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Chapter 1	

Introduction
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1.1	 Why is catalysis important?

Catalysis pervades our daily lives in countless ways. Some applications of catalysts 
are well-known, for example the three-way catalytic converters that are mounted on 
the exhausts of our cars. By using these, we try to make the impact of our cars on 
the environment less severe. Harmful and toxic gases are removed, as the catalyst 
converts these into less dangerous products.[1] Also, the fuel that we put into our 
cars is processed and cleaned thoroughly by a series of catalytic treatments, as it 
originates mostly from crude oil, which is contaminated (e.g. with sulfur, as we will 
see below). Not only the automotive industry exploits catalysts: the pharmaceutical 
industry, chemical plants, food processing industries, the production of polymers, 
they all rely on catalysts to make their production process easier, more energy 
efficient, and overall cleaner.[2,3]

Why are catalysts so special, why are they popular in all these processes and 
why are so many industries dependent on them? The reason for this is rooted in 
the working principle behind catalysis in general. A catalyst can enable or improve 
a chemical reaction between two (or more) reactants. Various aspects of a chemical 
reaction can be improved by adding a catalyst, for example the reaction rate, the 
selectivity, and the energy required to let the reaction take place.

In heterogeneous catalysis for example, when two reactants react with each 
other to form a product, a type of catalyst that is frequently used consists of metal 
nanoparticles, supported on a high surface-area metal oxide material. The surface of 
the metal nanoparticles facilitates the adsorption of the reactant molecules, allows 
them to react, and subsequently releases the newly formed molecules. The reactant 
molecules can be in gas or in liquid phase, while gaseous reactants could also form 
liquid phase products, for example in the Fischer-Tropsch process, which is the 
formation of liquid hydrocarbons from CO and H2 gas. Different types of metals 
have different properties, so a chemical reaction that will take place on the surface of 
a nickel nanoparticle, might not necessarily give the same result on e.g. a platinum 
nanoparticle. Also, the catalytic properties of a metal nanoparticle can be altered by 
mixing multiple metallic elements into an alloy, by changing the support material 
carrying the nanoparticles, or by varying the size or shape of the nanoparticles.[4-9]

The performance of a catalytic system can therefore be tuned by actively changing 
the parameters mentioned above. These adjustments might result in a catalyst that is 
more active, has a longer lifetime before becoming inactive, or requires less energy to 
yield the same result (e.g. to require a lower operating temperature or pressure of the 
reactants). Also, the selectivity of the chemical reaction can be tuned, so that more of 
the desired end products are formed, while side product formation is suppressed.

As catalysts are used so abundantly, even the smallest improvements can lead 
to significant savings in energy, materials, or other costs. For this reason there is an 
ongoing effort in academia and industry to try and improve the catalysts used in 
their processes.

1.2	 Research in catalysis, then and now

The search for better catalysts has evolved significantly since the early days of 
industrial catalysis. In the beginning of the 20th century, Fritz Haber, now famous 
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for the Haber-Bosch process that enables the production of ammonia from 
nitrogen and hydrogen, was looking for ways to improve his catalyst.
[10] At that time, the best catalyst available for ammonia synthesis was 
manganese, while iron and nickel were slightly worse. As a catalyst, manganese did 
the job but there was still much room for improvement.

In a paper published by Haber and his colleague Le Rossignol in 1913, they 
describe their efforts and approach: “In our searching the elements for their 
capability to catalytically accelerate the formation of ammonia from its elements, 
we were led by the periodic table”.[11] Their first plan was to go down in the 
column that contained manganese, but the periodic table was still empty there 
as technetium and rhenium were not yet identified at that time. So they needed a 
different approach. It was known that chromium, one place to the left of manganese, 
had similar catalytic properties. They started investigating tungsten, and even tried 
uranium, which turned out to be a “surprising success”. After testing the elements 
located near manganese in the periodic table, their conclusion was that “both in 
the iron column as in the manganese column, the catalytic ability greatly increases 
with increasing atomic weight”. In the end, Carl Bosch, working at BASF at that 
time and appointed to scale up the production of ammonia and design an industrial 
process, decided that the catalyst of choice would be iron, because it proved to be 
“particularly trustworthy and promising”. Today, over a hundred years later, the 
Haber-Bosch process still uses iron catalysts, often mixed with small amounts of 
other metal-oxides such as potassium.[12]

This history shows that Haber and Le Rossignol first identified their starting 
point and from there on systematically tried different materials, which illustrates 
that they were led by certain trends in the materials they investigated. One trend 
they discovered was the increasing “catalytic ability” for ammonia synthesis as 
the atomic weight of the catalyst material increased. These trends in catalytic 
performance are nowadays thoroughly documented, and some of these trends 
are based on the so-called Sabatier principle. The Sabatier principle describes the 
binding strength of a reactant molecule to the surface of a catalyst, which depends 
on the adsorption energy of that specific reactant to that material. The best catalyst 
for a certain reaction binds molecules with an optimal strength. If the molecular 
adsorption energies are too low, the reactant molecules will not bind well enough 
to the catalyst and may not dissociate as a first step towards the reaction product. 
Also if the adsorption is too strong, reactions may be inhibited and, in addition, the 
catalyst surface will get poisoned rapidly with strongly bound reactant or product 
molecules. Different metals have different binding energies, and this effect is often 
displayed in graphs, showing the reaction rate versus the adsorption energy of 
different catalyst materials. Often, the shapes of these plots resemble a mountain, for 
example going from low via optimal to high binding energies, and they are referred 
to as ‘volcano plots’. The material at the top of the volcano shows the best reaction 
rate and has the optimal balance between adsorption of reactants and desorption of 
products for that specific chemical reaction.

Research methods based on trial and error, similar to the approach followed by 
Haber and Le Rossignol, were common among scientists in the early 20th century. 
As technology developed further, more advanced techniques and methods to study 
catalysts became available, providing novel insights. The development of electron 
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microscopy in the 1930s allowed researchers to visualize their catalyst samples in 
unprecedented detail. In 1940, von Ardenne and Beischer published a paper in 
Angewandte Chemie, describing the power of transmission electron microscopy 
(TEM) and its use in catalysis research. They were able to show structural and 
morphological details of platinum, nickel, and iron catalysts, and investigate the 
support material.[13] To study the effect of real chemical reaction conditions on 
catalysts, scientists started to compare freshly prepared samples with samples that 
had been used for catalysis. For example, by using scanning electron microscopy 
(SEM), it became evident that platinum catalyst microparticles used for the gas-
phase CO oxidation reaction changed significantly. On the initially smooth surface 
of the particle, large uneven protrusions had been formed after exposure to reaction 
conditions (i.e. high temperature and high CO pressure).[14]

This type of research, comparing the catalyst before and after the chemical 
reaction has taken place, is referred to as post-mortem analysis. Even though this 
approach cannot reveal all aspects of how the catalysts change their structure 
during the chemical reaction, it has served as a very valuable first step, for example 
providing insight in catalyst deactivation. [15] This has been useful in the design of 
new, improved types of catalysts.

1.3	 TEM investigation on MoS2 catalysts

In the work described in the first two chapters of this thesis, we used this traditional 
approach and implemented an additional feature. Using special TEM mixed mesh 
sample finder grids to support our catalyst sample, we were able to find back and 
image exactly the same areas of the catalyst before and after the sample was exposed 
to ambient air. We were able to determine the effect of ambient air exposure was on 
individual catalyst particles. As a catalyst, we studied (Ni/Co)MoS2 supported on 
high surface-area γ-Al2O3.

(Ni/Co)MoS2 catalysts are widely used for the hydrodesulfurization (HDS) 
of fossil fuel. The HDS reaction is a process designed to clean crude oil when it 
is converted into fuel: it is used to remove sulfur from the oil feed so that these 
contaminants do not end up in our atmosphere when the fuel is burnt.[16]

However, this approach to catalyst evolution leaves one of the most important 
question unanswered: What happens with a catalyst during the reaction? To answer 
this question, the experimentalist would need to apply elevated gas pressures and 
high temperatures, in order to provide conditions similar to those inside a genuine 
chemical plant, while the catalyst is being investigated for changes in structure and 
composition. These types of experiments, in which data are collected on the behavior 
of the sample during the course of the process, are called in situ experiments. 
When also the catalytic performance of the sample is evaluated by monitoring the 
composition of the gas that has been in contact with the catalyst, e.g. by using mass 
spectrometry, they are referred to as operando experiments.[17]

Early studies, combining traditional post-mortem TEM experiments on platinum 
catalysts with e.g. in situ Auger electron spectroscopy, a technique already available 
in the 1970s,[18] provided new insight in catalyst regeneration and emphasized the 
need for and value of in situ electron microscopy techniques.[19]

It could be argued that catalysts can also be studied under low-pressure and low-
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temperature conditions, since the species involved in a catalytic reaction 
can have identical chemical potentials both under regular reaction 
conditions, i.e. the combination of a high temperature and a high pressure, 
and at the combination of a low, e.g. cryogenic temperature and a low pressure, e.g. 
ultra-high vacuum conditions (UHV, working pressure ~1.0 × 10-9 mbar). What is 
kept equal by changing temperature and pressure such that the chemical potentials 
remain the same, are all thermodynamic equilibria between the reactants, products 
and intermediate stages. This is very attractive, since the lower-temperature, lower-
pressure conditions are usually much more accessible to high-resolution surface-
science techniques. However, what this approach ignores is the important role of the 
kinetics in the investigated catalytic processes. There are two general ways in which 
the kinetics can bring the system so far out of thermodynamic equilibrium that 
keeping the chemical potentials unchanged is no guarantee for keeping the surface 
in the same structure and composition. The first is that in the dynamic situation 
of genuine reaction conditions, the combination of the reaction itself, the supply 
of the reactants and the removal of the products continuously keeps the reactants, 
the intermediate products and the final product(s) away from thermodynamic 
equilibrium with each other. The catalyst in its working state should be regarded 
as one of these intermediate products. It is evident that slowing down  the kinetics 
may bring the system closer to thermodynamic equilibrium, but this will then bring 
it away from the truly active state of the catalyst. The other kinetics problem arises 
when the lower pressures that may be necessary for certain measurement techniques 
thermodynamically correlates with a temperature that is so much lower, that one or 
more steps in the catalytic process effectively comes to a standstill, simply because 
the associated activation energy is too high to be overcome frequently enough to 
reach equilibrium on a reasonable time scale. A typical example is the case where 
reactant molecules adsorb on a surface at cryogenic temperatures, after which 
‘nothing’ happens, i.e. no bond breaking, no diffusion, no compound formation 
and no desorption. Obviously, this is not the equilibrium situation, but the time to 
reach equilibrium would be unacceptably long. There is no alternative, in situ and 
operando experiments are really needed.

1.4	 In situ and operando TEM

Switching from traditional TEM experiments to catalytically more relevant in situ 
TEM is not trivial. The reason for this lies in the working principle of a transmission 
electron microscope, as schematically shown in Figure 1.1.

A beam of electrons is generated at the top of the microscope by the electron 
gun. This e--beam travels down along the center of the column, meanwhile being 
manipulated by sets of electromagnetic lenses that are able to focus the electron beam 
at the sample. The sample is mounted on the tip of a holder which is introduced 
into the TEM column via a loadlock. The electrons transmitted through the sample 
continue downward, again being manipulated by electron lenses, and are finally 
detected by the CCD camera placed at the bottom of the column. Apertures are 
placed at several positions along the Y-axis to regulate the intensity of the e--beam 
and to block out electrons traveling too far away from the optic axis, reducing the 
noise.
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The electrons will be scattered by anything that is placed in between the gun and 
the camera. For that reason the column is constantly pumped down to a working 
pressure of ~1.0 × 10-7 mbar, thereby reducing unintentional scattering by collisions 
of electrons with gas molecules and enhancing the resolution of the image. This low 
pressure is also necessary for the electron gun, as this sensitive component is easily 
destroyed by any gas molecules that come into contact with it. Additional pumps 
placed next to the electron gun ensure a local pressure of below ~1.0 × 10-8 mbar. The 
sample that is loaded into the column via the airlock inherently also meets this low 
pressure environment. Imaging catalyst samples at higher pressures or even under 
reactant gas conditions therefore requires a different approach.

One way of realizing an elevated gas pressure at the sample while the rest of 
the TEM column remains at a reasonably low pressure is by using a differentially 
pumped environmental TEM (ETEM, Figure 1.1, parts outlined in red).[20-22] A gas 
feed is placed in the column of the ETEM, with the gas inlet placed directly next to 
the sample. The gas is inserted through the inlet and fills up the volume around the 
sample and sample holder, in between the pole pieces (Figure 1.1, red dots indicate 
gas molecules). To prevent the gas from diffusing too much to the rest of the TEM 
column, extra apertures are placed above and below the pole pieces. Main pumping 
lines are placed in the pole pieces to remove the majority of the gas, while extra 

Figure 1.1. Schematic cross section of a transmission electron microscope, showing all the 
parts of a traditional TEM in black and gray, while the additional parts that make up an 
environmental TEM are shown in red. The gas flow equipment and gas lines that cover the in 
situ part are shown in blue, to the right of the TEM.
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pumping lines above and below the pole pieces remove the diffused 
excess gas and thereby keep the pressure at the vulnerable electron gun 
low. This approach of additional apertures and differential pumping also 
increases the mean free path of the electrons in the column by reducing unintentional 
scattering.

The main drawback of this technique is the pressure range in which an ETEM can 
be operated. Despite the restricted volume that the gas is contained in, a too high 
gas pressure deteriorates the imaging resolution by scattering the electrons. This 
already occurs above a local pressure of 5 mbar, yielding blurred micrographs, while 
prolonged exposure to pressures above 50 mbar will destroy the electron gun.[20,23]

To overcome this restriction, a different approach was taken. Windowed cell 
systems were developed, which were able to contain both the catalyst sample and 
the reactant gases in a small volume, greatly reducing the electron path length 
through the gas layer. The cells, commonly referred to as nanoreactors, are currently 
available in a variety of versions.[24-30] The nanoreactors that were used in chapter 
5 of this thesis consist of a single Si chip, prepared using MEMS technology (micro-
electromechanical systems), containing gas in- and outlets that are connected by a 
narrow channel. To use the nanoreactors in a TEM, a dedicated sample holder was 
developed simultaneously, containing a pair of capillaries running from the base of 
the holder to the tip. The nanoreactor is placed on two O-rings in the tip to ensure a 
leak-tight connection with the capillaries. Tube fittings at the base of the holder allow 
connections to a gas flow system of choice, and to a mass spectrometer to analyze 
the exhaust gas. A more detailed description of the components, including images of 
both the nanoreactors and the TEM holder, can be found in sections 5.2.2. - 5.2.4. The 
pressure regime in which this specific combination of tools can be operated ranges 
from vacuum up to 14 bar, making it a suitable approach to study a broad range of 
catalysts under their industrially relevant conditions.

1.5	 Operando TEM experiments of Co nanoparticles

Chapter 5 of this thesis describes the experiments that we performed using the 
operando TEM tools described above, showing atomic scale images of cobalt 
nanoparticles at 1 bar pressure and elevated temperature. Cobalt nanoparticles are 
used as catalysts in the Fischer-Tropsch process. This process, currently running 
commercially at an industrial scale worldwide, transforms a mixture of CO and H2 
gas into liquid hydrocarbons. These hydrocarbons can then be used as a renewable, 
synthetic fuel source, instead of traditional fossil fuel.

The cobalt nanoparticles were prepared via colloidal chemistry, allowing 
accurate control over the size distribution in which the resulting nanoparticles are 
synthesized.[31] This colloidal approach was also used to synthesize cobalt-rhenium 
bimetallic nanoparticles of varying composition. A thorough investigation of the 
cobalt-rhenium nanoparticles is described in chapter 4. A range of TEM techniques 
(scanning transmission electron microscopy - energy dispersive X-ray spectroscopy 
(STEM-EDX), high-angle annular dark field (HAADF) and regular HRTEM(-EDX)) 
was exploited to characterize the nanoparticles, revealing the atomic composition 
and distribution of the metals inside the particles.
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1.6	 Developments of other in situ techniques

The development of the traditional TEM into an instrument that is able to perform 
in situ and operando experiments is part of a broader progress. Inspired by early 
surprises in this field of research and supported by considerations such as those 
given in section 1.3, a growing number of instruments and measurement techniques 
is being made suitable for operation under catalytic reaction conditions.[32] As 
each individual technique and instrument only approaches the catalyst sample 
from a relatively narrow point of view, the results of single experiments show a 
rather limited part of the picture. Therefore, in order to fully investigate the catalytic 
process in all its aspects, it is essential to combine multiple approaches and apply 
different techniques on a catalyst sample.

Surface science laboratories, traditionally working with UHV setups containing 
surface sensitive equipment such as scanning tunneling microscopy (STM) and 
atomic force microscopy (AFM), have made vast progress by implementing small, 
high-pressure gas flow cells inside the UHV setup.[33,34] This approach allows 
flowing reactant gases over heated metal single crystal surfaces and observing 
the effect of these conditions on the metal surface. Recent publications reveal the 
power of these setups by yielding atomic-scale insight into catalytic reactions such 
as the Fischer-Tropsch reaction on a cobalt surface,[35] and CO oxidation and NO 
reduction on platinum.[36] X-ray techniques such as surface X-ray diffraction 
(SXRD) and X-ray absorption spectroscopy (XAS), traditionally limited to UHV 
conditions, are currently also being modified for in situ experiments, to acquire 
information about the geometrical structure, elemental composition and electronic 
structure of the surface.[37,38]. In some experiments, in situ X-ray techniques are 
used in direct combination with a second in situ technique to instantly benefit from 
both approaches.[39,40]

That also simpler and cheaper methods can be used to investigate surfaces under 
genuine catalytic conditions is illustrated by a recent investigation [41] in which we 
collaborated with Leiden Probe Microscopy [42] to design, build and apply a small, 
relatively simple tabletop flow reactor for catalytic experiments. The reactor uses the 
reflection of visible light over a metal single crystal to see the effect of different gas 
conditions and sample temperatures on the reflectivity of the sample surface. This 
optical experiment provides direct information on the interplay between different 
regions on a catalyst that are in different chemical states due to subtle differences 
in local conditions, e.g. local partial pressures. Such information complements the 
highly local information that is acquired through the TEM experiments that form the 
main subject of this PhD thesis. As was remarked above already, we can only gain 
a complete understanding of the complex mechanisms of catalysis by combining 
information of many different types, for example on many different length scales. In 
this thesis we concentrate on the atomic scale.

Next to all the scientific images and graphs, this PhD thesis contains additional 
illustrations, mostly dedicated to the instrumentation that was used for the conducted 
experiments. These include the cover page, the starting pages of all chapters and the 
upper corner of all right pages. A brief explanation of these illustrations is provided 
in a separate section near the end of the thesis.
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Chapter 2	

Instability of NiMoS2 and CoMoS2 hydrodesulfurization 
catalysts at ambient conditions: A quasi in situ High-
Resolution Transmission Electron Microscopy and 
X-Ray Photoelectron Spectroscopy study

The effect of exposure to ambient air of MoS2-based, γ-Al2O3-supported HDS 
catalysts has been studied using HRTEM. Analysis of unpromoted as well as Ni- 
and Co-promoted MoS2 samples showed that the number of MoS2 slabs and the 
average slab length decreased as a function of air exposure time. A parallel XPS 
study showed this effect to be due to oxidation. During the first 24 h of exposure to 
air, all 1 bar sulfided (Ni/Co)MoS2 samples showed an initial slab length decrease of 
around 20%. After an additional month in air, the slabs had deteriorated significantly 
further. A sample of CoMoS2, sulfided at 30 bar, showed a slightly enhanced effect of 
oxidation, particularly after the first 5 minutes in air. The data obtained in this study 
emphasize the general necessity of shielding vulnerable catalyst samples from air 
during preparation and characterization, a message relevant in all fields of research 
covering catalysis.
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2.1	 Introduction

Current environmental legislation pushes oil refiners toward producing 
transportation fuels with progressively lower sulfur levels in order to limit the 
emission of harmful sulfur-containing exhaust gases into the atmosphere.[1] The 
main reaction used to remove organosulfur compounds from oil feedstock is the 
catalytic hydrodesulfurization (HDS) reaction. The industrial HDS catalysts used 
most for this purpose are based on MoS2, present in the form of nanometer-sized 
slabs dispersed on a high-surface-area support, such as γ-Al2O3.[2] MoS2 catalyst 
slabs consist of one layer of molybdenum atoms sandwiched between two layers of 
sulfur atoms.[2-4] MoS2 is also being studied as a material with interesting electrical 
properties (e.g., to be used as a semiconductor material in nanoelectonics [5-8]. 
It has applications in photocatalysis,[9,10] and MoS2 is used as a solid lubricant.
[11-13] Research on MoS2 has been a long ongoing effort, in which a wide variety 
of characterization techniques have been used. In 2008, Kooyman and van Veen 
reported the importance of shielding γ-Al2O3-supported MoS2 catalysts from ambient 
air between preparation and characterization.[14] Their transmission electron 
microscopy (TEM) study indicated that exposing MoS2 samples to ambient air leads 
to deterioration of the catalyst slabs, but no mechanism for this phenomenon was 
proposed.

Promoting MoS2-slabs with metal atoms such as nickel or cobalt has the effect 
of enhancing the catalytic activity of the catalyst, as well as influencing the specific 
selectivity.[15-17] The influence of the incorporated promoter atoms on the stability 
of the catalyst slabs has not yet been studied. The effect of the promoter atoms 
could be stabilizing, causing the slabs not to deteriorate because of mere exposure 
to ambient conditions, but the effect might also cause less stability in air, as the 
promoted catalyst slabs are more reactive in general because of the presence of more 
coordinatively unsaturated sites.

We have investigated this issue by using quasi in situ high-resolution transmission 
electron microscopy (HRTEM) to monitor the effect of ambient air on NiMoS2, 
CoMoS2, and MoS2 samples sulfided at 1 bar. After preparation of the samples, 
special care was taken to prevent contact with air during transportation and prior 
to the TEM imaging. We determined the average length and stacking of the catalyst 
slabs for each sample after the first TEM measurements, without contact with 
ambient air, as well as after 24 h and after 1 month of air exposure. Because many 
industrial processes using these catalysts are operated at high pressures (30-100 bar), 
a Co-promoted MoS2-catalyst was sulfided at 30 bar for comparison. A parallel quasi 
in situ X-ray photoelectron spectroscopy (XPS) study was performed to monitor the 
chemical changes of the catalyst, following the same approach of air exposure.

2.2	 Experimental

2.2.1	Preparation of catalysts
The four catalyst samples were prepared by incipient-wetness coimpregnation of 
Ketjen CK-300 γ-Al2O3 extrudates (SBET = 250 m2/g, Vpore = 0.66 mL/g), which 
were crushed and sieved to a 125-250 μm fraction prior to impregnation. Different 
aqueous solutions containing cobalt(II) nitrate (Co(NO3)2·6H2O, Merck), nickel- 
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(II) nitrate (Ni(NO3)2·6H2O, Merck), ammonium heptamolybdate 
((NH4)6Mo7O24·4H2O, Merck), and nitrilotriacetic acid (NTA, (C2H3O2)3N, 
Merck) were prepared to obtain catalysts with 8 wt % Mo and 1.5 wt 
% Co or Ni for the promoted catalysts. The molar ratio of NTA:Mo was 1.2:1. All 
catalyst precursors were dried at room temperature for 1 h, dried in static air at 100 
°C overnight, and finally calcined at 450 °C (heating rate, 6 °C/min) in flowing air 
for 4 h. The catalyst precursors were sulfided at 350 °C (heating rate, 6 °C/ min) for 2 
h in H2/H2S 9:1 (Scott), in a flow of 60 mL/min STP at a total pressure of 1 or 30 bar. 
The samples sulfided at 1 bar are termed NiMoS2, CoMoS2, and MoS2, while the Co-
promoted sample sulfided at 30 bar is termed CoMoS2-30. After preparation, each 
sample was collected in a glass vial, which was filled with N2 and sealed airtight for 
transportation.

2.2.2	Exposure to ambient air
The vials containing the sulfidic catalysts were opened in an Ar-filled glovebox 
(concentrations of H2O and O2 < 1 ppm), after which the samples were mounted 
on TEM grids as described below. After the first quasi in situ TEM study of the 
samples, without any exposure to air, the samples on the TEM grids were left on an 
office desk in a small nonairtight plastic box, to prevent accumulation of dust but to 
allow exposure to ambient air. This procedure is very similar to the storage of larger 
samples of catalyst in containers on a shelf and is different from passivation. For 
passivation, a material is first exposed to a low, controlled, concentration of oxygen 
before being exposed to ambient air. For many materials this creates a protective 
oxide layer that prevents further oxidation and can be removed by mild reduction.

2.2.3	Characterization of catalysts
Quasi in situ TEM was carried out using an FEI monochromated Tecnai F20ST/ 
STEM electron microscope, operated at an accelerating voltage of 200 keV, in bright 
field TEM mode. Images were obtained using a Gatan Ultrascan CCD camera (4k × 
4k).

The vials containing the prepared samples were opened in an Ar-filled glovebox 
(concentrations of H2O and O2 < 1 ppm), after which the samples were crushed 
in n-hexane using a mortar and pestle, creating a suspension. A few drops of the 
suspension were placed on a Quantifoil microgrid carbon-film covered mixed mesh 
Au TEM grid and, after evaporation of the solvent at room temperature, the grid 
was placed in a protective atmosphere transfer TEM specimen holder.[18] This 
holder was inserted into the glovebox via an air-lock. The holder was then closed 
(the sample compartment is sealed by a Viton O-ring), removed from the glovebox 
air-lock, and transferred to the TEM for imaging. Once the holder was inserted in the 
TEM air-lock, one 3 min pumping cycle was started while the holder was still closed, 
and the sample compartment of the holder was opened at the beginning of a second 
3 min pumping cycle.

Samples were imaged quasi in situ (t = 0, without exposure to air), after 24 h of 
exposure to air (t = 24 h), and after 1 month in air (t = 1 month). The CoMoS2-30 
sample was also imaged after 5 min in air (t = 5 min). The average slab length of each 
sample was determined for quantitative analysis. Qualitative analysis was made 
possible by imaging identical regions of the samples at the different points in time. 
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To investigate possible effects of the high-energy electron beam on the sample, also 
control images of sample regions that had not been exposed to the electron beam 
before were recorded and analyzed.

The resulting images were analyzed using Gatan Digital Micrograph and ImageJ 
software. After the slabs were identified, the length of each slab was measured 
by hand using standard drawing tools in the software. Per sample, around 800 
individual slabs were measured at t = 0. Due to the detrimental effect of ambient air 
on the slabs, at t = 24 h about 450 slabs per sample were left for analysis, while after 
1 month in air only around 300 slabs were left for analysis in the same regions of the 
samples that had been studied before.

The same samples were analyzed with XPS using a Kratos AXIS Ultra spectrometer, 
equipped with a monochromatic X-ray source and a delay-line detector (DLD). To 
prevent contact with air, samples were transferred from the glovebox to the XPS in 
a closed, homemade transfer holder under N2 atmosphere. Spectra were recorded 
using an aluminum anode (Al Kα = 1486.6 eV). Survey scans were measured at 
constant pass energy of 160 eV and region scans at 40 eV. The background pressure 
was 2 × 10-9 mbar.

XP spectra were fitted with CasaXPS (version 2.3.16) by a nonlinear least-
squares fitting algorithm using mixed Gaussian-Lorentzian (35/65) curves. Shirley 
background subtraction was applied, and the energy was calibrated using the Al 
2p peak at 74.6 eV as a reference. The Mo 3d spectrum was fitted with Mo4+ (MoS2), 
Mo5+ (MoSxOy), and Mo6+ (MoO3) contributions, as well as with the overlapping S 2s 
(~226.5 eV) component. The Ni 2p and Co 2p spectra were fitted with a sulfidic M2+ 
contribution and an oxidic M2+ contribution (NiO, CoO). The sulfidic contribution 
was assigned to Ni or Co sulfides, either dispersed on the edges of MoS2 particles or 
present as bulk metal sulfides (Ni3S2, Co9S8). Lastly, the S2- and bridged S2

2- anions, as 
well as sulfate (SO4

2-), were taken into account for fitting the S 2p spectra. The XPS 
fitting procedure is explained in more detail in a recent paper.[19] The respective 
binding energies of these components are listed in Table 2.1 and agree well with 
previously reported studies.[20-22]

Table 2.1. XPS Binding energies of the various species present in (Co/Ni)MoS2, as determined 
by the fitting procedure described in the text.

Mo4+

(MoS2)
Mo5+

(MoSxOy)
Mo6+

(MoO3)
S2-

(MSx)
S2

2-

(MSx)
BE (eV)a 229.0 231.2 232.7 161.7 163.2
∆BE (eV)b 3.15 3.15 3.15 1.15 1.15

S6+

(SO4
2-)

Co2+

(CoSx)
c

Co2+

(CoO)c
Ni2+

(NiSx)
c

Ni2+

(NiO)c

BE (eV)a 168.8 778.7 791.8 853.8 856.5
∆BE (eV)b 1.15 - - - -

a Binding energy of the 3d5/2 or 2p3/2 peak. Uncertainty ± 0.2 eV. 
b ΔBE(3d) = BE(3d3/2) - BE(3d5/2); ΔBE(2p) = BE(2p1/2) - BE(2p3/2).
c Only the 2p3/2 peak was fitted for Co and Ni.
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2.3	 Results and discussion

2.3.1	Imaging and slab length analysis
A set of representative TEM images of the NiMoS2 sample is shown in Figure 2.1, 
where the same γ-Al2O3 particle covered with NiMoS2 slabs was imaged before any 
exposure to air, after 24 h in air, and after 1 month of exposure to air. It is immediately 
apparent that exposure to air leads to a decrease in the total number of visible slabs. 
For example, the slab that is indicated in the encircled region labeled “1” is present 
at t = 0 but has disappeared at t = 24 h. There are several other slabs that are present 
in the first image but are no longer visible after the sample has been exposed to 
ambient air. The second indication that the sample was affected by air is that the 
observed average length of the slabs is decreasing. The stack of multiple slabs in 
the encircled region labeled “2” is an example of this phenomenon. At t = 0, the 
stack consists of three slabs of approximately equal length. The length of the slabs 
decreases significantly upon exposure to air. It can also be noted that the substrate 
that carries the slabs seems to be changing simultaneously. Although this is not 
clearly visible in TEM imaging, the substrate material that supports the visible slabs 
does not consist solely of γ-Al2O3. It is actually γ-Al2O3 covered with more NiMoS2 
slabs that are oriented nonparallel with respect to the TEM electron beam and thus 
not clearly visible as slabs. Due to the planar layered structure of MoS2, the only 
slabs that will be visible in the TEM two-dimensional projection are those that are 
oriented parallel, or slightly tilted (± several degrees) with respect to the electron 
beam.[23] As all NiMoS2 slabs are influenced by ambient air, also the slabs that are 
not directly visible are changing. The result of this process is observed as changes in 
general morphology of the material surrounding and supporting the visible slabs, 
which is for example visible when comparing the edge structure of the particle in 
Figure 2.1 at the different stages of oxidation.

For the CoMoS2, CoMoS2-30, and MoS2 samples, similar trends are found, with 
less and apparently shorter slabs being observed. All samples show slabs decreasing 
both in length as well as in number after exposure to air.

Figure 2.1. TEM images of a γ-Al2O3 particle covered with NiMoS2 catalyst slabs: (a) prior 
to air exposure, (b) after 24 h of exposure to air, and (c) after 1 month in ambient air. Several 
catalyst slabs have disappeared after air exposure. The region labeled “1” shows a slab that 
has completely disappeared after 24 h of air exposure, while the region labeled “2” shows a 
stack of which the slabs have become shorter over time.

a)

2
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b)

2

110 nm

c)

2
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However, solely based on observations of a small number of slabs, no conclusions 
can be drawn. As the sample grid is taken out of the sample holder between the 
measurements, it might occur that a slab that was visible in the t = 0 measurement is 
no longer visible during the t = 24 h or t = 1 month measurement because of a slight 
rotation of a part of the material. The opposite process might also occur, resulting 
in slabs appearing that were not visible before. Therefore, quantitative slab length 
analysis based on a large set of images is required. In this way, the random process of 
slabs appearing or disappearing due to changes in carrier material and observation 
angle will be averaged out.

For statistical analysis of the changes of the samples upon contact with air, all 
recorded images were analyzed and the lengths of all visible slabs were measured. 
For the NiMoS2 sample, the t = 0 measurement yielded 761 measured slabs, while 
the images of the same areas of the sample obtained after 24 h of air exposure 
showed 631 slabs for analysis. After 1 month in air, 585 slabs remained visible. The 
distribution of the recorded slab lengths is plotted as a histogram in Figure 2.2a. 

The slab length distribution changes significantly after exposure to air. At t = 0, the 
slab length distribution is more evenly distributed over slab lengths between 1 and 3 
nm, with a long tail stretching to 4.5 nm. At t = 24 h, the distribution of the histogram 
has mostly shifted to the regime between 1 and 2 nm, with a peak around 1.3 nm. 
This process continues during the 1 month of exposure to air, as is visible in the t = 1 
month histogram. The number of slabs shorter than 1 nm has increased significantly, 
while the tail of the histogram decreases further. As the slabs get shorter, slabs that 
were initially relatively short (< 1 nm) disappear completely, explaining the decrease 
in the total number of observable slabs. The stacking degree of the slabs was also 
determined, resulting in an average stacking of 1.3 layers, which remained constant 
after exposure to air. Analysis of the other samples was performed in the same way, 
resulting in the histograms shown in Figure 2.2b-d. All samples show similar trends 
in slab length distribution, indicating that all samples are affected by exposure to air 
in a similar way, including the reference sample of unpromoted MoS2 (Figure 2.2c).

When CoMoS2 and CoMoS2-30 bar are compared, some differences are visible. 
The initial slab length distribution at t = 0 shows a broader distribution for the 30 
bar sulfided sample. At t = 5 min, a shift is already visible in the distribution of 
the histogram, which indicates that only 5 min of exposure to air has an effect on 
the slabs. The distribution continues to shift after extended exposure to air. The 
calculated average slab lengths are shown in Table 2.2. Although CoMoS2-30 initially 
has a slightly higher average slab length value than the 1 bar sulfided CoMoS2 
sample, after exposure to air for 1 month the average slab lengths of both samples 
have decreased to similar values. The average slab length of CoMoS2-30 decreased 
faster than that of CoMoS2. The average slab stacking degree was also determined 
for each sample, yielding similar values for all samples: around 1.3 ± 0.1 layers per 
cluster. These values remained constant during air exposure.

When the average slab length values per sample as a function of air exposure 
time is plotted, it is clear that all samples were affected (Figure 2.3). All samples 
showed a significant decrease in average slab length. Average slab length values 
were also determined from control images, obtained from areas that had not been 
exposed to the TEM electron beam before. The data are shown in Table 2.2. The t = 
0 measurements did not require control data, because for these data the sample was
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Table 2.2. Average Slab Length (l) in nm of each sample, including the control data of parts of 
the sample that had not previously been exposed to the electron beam.

NiMoS2 CoMoS2 CoMoS2-30 MoS2

Zero 1.91 1.83 1.98 2.16
5 min in air 1.48
24 h in air 1.65 1.64 1.39 1.66

Control 24 h 1.80 1.76 1.55 1.78
1 month in air 1.45 1.33 1.29 1.46

Control 1 month - 1.52 1.37 1.76

Figure 2.2. Sets of histograms showing the slab length distribution of: (a) NiMoS2, (b) CoMoS2, 
(c) MoS2, and (d) CoMoS2-30, as a function of air exposure time.

a)

c)

b)

d)
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exposed to the electron beam for the first time. Although NiMoS2 t = 24 h control 
data were inadvertently not obtained, the data show a clear trend. Slabs in areas 
that had not yet been exposed to the electron beam also decreased in length, but at a 
somewhat lower rate. This indicates that exposure to the electron beam had a minor 
accelerating contribution to the process of slab deterioration.

2.3.2	X-ray Photoelectron Spectroscopy 
To obtain detailed information concerning the composition of the catalyst at 

the different stages of air exposure during the experiments, we performed X-ray 
photo- electron spectroscopy. Figure 2.4 shows the acquired XP spectra of the 
catalyst samples, demonstrating the change in atomic composition as a function of 
air exposure time. At t = 0, approximately 80% of Mo and Ni and 90% of Co was 
present as the respective metal sulfides. All sulfur was present as sulfidic sulfur (S2-, 
S2

2-). For CoMoS2, sulfidation at 30 bar slightly increased the fractions of MoS2 and 
Co sulfide compared with sulfidation at 1 bar. Upon brief exposure to air (5 min), 
no oxidation of Mo or S was apparent in the XP spectra, whereas slight oxidation 
(approximately 10%) of the Ni/Co promoter atoms could be observed after 
deconvolution of the XP spectra in the promoted catalysts. After an additional 24 h 
of exposure to air, approximately 15% of Mo, 6% of S, 39% of Ni, and 24% of Co was 
oxidized compared with the freshly sulfided catalysts at t = 0. Oxidation of the Mo 
and S species occurred at approximately the same rates in both the promoted and 
unpromoted samples. The promoted catalysts were most prone to oxidation as the 
Ni and Co atoms oxidized first. The oxidation of Co leveled off after 24 h of exposure 
to air, whereas Ni oxidation was an ongoing process.

After 1 month of exposure to air, all catalysts showed significant oxidation of all 
elements. Even sulfur, which oxidized more slowly than the other elements, was 
significantly oxidized after 1 month of exposure to air. The observed sequence of 
oxidation over time was Ni/Co > Mo > S. The data depicted in Figure 2.4 are listed 
in Table 2.2.

Figure 2.3. Average slab length of all (Ni/Co)MoS2 samples as a function of air exposure time.



23

The Ni 2p, Mo 3d, and S 2p XP spectra of NiMoS2 are plotted in Figure 2.5 and are 
representative for all catalysts exposed to air. The XP spectra for the other samples 
are shown in Figures 2.6 - 2.8. Oxidation of the MoS2-phase was evident from the 
appearance of a peak at 235.9 eV in Figure 2.5b, which can be ascribed to Mo6+, as in 
MoO3 (3d3/2). The formation of NiO was shown by the peak at 856.5 eV appearing 
in the Ni 2p spectrum (Figure 2.5a) as well as by the appearance of satellite features 
at ~862 eV (Ni 2p3/2) and ~880 eV (Ni 2p1/2). In agreement with these observations, 
a peak at 168.8 eV appeared in the S 2p spectrum (Figure 2.5c), indicative of the 
formation of sulfates. After 1 month of exposure to air, increased oxidation was 
observed in all spectra.
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Figure 2.4. Composition (in atom %, as determined by deconvolution of XP spectra) of the 
samples (a) NiMoS2,(b) CoMoS2, (c) MoS2, and (d) CoMoS2-30, prior to exposure to air and 
after 5 min, after 24 h, and after 1 month of exposure to air. The fraction of sulfided species 
was calculated from the contributions of MoS2 (Mo4+), sulfide anions (S2- and S2

2-) and sulfided 
Ni/Co (either as M-MoS2 or as MSx).
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Table 2.2. Composition (atom %, as determined by deconvolution of XP spectra) of the 
samples NiMoS2, CoMoS2, MoS2, and CoMoS2–30, prior to exposure to air, after 5 minutes, 
after 24 hours, and after 1 month of exposure to air. The fraction of sulfided species was 
calculated from the contributions of MoS2 (Mo4+), sulfide anions (S2- and S2

2-) and sulfided Ni/
Co (either as M-MoS2 or as MSx) to the respective XP spectra.

NiMoS2 CoMoS2

Mo4+ S2-, S2
2- Ni Mo4+ S2-, S2

2- Co
Zero 76.8 100.0 76.2 77.8 100.0 89.0
5 min 75.6 100.0 69.5 78.6 100.0 79.9
24 h 64.7 91.8 44.9 65.1 95.0 65.6
1 month 52.5 70.6 35.7 55.4 78.7 65.7

MoS2 CoMoS2 - 30

Mo4+ S2-, S2
2- Mo4+ S2-, S2

2- Co
Zero 80.5 100.0 80.3 100.0 92.3
5 min 77.7 100.0 82.3 100.0 85.0
24 h 66.6 97.9 68.6 91.9 74.8
1 month 56.8 85.0 55.9 71.9 74.3

a) c)b)

Figure 2.5. XP spectra of NiMoS2, showing the (a) Ni 2p, (b) Mo 3d, and (c) S 2p signals, prior 
to exposure to air and after 5 min, 24 h, and 1 month of exposure to air. The binding energies 
(BE) of sulfided species (lower BE) and oxidized species (higher BE) are indicated by the 
dotted lines. The deconvolution is also shown. (a) Ni 2p: NiSx, red; NiOx, blue (both include 
satellites). (b) Mo 3d: Mo4+, red; Mo5+, green; Mo6+, blue; for S 2s, orange. (c) S 2p: S2-, red; S2

2-, 
orange. In all graphs: background, light gray; fit, gray dashed; data is black.
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signals, prior to exposure to air, after 5 minutes, 24 h, and 1 month of exposure to air.
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2.3.3	Proposed oxidation mechanism. 
On the basis of the obtained TEM data alone, it is not easy to go beyond the slab-
length analysis presented above and draw additional conclusions, e.g., about the 
atomic structure, location, and orientation of the new species that were formed 
during exposure to air. Combining the TEM observations with the XP spectra, we 
can, however, draw further conclusions.

Exposure to air leads to oxidation of the samples, as is indicated by the XP spectra 
shown in Figures 2.4 and 2.5. The oxidation initiates at the Ni/Co promoter atoms 
and continues with the oxidation of Mo after prolonged exposure to air. As is visible 
in the TEM micrographs, the slabs disappear from the sides of the particle toward 
the center. In various other studies, it has been shown that MoS2-catalyzed reactions 
occur on the edges of the MoS2 crystals, supported on a variety of materials.[4,24-28] 
The catalytically active species are the metal atoms located at the edges of the slabs. 
The oxide species that are formed there (MoO3, oxysulfides) have no planar crystal 
structure;[14,23] hence, the edges of the slabs disappear in the TEM images, enabling 
us to observe a change in slab length.

The suggestion that oxidation of the slabs starts from the edge is also supported 
by the XPS data, which show the initial oxidation, during the first 5 min of exposure 
to air, to occur at the Ni/Co promoter atoms, to form NiOx/CoOx. However, this 
is not conclusive on its own because it has not been indisputably shown that the 
promoter atoms in (Ni/Co)MoS2, supported on γ-Al2O3, are located on the edges of 
the MoS2 slabs, as was shown in various other studies of (Ni/Co)MoS2 on different 
supports (e.g., Au single-crystal surfaces or graphite).[29-32] Also, the initial Ni/
Co oxidation XPS signal could, at least partially, originate from the oxidation of Ni/
Co atoms that were not incorporated in the (Ni/Co)MoS2 slabs but were contained 
in other species on the sample, such as Ni/Co-sulfides.[30] This suggestion is also 
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Figure 2.8. XP spectra of MoS2, showing (a) the Mo 3d, and (b) the S 2p signals, prior to 
exposure to air, after 5 minutes, 24 h, and 1 month of exposure to air.

a) b)



27

supported by the fact that γ-Al2O3-supported Co-sulfides oxidize more 
readily than γ-Al2O3-supported MoS2.[33]

The scale of the horizontal axes in the graphs that show the evolution 
of the samples as a function of air exposure time is close to logarithmic (Figures 
2.3 and 2.4). The approximately linear curves in these plots indicate an exponential 
decrease in average slab length. On average, during the first 24 h of air exposure, 
the average slab length of all samples decreased by 20%. After one more month in 
air, the decrease had continued up to an average decrease of 30%. As the oxidation 
rate was initially high but then exponentially slowed, the process appeared to be 
self-limiting. This could indicate that when the edges of the (Ni/Co)MoS2-slabs 
were oxidized, the formed oxide species remained at the support around the slab, 
thereby shielding the inner MoS2-species from oxidative attacks by incoming oxygen 
molecules, as was proposed by Yoshimura et al. in 1991.[33] As the basal planes of 
the slabs are known to be inactive,[34,35] the oxide ring would be formed only at the 
edges. When this oxide ring around the slab grew thicker, further oxidation of the 
remaining slab occurred at a progressively lower rate. This mechanism also explains 
the slightly accelerating effect of the electron beam on the oxidation process, given 
in Table 2.2.

 The accelerating effect could be due to the fact that the beam might be able to 
(slowly) partly disintegrate the protective ring, allowing further oxidation to occur on 
the slabs that have been imaged multiple times. To prove this hypothesis, additional 
measurements would be required, however (e.g., using scanning transmission 
electron microscopy or scanning tunneling microscopy on flat model systems to 
localize and visualize the formed oxide species). This hypothesis also explains why 
the method of oxygen titration/chemisorption does not give quantitative results for 
the number of active sites:[36] the sites are being changed by the adsorbed oxygen.

2.4	 Conclusion

Ni/Co-promoted and unpromoted MoS2 catalyst particles, dispersed on a γ-Al2O3 
substrate, are not stable in ambient air. TEM imaging reveals that on average the 
length of the (Ni/Co)MoS2-slabs decreases as a function of air exposure time. Even 
5 min of exposure to ambient air already significantly decreases the average slab 
length. XPS shows that the samples are being oxidized. Oxidation of the catalyst 
slabs occurs from the edges toward the center of the slab, after which the formed 
oxide species probably remain around the slab. These remaining oxide species might 
form a ring-like barrier structure around the inner MoS2-species, shielding these 
inner species from oxidation and explaining the exponential decay of the process.
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Chapter 3	

The effect of oxidation and resulfidation on (Ni/Co)
MoS2 hydrodesulfurization catalysts

The effect of a sequential oxidation and resulfidation treatment on (Ni/Co)MoS2 
catalyst nanoparticles, supported on γ-Al2O3, was investigated using high resolution 
(HR)TEM, XPS, and thiophene HDS catalytic performance measurements. Analysis 
of the HRTEM images revealed that, after the initial sulfidation and oxidation, the 
resulfidation treatment had the effect that the catalyst slabs were growing back to their 
original slab length. Also, there are relatively less small slabs present. The chemical 
composition of the samples, as determined by XPS, also slightly changed, as the 
concentration of oxides increased, especially for the Ni promoter atoms. Comparing 
the catalytic HDS activity of the samples before and after the oxidation-resulfidation 
treatment showed that the catalysts were, overall, more than 20% more active after 
resulfidation. Since the number of smaller slabs has decreased significantly after 
resulfidation, it is suggested that this increase in activity might be caused by a size 
effect of the catalyst.
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3.1	 Introduction

Environmental legislations steer oil refineries towards producing transportation 
fuels that contain ever less sulfur contaminants.[1] Sulfur is typically removed 
using the catalytic hydro-desulfurization (HDS) reaction, which exploits (Ni/Co)
MoS2 catalysts dispersed on γ-Al2O3 as support material.[2,3] MoS2 catalysts consist 
of a single layer of molybdenum atoms sandwiched between two layers of sulfur, 
forming two-dimensional slab-like particles with a typical size of 2 to 3 nm.[4,5] 
Typical γ-Al2O3-supported MoS2 catalysts contain both single catalyst slabs and 
stacks of multiple slabs. The catalyst performance in terms of activity and selectivity 
can be influenced by adding metal promoter atoms such as nickel or cobalt, yielding 
(Ni/Co)MoS2 slabs.[2,3,6] As this catalytic system is intensively used, there is a great 
research effort in industry and academia to improve the catalyst.

Previous research indicated that experimentalists should be careful during 
preparation and handling of their MoS2 catalyst samples, to prevent exposing the 
samples to air as this will change the particle size of the sulfide entities.[7] Further 
investigations showed that oxidic species form on the edges of the (Ni/Co)MoS2 
catalyst slabs upon exposure to air.[8] It was suggested that these oxidic species 
would remain around a core of (Ni/Co)MoS2 that still subsists, forming a ring-like 
barrier and thereby impeding further oxidation.

The question remained what the effect of a high-temperature resulfidation 
treatment would be on these oxidized catalysts, in terms of catalyst activity, size, 
and dispersion. Since the initial preparation of the catalyst involves the sulfidation 
of oxidic precursor species that finally form the (Ni/Co)MoS2 slabs,[9] the newly 
formed oxidic species could probably be transformed back into sulfides. Two 
possible results of this approach could be that these sulfides would then either 
aggregate into new (Ni/Co)MoS2 crystallites, or combine with the still-existing (Ni/
Co)MoS2 slabs, causing these slabs to grow back and resemble the situation as it was 
before oxidation.

To investigate this question, we prepared a series of NiMoS2, CoMoS2, and 
MoS2 samples, supported on γ-Al2O3. After initial sulfidation, we investigated the 
catalyst using high resolution transmission electron microscopy (HRTEM), X-ray 
photoelectron spectroscopy (XPS), and thiophene HDS catalytic performance 
experiments, then exposed the samples to a flow of artificial air (O2/N2, 20/80) 
for 24 h. Following this oxidation step, we subjected the samples to a second 
sulfidation treatment, identical to the initial sulfidation step. The samples were then 
investigated again using the aforementioned techniques. A second NiMoS2 sample 
was also prepared using two consecutive sulfidation treatments, without an interim 
oxidation step, to compare the HDS activity data.

3.2	 Experimental

3.2.1	Preparation of catalysts
The catalyst samples were prepared by incipient-wetness co-impregnation of Ketjen 
CK-300 γ-Al2O3 extrudates (SBET = 250 m2/g, Vpore = 0.66 mL/g), which were crushed and 
sieved to a 125-250 μm fraction prior to impregnation. Different solutions containing 
nickel(II) nitrate (Ni(NO3)2·6H2O, Merck), cobalt(II) nitrate (Co(NO3)2·6H2O, 
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Merck), ammonium heptamolybdate ((NH4)6Mo7O24·4H2O, Merck), 
and nitrilotriacetic acid (NTA) ((C2H3O2)3N, Merck) were prepared to 
obtain catalysts with 8 wt% Mo, and 1.5 wt% Ni or Co for the promoted 
catalysts. The molar ratio of NTA:Mo was 1.2:1. All catalyst precursors were dried at 
room temperature for 1 h, dried in static air at 100 °C overnight and finally calcined 
at 450 °C (heating rate 6 °C/min) in flowing air for 4 h. The catalyst precursors were 
sulfided at 350 °C (heating rate 6 °C/min) for 2 h in H2/H2S 9:1 (Scott), in a flow of 
60 mL/min STP at a total pressure of 1 bar.

To obtain ‘oxidized’ samples, a portion of the freshly sulfided sample was placed 
in a glass tube, and a flow of O2/N2 (20/80, 150 mL/min) was set over the sample 
for 24 h. After oxidation, the sample was re-sulfided via the same recipe used for 
the initial sulfidation. After preparation, and in between each experimental step, the 
samples were collected, placed in a glovebox filled with N2 (concentration of H2O < 
5 ppm, O2 < 1 ppm), and sealed in glass vials.

3.2.2	TEM and XPS characterization of catalysts
TEM studies were carried out using a monochromated FEI Tecnai F20ST/STEM 
electron microscope, operated at an accelerating voltage of 200 keV, in bright field 
TEM mode. Images were recorded using a Gatan Ultrascan CCD camera (4k x 4k).

The vials containing the samples were opened in an Ar-filled glovebox, after 
which the samples were crushed in n-hexane (Sigma-Aldrich, anhydrous, 95%) 
using a mortar and pestle, creating a suspension. A few drops of the suspension 
were placed on a Quantifoil microgrid carbon film-covered mixed mesh Au TEM 
grid. After evaporation of the solvent at room temperature, the grid was placed in a 
protective atmosphere transfer TEM specimen holder.[10] The sample compartment 
of the holder was then closed and sealed by a Viton O-ring, and the holder was 
removed from the glovebox and brought to the TEM for imaging. Once inserted in 
the TEM airlock, one three-minute pumping cycle was started while the holder was 
still closed, and the sample compartment of the holder was opened at the beginning 
of a second three-minute pumping cycle.

Samples were imaged after the initial sulfidation and after the oxidation-
resulfidation treatment. Since the behavior of the samples upon mere oxidation 
was already thoroughly documented before,[7,8] we did not characterize the 
oxidized samples. The resulting images were analyzed using ImageJ software. 
After identifying the slabs, the length of each slab was measured by hand using 
standard drawing tools in the software. Per sample, around 500 individual slabs 
were measured. The mean slab length was obtained from the least-squares fit of 
a log-normal distribution to the slab length histogram, as is a common approach 
when modeling particle size distributions.[11-14] The average stacking degree (N) 
was calculated according to eqn. (1):

	 N =
∑iniNi

∑ini

	 (1)

where Ni is the stacking number of a stack of MoS2 (i.e., the number of MoS2 platelets 
in the stack) and ni is the amount of individual MoS2 platelets counted for a given 
stacking number Ni.

The same samples were analyzed using a Kratos AXIS Ultra XP spectrometer, 
equipped with a monochromatic Al (Kα = 1486.6 eV) X-ray source and a delay-
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line detector (DLD). To prevent contact with air, samples were transferred from the 
glovebox to the XPS in a closed, homemade transfer holder under N2 atmosphere. 
Survey scans were recorded at constant pass energy of 160 eV and region scans at 40 
eV. The background pressure was 2 × 10-9 mbar.

XP spectra were fitted with CasaXPS (version 2.3.14) by a non-linear least-
squares fitting algorithm using mixed Gaussian-Lorentzian (35/65) curves. Shirley 
background subtraction was applied and the energy was calibrated using the Al 2p 
peak at 74.6 eV as a reference. The Mo 3d spectrum was fitted with Mo4+ (MoS2), 
Mo5+ (MoSxOy) and Mo6+ (MoO3) contributions. The Ni 2p and Co 2p spectra were 
fitted with a sulfidic M2+ contribution and an oxidic M2+ contribution (NiO, CoO). 
The sulfidic contribution was assigned to Ni or Co sulfides, either dispersed on the 
edges of MoS2 particles or present as bulk metal sulfides (Ni3S2, Co9S8). Lastly, the S2- 
and bridged S2

2- anions, as well as sulfate (SO4
2-), were taken into account for fitting 

the S 2p spectra. Binding energies of these components are listed in Table 3.1 and 
agree well with previously reported studies.[15-17]

Table 3.1. XPS Binding energies of the various species present in (Co/Ni)MoS2, as determined 
by the fitting procedure described in the text.

Mo4+

(MoS2)
Mo5+

(MoSxOy)
Mo6+

(MoO3)
S2-

(MSx)
S2

2-

(MSx)
BE (eV)a 229.0 231.0 232.6 161.7 163.3
∆BE (eV)b 3.15 3.15 3.15 1.15 1.15

S6+

(SO4
2-)

Co2+

(CoSx)
c

Co2+

(CoO)c
Ni2+

(NiSx)
c

Ni2+

(NiO)c

BE (eV)a 168.8 778.7 778.7 853.9 856.5
∆BE (eV)b 1.15 - - - -

a Binding energy of the 3d5/2 or 2p3/2 peak. Uncertainty ± 0.2 eV. 
b ΔBE(3d) = BE(3d3/2) - BE(3d5/2); ΔBE(2p) = BE(2p1/2) - BE(2p3/2).
c Only the 2p3/2 peak was fitted for Co and Ni.

3.2.3	Catalytic activity
Atmospheric gas-phase thiophene HDS experiments were performed under 
differential conditions in a single-pass stainless steel flow reactor with an internal 
diameter of 4 mm. An amount of precisely weighted catalyst particles (approximately 
25 mg for (Ni/Co)MoS2, approximately 50 mg for MoS2), diluted with 200 mg of 
SiC (250 μm), was sulfided in 60 mL/min H2/H2S(10%) at 350 °C for 2 h (6 °C/ 
min ramp). Then, the feed was switched to 4% (v/v) thiophene (Sigma-Aldrich) 
diluted in H2 at a flow rate of 100 mL/min (STP). Activity was measured by gas 
chromatography coupled with flame ionization detection (GC-FID). The reaction 
rate (rThio) normalized per mole of Mo was calculated according to eqn. (2): 

	 rThio =
FThio

mcat wMo
X )( 	 (2)

where FThio is the molar flow of thiophene (molThio h-1), mcat the catalyst mass (g), 
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wMo the fraction of molybdenum (molMo gcat-1), and X the conversion. 
Initial conversion was high while steady-state activity was reached after 
approximately 13 h. The regular method to determine steady-state activity 
is by calculating the average activity of at least 4~5 h of steady-state data points. 
As some samples continued to show minor deactivation, even after 20 h of activity 
tests, the activity data was fitted with a first-order exponential decay function and 
the horizontal asymptote was defined as the eventual steady-state activity of the 
catalyst.

3.3	 Results and discussion

3.3.1	Imaging and slab length analysis
To determine the effect of the oxidation-resulfidation treatment on the slab size and 
dispersion of the different (Ni/Co)MoS2 samples, a series of TEM characterizations 
was performed after the initial sulfidation treatment (the ‘Zero’ data) as well as after 
the resulfidation treatment (the ‘Resulf’ data). The length of the slabs was measured, 
and the resulting slab length distribution histograms are shown in Figure 3.1. It is 
visible that for NiMoS2, the slab length distribution has shifted slightly towards 
higher slab lengths, indicating that the slabs have grown longer after the second 
sulfidation treatment. This effect is also visible for MoS2, though less pronounced. 
The CoMoS2 sample does not show this increase of slab length, but instead shows 
that the slab length distribution of both the freshly sulfided and the resulfided 
samples are almost identical.

It should be considered that the intermediate oxidation step does have a 
significant effect on the slab length distribution, as previous experiments showed 
that 24 h of oxidation in air will shift the slab length distributions towards smaller 
slab lengths, while smaller slabs are disappearing completely.[8]

Figure 3.1. Slab length distributions of (a) NiMoS2, (b) CoMoS2, and (c) MoS2. Distributions 
of both the freshly sulfided samples (Zero, red bars) as well as the oxidized and resulfided 
samples (Resulf, blue bars) are shown.

a)

c)

b)



38

Since it is shown here that the slab length distribution of the resulfided 
sample resembles the starting situation reasonably well, we can conclude that the 
resulfidation treatment after oxidation not only causes the slabs to only increase in 
size again, but even allows the slabs to grow back to their original length or beyond.

To quantitatively compare the samples, the histograms were fitted with a log-
normal distribution and the geometric mean slab length (xc) and geometric standard 
deviation (σ) of each sample was calculated. In order to compare the stacking of the 
catalyst slabs, the average stacking numbers were calculated, showing the number 
of slabs per stack on average. Fits of the histograms are shown in Figure 3.2, the data 
are shown in Table 3.2. 

Table 3.2. Geometric mean slab length values (xc), geometric standard deviation (σ), and 
average stacking number of the samples.

xc (nm) σ Stacking

NiMoS2 Zero 1.99 ± 0.03 0.39 ± 0.02 1.4
Resulf 2.21 ± 0.03 0.31 ± 0.01 1.5

CoMoS2 Zero 2.11 ± 0.02 0.37 ± 0.01 1.5
Resulf 2.15 ± 0.03 0.34 ± 0.01 1.5

MoS2 Zero 2.12 ± 0.03 0.34 ± 0.01 1.4
Resulf 2.16 ± 0.04 0.31 ± 0.02 1.5

Figure 3.2. Slab length distribution histograms of a) NiMoS2, b) CoMoS2, and c) MoS2. The 
histograms are fitted with a least squares fit of a log-normal distribution.

a)

c)

b)
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The mean slab length values show the same trend as was found in 
the histogram data given in Figure 3.1. The NiMoS2 sample shows a 
substantial increase in mean slab length of approximately 30%. For both 
MoS2 and CoMoS2, the mean slab length does not differ significantly from the freshly 
sulfided sample. The geometric standard deviation values are similar for all samples, 
and show that the slab length distribution of all resulfided samples have condensed 
into more narrowed histograms. As for the average stacking, it remains practically 
the same for all samples between the different sulfidation treatments.

3.3.2	Chemical state of the catalysts
The catalysts were analyzed using XPS directly after the initial sulfidation, as well 
as after the oxidation-resulfidation treatment. The resulting Ni 2p, Mo 3d, and S 2p 
spectra of the NiMoS2 sample, including the deconvolution, are shown in Figure 3.3. 
The spectra of CoMoS2 and MoS2 are shown in the Figures 3.4 and 3.5. The chemical 
composition of each sample was determined from the deconvolution of the spectra, 
giving the fractions of species that are in sulfidic state, as shown in Figure 3.6. The 
numeric data of Figure 3.6 are shown in Table 3.3.

From Figure 3.6 it is visible that after the initial sulfidation of the samples, 
approximately 83% of Ni, 94% of Co, and 86% of Mo was present as sulfides, while 
the remainder of these species remained oxidic. The sulfur signal consisted solely 
of sulfidic species (S2-, S2

2-); no oxides were observed. The effect of the oxidation-
resulfidation treatment had a small effect on the Mo spectra of all three samples, 
and on the Co spectra: the sulfide/oxide ratio of these components only slightly 
changed, between 0.4% and 2.1%.

Figure 3.3. XP spectra of NiMoS2, showing the (a) Ni 2p, (b) Mo 3d, and (c) S 2p signals 
after initial sulfidation (Zero) and after the oxidation-resulfidation treatment (Resulf). The 
deconvolution consists of the following components:(a) Ni 2p: NiSx, red; NiOx, blue (both 
include satellites). (b) Mo 3d: Mo4+, red; Mo5+, green; Mo6+, blue; for S 2s, orange. (c) S 2p: S2-, 
red; S2

2-, orange. In all graphs: background, light gray; fit, gray dashed; data is black.

a) c)b)
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Figure 3.4. XP spectra of NiMoS2, showing the (a) Co 2p, (b) Mo 3d, and (c) S 2p signals 
after initial sulfidation (Zero) and after the oxidation-resulfidation treatment (Resulf). The 
deconvolution consists of the following components:(a) Co 2p: CoSx, red; CoOx, blue (both 
include satellites). (b) Mo 3d: Mo4+, red; Mo5+, green; Mo6+, blue; for S 2s, orange. (c) S 2p: S2-, 
red; S2

2-, orange. In all graphs: background, light gray; fit, gray dashed; data is black.

a) c)b)

Figure 3.5. XP spectra of MoS2, showing the (a) Mo 3d, and (b) S 2p signals after initial 
sulfidation (Zero) and after the oxidation-resulfidation treatment (Resulf). The deconvolution 
consists of the following components: (a) Mo 3d: Mo4+, red; Mo5+, green; Mo6+, blue; for S 2s, 
orange. (c) S 2p: S2-, red; S2

2-, orange. In all graphs: background, light gray; fit, gray dashed; 
data is black.

a) b)
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Table 3.3. Composition (in atom %, determined via deconvolution of XP spectra) of the 
samples NiMoS2, CoMoS2, and MoS2, as graphically shown in Figure 3.6.

Ni/Co Mo S

NiMoS2 Zero 82.6 ± 3.2 85.7 ± 3.2 100.0 ± 1.7
Resulf 76.1 ± 2.9 86.1 ± 3.4 100.0 ± 1.8

CoMoS2 Zero 94.1 ± 4.5 85.2 ± 2.9 100.0 ± 1.5
Resulf 92.8 ± 4.5 87.3 ± 3.4 100.0 ± 1.7

MoS2 Zero 88.0 ± 3.4 100.0 ± 1.8
Resulf 86.7 ± 3.3 100.0 ± 1.9

It should be noted here, that the error margins indicated in Figure 3.6 and Table 
3.3 are the calculated statistical errors based on the number of counts in each fitted 
peak. The total error might be larger, as the background subtraction process is not 
included in these error values.

In the Ni spectra a significant amount of oxides appeared after the oxidation-
resulfidation treatment, as nickel oxidation increased by approximately 7%. 
This oxidative trend is in agreement with previous studies that showed the Ni/
Co promoter atoms to oxidize more readily than Mo and S, and Ni oxidized more 
deeply after 24 h in air.[8] As it was shown that after 24 h of oxidation all species 
had significantly oxidized (Ni 39%, Co 24%, Mo 15%, S 6%) it is now clear that 
resulfidation occurs for all species.

Figure 3.6. Fraction of the species that are present in the sulfidic state (in atom %, as 
determined by deconvolution of XP spectra). (a) NiMoS2, (b) CoMoS2, and (c) MoS2, after 
initial sulfidation (Zero) and after the oxidation-resulfidation treatment (Resulf). The fraction 
of sulfided species was calculated from the contributions of MoS2 (Mo4+), sulfide anions (S2- 
and S2

2-) and sulfided Ni/Co (M-MoS2 or MSx). Statistical error margins are indicated

Zero
Res

ulf

80

90

100

Zero
Res

ulf

80

90

100

Zero
Res

ulf

80

90

100

NiMoS2

A
to

m
%

CoMoS2 Mo4+ (MoSx)

S2-, S2
2- (MoSx)

Ni/Co (MSx)

A
to

m
%

MoS2

A
to

m
%

a) c)b)



42

During the initial sulfidation treatment, NTA has the effect of chelating the 
Ni/Co promoter atoms and causing these promoter atoms to not sulfide below 
approximately 250 °C, while Mo starts sulfiding at approximately 150 °C already.
[18,19] Since NTA decomposes mainly between 200 °C and 400 °C at 1 bar sulfidation 
pressure, the chelating agents will be removed during the first sulfidation treatment 
and the chelating effect will be diminished in the second sulfidation treatment. The 
lack of chelating agents would cause all the formed oxidic species (Ni, Co, Mo) 
to be sulfided at lower temperatures.[18-20] It is surprising, however, that the Ni 
promoter atoms, in contrast to Co and Mo, are not sulfided back to their initial degree 
of sulfidation, but a fraction of the initially sulfided Ni promoter atoms remains 
oxidized after the resulfidation treatment: The initial sulfidation treatment left 17% 
of the Ni precursor species in oxidic form, which increased to 24% after oxidation-
resulfidation step.

3.3.3	Catalytic activity
The catalytic activity of the samples was measured in gas-phase thiophene HDS 
at atmospheric pressure. Steady-state activity was determined via a first-order 
exponential decay fit of the dataset, as shown in Figure 3.7.

Figure 3.5. Gas-phase thiophene HDS activity data of the catalysts as a function of time, 
including first-order exponential decay fits (solid lines).
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For each type of catalyst, activity data were obtained for two or three 
individual samples. For comparison, an additional NiMoS2 sample was 
treated with a second sulfidation treatment, without the 24 h oxidation 
treatment in between. This sample is labeled ‘Doublesulf’. Afterwards, the average 
steady-state activity was determined per group of samples. The resulting average 
activity data are shown in Table 3.4.

Table 3.4. Average steady-state catalytic activity data, normalized per mole of Mo, for gas-
phase thiophene HDS.

Average rThio (molThio molMo
-1 h-1) ± standard error of fit

NiMoS2 CoMoS2 MoS2

Zero 37.0 ± 2.9 20.3 ± 4.8 4.4 ± 0.1
Resulf 46.0 ± 2.1 28.2 ± 3.8 5.4 ± 1.0
Doublesulf 44.2 ± 0.3

Oxidation-resulfidation treatment clearly has a positive effect on the steady-
state activity of the catalysts. All three samples show an increase of over 20%, while 
CoMoS2 exhibits the largest activity increase with 39%. Also, the Doublesulf NiMoS2 
sample showed a similar increase in HDS activity.

The activity that is measured for the first data point highly depends on the time 
between the moment that the thiophene flow is introduced to the reactor and the 
moment that the chromatograph starts measuring the first products. As this time 
might vary between different measurements, the first data point is subject to a 
variable error. Also, the fit does not perfectly cover the first few data points. We 
have verified however that varying the exact value of this first data point, both to 
a significantly higher or lower value, has a negligible effect on the eventual steady-
state activity value that is determined by the fitting procedure. 

Also, the activity values as determined via the fitting procedure deviated little 
from the activity values as calculated via the regular method (the average of the last 
4~5h). For all the samples, the deviation was between 0% and 2%, except for the 
NiMoS2 Resulf and Doublesulf tests which deviated 5% and 6%, respectively.

3.3.4	Discussion

The slab length analysis shows that (Ni/Co)MoS2 slab length is increasing on 
average after the oxidation-resulfidation treatment. The number of smaller slabs, 
below a size of 1.5 nm, is decreasing, as is visible especially in the left shoulders 
of Figures 3.1a and 3.1c. Still, the HDS activity of all catalyst samples is increasing 
significantly. From previous research it is known that only the edges of the (Ni/Co)
MoS2 slabs are catalytically active,[21,22] so from this perspective it is surprising 
that a catalyst sample that has larger particles and thus relatively less active edges 
available, is more active. The increase in activity might be caused by a redispersion 
process of the catalyst and its promoter atoms during the second heating step of 
the resulfidation treatment. The effect of the oxidation-resulfidation treatment might 
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also be that the catalyst particles are now less well-crystallized, as was observed in 
previous experiments and which was suggested to cause more active sites for HDS.
[23]

Another potential explanation could be that there is a minimum size that a (Ni/
Co)MoS2 slab should have, above which it is catalytically (more) active. Since the 
initially sulfided samples contain a larger proportion of smaller (< 1.5 nm) slabs, 
these slabs could fully oxidize during the oxidation treatment, and then redisperse 
and form larger, more active slabs during the second sulfidation treatment. This 
hypothesis is in line with the observation from Lauritsen et al., where it was shown 
that MoS2 nanostructures comprising less than 15 Mo edge atoms (21 atoms in 
total, particle size < ~1.6 nm) do not show the so-called electronic brim state that is 
believed to play an important role in HDS catalysis.[24,25]

In view of this hypothesis, it might be favorable to tailor a (Ni/Co)MoS2 catalyst 
in such a way that the size distribution of the formed slabs is more narrow than is 
conventionally obtained via standard preparation methods, while the number of 
slabs smaller than ~1.6 nm is minimized. It might be that for this, a sequence of 
oxidation-resulfidation treatments could be beneficial.

3.4	 Conclusion

(Ni/Co)MoS2 slabs were prepared via an initial sulfidation step, and subsequently 
subjected to a 24 h oxidation and second sulfidation treatment. From HRTEM 
imaging it appeared that after oxidation and resulfidation the (Ni/Co)MoS2 slabs 
were growing back to their original length. The average slab length increased, 
while the slab length distribution of the samples changed to a less widely dispersed 
distribution histogram. XPS showed that the Ni/Co promoter atoms were more 
oxidized after oxidation-resulfidation, compared to the initial sulfidation treatment. 
The oxidized molybdenum and the sulfur returned to the freshly sulfided state after 
resulfidation, as before oxidation. Moreover, the oxidation-resulfidation cycle made 
all samples more active HDS catalysts in gas-phase thiophene HDS measurements, 
showing an activity increase of up to 39%. We suggest that this increase in HDS 
activity might be due to redistribution of the (Ni/Co)MoS2 slabs during the second 
sulfidation treatment. This could indicate a size effect of the catalyst, as smaller slabs 
(< ~1.6 nm) might be less active, and after a second sulfidation treatment the number 
of smaller slabs decreases significantly.
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Chapter 4	

Cobalt-rhenium β-Mn-type bimetallic nanoparticles 
prepared via colloidal chemistry

We report on the synthesis, thermal stability and structural evolution of β-manganese 
(Mn)-type cobalt (Co)–rhenium (Re) nanoparticles (NPs). Monodisperse Co1–xRex 
NPs are synthesized for the first time via a facile one-pot colloidal method, yielding 
excellent control of Re stoichiometry for x ≤ 0.15. Scanning transmission electron 
microscopy–energy dispersive X-ray spectroscopy analysis demonstrates that the 
Re atoms are homogeneously distributed throughout the Co lattice. Synchrotron 
powder X-ray diffraction combined with Rietveld refinement shows clear preferential 
site occupancy of Re atoms in the 12-fold site. A maximum of 15 atom % Re can be 
incorporated into the Co lattice, yielding single-phase particles. In situ synchrotron 
powder X-ray diffraction heating studies show that in reducing atmosphere the 
β-Mn-type Co–Re NPs are stable up to 300 ºC before transforming into hexagonal 
close-packed Co, implying Re segregation.
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4.1	 Introduction

Bimetallic nanoparticles (NPs) attract significant attention due to the immense 
technological potential that arises from size, morphology and compositional effects.[1-
5] In catalytic processes, bimetallic NPs often exhibit superior performance compared 
to their monometallic counterparts.[6-8] The enhanced catalytic performance may 
originate from synergy between a modified electronic structure and the formation of 
new active sites, induced by the local presence of the second metallic element.[9,10] 
Co–Re NPs are of interest in catalytic processes such as the Fischer-Tropsch reaction 
and ammonia synthesis.[11-17] In the presence of small amounts of Re, the overall 
Fischer-Tropsch performance of Co in terms of activity and selectivity towards long-
chain hydrocarbons (C5+) is enhanced.[18-20] One long lasting debate, addressed 
both experimentally and theoretically, is the location of the Re promoter in the Co 
particles. While some studies indicate that Re is distributed inside the bulk Co 
matrix forming an alloy,[21] others propose that Re atoms accumulate on the surface 
in intimate contact with Co metal nanoparticles,[22] or that Re is located just below 
a surface consisting of Co atoms.[23] In these experimental studies,[21,22] the Co–Re 
bimetallic catalysts are prepared by wet impregnation, which gives limited control 
of parameters such as particle size and elemental distribution. A more targeted 
strategy would be the synthesis of free-standing Co–Re NPs via colloidal chemistry 
with subsequent deposition on a selected support material.[24-28] To the best of our 
knowledge, synthetic protocols for colloidal Co–Re NPs are currently unavailable. In 
this communication we report on a method to synthesize monodisperse Co–Re NPs 
with the β-Mn-type structure, a structure found for monometallic Co NPs.[29,30]

4.2	 Experimental

4.2.1	Synthesis of Co-Re nanoparticles
Uniformly sized Co1–xRex (x ≤ 0.15) NPs were synthesized by thermal decomposition 
of dicobalt octacarbonyl (Co2(CO)8, ≥ 90%) and dirhenium decacarbonyl (Re2(CO)10, 
98%) metal precursors in ortho-dichlorobenzene (o-DCB, 99%, anhydrous) containing 
oleic acid (OA ≥ 99%) as stabilizing agent. All chemicals were purchased from Sigma-
Aldrich and used without further purification.

For the synthesis of Co–Re NPs, the previously reported protocol for the synthesis 
of Co NPs [31] was subjected to various modifications (Figure 4.1). In a typical 
Co0.85Re0.15 NP synthesis, 0.20 mmol Re2(CO)10 and 65 μL OA (0.205 mmol) were 
dissolved in 15 mL o-DCB under Ar flow. The solution was subsequently heated 
to 177 ± 1 ºC under stirring conditions. In the meantime, 1.11 mmol Co2(CO)8 was 
dissolved in 3 mL o-DCB in a glove box (O2 and H2O levels <1 ppm).

When the o-DCB/OA/Re2(CO)10 mixture reached the targeted temperature, the 
Co2(CO)8 precursor solution was rapidly injected into the hot mixture. The formed 
colloidal suspension was aged for 2–4 hours and subsequently quenched with 10 
mL fresh o-DCB. The NPs were flocculated using excess 2-propanol and isolated 
by centrifugation. After discarding the supernatant, the NP precipitate was washed 
with 2-propanol for at least three times before redispersion in hexane. In order to 
tune the Co–Re metal composition, the relative amounts of Co and Re carbonyl 
precursors were systematically adjusted (Table 4.1).
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Table 4.1. Amounts of reactants used for the preparation of Co1–xRex Nanoparticles.

Co2(CO)8 Re2(CO)10 o-DCB OA

Sample mg mmol mg mmol mL mmol
Co0.97Re0.03 440 1.286 28 0.043 18 0.205
Co0.92Re0.08 420 1.228 72 0.110 18 0.205
Co0.85Re0.15 380 1.111 132 0.202 18 0.205
Co0.60Re0.40 270 0.789 354 0.543 18 0.205

4.2.2	Nanoparticle characterization
The crystal structure and thermal stability of Co–Re NPs were investigated by 
synchrotron powder X-ray diffraction (SR-PXRD). All the experiments were 
performed at the Swiss-Norwegian Beamlines (SNBL), station BM01A, at the 
European Synchrotron Radiation Facility (ESRF). Diffraction profiles were collected 
using a PILATUS 2M detector. Wavelength (λ = 0.06957 nm) was calibrated by means 
of a NIST Si standard. For data reduction a PyFAI-based tool was used.[32] For 
structural investigations, dried samples were loaded (inside a glove box, O2 and H2O 
levels <1 ppm) in 0.7 mm diameter glass capillaries and sealed. Sets of diffraction 
patterns were collected at room temperature and the intensities were averaged to 
improve statistics. Rietveld refinements were performed using the Fullprof suite of 
programs [33] (2Θ range 10–37º; Δ2Θ = 0.0125º; 30 Bragg reflections, 10–13 variable 
parameters; manual background correction; typical Bragg RF factor = 4.3, Rp = 10.4). 
For the temperature-dependent SR-PXRD experiments, an inhouse-made quartz 
capillary-based in situ cell was used. The Co0.85Re0.15 sample was loaded (inside a 
glove box) in a 0.7 mm diameter quartz capillary, with a bed length of ~10 mm, and 
kept in place by quartz wool plugs. Sample heating was provided by a vertical hot 
air blower. Flowing gas was supplied by a set of mass flow controllers calibrated for 
relatively small flows (~5 mL min–1). A 4 vol. % H2/He gas mixture (Messer Schweiz 
AG, 99.2%) was used. The sample was heated in situ over the temperature range 27 –
402 ºC at a rate of 2 ºC min–1. The diffraction patterns were recorded simultaneously 
using a collection rate of 4 images min–1.

177 ºC 177 ºC

-CO (g)

Re2(CO)10 - o-DCB - OA
Co2(CO)8 - o-DCB
Co1-xRex nanoparticles

Figure 4.1. Colloidal Co–Re NPs formed via thermal decomposition of carbonyl precursors in 
the presence of OA as stabilizing agent and o-DCB as solvent.
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High-resolution transmission electron microscopy (HRTEM) and scanning 
transmission electron microscopy (STEM) was performed using a Cs-corrected FEI 
Titan Cubed microscope operating at 300 kV, equipped with a Gatan US1000 2k x 
2k CCD, a Direct Electron DE-12 4k x 3k CCD and a high-angle annular dark-field 
(HAADF) detector, or with a monochromated FEI Tecnai F20ST/STEM operating 
at 200 kV, equipped with a Gatan US4000 4k x 4x CCD. Both microscopes were 
equipped with an energy dispersive X-ray (EDX) detector (Oxford Instruments, 
X-MAXN 100TLE Windowless) for EDX spectroscopy. Analysis of (STEM-)EDX data 
was done using AZTec software, version 3.1.

All TEM samples were prepared by drop casting 10 µL of the relevant NP 
dispersion onto ultrathin carbon film (< 3 nm) supported by lacey carbon film on 
400 mesh copper grids (Ted Pella Inc.) and dried under inert atmosphere.

4.3	 Results and discussion

4.3.1	Characterization of Co-Re nanoparticles
The NP composition was determined using HRTEM-EDX. Analysis of a number of 
single Co–Re NPs showed signals of both Co and Re, confirming their bimetallic 
nature. The average stoichiometries are summarized in Table 4.2 and Figure 4.2.

Table 4.2. Composition of Co-Re NPs, as determined by HRTEM-EDX.

Sample Atom % Rea

Co0.97Re0.03 N.D.b

Co0.92Re0.08 5.1 ± 0.9
Co0.85Re0.15 12.2 ± 1.3

a Measurements on randomly selected single NPs, averaged.
b N.D. Not determined.

Figure 4.2. (a) Atomic composition as determined from HRTEM-EDX of Co1–xRex NPs on 
single nanoparticles. (b) Averaged composition (data points) determined by
HRTEM-EDX versus nominal composition.

a) b)
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Figure 4.3 shows the SR-PXRD pattern of Co–Re NPs with nominal composition 
Co0.85Re0.15. Rietveld refinement using the structural model reported by Dinega 
and Bawendi [29] confirmed that the Co-Re NPs crystallize in the cubic β-Mn-type 
structure (space group P4132). The refined crystallographic parameters are reported 
in Table 4.3. The Rietveld fit showed clear preferential site occupancy for Re-atoms 
in the 12-fold site. 

Table 4.3. Crystallographic dataa of β-Mn-type Co–Re NPs with nominal composition 
Co0.85Re0.15.

Species Site x y z Occupancy
Co1 x,x,x 8c 0.0634(5) 0.0634(5) 0.0634(5) 0.666(1)
Re1 x,x,x 8c 0.0634(5) 0.0634(5) 0.0634(5) 0.000(1)
Co2 1/8,y,z 12d 0.125 0.193(2) 0.461(1) 0.818(7)
Re2 1/8,y,z 12d 0.125 0.193(2) 0.461(1) 0.182(7)

a T = 20 ºC; Rwp = 10.1%; Space group: P4132; Unit cell parameter, a = 0.6199(1) nm.

Figure 4.4 illustrates the moderate differences in the diffraction profiles depending 
on the Re-site distribution (Re at the 8-fold site; Re at the 12-fold site; random Co/Re 
distribution). For Co- or Mn-based bimetallic β-Mn-type solid solutions, both 8-fold 
and 12-fold site preferences have been reported.[33-35] Furthermore, it is evident 
that the unit cell expands upon Re incorporation. By assuming a linear relationship 
in the a-axis between the two end members Co and Re (β-Mn-type structure) [a = 
0.6098(3) nm for Co [31]; and 0.697(2) nm for Re [36]] the refined value a = 0.6199(1) 
nm for the synthesized Co0.85Re0.15 NPs corresponds to a Re incorporation of 11.7 
atom %. This value is in good agreement with the Re content (12.2 ± 1.3 atom %) 
determined by HRTEM-EDX (Table 4.2).

Figure 4.3. SR-PXRD pattern of Co0.85Re0.15 NPs (black) and corresponding Rietveld 
refinement. The calculated (red) and difference (gray) profiles are shown along with 
the positions for the Bragg reflections (vertical bars). λ = 0.06957 nm.

P4132
a : 0.6199(1) nm
Rwp = 10.1%
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A representative high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) image of the Co0.85Re0.15 NPs is shown in Figure 4.5a. 
The as-prepared particles have a spherical shape with an average diameter of 8 nm 
and a narrow size distribution (11% variation in diameter); as shown in Figure 4.5b. 
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Figure 4.4. Calculated X-ray diffraction patterns of β-Mn-type Co–Re (Re, 1/6 fraction). In the 
simulated patterns, all Re atoms are assumed to occupy only (a) site 1 (8-fold); (b) site 2 (12-
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Figure 4.5. (a) HAADF-STEM image and (b) NP size distribution of Co0.85Re0.15 NPs.

a)

25 nm

b)



55

HRTEM (Figure 4.6a) reveals homogeneous lattice fringes and a periodic 
lattice with no indications of Re segregation. To further investigate the elemental 
distribution in the individual NPs, STEM-EDX line scans were recorded (Figure 
4.6b–c). The compositional line profiles across the two Co0.85Re0.15 NPs (Figure 4.6c) 
show homogeneous Co and Re distributions. These results indicate atomic-level 
mixing in the Co0.85Re0.15 crystallites. Based on SR-PXRD and STEM-EDX results, we 
conclude that the as-prepared Co0.85Re0.15 NPs form a solid solution.

4.3.2	Varying the Co-Re composition
Compositional tuning of the Co1–xRex (x ≤ 0.15) NPs was achieved by adjusting the 
relative molar ratio between the two metal carbonyl precursors. Figure 4.7 shows 
the SR-PXRD patterns and Rietveld refinements of NPs with varying Re content. 
Careful inspection of the SR-PXRD patterns gave no indication for the existence of 
any crystalline phases with a high Re content; only Bragg reflections originating 
from the cubic β-Mn-type structure were identified. 

For the Co0.97Re0.03 sample, SR-PXRD revealed some weak additional reflections 
(indicated by asterisk in Figure 4.7a). The origin of these reflections is not fully 
understood; however, possibly some can be related to hcp/ccp intergrowth particles.
[31] It is worth mentioning that with increasing Re content (Figure 4.7b–c) the above 
mentioned reflections disappear, yielding single-phase particles.

Furthermore, an expansion in the a-axis with increasing Re content for x ≤ 0.15 
was observed for Co1–xRex (see Figure 4.8), in good agreement with what is expected 
from Vegard´s law approximation (dashed line).[37,38]

Figure 4.6. (a) HRTEM image of a single Co0.85Re0.15 nanoparticle. (b) HAADF-STEM image 
of multiple Co0.85Re0.15 NPs and (c) the corresponding STEM-EDX line scan profile recorded 
along the arrow direction.

a)

2 nm 0 10 20 30 40 50 60 70
C

ou
nt

s
(a

.u
.)

Distance (nm)

Co K series
Re L series

c)

b)

10 nm



56

Figure 4.7. Rietveld refinements of synchrotron PXRD intensity profiles of a) Co0.97Re0.03; b) 
Co0.92Re0.08; and c) Co0.60Re0.40 NPs. Observed (black), calculated (red) and difference (gray) 
profiles are shown along with the positions for Bragg reflections (vertical bars). Impurity 
denoted with asterisk (*). λ = 0.06957 nm.

P4132
a : 0.6189(1) nm

b)

P4132
a : 0.6223(2) nm

c)

P4132
a : 0.6130(1) nm

a)

* *
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4.3.3	High Re content
However, we did not obtain uniform, single phased Co1–xRex NPs for x > 0.15. 
Attempts to synthesize such particles under our reaction conditions always resulted 
in a product with a Re content of ~15 atom %, as estimated from SR-PXRD. For 
example, SR-PXRD analysis of Co0.60Re0.40 gave a = 0.6223(1) nm (Figure 4.7c), 
corresponding to an estimated Re incorporation of 14.3 atom % (Figure 4.8).

While no other crystalline phases were detected by SR-PXRD, complementary 
TEM investigations of Co0.60Re0.40 revealed that the sample is highly inhomogeneous 
both with respect to particle size and chemical composition of the individual 
particles. Representative TEM images of the Co0.60Re0.40 NPs are presented in Figure 
4.9. The particles are characterized by a tri-modal size distribution; the main 
population being spherical bimetallic Co–Re NPs with an average diameter of ca. 
7 nm. Some ultra-small clusters and larger aggregates (with sizes of ~1 nm and 
50–70 nm, respectively) were also identified. STEM-EDX mapping suggests that the 
latter are Re-rich (Figure 4.10). Our findings clearly suggest that within the explored 
experimental window, the solubility limit of Re into single-phased β-Mn-type Co 
NPs is ~15 atom %.
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law) included on the right y-axis, along with a proposed graphical representation of the Co 
(blue) and Re (orange) atom distribution within the Co1–xRex particles (x ≤ 0.15). 
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Figure 4.9. Representative TEM images of Co0.60Re0.40 on lacey carbon grid. (a) An ~80 nm-
sized, Re-rich particle surrounded by Co-Re NPs. (b) High magnification image of a large Re-
rich particle (bottom left corner) covered with ~1 nm clusters and a few Co-Re NPs of about 7 
nm. (c) Cluster of Co-Re NPs of about 7 nm in size. 
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4.3.4	Thermal stability
The thermal stability of the β-Mn-type Co0.85Re0.15 NPs was studied by in situ SR-
PXRD. Figure 4.11a shows a contour plot of the diffraction patterns from 27 – 402 
ºC upon heating in diluted H2. Selected 2D-patterns are presented in Figure 4.11b. 
Upon heating, all Bragg reflections of the β-Mn-type phase are slightly shifting to 
lower angles due to thermal expansion (see e.g. the blue and cyan diffractograms at 
204 and 286 ºC, Figure 4.11b). For the β-Mn-type Co–Re NPs, the calculated linear 
thermal expansion coefficient in the temperature range of 100 – 250 ºC is 25 × 10–6 
ºC–1. Upon further heating, the NPs transform into a hexagonal close-packed (hcp) 
phase at around 300 ºC (green and red diffractograms in Figure 4,11b). This phase 
transformation is in good agreement with reports on Co NPs.[30,39] 

The sharp Bragg reflections of the hcp-type phase (red diffractogram at 349 ºC, 
Figure 4.11b) clearly show that a complete recrystallization and particle growth 
process has taken place, with an estimated change from 5 to 30 nm sized crystallites 
(using the Scherrer equation) for the β-Mn and hcp-type phases, respectively. The 
calculated unit cell dimensions of the hcp-type phase at 349 ºC are a = 0.2516 nm 
and c = 0.4095 nm. When using the thermal expansion coefficients of hcp Co (linear 
coefficients along the a and c axes; 12.5 × 10–6 ºC–1 and 17.8 × 10–6 ºC–1),[40] these 
values translate into a unit cell volume of 0.01105 nm3/Co at 20 ºC, which is very 
close to the value reported for pure hcp Co (0.01106 nm3/Co).[41] 

The high-temperature SR-PXRD data hence show that a drastic Re segregation 
occurs. The β-Mn-type Co–Re NPs transform into pure hcp Co, and consequently 
a separate high-Re-content phase forms, with too small particle size or to poor 
crystallinity to be detected by the applied method.

4.4	 Conclusion

We report on the first synthesis of crystalline Co–Re NPs. According to Rietveld 
refinement these NPs take the β-Mn-type structure with a distinct site preference 
of Re atoms in the 12-fold site. Homogeneous elemental distribution of Co and Re 
in the individual NPs was further demonstrated using HRTEM and STEM-EDX 
line scans. The synthesized Co–Re NPs form a solid solution up to a maximum of

Figure 4.10. TEM images of the Co0.60Re0.40 sample on lacey carbon grid (a) HAADF-STEM 
image of a large Re-rich particle. (b) and (c) show the corresponding STEM-EDX mapping 
images of the Co K series (blue) and the Re L series (orange), respectively.

c)

25 nm

b)

25 nm

a)

25 nm
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~15 atom % Re. The thermal stability of the Co–Re NPs was explored in reducing 
atmosphere. The β-Mn polymorph is stable up to 300 ºC, which defines the maximum 
operational temperature for this type of Co–Re NPs, a parameter of immense 
importance when utilized as nano-catalysts for industrial applications.

As the β-Mn-type Co–Re NPs are currently synthesized for the first time, their 
catalytic potential has not yet been explored. Although Co-containing Fischer-
Tropsch catalysts are based on the hexagonal/cubic close-packed (hcp/ccp) 
Co polymorphs,[15, 42] currently no routes for controlled hcp/ccp Co–Re NPs 
synthesis exist. Therefore, the synthesis of β-Mn-type Co–Re NPs represents a 
promising possibility to obtain well-defined model catalysts.[24-28] These will be 
highly attractive for detailed investigations to elucidate the role of the Re promoter 
in the Co-based Fischer-Tropsch process. The β-Mn-type Co–Re NPs can be studied 
as such, or thermally converted into a hcp/ccp structure, which ought to be possible, 
yet is still very challenging.
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Figure 4.11. In situ synchrotron high temperature treatment of Co0.85Re0.15 NPs. (a) SR-PXRD 
contour plot upon heating in 4 vol. % H2/He from 27 to 400 ºC at a rate of 2 ºC min–1. (b) 
Selected 2D SR-PXRD patterns corresponding to the colored lines in (a). Blue = 204 ºC, cyan = 
256 ºC, green = 298 ºC, red = 349 ºC.  λ= 0.06957 nm.
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Chapter 5	

In situ TEM observation of the Boudouard reaction: 
multi-layered graphene formation from CO on cobalt 
nanoparticles at atmospheric pressure

Using a MEMS nanoreactor in combination with a specially designed in situ TEM 
holder and gas supply system, we imaged the formation of multiple layers of 
graphene encapsulating a cobalt nanoparticle, at 1 bar CO : N2 (1 : 1) and 500 °C. 
The cobalt nanoparticle was imaged live in a TEM during the Boudouard reaction. 
The in situ/operando TEM studies give insight into the behavior of the catalyst 
at the nanometer-scale, under industrially relevant conditions. When switching 
from Fischer–Tropsch syngas conditions (CO : H2 : N2 1 : 2 : 3 at 1 bar) to CO-rich 
conditions (CO : N2 1 : 1 at 1 bar), we observed the formation of multi-layered 
graphene on Co nanoparticles at 500 °C. Due to the high temperature, the surface 
of the Co nanoparticles facilitated the Boudouard reaction, causing CO dissociation 
and the formation of layers of graphene. After the formation of the first patches of 
graphene at the surface of the nanoparticle, more and more layers grew over the 
course of about 40 minutes. In its final state, around 10 layers of carbon capped the 
nanoparticle. During this process, the carbon shell caused mechanical stress in the 
nanoparticle, inducing permanent deformation.
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5.1	 Introduction

Novel techniques and equipment to allow in situ and operando research on 
catalytic samples are currently under development. Using these tools, it is possible 
to investigate a catalyst under industrially relevant working conditions: high 
temperatures and high gas pressures. The so-called temperature and pressure gaps 
between traditional catalysis research and the industrial applications are thereby 
bridged, improving the relevance of the results obtained via in situ research.

Current demand for clean, renewable fuels has instigated interest in the well- 
known catalytic Fischer–Tropsch (FT) reaction, which produces hydrocarbons from 
synthesis gas (syngas, CO and H2).[1] One of the catalysts frequently used for this 
reaction is cobalt, often in the form of supported nanoparticles.[2] Both in academia 
as well as industry, efforts are being undertaken to investigate this catalytic system, 
in order to understand the fundamental processes involved and eventually improve 
the performance of the catalyst.

Several research groups have used in situ techniques to explore the FT syngas 
reaction on cobalt, e.g. scanning tunneling microscopy (STM),[3–5] X-ray diffraction 
(XRD),[6] and X-ray absorption spectroscopy (XAS),[7,8] yielding meaningful insight 
into the working state of the catalyst surface under industrially relevant conditions. 
However, the use of in situ transmission electron microscopy (TEM) has not yet been 
reported. As has been shown for other reactions, such as the catalytic CO oxidation 
on platinum nanoparticles,[9] and the formation of solid carbon in various forms on 
metal nanoparticles,[10-13] in situ TEM experiments can reveal valuable information 
of the behavior of the catalyst nanoparticles at the atomic scale.

To investigate the behavior of FT catalysts at elevated pressures and 
temperatures in a TEM, we used a combination of a MEMS nanoreactor loaded with 
Co nanoparticles, inserted in a specially designed in situ TEM sample holder. The 
sample holder allowed us to heat the sample (up to 660 °C) while using a gas supply 
system to flow a mixture of reactant gases over the sample at ambient pressure. A 
residual gas analyzer (RGA) monitored the product gas stream leaving the outlet of 
the nanoreactor.

5.2	 Experimental

5.2.1	Cobalt nanoparticles
ε-Cobalt nanoparticles (NPs) were synthesized under inert conditions via hot 
injection methodology using standard procedures.[14] Oleic acid (OA, C18H34O2, 
≥99%, 0.07 g) in 1,2-dichlorobenzene (DCB, C6H4Cl2, 99%, anhydrous, 15 mL) was 
heated to 170 °C under stirring, and 0.52 g of dicobalt octacarbonyl (Co2(CO)8, ≥90% 
Co) dissolved in 3 mL of DCB was rapidly injected. The black colloidal suspension, 
formed upon injection, was aged at 170 °C for 30 min before quenching with 10 mL of 
DCB. The NPs were flocculated with excess 2-propanol (C3H8O, 99.5%, anhydrous) 
and isolated by centrifugation. After discarding the supernatant, the NP precipitate 
was purified by three repetitive cycles of washing in 2-propanol and subsequent 
centrifugation. The ε-Co NPs dispersed in hexane (C6H14, 95%, anhydrous) were 
stored in a closed container in a glovebox to prevent oxidation. All reagents were 
supplied by Aldrich, and used without further purification.
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For reference TEM imaging, a few drops of nanoparticle suspension 
were placed on a 400 mesh copper TEM grid coated with lacey carbon 
film, covered with a continuous, ultrathin (<3 nm) carbon film (Ted Pella 
Inc.). The solvent was left to evaporate inside the glovebox, by heating the TEM grid 
on a hotplate overnight at 100 °C.

5.2.2	Nanoreactors
In situ TEM experiments were conducted using the latest version of nanoreactors 
(Else Kooi Laboratory).[15] These micro-electromechanical systems (MEMS) devices 
are fully integrated on a single silicon die.[16] The nanoreactors, shown in Figure 
5.1, consist of a 4.5 μm deep, etched channel with an in- and outlet allowing sample 
loading and gas flow feeding. For heating, a platinum wire is integrated in the top 
part of the gas channel. This wire allows simultaneous heating and temperature 
readout via a calibrated resistance measurement. The construction of the channel is 
such that it is possible to go up to 14 bar and 660 ºC. A set of 41 electron-transparent 
windows, consisting of 15 nm thin amorphous SiN films, is embedded in the center 
of the channel. The thin and chemically inert amorphous silicon nitride film also 
covers all internal surfaces of the nanoreactor channel. The channel is supported by 
pillars, to increase stiffness and reduce bulging effects when filled with gas. After the 
preparation of the channel, the holes used for deposition and etching are plugged.

Cobalt nanoparticles were loaded into the nanoreactor by drop-casting the 
suspension containing the sample on the inlet.[17] Capillary forces drew the liquid 
through the channel, depositing nanoparticles on all surfaces, including the electron-
transparent windows. The loading was done in a glovebox, under Ar atmosphere. 
Subsequently, the loaded nanoreactors were stored in an airtight vessel, which was 
taken out of the glovebox. The vessel was gently heated to ~80 ºC on a hotplate for 
two days, while a turbomolecular pump was connected to pump down the vessel in 
order to evaporate the solvent.

5.2.3	In situ TEM holder
The custom built, dedicated in situ TEM holder used for the experiments, as shown 
in Figure 5.2, contains a pair of capillaries for gas feed and exhaust. The nanoreactors 

Figure 5.1. (a) Schematic cross-section of the nanoreactor channel, showing all relevant 
components.[10] (b) Photograph of two identical nanoreactors: the top one, viewed sideways, 
shows the bottom side with the channel inlet and outlet, and the bottom one, placed flat, 
shows the top side with the gas channel and heater wire.
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Figure 5.2. Schematic overview the in situ TEM holder.
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screwsViton O-rings

were placed and pressed on top of two Viton O-rings to ensure a leak-tight 
connection between the nanoreactor gas-channel and the capillaries. For controlling 
and reading out the temperature of the nanoreactor, four pins (two for control, two 
for read-out) were placed in contact with the platinum heating wire. Custom-built 
software digitally controlled and monitored the temperature of the sample.[18]

5.2.4	Gas supply system and residual gas analysis
Reactant gases were supplied by a computer controlled gas flow system (Leiden 
Probe Microscopy BV).[19] A schematic overview of the system is shown in Figure 
5.3.

Reactant gases (Praxair, purity: O2 – 6.0; H2 – 6.0; CO – 4.7) were introduced 
into the system via standard pressure reducing valves. The flow of each gas was 
controlled by Mass Flow Controllers (MFCs, Bronkhorst) and the desired mixture 
was obtained via a rotating mixing valve. Carrier gas (Linde Gas, N2 purity: 6.0) was 
added to the gas mixture to create a typical total flow of ~5 mLn min-1. The pressure 
in the main gas line was regulated by a Back Pressure Controller (BPC, Bronkhorst) 
‘TEM holder’, and the exhaust of the system was pumped by a diaphragm pump. To 
direct a portion of the gas mixture to the in situ holder, a T-piece was placed before 
the BPC, connected to the inlet of the holder. The capillaries directly connected to the 
in situ TEM holder were made of PEEK (poly ether ether ketone, a non-conducting 
material) to ensure electrical insulation of the holder when inserted into the TEM 
compustage. Vibration isolation was implemented by clamping the PEEK capillaries 
in-between two heavy metal slabs, reducing the mechanical noise introduced by 
the pumps running continuously. The exhaust capillary of the in situ TEM holder 
was directly connected to a turbomolecular pump. This setup established a pressure 
difference between the inlet and the exhaust of the holder, resulting in gas flowing 
through the narrow nanoreactor channel. The pressure inside the nanoreactor 
channel was defined as half of the pressure that was established by the ‘TEM holder 
BPC’ at the T-piece of the inlet side of the holder, due to the symmetry of the holder 
and the nanoreactor. For residual gas analysis, a quadrupole mass spectrometer 
(QMS, Pfeiffer Vacuum QMA-200) was connected to the exhaust line. Before entering 
the gas system, CO gas was led through a ‘carbonyl trap’ consisting of a copper tube
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Figure 5.3. Schematic overview of the gas supply system, showing the computer operated 
Mass Flow Controllers (MFCs), Back Pressure Controllers (BPCs), and rotating mixing valves.

heated to 325 ºC and filled with copper-shot. This was done to decompose and 
remove any metal carbonyls from the gas, as nickel tetracarbonyl (Ni(CO)4) and iron 
pentacarbonyl (Fe(CO)5) can be formed in the gas when CO is stored in or passed 
through steel containers at high pressure (e.g. during the production of the gas).[20–
22] Using Spacetime software the data profiles from the gas supply system, QMS 
and nanoreactor temperature were synchronized and analyzed.[23]
5.2.5	Transmission Electron Microscopy
The TEM used for the in situ experiments was a Cs-corrected FEI Titan3 80-300 
operated at 300 kV. Images were captured using a Digital Electronic camera (DE-
12) with 6.0 mm pixel size and 4096 x 3072 pixels. To minimize beam effects on the 
sample, the electron intensity was kept below 500 electrons per Å2 per s during the 
in situ experiments. An exposure time of 1 s was used for image acquisition.

Reference images of the cobalt nanoparticles under vacuum were acquired on 
an FEI monochromated Tecnai F20ST/STEM electron microscope, equipped with a 
Gatan Ultrascan CCD camera (4k 4k). This TEM was operated at 200 keV.

Resulting images were analyzed using Digital Micrograph 3 and Fiji software.

5.3	 Results and discussion

5.3.1	Nanoparticle preparation
Cobalt nanoparticles were initially imaged on a carbon grid to obtain reference data. 
Figure 5.4 shows a representative micrograph of a free-standing nanoparticle on 
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Figure 5.4. (a) ε-Co nanoparticle on carbon film, showing the lattice fringes corresponding to 
the (221) lattice plane. (b) FFT of the image.

b)

4 nm

d = 2.01 Å

a)

carbon film. The lattice fringes with a d-spacing of 2.01 Å (Figure 5.4a) correspond to 
the (221) lattice plane of ε-Co (space group p4132).[24] The FFT shows the two bright 
spots corresponding to the (221) lattice planes.

For the in situ experiments, a nanoreactor was loaded with a suspension 
containing cobalt nanoparticles. Prior to the Boudouard reaction, the sample was 
exposed to various conditions in order to conduct different experiments. The gas 
feed profile, QMS analyzer data and temperature course of the whole experiment 
are shown in Figure 5.5.

Initially, residual organic oleic acid (OA) molecules were removed in situ 
by heating the cobalt nanoparticles under a flow of N2, at 1 bar and 300 ºC, for 
90 minutes. A micrograph of a nanoparticle on the amorphous SiN window of 
the nanoreactor, obtained after the heating procedure, is shown in Figure 5.6.

Figure 5.5. Gas feed profile (top), QMS analyzer data (middle), and nanoreactor temperature 
course (bottom) during the experiment. t = 0 is indicated by the vertical dashed line.
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To reduce any oxides that might have formed (although we did not observe any 
oxide in the TEM images), and to further reduce the amount of OA, the nanoreactor 
was then flushed with 5% H2 in N2. While flushing, the temperature was increased 
from 300 ºC to 500 ºC in 30 minutes, using increments of 50 ºC, and was kept at 500 
ºC for the rest of the experiment. During this treatment, the nanoparticles appeared 
to stay in the metallic state, meaning that no oxides or carbon had formed, however 
we cannot exclude residues of OA remaining on the nanoparticle surface. The ε-Co 
phase transforms irreversibly during annealing in a non-oxidative environment 
to hexagonal close packing (hcp) at ~300 ºC, and cubic close packing (ccp) at ~500 
ºC.[25]

After this reduction step, the metallic nanoparticles were exposed to Fischer– 
Tropsch syngas conditions. First, the valve to the TEM holder was closed and a 
mixture of CO:H2:N2 (1:2:3) at 1 bar was prepared in the lines of the gas system. The 
closing of the valve is visible in Figure 5.5b by the sudden dip in the QMS signal, at 
~200 min. When the reactant mixture was ready, the TEM holder valve was opened 
again and the gas flow entered the nanoreactor. These conditions were maintained 
for ~100 minutes.

Finally, the feed of H2 was removed and the gas feed mixture was adjusted to 
CO:N2 (1:1) at 1 bar, while the sample temperature was kept at 500 ºC. For clarity 
and ease of further discussion, the moment of closing the H2 feed is defined as t = 
0, as shown by the vertical dashed line in Figure 5.5. The residual H2 keeps flowing 
through the nanoreactor, until after six minutes the H2 signal in the QMS chamber 
starts to decrease (Figure 5.5b).

5.3.2	Carbon deposition
Four minutes after closing the H2 flow, the first deposition of carbon appeared at 
the surface of the nanoparticle, as shown in Figure 5.7. On the surface of the clean 
nanoparticle imaged at t = 4:02 minutes (Figure 5.7a), the first carbon patch appeared 
at the top left of the nanoparticle at t = 4:10 (Figure 5.7b, indicated by the white 

Figure 5.6. (a) Cobalt nanoparticle inside the nanoreactor, at 1 bar N2 and 300 ºC. (b) FFT of 
the image.

4 nm

a) b)
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arrow). Then, three seconds later at t = 4:13, a second patch of carbon appeared on 
the surface at the top right of the nanoparticle (Figure 5.7c, indicated by the white 
arrow). The carbon patches continued to grow laterally, and at t = 4:47 the patches 
joined each other and formed a continuous layer, showing a light grey fringe on top 
of the nanoparticle (Figure 5.7d). After the first layer was formed, a second layer 
started to form, again at the top right (Figure 5.7e). The layer continued to grow and 
a full second carbon layer was visible at t = 20:48 (Figure 5.7f). At t = 24:03 a total 
of seven layers of carbon had formed on top of the particle (Figure 5.7g). The layers 
continued to grow laterally, thereby capping the nanoparticle, as was visible at t = 
28:53 (Figure 5.7h). During the next 10 minutes, more carbon layers formed (Figure 
5.7i) until the nanoparticle reached its final state at t = 39:10 (Figure 5.7j), covered in 
about 10 layers of carbon. After this, the nanoparticle was monitored for about 10 
more minutes, but no additional carbon was deposited.

Figure 5.7. Carbon deposition process on a cobalt nanoparticle at 500 ºC and 1 bar CO:N2 (1:1). 
An initially fresh nanoparticle (a) was covered by patches of carbon ((b) and (c), indicated by 
the white arrows) that then grew laterally and formed a first layer (d). A second layer formed 
((e), indicated by the white arrow) and capped the nanoparticle (f). More carbon layers grew 
(g–i) until after 39 minutes the nanoparticle ended up it its final state (j), covered by around 
10 layers of carbon. On each micrograph, the time since shutting off the H2 feed is indicated 
in minutes:seconds.
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04:13

c)

04:47
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The first carbon patches were formed at two sides of the nanoparticle surface 
(Figure 5.6b and 5.6c, white arrows). The deposition of carbon could originate from 
either the dissociation of adsorbed CO molecules (eqn. (1)) or via the Boudouard 
disproportionation reaction (eqn. (2)).[26,27]

	 COads → Cs + Oads	 (1)
	 2 COads → CO2 g + Cs	 (2)

Both reactions yield solid carbon at metal surfaces, but CO adsorption followed 
by dissociation occurs at temperatures up to around 400 ºC, while the Boudouard 
reaction is facilitated at cobalt surfaces above 427 ºC.[26,27] Also, CO dissociation 
on cobalt leads to the formation of a single layer of carbidic carbon, while the 
Boudouard reaction can form multiple layers of graphitic carbon,[26] which is 
what we observed in our experiment. The carbon–carbon interlayer distance of the 
carbon layers formed on our nanoparticles is 3.45 Å (Figure 5.7h) indicating that 
graphitic carbon was indeed formed.[28] We thus conclude that we have visualized 
the Boudouard reaction. Further evidence for assigning the Boudouard reaction as 
the cause for the observed carbon deposition could be embedded in the QMS signal, 
as the CO2 signal should rise as an effect of the formation of CO2 and C from CO. 
However, due to high background signals it was not possible during this experiment 
to draw any conclusions based on the QMS data.

The process of the formation of a new carbon layer, as shown in Figure 5.8, was 
captured from t = 28:15. At this moment, there were nine carbon layers capping the 

28.15
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Figure 5.8. Growth of a new carbon layer, indicated by the black arrows, interlayered between 
the cobalt surface and the set of carbon layers capping the nanoparticle, before (a) and after 
(b) the formation. Profiles of the white lines are shown in (c). Top profile: image (a); bottom 
profile: image (b). White line length is 5 nm.
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cobalt nanoparticle. The next second, at t = 28:16, it was visible that the 
ensemble of nine layers was pushed up by a few Ångström. A new fringe 
appeared at the interlayer between the cobalt surface and the packet of 
carbon layers, indicating the formation of a new carbon layer. The new fringe is 
indicated by the black arrow in Figure 5.8b. To facilitate interpretation of the weak 
contrast, a white arrow was drawn perpendicular to the visible d-spacing on the 
nanoparticle and the packet of carbon layers at the exact same positions in Figures 
5.8a and 5.8b. Contrast line profiles were obtained for both images, shown in Figure 
5.8c.

By identifying the cobalt fringes (Figure 5.8c, blue region, d-spacing 2.07 Å) and 
the carbon fringes (Figure 5.8c, grey region, d-spacing 3.45 Å), it is clearly visible that 
the additional peak displaces the earlier formed carbon layers away from the cobalt 
nanoparticle surface, and the grey area expands by one lattice spacing of the carbon.

5.3.3	Effect on the nanoparticles
During the live observation of the growing layers, the nanoparticle was changing 
morphology. The initially spherical nanoparticle (Figure 5.7a) became elongated at 
the end of the carbon deposition process (Figure 5.7j). When the nanoparticle was 
covered with six carbon layers, the internal crystal structure was also temporarily 
altered, as shown in Figure 5.9. At t = 25:26, the nanoparticle was still spherical 
(Figure 5.9a), showing a uniform crystal structure. During the following ten seconds, 
the crystal structure shifted around and eventually a twin boundary was formed at 
t = 25:35 (Figure 5.9b) in the center of the nanoparticle. The crystal structure in the 
bottom right part of the nanoparticle continued showing mobility, and a second twin 
boundary appeared clearly at t = 25:57 (Figure 5.9c). This situation was maintained 
for about 90 seconds. During that time the twin boundaries continuously shifted up 
and down several atomic rows. The top of the particle also showed a twin boundary 
for a few seconds, which was too mobile to be imaged clearly. After this period of 
twinning, the crystal structure of the nanoparticle became uniform again at t = 27:34 
(Figure 5.9d), which lasted until the end of the experiment.

The presence of twin boundaries is related to the amount of stress inside the 
nanoparticle, as the formation of boundaries leads to the release of this stress [29] 
and is known to occur in metallic nanoparticles.[30–32] Metallic nanoparticles 
(e.g. Au, Co) encaged by carbon shells will eventually deform when heated to a 
temperature above 300 ºC and irradiated with a TEM electron beam, as the electron 
beam displaces carbon atoms in the carbon shells, causing the shells to shrink.
[33–35] Similar deformation effects have been observed when carbon nanotubes 
were formed via CH4 decomposition on the surface of Ni nanoparticles.[10] Our 
experiment showed a combination of both effects, as we initially started with 
uniform, crystalline nanoparticles, not covered by any graphite layers. Eventually, 
the growing carbon layers were capping just the top half of the nanoparticle. Due to 
continuous electron irradiation, the carbon must have been contracting and thereby 
compressing the capped particle. The formed strain was relieved by the formation 
of the twin boundaries. The initially spherical nanoparticle then deformed into 
an elongated shape, fitting inside the carbon cap and thereby releasing the twin 
boundaries to return to a uniform crystal structure.
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5.3.4	Carbon morphologies
After continuously imaging the nanoparticle that showed the formation of the 
layers of carbon, other nanoparticles were imaged. Various other nanoparticles 
were also covered with layers of carbon, but not all of them. Around one third of all 
nanoparticles that were present on electron-transparent windows were encapsulated 
or covered with carbon. All carbon covered nanoparticles, independent of their size, 
supported carbon formations that consisted of around 7 to 14 layers of carbon. No 
trends could be established linking nanoparticle size to the number of layers. Different 
morphologies of carbon structures were visible: next to encapsulated nanoparticles 
also multi-walled carbon nanotube formations had been formed (Figure 5.10a), 
while other nanoparticles supported spherical structures (Figure 5.10b) that did not 
cap the supporting nanoparticle as tightly as the previously imaged assembly shown 
in Figure 5.7. As the formation of the carbon layers shown in Figure 5.10 occurred 
before any TEM imaging was done, we conclude that the carbon deposition is not 
induced by the TEM electron beam.

Figure 5.9. Cobalt nanoparticle, capped with six layers of carbon, initially showing a uniform 
crystal structure (a). A first twin boundary was formed through the center of the nano- particle 
(b), followed by a second twin boundary at the bottom right (c). After around 90 seconds of 
continuous mobility, the crystal structure relaxed into the final, uniform state (d). Scale bar is 
3 nm.
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Several of the imaged particles were stable under the electron beam. However, 
other particles showed shape deformation processes and formation of twin 
boundaries while being imaged. An example of a nanoparticle that was being 
deformed while imaged, after being encapsulated without electron beam irradiation, 
is shown in Figure 5.11. When the nanoparticle was initially imaged (Figure 5.11a), 
the shape was already heavily elongated at t = 0:00 (when TEM imaging started). 
After half a minute (Figure 5.11b), the elongated particle started to slowly thin out in 
the center, as the carbon shape around the particle was squeezing the nanoparticle. 
This process slowly continued (Figure 5.11c) until finally at t = 1:19, the nanoparticle 
split into two separate particles (Figure 5.11d). The carbon assembly continued to 
deform, thereby moving the two nanoparticles around. After around three minutes 
the system reached its final state (Figure 5.11e).

5.4	 Conclusion

We have shown the in situ formation of layers of graphitic carbon on free-standing 
cobalt nanoparticles, at 500 ºC and 1 bar CO:N2 (1:1). The nanoparticles were imaged 
using TEM, with a specially designed in situ TEM holder and MEMS nanoreactor 
devices. Reactant gases were added to the nanoreactor via a gas supply system, 
while a QMS analyzed the product gas stream. Due to the high temperature and 
presence of CO gas, the Boudouard reaction led to the deposition of carbon and 
consequent formation of graphitic carbon on the cobalt nanoparticles.

During a 40 minute tracking period, a cobalt nanoparticle was covered and 
capped by layers of carbon, formed one by one at the interface of the nanoparticle 
surface and the carbon. The layers of carbon strained the nanoparticle. As a 
consequence, twin boundaries appeared until the nanoparticle was permanently 
deformed. Several other nanoparticles were imaged afterwards that showed similar 
deformation behavior.

Further measurements could provide additional evidence for the Boudouard 

a)

5 nm

b)

5 nm

Figure 5.10. Cobalt nanoparticles supporting various shapes of carbon layers. (a) A multi-
walled carbon nanotube, and (b) a spherical carbon formation loosely capping the supporting 
cobalt nanoparticle.
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reaction by revealing the formation of CO2 in the QMS data. The QMS data could 
also provide an indication whether all OA is fully removed from the surface of the 
nanoparticles, or if there is still OA present on the surface, however this is a topic for 
upcoming investigations.

Figure 5.11. Cobalt nanoparticle encapsulated and deformed by an assembly of carbon layers 
(a). The nanoparticle was slowly squeezed by the surrounding carbon layers (b and c), leading 
to the splitting of the nanoparticle into two isolated particles (d). After further deformation of 
the carbon assembly surrounding the particles, the system reached the final, stable state (e). 
Scale bar is 4 nm.
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1:00

c)
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Summary

This thesis describes our efforts to understand how catalysts work under reaction 
conditions, using (quasi) in situ transmission electron microscopy (TEM).

Chapters 2 and 3 focus on (Ni/Co)MoS2 supported on γ-Al2O3, a catalyst used for 
the hydrodesulfurization (HDS) of fossil fuel.

Chapter 2 describes how we investigated the effect of exposing (Ni/Co)MoS2-
samples to ambient air using a combination of quasi in situ TEM and XPS. By 
imaging the exact same regions of the sample before and after air exposure, we 
concluded that the (Ni/Co)MoS2-slabs were shrinking from the edges towards the 
center. Quantitative analysis of TEM image series revealed that the average slab 
length decreased as a function of air exposure time. Larger slabs shrunk, while short 
slabs disappeared completely. Complementary quasi in situ XPS experiments on the 
same samples showed that Ni-, Co-, Mo-, and S-oxides were formed. Initially, the 
slabs shrink relatively fast, while prolonged exposure to air only causes moderate 
further slab length decrease. Since oxides are formed at the edges of the slabs first, 
we propose that these oxide species form a protective, ring-like barrier around the 
inner MoS2-species which shields them from further oxidation.

In chapter 3 the work on these HDS catalysts continues. The effect of a sequential 
oxidation and resulfidation treatment of (Ni/Co)MoS2 was investigated using 
quasi in situ TEM and XPS, and the activity of the catalysts was determined for gas-
phase thiophene HDS experiments. After the resulfidation treatment, the average 
slab length, the slab length distribution and chemical composition of the samples 
were determined and compared with the freshly sulfided samples. The average slab 
length increased, while the slab length distribution was more narrow compared 
to the freshly sulfided sample. XPS showed a slight increase in oxidic species after 
the oxidation-resulfidation step. Remarkably, the catalytic activity of the samples 
exhibited a significant increase of up to 39% after resulfidation. We attribute these 
changes to a size effect of the (Ni/Co)MoS2 slabs: the smaller slabs (< ~1.6 nm) might 
be less catalytically active.

Chapters 4 and 5 discuss the preparation and characterization of Co-Re 
nanoparticles, and the application of Co nanoparticles in in situ TEM experiments.

In chapter 4, β-Mn-type Co1–xRex nanoparticles were prepared via colloidal 
chemistry. For x ≤ 0.15, the Re-content could be controlled readily, as (S)TEM-
(EDX) analysis showed homogeneous Re distribution through the uniformly sized 
nanoparticles. Synchrotron powder X-ray diffraction, in combination with Rietveld 
refinement, showed that the Re atoms occupy the 12-fold site preferably. Preparation 
of nanoparticles with Re concentrations of x > 0.15 yielded inhomogeneous particles, 
showing segregation of Re atoms into separate clusters, indicating that a maximum of 
15 atom % Re can be incorporated in the Co lattice. Heating the Co-Re nanoparticles 
under reducing atmosphere in an in situ synchrotron powder X-ray diffraction cell 
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showed that the nanoparticles were stable up to 300 ºC.
Chapter 5 shows how Co nanoparticles were studied using in situ TEM 

experiments. The nanoparticles were imaged under 1 bar of CO:N2 (1:1) at 500 ºC, 
when the deposition of multiple layers of carbon was captured live. Due to the high 
temperature and presence of CO, the nanoparticle surface facilitated the Boudouard 
reaction, which is the dissociation of CO and the deposition of solid carbon. Over 
the course of about 40 minutes, more and more layers of carbon were formed up to a 
maximum of around 10 layers, after which no more deposition was observed. New 
layers of carbon were formed in between the surface of the nanoparticle and the 
already existing carbon layers. During imaging, the formed carbon layers induced 
mechanical stress in the nanoparticle, proven by the appearance of twin boundaries. 
Eventually the nanoparticle got permanently deformed by the capping carbon 
layers.
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Samenvatting

In dit proefschrift beschrijf ik ons onderzoek naar katalysatoren en hoe deze 
werken onder reactie-condities, met behulp van (quasi) in situ transmissie-
elektronenmicroscopie (TEM).

Hoofdstukken 2 en 3 behandelen (Ni/Co)MoS2 op een γ-Al2O3-drager, een 
katalysator die veel wordt gebruikt voor de ontzwaveling (HDS) van fossiele 
brandstoffen.

Hoofdstuk 2 beschrijft het effect van lucht op (Ni/Co)MoS2 katalysatoren, 
via een combinatie van metingen met quasi in situ TEM en Röntgen-
fotoelektronenspectroscopie (XPS). Omdat we met de TEM exact dezelfde gebieden 
van het preparaat afbeeldden, zowel voor als na blootstelling aan lucht, konden 
we zien dat de (Ni/Co)MoS2-deeltjes krompen vanaf de randen naar het midden. 
Kwantitatieve analyse van de TEM-afbeeldingen liet zien dat de gemiddelde 
diameter van de deeltjes afnam als functie van de tijd dat de ze waren blootgesteld 
aan lucht. Grotere deeltjes werden kleiner, terwijl kleinere deeltjes zelfs volledig 
verdwenen. Quasi in situ XPS experimenten aan dezelfde preparaten lieten zien 
dat er Ni-, Co-, Mo-, en S-oxides werden gevormd. In eerste intantie krompen de 
deeltjes vrij snel, terwijl langere blootstelling aan lucht slechts een gematigde extra 
afname in diameter veroorzaakte. Omdat de oxides het eerst werden gevormd aan 
de randen van de deeltjes, stellen we voor dat deze oxides een beschermende, ring-
achtige barrière vormen die het binnenste deel van elke MoS2-deeltjes beschermt 
tegen oxidatie.

In hoofdstuk 3 gingen we verder met deze (Ni/Co)MoS2 HDS katalysatoren. 
Hier onderzochten we met quasi in situ TEM en XPS het effect van opeenvolgend 
oxidatie- en herinzwaveling-behandelingen van (Ni/Co)MoS2-deeltjes, en bepaalden 
we de katalytische activiteit van de opnieuw ingezwavelde preparaten via gasfase 
thiofeen HDS experimenten. Na de herinzwaveling-behandeling bepaalden we per 
preparaat de gemiddelde diameter van de deeltjes, de deeltjesdiameterverdeling en 
de chemische toestand, en vergeleken dit met de vers ingezwavelde preparaten. De 
gemiddelde diameter van de deeltjes was groter, terwijl de deeltjesdiameterverdeling 
minder breed was in vergelijking met de vers ingezwavelde preparaten. XPS liet een 
bescheiden toename in oxides zien na de oxidatie- en herinzwaveling-behandeling. 
Opvallend was dat de katalytische activiteit significant toenam na herinzwaveling. 
De preparaten waren tot wel 39% méér actief. Deze verandering schrijven we toe 
aan een deeltjesgrootte-effect van de (Ni/Co)MoS2-deeltjes, waarbij we speculeren 
dat de kleinere deeltjes (< ~1.6 nm) minder actief zouden kunnen zijn.

Hoofdstukken 4 en 5 bespreken de preparatie en karakterising van Co-Re 
nanodeeltjes en de toepassing van Co nanodeeltjes met in situ TEM experimenten.

In hoofdstuk 4 laten we zien hoe β-Mn-type Co1–xRex nanodeeltjes werden 
geprepareerd via colloïdechemie.Voor x ≤ 0.15 kon het Re-gehalte gemakkelijk onder 
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controle gehouden worden, terwijl (S)TEM-(EDX) analyse liet zien dat Re homogeen 
door de nanodeeltjes verspreid was. Synchrotron poeder-Röntgendiffractie, in 
combinatie met Rietveldverfijning, liet zien dat de Re atomen zich bevonden in 
12-voudige coördinatie. Preparatie van nanodeeltjes met een Re concentratie van 
x > 0.15 resulteerde in inhomogene deeltjes en segregatie van Re atomen naar losse 
clusters. Dit laat zien dat er maximaal 15 atoom% Re in de Co kristalstructuur kan 
worden opgenomen. Het verhitten van Co-Re nanodeeltjes onder reducerende 
atmosfeer in een in situ synchrotron poeder-Röntgendiffractiecel liet zien dat de 
nanodeeltjes stabiel waren tot 300 ºC.

Hoofdstuk 5 laat zien hoe we Co nanodeeltjes analyseerden met in situ TEM 
experimenten. Terwijl we de nanodeeltjes afbeeldden onder 1 bar CO:N2 (1:1) bij 
500 ºC, zagen we live hoe de deeltjes werden bedekt met meerdere laagjes koolstof. 
Door de hoge temperatuur en de aanwezigheid van CO kon de Boudouard reactie 
op het oppervlak van de nanodeeltjes plaatsvinden. De Boudouard reactie is het 
dissociëren van CO en het deponeren van vast koolstof. Gedurende een periode van 
40 minuten werden er steeds meer laagjes grafeen gevormd, hetgeen stopte toen er 
een maximum van ongeveer 10 atoomlagen zichtbaar waren. Nieuwe atoomlagen 
koolstof werden gevormd tussen het oppervlak van het Co nanodeeltjes en de al 
eerder gedeponeerde atoomlagen koolstof. Tijdens het afbeelden van dit proces 
veroorzaakte het koolstofomhulsel mechanische stress in het nanodeeltje, wat ervoor 
zorgde dat de kristalstructuur van het deeltje tijdelijk werd vervormd. Uiteindelijk 
werd het deeltje als geheel permanent vervormd.
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About the illustrations in this thesis

In order to provide an impression of the laboratory, the instruments and the 
experimental geometries that have contributed to this PhD thesis, I have provided 
several photographs and other illustrations.

The cover of this thesis is an artist’s impression of the inside of a nanoreactor 
channel (rendered by Merijn Pen). It features catalyst nanoparticles that cover the 
channel surface and gas molecules that are flowing over them.

The small illustrations on the top right corner of each page combine into a flip 
book. Quickly flick all pages from front to back to watch an in situ movie of a cobalt 
nanoparticle that gets covered progressively with layers of carbon atoms. The movie 
is described and analyzed in detail in Chapter 5.

The first page of each chapter is accompanied by an illustration, in most cases 
directly related to that chapter. Chapter 1 shows a Philips CM30T microscope, the 
oldest operational transmission electron microscope in the HREM group at the Delft 
University of Technology. Installed in 1989, it is now often used for student TEM 
training. After sufficient training, access is provided to more sophisticated TEMs. 
The newest electron microscope is the FEI Titan3, shown at the start of Chapter 4. 

The grayscale image next to the Table of Contents displays a TEM image of a 
sample grid. The small dark lumps are pieces of γ-Al2O3 support material, carrying 
MoS2-slabs. The start of Chapter 2 shows a high-magnification TEM image of such 
a particle supporting MoS2-slabs. A STEM-HAADF image of CoRe nanoparticles on 
an ultrathin carbon sample grid is shown next to the Curriculum Vitae of the author.

The in situ TEM sample holder is shown at the start of Chapter 5, the tip of the 
holder opened, revealing a loaded nanoreactor.

During sample loading, we monitor the liquid flowing through the nanoreactor 
by use of an optical microscope. This is shown by the photograph accompanying the 
Dutch Samenvatting. Notice that the central channel is partially filled with liquid, 
which is visible at the top left and in the entire right side of the channel. A set of 
nanoreactors in a gel box is shown at the Summary chapter. 

A low-magnification TEM image of a nanoreactor, showing the 41 electron-
transparent windows, each window 7 μm in diameter, is placed to the left of this 
text. After loading nanoparticles into the nanoreactor, the windows get covered with 
nanoparticles, as is shown at the Acknowledgements section.

Photographs of the gas flow system are provided at the start of Chapter 3 and 
next to the List of Publications.
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