be due to the sequence of experiments. First
60 h of chlorine-free reaction mixture was used. For the subsequent 60 h reaction, chlorine was
used. This does not mean that the chlorine causes the lower amount of events. It could be the case
that the small particles react quickly and reach a relatively stable state in 60 hours. In subsequent
experiments nothing would change regardless of chlorine addition.
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Figure 35. Particle size distribution and events data of RP110E-1C-2 image of W7-Ag(50)-image-1 wafer.
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W7-Ag(50)-image-2
This is only a small area with particles located on an isolated support particle (Figure 36). During the
first 60 hours the biggest change in particle size distribution can be observed. This is probably due to
the event of particles disappearing. However the event particle size increase was not directly
measured. This could be due to the particle size change not being visible due to the slight change for
small particles. If this is the case it is likely that the growth mechanism used is Ostwald ripening, as
for coalescence it would be expected to see clear particles size increases due to two particles
completely combining their material. For Ostwald ripening it is logical that the material of one
particle disappearing would be spread out over multiple particles and therefore a direct particle size
increase would not be detected. Therefore the leading mechanism in this image seems to be
Ostwald ripening.
For the second transition the particle size increased 5 nm due to one coalescence and one wetting
event. One particle moves its position which is indicated by an appearance disappearance
combination. One particle disappears completely, which is due most likely due to Ostwald ripening
since there is no direct particle size increase observed.
A general conclusion that can be drawn from the small particle system is that most of the particle
size changes happen in the first 60 hours. This would also be expected due to the classical
mechanisms of coalescence and Ostwald ripening. For coalescence, smaller particles are more
mobile and therefore they can combine quicker as shown by Thomas Hansen et al.[36]. For Ostwald
ripening smaller particles mean relatively more particles are corner, edge or surface atoms
compared to larger particles. Therefore they are less stable and the driving force for Ostwald
ripening would be on average bigger than for larger particles.
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Figure 36. Particle size distribution and events data of RP110E-2B-2 image of W7-Ag(50)-image-2 wafer.
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Cesium promoted particle wafers
The following samples consisted of the base 10 wt% silver catalyst on α-alumina, cesium was added
simultaneously during the synthesis of silver and a promotion of 750 ppm cesium was reached [31].
W9-Ag(110)/Cs-image-1
During the first 60 hours (Figure 38) a lot of change in the particle size distribution can be observed.
This image in particular has the highest occurrence of events of all at 70%. It must be noted that this
70% was calculated based on the amount of particles at 60 hours. Several events are a major
contributor. The first is coalescence of particles. The second with a roughly equal amount of events
is wetting. It was observed that wetting particles could combine with neighboring particles due to
proximity. These two processes both increase particle size and decrease particle amount. Two
secondary events with around 9-10% of particles are particle disappearance and particle size
increase. It is very likely that these events combined are coalescence events, but due to the distance
between particles it was not initially recognized as coalescence. This would bring the actual amount
of coalescence events up to 30%.
Wetting in this particular sample was very severe and 1 wetting event could merge with 2-5 particles
due to close proximity. An example of this is given in Figure 37. Therefore it is not possible to
determine to what extend Ostwald ripening was present with this analysis.

Figure 37. An example of wetting combining with multiple particles in the area. Sample = 127A-1A-4.

For the second transition the main event that takes place is the formation of pores. All other events
are only present in minimal to no quantity. Particle size decreases by 7 nm and number of particle is
5% lower, but this is not significant enough to indicate real change. The particle size distribution for
this transition also stays roughly the same.
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Figure 38. Particle size distribution and events data of RP127A-1A-4 image of W9-Ag(110)/Cs-image-1 wafer.

W9-Ag(110)/Cs-image-2
For the first 60 h (Figure 39) the main process is coalescence, as can be seen in the event data. It can
also be seen in the particle size distribution, where initially large quantities of small particles are
converted to a smaller amount of large particles. Wetting also plays a significant role and might be in
part responsible for the creation of some of the larger particles.
During the second transition the amount of events is very low, this can also be seen in the particle
amount and size distribution which both show little change. This same absence of events can also be
observed with the previous cesium sample (W9-Ag(110)/Cs-image-2).
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Figure 39. Particle size distribution and events data of RP127B-3C-1 image of W9-Ag(110)/Cs-image-2 wafer.
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General Wafer discussion
Pore formation is a relatively minor process in all of the samples, with usually 1-10% of particles
affected. However, pores are only marked if they are clearly visible on the particles. It is possible
that the total amount of particles that have pore formation is higher, but that their pores are too
small to detect. No pore formation events were found for the small particle sizes. This could be due
to no pores forming or again due to them being too small to detect. No pores forming for the small
particles could be due to their size. For small particles it was measured that no subsurface oxygen
was present and that the grain boundaries associated with this were also not present. It is theorized
that pores form along grain boundaries, perhaps as a result of the interaction with subsurface
oxygen. The fact that small particles have no subsurface oxygen or pores would support this
argument. Pore formation for the large and the cesium particles seems to be almost the same for
both the first 60 h and the second 60 h. From this it can be concluded that the addition of chlorine
does not seems to have an effect on the amount of pores forming. Cesium promotion also does not
seem to have a significant influence on the occurrence of pores.
For large particles coalescence is a relatively minor process with around 2-5% of particles being
affected, see Figure 40. Cesium promoted particles however have 20% of particles affected by
coalescence during the first 60 hours. This suggests that cesium promotion in the absence of
chlorine would increase the number of coalescence events. However more particles and images
would have to be analyzed to give a more definitive answer of this effect. A probable cause for the
higher amount of coalescence events is the difference in initial particle size distribution as can be
seen in Figure 39. Here it can be seen that the cesium promoted sample starts with a substantial
amount of particles of size 20 – 80 nm. After 60 hours of reaction these particles are gone due to
coalescence. In order to exclude this effect other areas could be analyzed and systems with similar
particle size distributions could be compared to each other.

Figure 40. Cumulative amount of events for large and cesium promoted particles. Absolute data can be found in table 12

For the cesium promoted samples, if chlorine is added, the amount of change in particle size
distribution decreases and the amount of non-pore formation events is low compared to the initial
60 h of reaction, see Figure 40 and Figure 41. For unpromoted large particles this decrease in change
is not detected. Activity tests done on this particular catalyst show that cesium promotion is
beneficial with respect to activity and selectivity in the case that chlorine is added[31]. This could
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mean that the simultaneous addition of chlorine and cesium have a stabilizing effect on particle
growth processes, which manifests itself in better catalytic performance.

Figure 41. Relative particle size distributions for the total of large and cesium particles.
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Wetting is an interesting process in that its behavior is unlike other classic sintering mechanisms like
coalescence or Ostwald ripening. Coalescence relies on the mobility of particles and Ostwald
ripening on the relative stability of surface vs bulk atoms. The behavior of wetting seems to
resemble a fluid system where the interaction between fluid-solid and fluid-fluid is determining for
the shape of particles. In such system the driving force is the surface tension between the 3 phases.
From the given data it is not possible to conclude which aspect of the reaction causes this wetting to
occur.
Table 12. Absolute event data for the total amount of large and cesium promoted particles.

Sample

Events 0-60 h

Events 60-120h

Large particles

98

66

Cesium promoted particles

53

8

Wetting affects around 15% of large and cesium promoted particles during the first 60 h of reaction
and the large particles in the second 60 h. This makes it a quite significant process concerning
particle growth. For the first wafer W3-Ag(128)-image-1 wetting caused a number of small particles
to break off and lowered overall particle size. For wafer W8-Ag(128)-image-1 the complete reverse
was observed. Here particles were swallowed by a wetting particle and average particle size
increased. However it should be noted that the effect of wetting on the particle size might have
been counted inaccurately and therefore it is unclear what the precise effect is on particle size.
Details about this can be found in appendix B. Statistically it is difficult to give conclusive evidence
about the effect of wetting.
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Conclusions wafers
Using Si3N4 wafers it is possible to follow particle growth at a very detailed level during reaction at
industrial conditions. In this thesis an approach was developed on how to prepare wafers with
deposits of supported catalysts. Indexed TEM images were compared and clear differences could be
observed between particles. A method for the analysis of the TEM data was explored and some
conclusions could be drawn from this.
During the first 60 hours of reaction a number of processes could be observed. Two classical
processes namely: coalescence and Ostwald ripening are present in the same order of magnitude. It
is however not possible to determine whether one process is more prevalent. A third process, which
was named wetting, was observed. This process was analyzed and it was determined that it looks
like classical liquid wetting. From statistical data it was found to occur for around 15% of all particles
making this a quite significant process of particle growth. How the wetting process affects the
particle size and particle size distribution could not be determined and requires more thorough
investigation.
The formation of pores in particles could also be observed. It was determined that these pores only
form under reaction conditions. Pore formation is a process that affects a relatively small amount of
particles (1-10%) in 120 hours of reaction. It seems to be unaffected by chlorine addition or cesium
promotion. No pore formation was observed for small particles, which is likely due to the fact that
small particles do not have grain boundaries or amount of subsurface oxygen to facilitate pore
growth.
When chlorine was introduced to the reaction the results for large particles were minimal. Small
particles seemed to have less particle size change during the chlorine reaction, but not enough of
these particles were analyzed to give a definitive answer. Promotion with cesium showed an
increase in the amount of coalescence events as compared with large particles. However it was
determined that this was not caused by cesium, but rather was a result of a different particle size
distribution between the large and cesium promoted catalysts.
The combination of cesium promotion and chlorine moderation yielded interesting results. It
seemed to stabilize the particle growth on the catalyst and caused minimal changes in particle size
distribution. As enough particles of these samples were analyzed it can be concluded that these
results are valid. It is very possible that the stabilization of particle growth is caused by cesium
promotion which produces improved catalytic performance on the catalysts.
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Recommendations
While using TPD profiles to follow oxygen coverage, spectroscopic methods like Raman spectroscopy
would make it possible to more accurately follow the oxygen coverage during a pulse experiment. It
is recommended to use a more sensitive setup in order to minimize silver exposure to light, while
maximizing Raman signal.
Oxygen pulse experiments could be expanded for other technical catalysts. Special interest would be
for a gold doped catalyst without possible chlorine poisoning. Also the addition of vinyl chloride as
promotor would be interesting to follow for the unpromoted and copper catalyst. Although it should
be noted that a very sensitive setup is needed since conversion will be lower.
The wafer experiments have created a lot of interesting data, however due to time constraints not
all of it has been analyzed to its full potential. The best approach for analyzing this data would be to
automate it, but it is unknown if current software programs are capable of analyzing such images. It
would therefore be recommended to try and develop software which would make automatic data
processing possible. This would allow more data to be processed and make the quantitative analysis
more accurate. If further analysis were to be undertaken, it might be useful to re-evaluate whether
more events should be added. It is also mentioned in appendix B, that the method for the
measurement of wetting particles should be adapted. For the event count of coalescence it would
also be better to count both the amount of particles before and after coalescence. The current
method only always counts a coalescence event as 1, however it is possible for 3 or more particles to
combine into 1 particle and this can and should be taken into account.
It was shown that the wetting process affects quite a large number of particles. It would therefore
be interesting to investigate what the mechanism behind this process is. If it is indeed connected to
classic liquid wetting and surface energies, then it might be useful to carry out this experiment at
lower or higher pressure, since at different pressure surface energies will vary. Or alternatively,
another support could be used to so if the same process is repeated there.
The method for following particle size growth used in this thesis could be used for other catalytic
systems. Especially systems that have large (diameter 50+ nm) particles would be suitable for this.
Smaller particles could also be used, but higher magnifications and resolutions are required which
increases the risk of charging. To reduce the risk of charging another wafer material might help. For
example some non-oxidation catalyst metal like aluminum would be suitable.
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Appendix A. Detailed description Matlab script
This script uses the following files: “Main16.n”,”Baseline.m”,”IntergratePeak.m” and “FitMS.m”.
These files can be found attached with this report. Extra comments are present in the code.
First some general infrastructure is setup in “Main16”. The data is loaded in and a manual value PHIL
is entered by the user. This stands for the time between pulses. The individual mass data is divided
by the helium signal to account for fluctuations in pressure during the experiment.
In “Baseline” a few operations are carried out. First the moving average is calculated to more easily
find peaks in the data. Then multiple methods are used to find the different peaks. Which method is
used depends on the type of behavior the data shows (if data has a very inconsistent baseline a less
accurate method needs to be used). But in general method 4 is used which will be explained here.
In this method a domain is chosen in the middle of the data. This has the width corresponding to the
time setting defined earlier. This guarantees that there is at least one maximum and one minimum
in the domain. The difference in height for these two points is calculated and this gives us a rough
estimate for the average height that a peak of that signal will have. This value is then used as a
criterion in the “findpeaks” function to find all peaks.
To create a baseline we take a peak position and move backwards over the x-axis until the difference
in y-value is such that it can be considered static. This point will lie at the left bound base of each
peak. This point is saved to be a baseline point. For the last point an alternative strategy is used.
Here we take the two points before last. Calculate the distance between them and assume that the
last baseline point will be the same distance further. These points are interpolated and then
subtracted from the real data as baseline.
“IntergratedPeak” is used to integrate the area below each peak. The trapezoidal rule is used to
calculate the area between the previously mentioned original baseline points.
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Appendix B. Measuring of particles
For most particle size measurements it is quite straight forward on how to measure them. However
for wetting particles this becomes more difficult. An example of this is shown in Figure 42. Here two
wetting particles can be seen in the second transition of 60 hours of VC reaction. There are two ways
of measuring marked, yellow and blue. In the report the blue method was used. However the yellow
method would be more realistic to measure as particles, as these areas are assumed to be thicker
and more particle-like. The lighter areas are assumed to be flatter disc like areas. Therefore for a
more thorough analysis, both these values would have to be measured. Yellow could be added to
the particle size distribution and blue could be used as a separate value to indicate the size of
wetting areas. By using another method the number of particles also changes. Every one particle
initially exhibiting wetting could form 1, 2 or even more new particles and might create 1 or in some
2 flat areas.

Figure 42. Example of two ways to measure particle size for a wetting particle.
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