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Chapter 1

1.1 Heterogeneous Catalysis

A catalyst is a substance that speeds up a chemical reaction without being consumed
itself. It does this by lowering the activation barrier that needs to be overcome for the
reaction to take place, thereby increasing the reaction rate. An important characteristic
of a catalyst is its activity, the amount of reactant (in moles or grams) that is converted
per unit time per gram of catalyst. Another important parameter of a catalyst is the
selectivity. Selectivity expresses the amount of desired product as a fraction of the total
product stream, and is usually given as a percentage. Maximizing the selectivity is important for keeping the formation of unwanted by-products to a minimum.
Importantly, a catalyst does not change the energies of formation of the reactants and
products. Hence, it cannot change the position of the thermodynamic equilibrium; catalysis is a purely kinetic phenomenon. The chemical equilibrium is merely reached faster by employing the proper catalyst. Despite this limitation, catalysis plays a tremendously important role in everyday life. From the enzymes in every living creature to the
huge amounts of catalysts that are used in the production of gasoline from crude oil,
a catalyst is used in many different aspects of the world around us. It is estimated that
90% of all chemical products meet a catalyst at some point in their manufacture.[1–3]
An industrially important subclass of catalysis is the field of heterogeneous catalysis. A
catalyst is heterogeneous when the catalyst is in a different phase (i.e., solid, liquid or
gas) than the reactants. Most often, the catalyst is a solid while the reactants are liquids
or gases. On the other hand, homogeneous catalysts are in the same phase as the reactants. The most important advantage of a heterogeneous catalyst is that the separation
of the catalyst from the reaction products can be easy and cheap. This makes heterogeneous catalysts more favorable to use in the chemical industry, especially in the area
of bulk chemicals.
Because a heterogeneous catalyst is in a different phase than the reactants, it is natural to assume that the chemical reaction is taking place at the interface between the
catalyst and the reactants. For this reason, it is important to maximize the surface area
of the catalyst material. To increase the fraction of atoms that is at the surface (the dispersion), the particle size of the active catalyst phase should be as small as possible, in
the nanometer (10-9 m) range. For nanoparticles, the properties of the material are no
longer determined by their bulk properties, but to a large extent also by their surface
properties. While this is in principle good for catalysis, it can also have negative side
effects.
One of the side effects is that the contribution of the surface energy makes the nanoparticles intrinsically unstable towards growth into larger, more stable particles (a process
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called sintering). To stabilize the nanoparticles, they are typically supported on a porous
material, such as activated carbon, or oxides, such as SiO2, Al2O3 or TiO2. Ideally, the support has a high specific surface area (so it can support many catalytic nanoparticles), is
highly porous (to enable diffusion of reactants and products) and is inert in the reaction
being catalyzed. In practice, especially the latter is rarely if ever the case. In fact, the
choice of support material can have a major impact on key catalytic properties, such as
activity, selectivity and stability.

1.2 Fischer-Tropsch Synthesis

Fischer-Tropsch Synthesis (FTS) is a process to convert synthesis gas (a mixture of CO
and H2) into long-chain hydrocarbons, which can be used as transportation fuel.[4–13]
It was discovered in the 1920’s by Franz Fischer and Hans Tropsch, while working at
the Kaiser-Wilhelm-Institut für Kohlenforshung in Mülheim an der Ruhr, Germany.[14–16]
During the Second World War, the process was used extensively by Germany to produce liquid fuel from its large coal reserves. At their peak, nine FTS plants produced 4.1
million barrels of fuel per year.
After the war ended, FTS could not economically compete with the refining of crude
oil, which became more important after the 1950’s because of discoveries of large oil
fields in the Middle-East. The availability of large amounts of oil caused the price of oil
to go down, making FTS a less favorable way to make liquid fuels. Worldwide interest in
FTS decreased as a result.[17,18] An exception was South Africa, which was banned from
importing crude oil due to sanctions imposed on its Apartheid regime. Hence, South
Africa was dependent on FTS for its production of liquid fuel. Even today, Sasol from
South Africa is one of the major players in the field of FTS. Since the oil crisis of 1973,
Shell has also been researching FTS technology. Shell has also built commercial FTS
plants; its biggest GTL plant (called Pearl GTL and located in Ras Laffan, Qatar) is shown
in Figure 1.1.[19]
The renewed interest in FTS is partly caused by the increasing prices of crude oil due to
depleting oil reserves. Synthesis gas (the feedstock for FTS) can be obtained from alternative feedstocks, such as natural gas, coal and biomass. The global reserves of natural
gas and coal are estimated to be much larger than those of crude oil. Biomass can even
be produced in a sustainable way. Another reason for renewed interest in FTS is ever
stricter exhaust gas emission control regulations, which limit the allowed concentration
of sulfur and aromatics in fuel. Fuels that are derived from FTS are very low in sulfur
and aromatics.
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Figure 1.1: Photograph of Shell’s Pearl GTL plant in Qatar, one of the largest industrial applications of the
FTS process.[20]

1.2.1 Fischer-Tropsch Synthesis

The formation of hydrocarbons during FTS proceeds via a surface polymerization reaction over a heterogeneous catalyst according to Equation 1.1, in this case for the
formation of alkanes.

n CO + (2 n + 1) H2

C2H2 n + 2 + n H2O

(1.1)

Similar reactions can be formulated for the formation of alkenes and alcohols. The selectivity for alkanes, alkenes and alcohols can be tuned by changing process parameters
and the choice of catalyst.
Although the mechanism of FTS is not precisely known yet, it is generally accepted that
FTS starts with the dissociative adsorption of CO and H2 on the surface of the catalyst.
Oxygen is removed as water, while carbon is partially hydrogenated. A hydrocarbon
chain is then formed by a polymerization reaction. The reaction stops when the alkyl
chain is terminated and desorbs from the surface.[21–23]
It should be clear from the reaction mechanism that a mixture of products is formed
during FTS. A rather broad range of values of n is produced. The distribution of products is determined by the so-called Anderson-Schultz-Flory (ASF) distribution, which
assumes that the probability of chain growth is independent of chain length.[21] In that
case, the product distribution is given by Equation 1.2:
Wn = n (1 - α)2 αn - 1

(1.2)

Wn is the weight fraction of hydrocarbons containing n carbon atoms and α is the chain
8
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growth probability. A plot of Wn as a function of α for different values of n is shown in
Figure 1.2. From the plot we see that FTS will not result in a single product but a range
of products with different molecular weights.
Furthermore, the process should be tuned to run at high α values to minimize the production of methane, which is undesirable. When natural gas is used as feedstock for
FTS, methane is the original reactant. When coal or biomass is used, methane is a less
valuable product compared to liquid fuels. For the production of liquid fuels, it is desirable to produce long-chain hydrocarbons (C20+) that are subsequently cracked into the
desired product using existing process technologies that are now used for the refining
of crude oil.

Figure 1.2: The weight fraction of different FTS products as a function of chain growth probability (α) for
different FTS products: methane in black (n = 1), ethane in red (n = 2), propane in blue (n = 3), gasoline in
dark blue (5 ≤ n ≤ 11), diesel in green (9 ≤ n ≤ 25) and waxes in orange (n ≥ 35).

1.2.2 Fischer-Tropsch Synthesis Catalysts and Processes

The FTS reaction is typically performed using a heterogeneous catalyst. Several transition metals are active catalysts for FTS, each with their own advantages and drawbacks.
Nickel has a high selectivity for methane, which is unwanted. Ruthenium is a very active
catalyst, but it is considered to be prohibitively expensive.[18] Therefore, most commercial FTS plants use either cobalt or iron. Of these two elements, cobalt is more often
used for methane-based syngas conversion.[24] Iron is more suitable for synthesis gas
obtained from biomass or coal because iron can increase the low H2:CO ratio using its
water gas shift reaction activity.[5,22] On the other hand, cobalt is a more active catalyst
9
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than iron, but cobalt is about 250 times more expensive than iron.[18] For this reason,
it is very important to minimize the amount of cobalt that is used. Furthermore, it is
very important that the catalyst has a long lifetime because deactivation of the catalyst
results in expensive catalyst replacements and reactor shutdowns.
In the past, many different materials have been used as support. The more conventional oxidic supports (i.e., SiO2, Al2O3 and TiO2) have been investigated extensively.[25,26] Also
other support materials have been studied, such as carbon nanofibers and zeolites.[27–29]
The process conditions at which the FTS reaction is performed determine to a large
extent which products are formed. Two different regimes can be distinguished: High
Temperature Fischer-Tropsch Synthesis (HT-FTS) and Low Temperature Fischer-Tropsch
Synthesis (LT-FTS). It is not surprising that the process temperature is different for
these regimes. HT-FTS is performed at 320 – 350 °C, while LT-FTS is performed at
200 – 250 °C.[30] Furthermore, HT-FTS is preferably catalyzed by an iron-based catalyst,
because cobalt produces too much unwanted methane at the relatively high temperature. Iron catalysts produce a mixture of products in the gasoline range and light alkenes
(C1-C4), which are valuable precursors for the production of polymers. HT-FTS is usually
performed in fluidized bed reactors.[30]
On the other hand, the LT-FTS can use both cobalt and iron catalysts. In this case the
product distribution is shifted more towards higher hydrocarbons. The main products
are diesel fuel and waxes, which can be subsequently cracked into lower hydrocarbons.
Fixed bed reactors are commonly used for LT-FTS, but more recently also slurry bubble-column reactors have been employed.[30] The different technologies that are used
in FTS catalysis are summarized in Table 1.1.
Table 1.1: Overview of FTS processes and catalysts.

High Temperature
Fischer-Tropsch
Synthesis
Low Temperature
Fischer-Tropsch
Synthesis

Temperature Catalyst

Suitable Syngas
Main Products
Sources

320 – 350 °C Iron

Biomass, Coal

Gasoline, C2 – C4
Alkenes

Iron

Biomass, Coal

Diesel Fuel, Waxes

Cobalt

Methane

Diesel Fuel, Waxes

200 – 250 °C

1.2.3 Catalyst Deactivation

As was stated before, it is important to maximize the lifetime of a catalyst, hence to
minimize catalyst deactivation. Despite its commercial successes in the past, the deactivation of the FTS catalyst is not yet fully understood.[31] The development of new
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generations of FTS catalysts requires in-depth knowledge of the deactivation processes
that take place during the FTS reaction.
The literature on deactivation of Co-based FTS catalysts was recently reviewed by Tsakoumis and co-workers.[31] Several different deactivation mechanisms are discussed.
Some of the mechanisms, such as poisoning by sulfur in the syngas feed, can be prevented by carefully removing the poison from the feed. Others are expected to play only
a minor role during typical FTS conditions. Examples are bulk oxidation, metal-support
solid state reactions and leaching of the active phase. The most important deactivation
mechanisms are metal sintering and coke formation.
Sintering is the growth of Co nanoparticles into larger (nano)particles, resulting in a
reduction of catalytically active surface area. The thermodynamic driving force for
sintering is the lower surface energy of larger particles. Two different mechanisms of
sintering are distinguished: Ostwald ripening and coalescence. Both mechanisms are
illustrated in Figure 1.3. In Ostwald ripening (Figure 1.3A), large crystals grow at the
expense of the smaller crystals. The smaller crystals evaporate more atoms than the
larger ones, which are transported to the larger crystals. This is explained by the Kelvin
equation for vapor pressure across the curved surface of the nanoparticle. Coalescence
(Figure 1.3B) involves the migration of intact nanoparticles across the surface of the
support. At a certain point, two metal particles meet each other and they coalesce into
a single, larger nanoparticle.
The second important deactivation mechanism is coke formation, the deposition of carbonaceous species on either the Co particles or on the support. It should be remembered that the formation of long-chain hydrocarbons is the purpose of the FTS process.
However, the formation of hydrogen-poor graphitic or amorphous carbon species can
permanently deactivate the catalyst. The deactivation can be caused either by poisoning of the catalyst or physically blocking the access to the active sites of the catalyst.
Furthermore, it is possible that coke blocks the pores of the support material, preventing diffusion of reactants and reaction products. This will also cause a reduction in reaction rate. Another effect that is related to carbon is the transformation of metallic
cobalt into carbon carbide (Co2C), which is inactive during FTS. The formation of Co2C
from cobalt is well known under pure CO atmospheres at temperatures above 230 °C.[31]
On the other hand, under FTS conditions Co2C is generally considered to be metastable.[30] Xiong et al. have found evidence for the formation of cobalt carbide for cobalt
FTS catalysts supported on activated carbon.[32] The formation of Co2C after about 8 h of
FTS has also been reported by Karaca et al.[33]
Since Tsakoumis’ review, several other studies into catalyst deactivation of FTS catalysts
have been published. Recently, Thüne et al. used electron microscopy on planar silica
11
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Figure 1.3: Schematic top view illustration of the two most established sintering mechanisms for supported
metal catalysts. Co atoms or nanoparticles are imaged as red spheres; TiO2 surface is imaged as a grey slab.
A) Ostwald ripening. Cobalt atoms are released preferentially from the smaller Co nanoparticles, resulting in a net flux to the larger Co nanoparticles. This causes the larger particles to grow at the expense of
the smaller particles. B) Coalescence. Intact Co nanoparticles move across the support surface until two
nanoparticles meet and they coalesce into a single, larger nanoparticle.

wafers to study the effects of realistic conditions on the deactivation of Co FTS model
catalysts.[34] According to the authors, deactivation is not caused by Co oxidation, but
the real explanation was not identified. A recent development is high-throughput and
automated screening of different catalysts for stability.[35]
Advances in synchrotron-based in situ characterization of catalyst materials have resulted in detailed studies of the evolution of alumina-supported Co FTS catalysts under
reaction conditions.[33] Sintering and the conversion of Co to Co2C were identified as
the main causes for deactivation. The behavior of Re-promoted Co/(Zr/SiO2) FTS catalysts[36] and Mn-promoted Co/TiO2 catalysts[37,38] under reduction conditions has also
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been investigated. In these studies, the main conclusion was that oxidation does not
cause catalyst deactivation.
Jacobs et al. have studied the reduction behavior of a range of FTS catalysts using Temperature Programmed Reduction – X-ray Absorption Near-Edge Structures spectroscopy
(TPR-XANES).[39] In all cases, the reduction of supported Co3O4 nanoparticles took place
in two steps: from Co3O4 to CoO to Co. However, depending on the support and promoter, the second step can take place at higher or lower temperature. A similar methodology has been used to study the thermal activation of silica-supported Co FTS catalysts,
showing that the decomposition of nitrates starts at different temperatures depending
on the gas atmosphere.[40] Rochet and co-workers used synchrotron radiation to study
an alumina-supported Co FTS catalyst under working conditions, finding a slight further
reduction of Co during the first hours of FTS.[41] More recently, Tsakoumis et al. explicitly tried to study the deactivation of a Re-promoted, alumina-supported Co catalyst.[42]
However, no changes in the X-ray spectra or diffractograms were detected during the
experiment, suggesting that the catalyst was quite stable under FTS conditions.
Limitations of commonly used characterization techniques are at least partly responsible for the current lack of understanding of catalyst deactivation. For example, Transmission Electron Microscopy (TEM) suffers from a lack of contrast between Co and the
support oxide. This makes quantification of cobalt particle sizes difficult. Furthermore,
almost all synchrotron radiation studies so far have used bulk techniques, as opposed to
spatially resolved techniques. An important drawback of bulk characterization studies
is that changes on the single catalyst particle level cannot be observed. Finally, in situ
synchrotron radiation studies are limited in the time on stream that can be practically
followed as a few days of synchrotron beam time is mostly too short to investigate in
detail the long-term deactivation of catalytic solids.[33,36–42]
Studies into the causes of catalyst deactivation are further complicated by the presence
of Fischer-Tropsch Synthesis products (for example waxes) and by changes in the oxidation state of cobalt upon exposure to air.[31] To address these difficulties, it is desirable
to perform the characterization of catalytic solids under conditions as close as possible to realistic (i.e., high temperatures and pressures). Indeed, several studies have
been performed using in situ X-ray Absorption Spectroscopy (XAS) and/or in situ X-Ray
Diffraction (XRD) on cobalt Fischer-Tropsch catalysts, illustrating the potential of these
techniques.[36,41–43]
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1.3 Scope of this Thesis

The work that is presented in this PhD Thesis is focused on the deactivation of Co/TiO2
FTS catalysts. Chapter 2 will discuss the design of a new operando reactor for Transmission X-ray Microscopy experiments. The application of this experimental set-up to
Co/TiO2 catalysts under reaction conditions is also shown. No sign of bulk cobalt oxidation was found, even on nanometer length scales. In Chapter 3, a new combination
of three different chemical or elemental imaging methods will be used to compare the
Co/TiO2 catalysts before and after reaction. The combination of techniques shows that
cobalt is redistributed over the TiO2 support on two length scales; i.e., the micrometer
and nanometer scales. At the microscale, cobalt forms a more homogeneous distribution during FTS. At the nanoscale, cobalt forms a thin layer around the TiO2 particles. In
Chapter 4, a new set-up is described for combined operando X-ray diffraction, Raman
spectroscopy and on-line gas chromatography experiments. This set-up has been applied to study the Co/TiO2 catalysts under reaction conditions. We will show that the
formation of a Co2C phase plays a role in cobalt FTS catalyst deactivation during FTS at
elevated pressure (10 bar). However, the formation of Co2C starts only after about 125 h
of reaction. At atmospheric pressure, no Co2C was detected, but signs of coke formation
were found. This PhD Thesis will end with Chapter 5, where the other Chapters will be
summarized and some general conclusions will be drawn. Some perspectives on further
research will also be made.
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Chapter 2
Operando X-ray Nanoscopy of a Single
Co/TiO 2 Fischer–Tropsch Synthesis
Catalyst Particle

Abstract

In this Chapter we discuss the design, construction and use of a novel set-up for performing operando transmission X-ray microscopy experiments of catalytic solids at beamline
6-2c of the Stanford Synchrotron Radiation Laboratory at SLAC. The set-up was developed to take advantage of the possibilities of the transmission X-ray microscope, i.e.
high spatial resolution (30 nm), chemical information about the sample in the form of
X-ray absorption spectra in transmission imaging, and 3-dimensional elemental mapping by means of tomography. More specifically, the use of a capillary reactor allows for
X-ray tomographic experiments at high temperatures and pressures (up to ~ 500 °C and
20 bar). The set-up also includes an on-line mass spectrometer for reactant and reaction product analysis. The developed set-up has been applied to investigate individual
TiO2-supported Co Fischer-Tropsch Synthesis catalyst particles under realistic reaction
conditions. Tomographic elemental mapping showed that cobalt is concentrated in the
center of the catalyst particle. It was also found that the distribution of cobalt was not
homogeneous over the TiO2. Furthermore, the oxidation state and the morphology of
the Co catalyst were followed under reaction conditions. Co was found to be metallic
after reduction and during the first 10 h of Fischer-Tropsch Synthesis at a temperature
of 250 °C and a pressure of 10 bar. No evidence for re-oxidation of bulk cobalt or the
formation of mixed compounds (i.e. CoTiO3) was found.
This Chapter is based on the following manuscripts: I.D. Gonzalez-Jimenez, K. Cats, T. Davidian,
M. Ruitenbeek, F. Meirer, Y. Liu, J. Nelson, J.C. Andrews, P. Pianetta, F.M.F. de Groot and B.M.
Weckhuysen, “Hard X-ray Nanotomography of Catalytic Solids at Work”, Angewandte Chemie
International Edition, 2012, 48, 12152-12156 and K.H. Cats, I.D. Gonzalez-Jimenez, Y. Liu, J. Nelson, D. van Campen, F. Meirer, A.M.J. van der Eerden, F.M.F. de Groot, J.C. Andrews and B.M.
Weckhuysen, “X-ray Nanoscopy of Cobalt Fischer–Tropsch Catalysts at Work”, Chemical Communications, 2013, 49, 4622-4624.
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2.1 Introduction

Advances in microscopy, such as a spatial resolution in the nanometer range combined
with higher chemical and morphological sensitivities, have improved the imaging of
functional materials, including catalysts.[1,2] Optical and electron microscopy techniques
are commonly employed; however, they may not always be applicable for nondestructive imaging if the sample is either optically opaque or too thick to be penetrated by
electrons.[3] On the other hand, X-rays offer superior imaging because of their higher
spatial resolution compared to visible-light methods which is caused by the short wavelength of X-rays and because of their intrinsic penetration power, which allows studying
thick materials.
Scanning Transmission X-ray Microscopy (STXM) in the soft X-ray energy region
(200 – 2000 eV) has been used extensively for biological imaging and has been recently also introduced in the field of materials chemistry, including heterogeneous catalysis.[4–7] However, the relatively low penetration power of the soft X-ray radiation has
limited the sample thickness to approximately 2 – 3 μm, even away from an absorption
edge. Specially designed nanoreactors must be used to minimize attenuation by the
windows of the reactors.[8] More importantly, the gas pressure is limited to about 1 bar,
whereas industrial operating conditions are often at higher pressures (e.g., the Fischer-Tropsch Synthesis reaction is typically performed at pressures of 10 to 30 bar).
Full-field Transmission hard X-ray Microscopy (TXM) at beamline 6-2c of the Stanford
Synchrotron Radiation Lightsource (SSRL) at SLAC appears to be an excellent method to
counter the current limitations in view of its potential to image the nanoscale features
of thick objects because of a penetration power that is higher than of soft X-rays.
Thanks to the advances in X-ray optics, synchrotron radiation-based transmission hard
X-ray microscopes have already achieved a resolution of 30 nm from an energy range of
4000 – 14 000 eV. The advantage of TXM is the possibility of working at higher pressures
and reaction temperatures and of implementing 3-D imaging of larger catalyst particles
(10 – 60 microns).[9,10]
In TXM, monochromatic X-rays from the synchrotron source are focused by a capillary
condenser onto the sample, which is mounted on an x,y,z,θ movable and rotatable
stage. The transmission image is formed by a zone plate onto a CCD camera. The image
has a field of view of about 25 μm × 25 μm, and a spatial resolution of about 30 nm. By
changing the energy during imaging, X-ray Absorption Near-Edge Spectroscopy (XANES)
data for each pixel are collected. These spectra give information about the local
chemical environment and oxidation state of the element(s) of interest.[9] In addition, it
is possible to collect tomography data above and below an absorption edge, resulting
in a 3-D elemental distribution within an individual catalyst particle.[11]
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In this Chapter, we show that TXM combined with a specially designed capillary reactor
and on-line mass spectrometry makes it possible to investigate the dynamic changes in
morphology and chemical composition of a 20 μm Co/TiO2 Fischer-Tropsch Synthesis
(FTS) catalyst particle at pressures up to 20 bar and temperatures up to 350 °C in a
reactant stream with a spatial resolution of 30 nm.

2.2 Experimental

2.2.1 Catalyst Preparation

Two distinct Co/TiO2 FTS catalysts were prepared by the Incipient Wetness Impregnation (IWI) method.[12] About 2 g of TiO2 (P25 support) was evacuated in a round-bottom
flask. About 1 mL of a saturated, aqueous solution of Co(NO3)2 · 9 H2O (Sigma-Aldrich,
>99%) was loaded into a syringe and carefully injected into the flask through a septum
until the pores of the TiO2 were completely filled. The vacuum in the flask was broken
after about 10 min and the catalyst was placed overnight in a drying oven kept at a
temperature of 60 °C. The following day the catalyst was calcined at a temperature
of 350 °C (ramp: 5 °C/min) under a flow of air. The catalyst was kept at 350 °C for 3 h.
Performing this procedure once results in a catalyst with a loading of 10 wt% Co/TiO2.
A second catalyst sample with a loading of 15 wt% Co/TiO2 was prepared by following
the procedure twice.
2.2.2 X-ray Diffraction

X-ray Diffraction (XRD) patterns of the calcined Co/TiO2 catalysts were measured using
a Bruker-AXS D2 X-ray diffractometer using Co-Kα radiation (λ = 1.789 Å). The obtained
XRD results are shown in Figure 2.1 and indicate that cobalt is present as Co3O4 after
calcination. Scherrer analysis of the diffraction peaks, belonging to Co3O4 and marked
with ‘+’ in Figure 2.1A, reveals an average particle size of about 18 nm.
2.2.3 Temperature Programmed Reduction

The reduction behaviors of the 10 wt% and 15 wt% Co/TiO2 FTS catalysts were investigated with Temperature Programmed Reduction (TPR) on a Micromeretics AutoChem II
2920 instrument. The samples were first dried by heating to 120 °C with a ramp rate of
10.0 °C/min under an argon flow. The samples were kept at 120 °C for 2 h. After cooling
to 40 °C, the samples were heated to 700 °C with a ramp rate of 10.0 °C/min under
a flow of 5% H2 in Ar. The temperature was kept at 700 °C for 10 min. The hydrogen
concentration of the outflowing gas mixture was measured with a previously calibrated
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Figure 2.1: A) X-ray diffractrograms of calcined 10 wt% (black) and 15 wt% Co/TiO2 (red) FTS catalysts. The
diffraction peaks due to TiO2 are marked with ‘*’ (anatase) and ‘o’ (rutile), while the diffraction peaks of
Co3O4 are marked with ‘+’. B) Temperature programmed reduction profiles of 10 wt% (black) and 15 wt%
Co/TiO2 (red) FTS catalysts in the presence of H2.

Thermal Conductivity Detector (TCD). Water that was formed during the reduction was
trapped with an i-propanol/dry ice trap.
The results of the TPR experiments are shown in Figure 2.1B. It was found that both
catalyst materials are reduced in a two-step process. The first step is the reduction from
Co3O4 to CoO. The peak of the hydrogen consumption for this step appears at about
300 °C. The second step is the reduction of CoO to metallic Co. The maximum hydrogen consumption happens at about 450 °C. The profiles of the catalyst materials show
no peaks above 500 °C, so it can be concluded that Strong Metal Support Interaction
(SMSI) effects do not play a big role during reduction in H2.[13]
2.2.4 Catalytic Testing

The 10 wt% and 15 wt% Co/TiO2 catalysts under study were tested for their activity
in the Fischer-Tropsch Synthesis (FTS) reaction. About 20 mg of catalyst material was
diluted with about 80 mg of SiC. The diluted catalyst was supported on a glass frit in a
U-shaped reactor. The catalyst was first reduced by heating to 350 °C with a ramp rate
of 5 °C/min under a flow of 20 mL/min of H2. This temperature was kept for 2 h. Then
the catalyst was cooled down to the reaction temperature of 250 °C. Once the catalyst
reached this temperature, the gas flows were changed to 2 mL/min of CO and 4 mL/min
of H2. The experiments were performed at atmospheric pressure. A gas phase sample
was analyzed every hour by an on-line Gas Chromatograph (Varian 430 GC, CP sil-5). At
the end of the experiment, the catalyst was put under argon atmosphere and cooled
down to room temperature. Finally, the catalyst was carefully exposed to air. These
samples are denoted as the spent catalyst.
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2.2.5 Operando Catalyst Characterization

The design of our operando set-up will be described in detail in section 2.3.2. To compromise between data quality and scan time, energy points were selected so that each
scan took about 30 – 45 min. To start the operando TXM nanotomography experiment,
the 10 wt% Co/TiO2 catalyst was crushed and loaded into a capillary. The catalyst was
first characterized at room temperature under a He atmosphere. The gas was switched
to 1 mL/min H2, and the temperature was raised to 350 °C in 20 min. After about 2 h,
the temperature was lowered to 250 °C in 10 min and the gas was changed to H2 and CO
in a ratio of 2:1 (total flow: 1 mL/min). The system was then pressurized to 10 bar. TXM
XANES scans were continuously measured during the experiment.

2.3 Results and Discussion
2.3.1 Catalytic Performance

Figure 2.2A and Figure 2.2B summarize the catalytic performance data of the 10 and
15 wt% Co/TiO2 catalysts, respectively. It was found that the catalytic activity, expressed
as cobalt time yield (i.e., mol CO converted per second per gram of cobalt), for both
catalyst materials decreases remarkably during the first 45 h of reaction. The activity of
the 10 wt% Co/TiO2 catalyst decreases from about 13 x 10−5 mol CO/g Co.s to about 3 x
10−5 mol CO/g Co.s. Likewise, the activity of the 15 wt% Co/TiO2 catalyst decreases from
about 11 x 10−5 mol CO/g Co.s to about 2 x 10−5 mol CO/g Co.s. The selectivities for both
catalysts towards the desired liquid products (C5+) are also shown in Figure 2.2A and
Figure 2.2B, respectively. It can be seen that the selectivity stayed more or less constant
during the first 45 h of time on stream at about 30% for both catalysts.

Figure 2.2: A) Catalytic activity and selectivity towards methane (C1) and liquid hydrocarbons (C5+) of the
10 wt% Co/TiO2 FTS catalyst during the first 45 h of FTS reaction. B) Catalytic activity and selectivity towards
methane (C1) and liquid hydrocarbons (C5+) of the 15 wt% Co/TiO2 FTS catalyst during the first 200 h of FTS
reaction.

21

Chapter 2
2.3.2 Design and Construction of an Operando Transmission X-ray Microscopy
Set-up

A schematic overview of the developed operando TXM set-up at beamline 6-2c of the
SSRL is shown in Figure 2.3.[14] High-purity He (Airgas, 99.999+%), H2 (Airgas, 99.999+%)
and CO (Airgas, 99+%) can be flowed through the set-up at pressures up to 20 bar. Gas
flows are controlled by a set of three Bronkhorst EL-FLOW Select mass flow controllers
that were optimized for low flow rates (0 – 1 mL/min). The pressure in the capillary reactor can be set using a back-pressure regulator (Bronkhorst pressure sensor coupled to
a Bronkhorst control valve). The capillary can be heated to temperatures up to 350 °C
using a custom-built electric furnace. The temperature is controlled using a thermocouple at the same height as the X-ray beam. The product stream is monitored using an
on-line mass spectrometer (Pfeiffer ThermoStar GSD 320, mass range of 1 – 300 amu,
controlled by Quadera software).
A photograph of the constructed operando set-up as mounted on the TXM is shown in
Figure 2.4. The X-ray beam comes in from the left, where the condenser lens is seen.
The heater is mounted on an arm that is connected to the optical table. A cooling

Figure 2.3: Schematic overview of the constructed operando set-up for transmission X-ray microscopy at
beamline 6-2c of the SSRL.
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Figure 2.4: From left to right: Photograph of the constructed operando set-up as mounted on the X-ray
microscope at beamline 6-2c of the SSRL. Photograph of the operando holder that was used during the
experiment described in the main text. TXM transmission image of the capillary as a 5 by 5 mosaic. TXM
transmission image inside of the capillary. Color-coded elemental map, with titanium shown in red and
cobalt shown in blue. Zoomed-in image of the TXM transmission image, with a single 30 nm pixel indicated.

system is installed to prevent overheating and associated performance degradation of
the optical components. The gas inlet and outlet to the reactor are also visible. The
connections are made using flexible tubing so that translation and rotation of the sample is possible. The reactor is mounted on a motorized stage which can be translated
along three axes and rotated around the vertical axis.
A close-up photograph of the reactor itself is also shown in Figure 2.4. The reactor itself
consists of a quartz or borosilicate capillary (Capillary Tube Supplies Ltd, outer diameter: about 100 μm, wall thickness: about 10 μm). The capillary is filled by introducing a
small amount of sample into one end of the capillary. The catalyst particles are driven
into the capillary one by one by rigorous shaking. A portion of the capillary is selected
so that it contains isolated particles, suitable for single-particle imaging. The selected
length is cut off and finally the capillary is attached to a holder with high-temperature
epoxy glue (EPO-TEK H72) and cured in a gravity convection oven. The curing schedule
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according to the recommendation of the manufacturer was used: 20 min at 100 °C.
The capillary reactor was then leak-tested with 4 bar of He prior to the operando TXM
experiment.
A consequence of this way of filling the capillaries is that the total amount of catalyst
inside of the capillary is difficult to control. Thus, the applied Weight Hourly Space Velocity (WHSV) during the experiment is typically unknown. In general, the WHSV is quite
high, with flow rates on the order of 1 mL/min and only a few catalyst grains present in
the capillary. On the other hand, it is possible to give an estimate of the volume-based
Gas Hourly Space Velocity (GHSV). Assuming a capillary with a length of 2 cm and a diameter of 80 µm and a flow rate of 1 mL/min, the GSHV is about 600 000 h−1.
A filled capillary as imaged by the TXM is shown in Figure 2.4. The capillary is mounted
vertically to allow rotation around the vertical axis for the collection of tomographic
data. In this case 5 by 5 images were stitched together in a technique that is called
“mosaic imaging” (Figure 2.4). This increases the field of view, allowing imaging of the
entire width of the capillary. This approach makes finding a suitable particle easier. Additionally, it is a good way to check the presence of other catalyst particles at the same
height in the capillary, which will overlap with the catalyst particle of interest during
the tomography experiments when the catalyst particle is imaged at different angles.
Zooming in further, we see a single catalyst particle. The image in the lower right corner
is even more zoomed in. The white square indicates a single TXM pixel, with a size of
30 nm. An elemental map is also shown, where titanium and cobalt are shown in red
and blue, respectively.
The validity of our operando TXM set-up was confirmed during a separate catalysis
experiment by loading the 15 wt% Co/TiO2 catalyst into a capillary and conducting the
reaction at 250 °C temperature and 10 bar pressure. The product stream was analyzed
by on-line mass spectrometry. Mass traces for m/z = 16 (CH4), 18 (H2O), 30 (C3H6), 42
(C3H6), 44 (C3H8) and 58 (C4H10) were measured over a period of about 3 h and the result is shown in Figure 2.5. After the system was pressurized to 10 bar (about 0.25 h),
a sharp increase in the ion current of a selection of Fischer-Tropsch Synthesis reaction
products, CH4, C2H6, C3H6 and C3H8, is seen. This qualitatively proves that the catalyst
material loaded within the capillary reactor is indeed active in the FTS reaction under
the applied operando conditions.

24

Operando X-ray Nanoscopy of Co/TiO2 Fischer–Tropsch Synthesis Catalysts

Figure 2.5: Mass spectrometry data obtained for a 15 wt% Co/TiO2 FTS catalyst at 10 bar and 250 °C during
an experiment similar to, but separate from the operando TXM experiment, to validate the catalytic performance of the reactor system as Fischer-Tropsch Synthesis products, such as water (red), methane (black),
ethane (blue), propene (cyan) and propane (green) are formed.

2.3.3 Showcase Application: Co/TiO2 Fischer-Tropsch Catalysis
2.3.3.1 X-ray Nanotomography Study of a Co/TiO2 Fischer-Tropsch Catalyst

In a first series of experiments, we have performed X-ray nanotomography on the fresh
15 wt% Co/TiO2 catalyst. A few catalyst particles were introduced into a quartz capillary, which was mounted vertically on a clamp. A suitable particle was selected, taking
into account the size of the particle (to fit in one field of view) and absorption contrast.
The presence of both titania and cobalt was confirmed with an X-ray fluorescence detector. Transmission images of the particle were recorded at different angles, taking 1°
steps from −90° to +90°. Tomographic data were collected below and above the cobalt
K-edge, at 7650 eV and 7750 eV. Data pre-processing (reference correction, averaging
and alignment) and tomographic reconstruction were performed with the TXM-Wizard
software package.[15] The reconstructed slices were loaded into FEI Avizo for visualization. Data collected below the cobalt K-edge is used as data for titanium. Cobalt contributions are obtained as the difference between the data above and below the cobalt
K-edge.
Figure 2.6 shows the tomographic reconstruction of a fresh 15 wt% Co/TiO2 catalyst
particle. Figure 2.6A shows the 3-D rendering of the catalyst particle, with a section cut
out to show the inside of the catalyst particle. From the slices through the particle (B–D
and E–F), it can be seen that the cobalt (blue) is not homogeneously distributed over
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Figure 2.6: A) 3-D representation of a fresh, calcined single 15 wt% Co/TiO2 FTS catalyst particle as measured using transmission X-ray microscopy at the Co K-edge. Contributions from TiO2 are shown in red (data
collected at 7650 eV); contributions from Co are shown in blue (difference between data collected at 7650
eV and 7750 eV). B)–D) and E)–G) Details of two different slices through the volume of the particle. C) and
F) Contributions of TiO2. D) and G) Distribution of cobalt over the slice.

the TiO2. Instead, the cobalt is concentrated in areas in the center of the catalyst particle. Cobalt appears to be present in relatively large aggregates. These clusters are much
larger than the cobalt crystallite size that was determined using XRD.
2.3.3.2 Operando X-ray Microscopy of a Co/TiO2 Fischer-Tropsch Catalyst

In a second series of experiments, we have studied the 10 wt% Co/TiO2 catalyst under
reaction conditions. First, Co K-edge XANES spectra of Co reference materials (Co3O4,
CoO, CoTiO3 and Co) were measured (Figure 2.7A) in the TXM. These spectra were used
in the least-squares fits of the data.[15]
Examples of the in situ Co K-edge XANES spectra of the catalyst particle are shown in
Figure 2.7B (full lines), together with least square fits (dashed lines). The spectra are
averaged over all pixels of the TXM image stacks. Spectrum (a) was measured at room
temperature. The fitting procedure shows that the chemical composition is 100 ± 2%
Co3O4, 0 ± 4% CoO and 0 ± 4% CoTiO3, in line with the XRD results. Then, the catalyst was
reduced in H2 at 350 °C for about 2 h. Spectrum (b) was measured after 90 min under
these conditions. The appearance of a metallic pre-edge feature and the disappearance
of the white line are notable. The fit indicates that Co3O4 was reduced to the metallic
phase. The chemical composition was 4 ± 3% CoO, 0 ± 0% CoTiO3 and 95 ± 1% Co. The
absence of CoTiO3 confirms that SMSI effects do not play a role at this stage, similar to
the results from TPR.
Next, the temperature was lowered to 250 °C and the gas flows were changed to CO
and H2 in a ratio of 1:2. Spectra (c)–(e) were measured under Fischer-Tropsch Synthesis
conditions, after 0 h, 3 h and 9.75 h respectively. Again, the pre-edge and absence of
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Figure 2.7: A) X-ray Absorption Near Edge Spectra (XANES) of Co3O4, CoO, CoTiO3 and Co reference materials. B) Examples of spectral fits of the average XANES spectra of the 15 wt% Co/TiO2 FTS catalyst particle
as measured at (a) room temperature; (b) after reduction in H2 at 350 °C and 1 bar for 90 min; (c) during
Fischer–Tropsch Synthesis at 250 °C and 10 bar pressure in H2/CO in a ratio of 2 : 1 for 0 h on stream; (d)
after 3 h on stream; (e) after 9.75 h on stream.

a white line indicate metallic cobalt. The fits show that the catalyst is metallic (within
experimental error) during the Fischer-Tropsch Synthesis reaction.
The same conclusions are drawn from the 2-D TXM images (Figure 2.8 - Figure 2.11). At
room temperature (Figure 2.8A and Figure 2.9A) the entire fresh catalyst particle consists of Co3O4. After the hydrogen reduction treatment (Figure 2.8B and Figure 2.9D),
only metallic cobalt is found. After 9.75 h of FTS, we still observed almost only metallic
cobalt (Figure 2.8C and Figure 2.11B). In the chemical maps, we show that even on a
local scale, oxidized cobalt (CoO or CoTiO3) is present only as statistically non-significant
species. We also found that the morphology of the catalyst particle was stable during
10 h of FTS reaction.
Each XANES scan took about 30 – 45 min. This relatively long scan time (compared to
the rate of reduction at 350 °C) means that the Co oxidation state changes during the
scan. This has negatively affected the quality of the XANES data, especially during the
early phases of reduction (i.e. Figure 2.9B), when changes in oxidation state are greatest.
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Figure 2.8: A series of 2-D Transmission X-ray Microscopy (TXM) images of a 10 wt% Co/TiO2 FTS catalyst
particle as a function of the different treatments applied: A) room temperature; B) after reduction in H2 at
350 °C and 1 bar for 90 min; C) during Fischer–Tropsch Synthesis at 250 °C and 10 bar pressure in H2/CO in
a ratio of 2 : 1 for 9.75 h on stream.
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Figure 2.9: 2-D Transmission X-ray Microscopy (TXM) images of a 10 wt% Co/TiO2 FTS catalyst particle.
Left panel, Chemical maps, middle panel, Average X-ray Absorption Near Edge Spectra (XANES) and right
panel, least squares fitting results of the spectra in the middle plane. The data were measured: A) at room
temperature, B–D) during reduction under H2 at 350 °C after 0 min B), 45 min C) and 90 min D), E) during
Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in H2/CO in a ratio of 2 : 1 for 0 h on stream.
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Figure 2.10: 2-D Transmission X-ray Microscopy (TXM) images of a 10 wt% Co/TiO2 FTS catalyst particle.
Left plane, chemical maps, middle plane, Average X-ray Absorption Near Edge Spectra (XANES) and right
plane, least squares fitting results of the spectra in the middle plane. The data were measured during Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in H2/CO in a ratio of 2 : 1 for 2.25 h (A), 3 h (B), 3.5 h
(C), 6.5 h (D), 7.75 h (E) on stream.
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Figure 2.11: 2-D Transmission X-ray Microscopy (TXM) images of a 10 wt% Co/TiO2 FTS catalyst particle.
Left plane, chemical maps, middle plane, Average X-ray Absorption Near Edge Spectra (XANES) and right
plane, least squares fitting results of the spectra in the middle plane. The data were measured during Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in H2/CO in a ratio of 2 : 1 for 8.5 h (A), 9 h (B), 9.75 h
(C), 10.5 h (D), 11.25 h (E) on stream.
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The average chemical composition of the particle during the experiment is plotted in
Figure 2.12. Immediately after starting the reduction the contribution from metallic
cobalt increases. Only during the first scan is CoO observed, consistent with previous
studies.[16–19] After 90 min we observed 100% metallic cobalt, within experimental error.
During the Fischer-Tropsch Synthesis reaction the contribution of metallic cobalt stayed
100%, with only statistically non-significant contributions from CoO and CoTiO3.

Figure 2.12: Compositional changes of a 10 wt% Co/TiO2 FTS catalyst particle as a function of time and the
different treatments applied; i.e., reduction in H2 at 350 °C and 1 bar; and during Fischer–Tropsch Synthesis at 250 °C and 10 bar pressure for 11.25 h in H2/CO in a ratio of 2 : 1. Co3O4 is excluded from this plot,
because it was only detected in the first fit. Each data point is plotted at the start of the XANES scan. Each
scan took about 30–45 min.

2.4 Conclusions

The design, construction and use of a novel operando set-up for the purpose of studying catalytic solids under realistic reaction conditions in a Transmission X-ray Microscope (TXM) at beamline 6-2c of SSRL at SLAC has been described. This first-of-its-kind
set-up has been used to chemically image a single TiO2-supported cobalt catalyst particle with a spatial resolution of 30 nm in 2-D as well as the elemental image in 3-D.
This has been performed after calcination, during reduction in H2 and during Fischer–
Tropsch Synthesis at 10 bar at 250 °C for 11 h. After calcination, the TiO2-supported
Co3O4 nanoparticles are heterogeneously distributed within the TiO2 support oxide material. Most of the cobalt nanoparticles are located in the center of the catalyst particle.
Reduction in H2 leads to an immediate (i.e. during the first XANES scan) formation of Co
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metal nanoparticles, with only small contributions of CoTiO3 and CoO, and no change
in the chemical state of Co was observed during Fischer–Tropsch Synthesis. In other
words, under the applied FTS conditions in the operando TXM set-up, no experimental
evidence for bulk re-oxidation or metal-support compound formation of supported Co
nanoparticles was found, even on a local scale. However, surface oxidation and/or surface carburization cannot be excluded based on these results.
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Chapter 3
Active Phase Distribution Changes
within a Co/TiO 2 Catalyst Particle during
Fischer-Tropsch Synthesis as Revealed by
Multi-Scale Microscopy

Abstract

The Fischer-Tropsch Synthesis (FTS) reaction is one of the most promising processes to
convert alternative feedstocks, such as natural gas, coal or biomass, into liquid fuels and
other high-value products. Despite its commercial implementation, we still lack fundamental insights in the various deactivation processes taking place during FTS. In this
Chapter, a combination of three chemical imaging methods for studying single catalyst
particles at different length scales has been developed and applied to study the deactivation of Co/TiO2 FTS catalysts. By combining Transmission X-ray Microscopy (TXM),
Scanning Transmission X-ray Microscopy (STXM) and Scanning Transmission Electron
Microscopy – Electron Energy Loss Spectroscopy (STEM-EELS) we can visualize changes in the structure, aggregate size and distribution of cobalt nanoparticles that occur
during FTS. At the microscale, cobalt nanoparticle aggregates are transported over several μm leading to a more homogeneous cobalt distribution, while at the nanoscale
cobalt forms a thin layer of ~ 1 – 2 nm around the TiO2 support. The formation of the
cobalt layer is opposite to the “classical” Strong Metal-Support Interaction (SMSI) in
which TiO2 surrounds the cobalt, and is possibly related to the oxidation of cobalt metal
nanoparticles in combination with coke formation. In other words, the observed migration and formation of a thin CoOx layer is similar to a previously discussed reaction-induced spreading of metal oxides across the TiO2 surface.
This Chapter is based on the following manuscript: K.H. Cats, J.C. Andrews, O. Stéphan, K. March,
C. Karunakaran, F. Meirer, F.M.F. de Groot and B.M. Weckhuysen, “Active Phase Distribution
Changes within a Catalyst Particle during Fischer-Tropsch as Revealed by Multi-Scale Microscopy”, Catalysis Science & Technology, 2016, DOI: 10.1039/c5cy01524c.
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3.1 Introduction

In this Chapter, we present a unique combination of three micro-spectroscopy methods
bridging four orders of magnitude in length scales - i.e., spanning the 50 μm - 0.5 nm
range, for studying the physicochemical processes taking place within a single catalyst
particle. This multi-length scale chemical imaging approach, in principle applicable to a
wide variety of catalyst systems, has been used to investigate the deactivation of two
Co/TiO2 FTS catalysts. An overview of the combination of chemical imaging techniques
used is illustrated in Figure 3.1.

Figure 3.1: Schematic overview of the multi-scale chemical imaging approach used in this Chapter. Fresh
and spent Co/TiO2 FTS catalysts were imaged by Transmission X-ray Microscopy (TXM, voxel size: ~50 nm),
Scanning Transmission X-ray Microscopy (STXM, spatial resolution: 30 nm) and Scanning Transmission Electron Microscopy – Electron Energy Loss Spectroscopy (STEM-EELS, spatial resolution: 0.5 nm). In TXM, TiO2
is shown in red, cobalt is shown in blue. In STXM, TiO2 is shown in red, Co3O4 is shown in blue and Co2+ is
shown in green. In STEM-EELS, TiO2 is shown in red, cobalt is shown in blue and carbon is shown in green.
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First, we used nanotomographic Transmission X-ray Microscopy (TXM) to give 3-D insight in the structure, aggregate size and distribution of cobalt nanoparticles within
a 30 μm-sized catalyst particle in a non-invasive manner.[1,2] Second, we applied Scanning Transmission X-ray Microscopy (STXM) to obtain chemical information about the
supported cobalt nanoparticles with 30 nm spatial resolution.[3,4] For this purpose, thin
slices were prepared using an ultra-microtome to study the internal structure of the
catalyst. Finally, we acquired high-resolution elemental data from Scanning Transmission X-ray Microscopy – Electron Energy Loss Spectroscopy (STEM-EELS), where we created 0.5 nm spatial resolution maps with elemental sensitivity. We illustrate this multiple-technique characterization approach for both the fresh and spent 15 wt% Co/TiO2
catalysts, which were discussed earlier in Chapter 2. We will use this new characterization approach to show that there is another, different mechanism that may play a role
in the deactivation of Co/TiO2 FTS catalysts, which is related to the previously reported
reaction-induced spreading of metal oxides on a TiO2 surface.[5]

3.2 Experimental

3.2.1 Sample Preparation, Catalytic Testing and Characterization

The fresh 15 wt% Co/TiO2 FTS catalyst was prepared according to the procedure outlined in Chapter 2. The catalytic activity of the catalyst was tested in a fixed-bed reactor,
as previously described in Chapter 2. The catalyst was then put under argon atmosphere
and cooled down to room temperature. Finally, the catalyst was carefully exposed to air.
This sample is denoted as the spent catalyst.
X-Ray Diffraction (XRD) experiments were performed with a Bruker-AXS D2 X-ray diffractometer using Co Kα radiation (λ = 1.789 Å). Analysis of the diffractograms (shown
in Figure 3.2) shows that the fresh 15 wt% Co/TiO2 catalyst consists of Co3O4 particles
of about 18 nm. The spent catalyst consists of metallic cobalt particles of about 10 nm.
3.2.2 Transmission X-ray Microscopy

Hard X-ray TXM was carried out at beamline 6-2c of the Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC.[6] Monochromatic X-rays were focused by a condenser lens
onto the sample, which was mounted in a capillary on an x,y,z,θ stage. The transmitted
image was formed by a Fresnel zone plate onto a CCD camera. The recorded 2-D images
cover a field of view of ~25 x 25 µm with ~30 nm 2-D spatial resolution. Tomographic
data were obtained by rotating the sample and recording the transmission image at
different angles, as explained in more detail in Chapter 2.[1] This was done below and
above the Co K-edge (7709 eV). Data pre-processing and tomographic reconstruction
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Figure 3.2: X-ray diffractogram for the fresh (red) and the spent 15 wt% Co/TiO2 FTS catalysts (blue). Diffraction peaks caused by TiO2 are marked with ‘*’ (anatase) and “o” (rutile). Diffraction peaks due to Co3O4 are
marked with ‘+’, and peaks due to metallic Co are marked with ‘#”.

were performed with the TXM-Wizard software package.[7] Data visualization was done
with FEI Avizo. 3-D elemental maps were formed by subtracting the reconstructed data
below the edge from the data above the edge.
The spent 15 wt% Co/TiO2 catalyst was analyzed under reaction conditions in the TXM
using a specially designed set-up that was described in Chapter 2.[8,9] A few grains of the
sample were loaded into a glass capillary, which was attached with high-temperature
epoxy to a holder that allows translation in the x,y,z directions, and rotation around
the y-axis. The sample was first characterized at room temperature under a helium
atmosphere. Then, the catalyst was reduced in a flow of hydrogen at a temperature
of 350 °C, while TXM X-ray Absorption Near-Edge Spectroscopy (XANES) spectra were
measured during the reduction treatment. After about 3 h at this temperature, the
temperature was lowered to 250 °C and the gas flow was switched to hydrogen and carbon monoxide in a ratio of 2. Due to the switching of the gas flows, the particle moved
inside of the capillary, and a new particle had to be found for analysis. The pressure was
then increased to 10 bar. TXM XANES scans were performed continuously for about 9 h.
3.2.3 Scanning Transmission X-ray Microscopy

Soft X-ray STXM experiments were performed at beamline 10 ID-1 of the Canadian Light
Source (CLS). 100 nm thick slices of the catalyst samples were obtained by ultramicrotomy.[10] The slices were introduced into the STXM chamber, which was then evacuated
to about 0.1 mbar and backfilled to about 0.15 bar with He. The monochromatic X-ray
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beam was focused on the sample by a Fresnel zone plate to a spot size of about 30 nm.
Spectral image sequences (stacks) were obtained by recording images at different photon energies around the Ti L2,3 edges (460 eV) and Co L2,3 edges (780 eV). Data analysis
was performed with the aXis2000 software. After aligning the image sequence, elemental maps were constructed by comparing images below and above the X-ray absorption
edge. X-ray Absorption Spectra (XAS) were extracted from the image sequences. Single
pixel spectra were fitted using reference spectra obtained from high-purity Co3O4, CoO
and metallic Co.
3.2.4 Scanning Transmission Electron Microscopy – Electron Energy Loss Spectroscopy

High-resolution characterization of the samples was performed using STEM-EELS in a
NION USTEM 200 (probe corrected) microscope. The samples were sonicated in ethanol and a small droplet was deposited on a copper TEM grid with an amorphous carbon
layer. The samples were introduced into the microscope after evaporating the ethanol. An operating voltage of 60 kV was used during the experiments. EELS data were
acquired in the Spectrum Imaging mode so that a full spectrum was acquired at each
position of a 2-D scan. To minimize beam damage, the sample area was only measured
once. Data analysis was performed using custom plugins for the Gatan DigitalMicrograph software. Elemental maps were created by selecting three windows in the EELS
spectra. Two were placed before the edge of the element of interest for background
correction, while the other one was placed over the edge. The elemental map was then
obtained as the difference between the edge and the background. Where necessary,
the signal-to-noise ratio was improved by principal component analysis using the Hyperspy software (www.hyperspy.org).
3.2.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) measurements were carried out on an Axis
NOVA DlD spectrometer from Kratos Analytical LtD. Spectra were acquired using monochromatic Al-Kα radiation (photon energy of 1486.6 eV). The X-ray source was operated
at 150 W (15 kV, 10 mA). The analysis area was about 0.3 x 0.7 mm. The analyzer was
used in FOV1 mode with a pass energy of 40 or 80 eV for the narrow scans (spectra
of only Co 2p, O 1s, Ti 2p and C 1s peaks) and 160 eV for the survey scan (complete
spectrum). A charge neutralizer was used to prevent the sample from charging. The
pressure in the analysis chamber was in the low 10-9 mbar range during measurement.
Spectra were analyzed using the CasaXPS software (version 2.3.17). Peak areas were determined after Shirley-type background subtraction. Relative elemental concentrations
were calculated using the determined peak areas.
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3.3 Results

3.3.1 Transmission X-ray Microscopy

The fresh 15 wt% Co/TiO2 catalyst, as imaged by TXM tomography, is shown in Figure
3.3A and B. Here, the TiO2 support is visualized in red, while cobalt is colored in blue.
In the case of the fresh catalyst, we observe that the cobalt nanoparticles were not
homogeneously distributed, but were clustered in certain catalyst particle regions (blue
spots). Red spots are also visible in Figure 3.3A and B, which indicate areas with a lower
cobalt concentration.
The formation of nanoparticle aggregates has previously been shown for Co/Al2O3 and
Co/SiO2 FTS catalysts.[10–12] We demonstrate here that aggregates of cobalt nanoparticles are also formed using TiO2 as support. The formation of aggregates of nanoparticles is most probably related to the drying temperature of the catalyst. It was recently
shown for Co/SiO2 FTS catalysts that drying at 60 °C, as used in the preparation of the
catalyst under study, results in pronounced aggregate formation.[10] More recently, the
formation of aggregates of nanoparticles on a TiO2 support has been shown to depend
on drying conditions (in static air vs. a flow of air) and preparation method (IWI vs. homogeneous deposition precipitation).[13]
We performed similar TXM tomography experiments on the spent 15 wt% Co/TiO2 FTS
catalyst. These results are shown in Figure 3.3C and D. Interestingly, the distribution of
cobalt now appears to be more homogeneous, as the imaged slices are more evenly
colored purple. This demonstrates that the aggregates of supported cobalt nanoparticles have dispersed during FTS. The distribution of cobalt appears to be almost homogeneous at the present spatial resolution, which can only be explained by the existence
of small cobalt nanoparticles, or even isolated cobalt atoms. It is remarkable to see that
the redistribution of cobalt nanoparticles during FTS took place over a length scale of
multiple micrometers.
In order to obtain statistical insight into the changes in the distribution of cobalt nanoparticle aggregates during FTS we performed a detailed size analysis of the nanoparticle aggregates from the TXM data of both the fresh and spent 15 wt% Co/TiO2 FTS
catalyst particles. First, separation of background and nanoparticle aggregates was performed by top-hat segmentation. Next, overlapping aggregates were separated with a
watershed separation on a distance map, where each Co-containing voxel was assigned
a value based on the shortest distance to the background. The total volume of each
aggregate was determined by counting the number of voxels of each aggregate and
multiplying by the voxel volume. The volume was finally converted into the equivalent
diameter (i.e. the diameter of a sphere with the same volume). For the fresh catalyst
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Figure 3.3: Snapshots from a TXM tomography movie of the fresh 15 wt% Co/TiO2 FTS catalyst (A and B)
and the spent 15 wt% Co/TiO2 FTS catalyst (C and D). Representative slices through the particle volume are
shown on top of the particle volume itself. TiO2 is shown in red, cobalt is shown in blue.

7 144 aggregate were identified, while in the spent catalyst 14 238 nanoparticle aggregates were identified.
The resulting histogram of the distribution of aggregate sizes (Figure 3.4) shows that
the cobalt aggregates in the spent catalyst have a more homogeneous size distribution than in the fresh catalyst. The median aggregate size decreased during FTS from
0.46 µm for the fresh catalyst to 0.40 µm for the spent catalyst. Furthermore, we see
in the histograms that there are two maxima, the separation between the peaks being
more pronounced in the fresh catalyst. The peaks at small aggregate sizes in both catalysts are most likely caused by single cobalt nanoparticles and/or small aggregates of
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nanoparticles (less than ~ 200 nm). We are not able to accurately determine the size
distribution of these particles or aggregates, because of limits in sensitivity (i.e., small,
isolated particles are only weakly absorbing and might stay undetected) and spatial resolution (i.e., we cannot determine sizes that are close to the spatial resolution) inherent
to the used technique. However, the presence of this peak does indicate that there are
many particles with sizes less than ~ 200 nm, which is in line with the crystallite sizes
determined by XRD that were found to be about 18 nm for the fresh catalyst and 10 nm
for the spent catalyst. The main broad peak in the histogram at larger aggregate size
clearly suggests nanoparticle aggregate formation with aggregate sizes that are much
larger than those of individual crystallite sizes. To account for this bi-modal distribution
in the histogram we used the median to compare aggregate sizes of the two catalysts.
To get a more rigorous insight into the distribution of cobalt over the TiO2 support
we made correlation plots for the TXM data, comparing the intensities (on a scale of
0 – 255) of the cobalt and the titanium elemental data. The scatter plots for the fresh
and spent Co/TiO2 FTS catalysts are shown in Figure 3.5. In this case we see in the fresh
catalyst that all the voxels are in a single cloud. In contrast, the spent catalyst has all its
voxels higher in the scatter plot.
The data were manually segmented into 4 quadrants, numbered 1 – 4. Quadrant 1 is
low in contributions from both cobalt and titanium; hence it represents the background
of the image. Quadrant 2 is high cobalt but low in titanium. Pixels in this cluster are

Figure 3.4: Cobalt aggregate size distributions of fresh (red) and spent (blue) 15 wt% Co/TiO2 FTS catalysts
as measured by TXM. Vertical dashed lines indicate the median of the distribution.
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Figure 3.5: Scatter plot of the TXM data of the fresh (left) and the spent (right) 15 wt% Co/TiO2 FTS catalysts.
Pixels are plotted according to their contributions of cobalt and titanium. A manual clustering was applied
to separate the data into 4 quadrants.

almost purely cobalt. Quadrant 3 represents pixels that belong to a mixed cobalt/titanium phase. Finally, quadrant 4 is almost purely titanium. The segmented images are
shown in Figure 3.6.
Due to the huge number of voxels in both TXM datasets it is difficult to assess the data
quantitatively. For this reason we made a histogram of the distribution of the number
of pixels over the different quadrants (Figure 3.7). In case of the fresh catalyst we see
that there is a significant number of voxels in quadrants 3 and 4. This means that while
most of the voxels are in the mixed cobalt/titanium phase (quadrant 3), there are also

Figure 3.6: Segmented TXM images of the fresh (A) and spent (B) 15 wt% Co/TiO2 FTS catalysts showing
the result of the manual clustering into 4 quadrants. The images are color-coded according to the scale on
the right.
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Figure 3.7: Distribution of pixels over the 4 quadrants shown in Figure 3.5 for the fresh (black) and the
spent (red) 15 wt% Co/TiO2 FTS catalyst. Quadrant 1 (the background) is excluded from the percentage.

relatively many voxels that are purely titanium (quadrant 4). These are a clear indication
of cobalt nanoparticle aggregation.
On the other hand, we see that for the spent catalyst almost all voxels are located in
quadrant 3, the mixed phase. This illustrates the more homogeneous distribution of
cobalt over the titanium support. In other words, the clusters have dispersed during
the FTS reaction.
3.3.2 Scanning Transmission X-ray Microscopy

In the second step of our multi-scale catalyst particle investigation we performed STXM
on the microtomed fresh and spent 15 wt% Co/TiO2 FTS catalysts. The results of this
STXM investigation are summarized in Figure 3.8. The thickness of the fresh sample
is nearly constant over the imaged area because of the ultramicrotomy (Figure 3.8A).
However, the fit results show that the elemental distribution of cobalt is not homogeneous, as was shown with TXM. The blue spots indicate areas of high cobalt concentration. There are also red-colored regions where there is little cobalt. The chemical phase
of cobalt is Co3O4, as expected for a calcined Co/TiO2 FTS catalyst.[9,14]
On the other hand, the results for the spent sample (Figure 3.8C and D) indicate that
the cobalt distribution is much more homogeneous, in agreement with the TXM results.
Finally, the averaged spectrum shows that cobalt is in a Co2+ phase, as either CoO or
CoTiO3. It is not possible to distinguish these two phases based on soft X-ray absorption
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Figure 3.8: STXM images of the fresh 15 wt% Co/TiO2 (A and B) and spent 15 wt% Co/TiO2 FTS catalyst (C
and D). Left: Transmission image below the X-ray absorption edge. Right: Color-coded image of the stack
fitting procedure using cobalt reference compounds. TiO2 is shown in red, Co3O4 is blue and Co2+ is green.

spectra because the spectra are very similar. A comparison of the spectra is shown in
Figure 3.9.
We performed a similar statistical analysis for the STXM data as for the TXM data. The
scatter plots are shown in Figure 3.10 and the segmented images in Figure 3.11. In this
case the contributions of the different oxidation states of cobalt were summed to obtain the total cobalt contribution.
In this case we see that the fresh 15 wt% Co/TiO2 FTS catalyst contains many pixels
in a single, but relatively broad cluster. In other words, there is a relatively broad distribution of different ratios between cobalt and titanium. On the other hand, for the
spent 15 wt% Co/TiO2 FTS catalyst almost all pixels are in the background or in a single
cluster in quadrant 3. Indeed, this is also what we see in the distribution of pixels over
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Figure 3.9: A comparison of the normalized soft X-ray absorption spectra of CoO and CoTiO3 as measured
using STXM.

the quadrants (Figure 3.12). Here we see that in the fresh 15 wt% Co/TiO2 FTS catalyst
there are significant amounts of pixels in quadrants 3 and 4. This means that there are
distinct areas where there is a mixed phase, and areas of a high concentration of titanium. This is caused by the clusters of cobalt nanoparticles as discussed before. On the
other hand, the spent 15 wt% Co/TiO2 FTS catalyst almost exclusively contains pixels
of a mixed cobalt/titanium phase. From these observations we conclude that cobalt is
more homogeneously distributed over the TiO2 support particles.

Figure 3.10: Scatter plot of the STXM data of the fresh (left) and the spent (right) 15 wt% Co/TiO2 FTS catalysts. Pixels are plotted according to their contributions of cobalt and titanium. A manual clustering was
applied to separate the data into 4 quadrants.
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Figure 3.11: Segmented STXM images of the fresh (A) and spent (B) 15 wt% Co/TiO2 FTS catalysts showing
the result of the manual clustering into 4 quadrants. The images are color-coded according to the scale on
the right.

Figure 3.12: Distribution of pixels over the 4 quadrants shown in Figure 3.10 for the fresh (black) and the
spent (red) 15 wt% Co/TiO2 FTS catalyst. Quadrant 1 (the background) is excluded from the percentage.
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3.3.3 Scanning Transmission Electron Microscopy – Electron Energy Loss Spectroscopy

Next, we used STEM-EELS to study the two Co/TiO2 catalysts with the highest spatial
resolution. An overview of STEM-EELS images of the fresh Co/TiO2 FTS catalyst is shown
in Figure 3.13A. In the elemental maps it can be seen that the cobalt is present in aggregates of nanoparticles. The aggregates have sizes up to ~ 100 nm, but the individual
nanoparticles are much smaller. Similarly, in the high-magnification STEM-EELS images
(Figure 3.13B) we note Co nanoparticles formed in the crevices of the TiO2 particles.
There are also Ti-rich regions without any Co visible in the left and right parts of the
color-coded elemental maps in Figure 3.13B. This suggests that the Co nanoparticles
have grown into the pore network around the TiO2 particles, similar to what has been
reported for Co/Al2O3 and Co/SiO2 FTS catalysts.[10,15]

Similar STEM-EELS experiments were performed on the spent Co/TiO2 FTS catalyst. An
overview image (Figure 3.13D) shows that the cobalt nanoparticles are much better
separated, and no longer in between the TiO2 particles. A layer of cobalt has formed
around the TiO2 particles, even far away from any cobalt nanoparticle. This is also visible in the cobalt elemental map (right column of Figure 3.13D). Finally, we recognize
that carbon deposits have formed around and in between the cobalt nanoparticles and
some of the TiO2 particles. A thin layer of cobalt around the TiO2 particle is clearly visible
in the high-magnification elemental map, and particularly in the cobalt elemental map
on the right (Figure 3.13E). The thickness of the layer was estimated to be 1 - 2 nm.
Remarkably, the formation of a cobalt layer is the opposite of the “classical” Strong
Metal-Support Interaction (SMSI) effect, where a layer of TiO2 is formed around the
cobalt nanoparticles.[16] It is also notable that carbon (green) is also present near the
cobalt (blue).
The size distribution of the cobalt nanoparticles from the STEM-EELS images is shown
in Figure 3.14. The cobalt (oxide) nanoparticles have about the same size in both samples, but the size distribution of the fresh catalyst has a longer tail on the large particle
side. The size of the particles (~ 18 nm) is in broad agreement with the XRD results. We
can conclude that there is also a nanoscale redistribution of cobalt (formation of a thin
cobalt layer), in addition to the microscale redistribution we observed with TXM and
STXM.
We have applied the same statistical analysis as the X-ray microscopy techniques also
to the STEM-EELS data. The scatter plots for the fresh and spent catalysts are shown in
Figure 3.15, and the clustered images are shown in Figure 3.16. Comparing the scatter
plots for the fresh and the spent 15 wt% Co/TiO2 FTS catalysts, we see that cobalt and
titanium are better separated in the spent 15 wt% Co/TiO2 FTS catalyst, i.e. more pixels
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Figure 3.13: Data collected during the STEM-EELS experiments. Left images: transmission images. Middle images: Color-coded elemental maps (red: titanium, blue: cobalt, green: carbon). Right images: cobalt
elemental maps. A) Fresh 15 wt% Co/TiO2 FTS catalyst. B) High-resolution image of the fresh catalyst. C)
Zoomed in image of the region marked in B. D) Spent 15 wt% Co/TiO2 FTS catalyst. E) High-resolution image
of the spent catalyst.

49

Chapter 3

Figure 3.14: Particle size distributions of fresh (red) and spent (blue) 15 wt% Co/TiO2 FTS catalysts as measured by STEM-EELS. Vertical dashed lines indicate the median of the distribution.

are in quadrant 2 and 4. In case of the fresh 15 wt% Co/TiO2 FTS catalyst, more pixels
are in quadrant 3, i.e. in the mixed phase.
Like the previous techniques, the amount of pixels in the different quadrants is shown
as a histogram in Figure 3.17. This confirms there are more pixels in quadrant 3 in the
fresh 15 wt% Co/TiO2 FTS catalyst relative to the spent catalyst. More pixels in quadrant 3 means that the mixed cobalt/titanium phase is more pronounced in the fresh

Figure 3.15: Scatter plot of the STEM-EELS data of the fresh (left) and the spent (right) 15 wt% Co/TiO2 FTS
catalysts. Pixels are plotted according to their contributions of cobalt and titanium. A manual clustering was
applied to separate the data into 4 quadrants.
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Figure 3.16: Segmented STEM-EELS images of the fresh (A) and spent (B) 15 wt% Co/TiO2 FTS catalysts
showing the result of the manual clustering into 4 quadrants. The images are color-coded according to the
scale on the right.

Figure 3.17: Distribution of pixels over the 4 quadrants shown in Figure 3.15 for the fresh (black) and the
spent (red) 15 wt% Co/TiO2 FTS catalyst. Quadrant 1 (the background) is excluded from the percentage.

15 wt% Co/TiO2 FTS catalyst. This is caused by the relatively large number of cobalt
nanoparticles that are (partly) overlapping with titanium particles. These particles can
be recognized in the Figure 3.13A and B. On the other hand, the titanium and cobalt are
more separated in the spent catalyst. Indeed, there are no such overlapping particles in
Figure 3.13D and E.
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3.3.4 In Situ Transmission X-ray Microscopy

The results of the in situ TXM experiments are shown in Figure 3.18 – 3.20. There is a
quick and complete reduction (within one XANES scan) to metallic cobalt. This can be
seen clearly in the average spectrum of Figure 3.18B, where the absence of a white line
and the pre-edge feature indicate metallic cobalt. During the FTS reaction the catalyst
stays metallic, with only small and statistically not significant contributions of oxidized
species (CoO or CoTiO3) to the fits of the averaged spectra. Also during FTS the spectra
do not show a white line. Combined with the pre-edge feature, this is a clear indication
of the presence of metallic cobalt under FTS conditions. Also in the spatially resolved
spectra no significant contributions of oxidized cobalt species can be detected.
To get an idea about the rate at which cobalt redistribution takes place, we have applied the above-discussed statistical analysis to the in situ TXM data. We used the same
methodology to analyze the in situ TXM data of the fresh 15 wt% Co/TiO2 FTS catalyst
that were presented in Chapter 2.[9] However, only the TXM data under FTS conditions
were analyzed. The results are summarized in Figure 3.21. The percentage of pixels in
quadrant 3 (the mixed phase of cobalt and titanium) is plotted in Figure 3.21A, while
the clustered correlation plots for the final in situ measurements are shown in Figure
3.21B and C. For the fresh 15 wt% Co/TiO2 FTS catalyst 82% of the pixels are clustered
in cluster 3 on average during the experiment.
There is a relatively large variance over time, because of the noise level of the data. The
number of pixels in cluster 3 for the spent catalyst (red line) is significantly higher, ~ 95%
on average. In this case the variance is lower, because the quality of the data is better.
Importantly, the number of pixels in cluster 3 stays more or less constant during both
in situ experiments. This is an indication that the redistribution of cobalt takes place on
a longer time scale than the ~10 h of in situ TXM experiments, which is already a long
acquisition time at a synchrotron beam time. Thus, we conclude that the macroscopic
redistribution of cobalt is a relatively slow process.
3.3.5 X-ray Photoelectron Spectroscopy

To study the dispersion of cobalt over the support on a bulk (non-microscopic) level, we
performed X-ray Photoelectron Spectroscopy (XPS) on the fresh and the spent 15 wt%
Co/TiO2 FTS catalysts, after exposure to air. The spectra are shown in Figure 3.22. In
the cobalt XPS spectra (Figure 3.22A) we can see a shift to higher binding energies in
the peaks when we compare the fresh and the spent samples. The peak at low binding
energy shifts from 778.5 eV for the fresh catalyst to 781 eV for the spent catalyst. The
peak at higher binding energy shifts from 793.5 eV for the fresh catalyst to 796 eV for
the spent catalyst. Both peaks shift 2.5 eV. This is caused by the change in oxidation
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Figure 3.18: 2-D Transmission X-ray Microscopy (TXM) images of the spent 15 wt% Co/TiO2 FTS catalyst particle. Left panel, Chemical maps, middle panel, Average X-ray Absorption Near Edge Spectra (XANES) and
right panel, least squares fitting results of the spectra in the middle plane. The data were measured: (A) at
room temperature, (B–D) during reduction under H2 at 350 °C after 0 min (B), 45 min (C) and 90 min (D), (E)
during Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in CO/H2 in a ratio 1:2 for 0 h on stream. A
different particle was measured in (E).
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Figure 3.19: 2-D Transmission X-ray Microscopy (TXM) images of the spent 15 wt% Co/TiO2 FTS catalyst
particle. Left plane, chemical maps, middle plane, Average X-ray Absorption Near Edge Spectra (XANES) and
right plane, least squares fitting results of the spectra in the middle plane. The data were measured during
Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in CO/H2 in a ratio 1:2 for 0.8 h (A), 1.6 h (B), 2.4 h
(C), 3.2 h (D), 4.0 h (E) on stream.
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Figure 3.20: 2-D Transmission X-ray Microscopy (TXM) images of the spent 15 wt% Co/TiO2 FTS catalyst
particle. Left plane, chemical maps, middle plane, Average X-ray Absorption Near Edge Spectra (XANES) and
right plane, least squares fitting results of the spectra in the middle plane. The data were measured during
Fischer-Tropsch Synthesis at 250 °C and 10 bar pressure in CO/H2 in a ratio 1:2 for 4.8 h (A), 5.6 h (B), 6.3 h
(C), 7.1 h (D), 7.9 h (E) on stream.
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Figure 3.21: Results of clustering of in situ TXM data for fresh and spent 15 wt% Co/TiO2 FTS catalyst under reaction conditions (250 °C, 10 bar, 2:1 H2/CO). A) The number of pixels in quadrant 3 (mixed cobalt/
titanium phase) as a function of time on stream. Fresh and spent catalyst data are plotted in black and red,
respectively. The dashed lines indicate the average number of pixels over the time of the experiment. The
insets show the clustered images (quadrant 1 in blue, cluster 2 in green, quadrant 3 in red and quadrant 4
in cyan) of the final in situ experiment for the fresh (left) and spent (right) catalyst. B) Correlation plot of
the last time point for the fresh catalyst showing the division of the data into 4 clusters. C) Correlation plot
of the last time point for the spent catalyst.

state between the fresh catalyst (Co3O4) and the spent catalyst (CoO or CoTiO3).[17] The
shoulder in the spectrum of the spent catalyst is a charge transfer satellite peak. The
XPS spectra for CoO and CoTiO3 are equivalent, like the XAS spectra.[18]
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On the other hand, the titanium spectra (Figure 3.22B) are very similar for the fresh and
the spent catalyst. This makes sense because a change in oxidation state is not expected
for TiO2. However, we do see that the intensity of the TiO2 peaks is much lower in the
spectra of the spent 15 wt% Co/TiO2 FTS catalyst. This difference was quantified by integrating the peak areas. In the fresh 15 wt% Co/TiO2 FTS catalyst, a surface Co/Ti atomic
ratio of 0.268 ± 0.022 was found. In the spent catalyst the atomic ratio was determined
to be 0.78 ± 0.03. The increase in the atomic ratio at the surface of the catalyst samples
during FTS is explained by the spreading of cobalt over the TiO2 surface and indicates
that the TiO2 particles are to a large extent covered with a thin cobalt layer. This provides a non-microscopic confirmation of the obtained STEM-EELS results. Finally, we
note that there is no peak belonging to Ti3+ (a shoulder at lower binding energy[19,20]),
which would point to the traditional SMSI effect, usually thought to be caused by partially reduced Ti species.[16,21]
In the C 1s XPS spectra of the spent Co/TiO2 catalyst (red curve in Figure 3.22C) there is
a peak at 284 eV. This peak is commonly associated with amorphous and polyaromatic
carbon species.[22] This is a confirmation of the layer of carbon that was seen with STEMEELS. This result also shows that the carbon most probably consists of graphitic, and/or

Figure 3.22: A) X-ray Photoelectron Spectra of the fresh (black) and the spent (red) 15 wt% Co/TiO2 FTS
catalyst samples at the cobalt 2p edge. B) X-ray Photoelectron Spectra of the fresh (black) and the spent
(red) 15 wt% Co/TiO2 FTS catalyst samples at the titanium 2p edge. C) X-ray Photoelectron Spectra of the
spent (red) and the spent 15 wt% Co/TiO2 FTS catalyst samples after a calcination treatment (blue) at the
carbon 1s edge.
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coke-like species. After a calcination treatment at 300 °C, the blue XPS spectrum in
Figure 3.22C is obtained, showing a peak at about 283 eV. This peak can be associated
with carbidic carbon at the surface of the cobalt nanoparticles.[23,24] The formation of
this surface Co2C has been observed earlier in Co foils after exposure to CO and H2,[24]
spent Co/Al2O3 catalysts[22] and catalysts supported on activated carbon.[25] In the latter
report, bulk Co2C was also found in the spent catalysts using XRD. However, we cannot
exclude that the carbide is formed during the calcination treatment, although this is not
very likely.

3.4 Discussion

In the clustered images of the fresh 15 wt% Co/TiO2 FTS catalyst from both X-ray imaging techniques (Figure 3.6A and Figure 3.11A), there are regions that contain the mixed
phase (quadrant 3, red) and regions that contain only titanium (quadrant 4, cyan). This
is a confirmation of the aggregation of the cobalt nanoparticles. In the images of the
spent 15 wt% Co/TiO2 FTS catalyst (Figure 3.6B and Figure 3.11B), a large majority of
the pixels is clustered in quadrant 3, the mixed phase. In other words, the distribution
of cobalt over the TiO2 support is more homogeneous. These observations have been
quantified in the comparison of the percentage of pixels present in quadrant 3 (Figure
3.23). For both TXM and STXM this is much higher in the spent 15 wt% Co/TiO2 FTS catalyst (~ 95% of the pixels) than in the fresh 15 wt% Co/TiO2 FTS catalyst (~ 60%). On the
other hand, in the STEM-EELS data the percentage of pixels in the mixed phase (quadrant 3) is lower in the spent catalyst than in the fresh catalyst. This is because the spatial
resolution is higher than for the X-ray microscopy techniques, so the individual cobalt
nanoparticles become visible. In the fresh catalyst a good portion of pixels (~ 50%) are
high in both cobalt and titanium. These are cobalt nanoparticles that are (partially)
overlapping with TiO2 particles because the cobalt particles are present in the pores of
the support. In the spent 15 wt% Co/TiO2 FTS catalyst, the cobalt nanoparticles are better separated and more discrete, hence the fraction of pixels in quadrant 3 is less than
in the fresh 15 wt% Co/TiO2 FTS catalyst (~ 10%).
The findings as reported so far are illustrated in Figure 3.24. Figure 3.24A shows the microscale redistribution of cobalt over the TiO2 particles. The formation of a layer of cobalt is also shown. We can now propose a hypothesis for the nanoscale redistribution.
The spectral resolution of the EELS spectra was not sufficient to determine the valence
state of the cobalt. However, the XPS data indicate that the cobalt layer is oxidic, but
this is most likely caused by the passivation layer upon exposure to air. As was mentioned in Chapter 1, several studies did not find evidence for cobalt oxidation under FTS
conditions, making bulk cobalt oxidation rather unlikely.[9,26–28] However, in these studies any possible oxidation effects at the surface of otherwise metallic Co nanoparticles
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Figure 3.23: Comparison of the number of pixels in quadrant 3 (mixed Co-TiO2 phase) for the three microscopy techniques.

were not investigated. On the other hand, it was recently thermodynamically calculated
that oxidation of the surface of cobalt is possible, and even likely under typical FTS conditions.[29] According to these calculations, a significant fraction of cobalt surface atoms
can be partially oxidized under reaction conditions. Surface oxidation of Co FTS catalysts
has also been suggested as a deactivation mechanism.[30,31] More recently, surface oxidation has been directly observed experimentally.[32] Assuming the partially oxidized
CoOx species is mobile,[33] cobalt atoms can diffuse from the cobalt nanoparticle onto
TiO2, exposing fresh, reduced cobalt atoms at the surface of the nanoparticle. The result
is a net flux of cobalt atoms from the surface of the cobalt nanoparticles to the TiO2
particles, where a thin cobalt layer is formed. The consequence of this process is a loss
of cobalt metallic surface area, hence a lower catalytic activity. Furthermore, it is well
known that cobalt nanoparticles smaller than 6 – 8 nm are less active in FTS than larger
supported cobalt nanoparticles,[34] and therefore it is likely that the ~ 1 – 2 nm cobalt
layer is also less active. This possible deactivation mechanism, not mentioned in Chapter 1, is illustrated in Figure 3.24B. The formation of a surface layer of oxidic material
was previously described as “reaction-induced spreading”.[5] It was shown that different
oxidic materials can spread over TiO2 surfaces under the influence of reaction products.
Simple alcohols, such as methanol or ethanol, promote the effect. Also water, the main
by-product of FTS, may induce the spreading of an oxidic material on a TiO2 surface. The
driving force for reaction-induced spreading is a decrease in overall surface free energy
or a concentration gradient of the metal oxide, similar to the driving force of thermal
spreading.[5] However, we can exclude thermal spreading of CoO because the Tammann
temperature (the temperature above which thermal processes take place, generally
taken as half the melting point in K)[5] of CoO is 779 °C,[35] i.e. much higher than the
250 °C where our catalytic tests were performed.
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Figure 3.24: A) Top view schematic representation of the microscale redistribution of cobalt. Cobalt in the
fresh 15 wt% Co/TiO2 FTS catalyst (on the left) is present in aggregates of nanoparticles. After FTS reaction
(shown on the right), the supported cobalt nanoparticles are distributed more homogeneously over the
support particles. In addition, a layer of cobalt has formed around the TiO2 particles. B) Side view schematic
representation of the formation of a thin cobalt layer linked to cobalt surface oxidation. C) Side view schematic representation of the formation of a thin cobalt layer linked to coke formation.

Another observation is the formation of a layer of cobalt embedded in carbon deposits,
most likely coke and/or residual waxes. The XPS experiments suggest that coke is the
most likely form of carbon in the spent catalyst. The carbon deposits could also point
to coke formation as a possible deactivation mechanism. The presence of carbon in
the cobalt layer makes bulk cobalt oxidation even less likely because carbon species in
general cause a reducing environment. The carbon deposits could also point to coke
formation as a possible deactivation mechanism, as was already discussed in Chapter 1.
We can speculate about two possible explanations for the correlation of carbon and
cobalt. The first is that coke is formed on the cobalt nanoparticles and then grows along
the TiO2 particles, while transporting some cobalt along with it. The coke forms a layer
of carbon with atoms of cobalt embedded in the coke. The nucleation of carbon deposits combined with growth along catalyst support particles was recently reported for
Co/Al2O3 FTS catalysts.[36] Second, it is possible that not the surface oxide, but surface
carbide is the mobile species. The likely formation of surface carbide species in relation
with coke formation has been investigated experimentally[22] as well as theoretically.[37]
The XPS experiments on the spent catalyst after calcination suggest that surface carbide can be formed during FTS. The mobile carbide is illustrated in Figure 3.24C. The
nucleation of carbon deposits combined with growth along catalyst support particles
was recently reported for Co/Al2O3 FTS catalysts.[36] Recently, it was shown that Co/Al2O3
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catalysts undergo more rapid sintering when exposed to both H2O and CO.[38] This was
explained by Ostwald ripening with cobalt sub-carbonyls moving across a hydrated alumina surface. However, much lower H2O and CO partial pressures were used during our
experiments. Finally, it is also possible that the cobalt layer forms first, and the layer is
a very good catalyst for coke formation, which grows around the cobalt layer. Of course,
a combination of these mechanisms is also conceivable.

3.5 Conclusions

Making use of a powerful multi-scale microscopy approach, we have found significant
differences in the cobalt nanoparticle distribution over a TiO2 support before and after
FTS reaction. Based on our observations, we conclude the following:
•

In the fresh 15 wt% Co/TiO2 FTS catalyst, cobalt is present in aggregates of nanoparticles that are much larger than the nanoparticles themselves. On the other hand,
in the spent catalyst, cobalt is distributed more homogeneously, meaning that the
nanoparticles are better separated and no longer form aggregates. Hence, there is
a redistribution of the cobalt nanoparticles over multiple micrometers during FTS.

•

There is also nanoscale redistribution of cobalt forming a ~1 - 2 nm cobalt layer
around the TiO2 particles. This thin layer is probably formed by atomic transport
of cobalt and interestingly also C is present in this layer. The formation of the thin
layer of cobalt is the opposite of the “classical” SMSI effect, where a layer of TiOx
forms around the cobalt nanoparticles.

•

A plausible hypothesis for the formation of this cobalt layer is related to the surface
oxidation of cobalt, resulting in a partial monolayer of CoOx. This mobile species
then gradually spreads over the surface of the TiO2 support during the FTS process.

Acknowledgements

Marco de Ridder from Shell is acknowledged for performing the XPS experiments. Johan den Breejen and Sander van Bavel, both from Shell, are thanked for fruitful discussions. Özgün Attila, Hendrik van der Bij, Dimitrije Cicmil, Sam Kalirai, Ramon Oord,
Christa van Oversteeg, Pasi Paalanen, Zoran Ristanovic, Mustafa Al Samarai and Marjolein Velthoen, all from Utrecht University, are kindly thanked for their help during
data acquisition. We are grateful to Peter Munnik from Utrecht University for performing the ultramicrotomy. Part of this research was carried out at the Stanford Synchrotron Radiation Lightsource, a Directorate of SLAC National Accelerator Laboratory and
61

Chapter 3
an Office of Science User Facility operated by the U.S. Department of Energy Office of
Science by Stanford University. Other parts of the research described in this Chapter
were performed at the Canadian Light Source, which is funded by the Canada Foundation for Innovation, the Natural Sciences and Engineering Research Council of Canada,
the National Research Council Canada, the Canadian Institutes of Health Research, the
Government of Saskatchewan, Western Economic Diversification Canada, and the University of Saskatchewan. The STEM-EELS research has received funding from the European Union Seventh Framework Programme [FP7/2007- 2013] under Grant Agreement
No. 312483 (ESTEEM2).

References
[1]

[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

62

Y. Liu, F. Meirer, J. Wang, G. Requena, P. Williams, J. Nelson, A. Mehta, J. C.
Andrews, P. Pianetta, Anal. Bioanal. Chem. 2012, 404, 1297–1301.
J. C. Andrews, B. M. Weckhuysen, ChemPhysChem 2013, 14, 3655–3666.
F. M. F. de Groot, E. de Smit, M. M. van Schooneveld, L. R. Aramburo, B. M.
Weckhuysen, ChemPhysChem 2010, 11, 951–962.
E. de Smit, I. Swart, J. F. Creemer, C. Karunakaran, D. Bertwistle, H. W.
Zandbergen, F. M. F. de Groot, B. M. Weckhuysen, Angew. Chem. Int. Ed. 2009,
48, 3632–3636.
C.-B. Wang, Y. Cai, I. E. Wachs, Langmuir 1999, 15, 1223–1235.
F. Meirer, J. Cabana, Y. Liu, A. Mehta, J. C. Andrews, P. Pianetta, J. Synchrotron
Radiat. 2011, 18, 773–781.
Y. Liu, F. Meirer, P. A. Williams, J. Wang, J. C. Andrews, P. Pianetta, J. Synchrotron
Radiat. 2012, 19, 281–287.
I. D. Gonzalez-Jimenez, K. Cats, T. Davidian, M. Ruitenbeek, F. Meirer, Y. Liu, J.
Nelson, J. C. Andrews, P. Pianetta, F. M. F. de Groot, B. M. Weckhuysen, Angew.
Chem. Int. Ed. 2012, 124, 12152–12156.
K. H. Cats, I. D. Gonzalez-Jimenez, Y. Liu, J. Nelson, D. van Campen, F. Meirer, A.
M. J. van der Eerden, F. M. F. de Groot, J. C. Andrews, B. M. Weckhuysen, Chem.
Comm. 2013, 49, 4622–4624, Chapter 2 in this PhD Thesis.
P. Munnik, P. E. de Jongh, K. P. de Jong, J. Am. Chem. Soc. 2014, 136, 7333–7340.
Ø. Borg, J. C. Walmsley, R. Dehghan, B. S. Tanem, E. A. Blekkan, S. Eri, E. Rytter,
A. Holmen, Catal. Lett. 2008, 126, 224–230.
D. G. Castner, P. R. Watson, I. Y. Chan, J. Phys. Chem. 1989, 93, 3188–3194.
T. O. Eschemann, K. P. de Jong, ACS Catal. 2015, 5, 3181–3188.
F. Morales, F. M. F. de Groot, P. Glatzel, E. Kleimenov, H. Bluhm, M. Hävecker, A.
Knop-Gericke, B. M. Weckhuysen, J. Phys. Chem. B 2004, 108, 16201–16207.
I. Arslan, J. C. Walmsley, E. Rytter, E. Bergene, P. A. Midgley, J. Am. Chem. Soc.
2008, 130, 5716–5719.

Active Phase Distribution in a Catalyst Particle as Revealed by Multi-Scale Microscopy
[16] V. A. de la Peña O’Shea, M. Consuelo Álvarez Galván, A. E. Platero Prats, J. M.
Campos-Martin, J. L. G. Fierro, Chem. Comm. 2011, 47, 7131–7133.
[17] M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. M. Lau, A. R. Gerson, R. S. C.
Smart, Appl. Surf. Sci. 2011, 257, 2717–2730.
[18] K. Okada, A. Kotani, J. Phys. Soc. Jpn. 1992, 61, 449–453.
[19] F. Guillemot, M. . Porté, C. Labrugère, C. Baquey, J. Colloid Interface Sci. 2002,
255, 75–78.
[20] U. Diebold, Surf. Sci. Rep. 2003, 48, 53–229.
[21] S. J. Tauster, S. C. Fung, R. L. Garten, J. Am. Chem. Soc. 1978, 100, 170–175.
[22] K. Fei Tan, J. Xu, J. Chang, A. Borgna, M. Saeys, J. Catal. 2010, 274, 121–129.
[23] G. A. Beitel, A. Laskov, H. Oosterbeek, E. W. Kuipers, J. Phys. Chem. 1996, 100,
12494–12502.
[24] D. A. Wesner, G. Linden, H. P. Bonzel, Appl. Surf. Sci. 1986, 26, 335–356.
[25] J. Xiong, Y. Ding, T. Wang, L. Yan, W. Chen, H. Zhu, Y. Lu, Catal. Lett. 2005, 102,
265–269.
[26] N. E. Tsakoumis, A. Voronov, M. Rønning, W. van Beek, Ø. Borg, E. Rytter, A.
Holmen, J. Catal. 2012, 291, 138–148.
[27] G. L. Bezemer, T. J. Remans, A. P. van Bavel, A. I. Dugulan, J. Am. Chem. Soc.
2010, 132, 8540–8541.
[28] M. Rønning, N. E. Tsakoumis, A. Voronov, R. E. Johnsen, P. Norby, W. van Beek,
Ø. Borg, E. Rytter, A. Holmen, Catal. Today 2010, 155, 289–295.
[29] M. Sadeqzadeh, S. Chambrey, J. Hong, P. Fongarland, F. Luck, D. Curulla-Ferré,
D. Schweich, J. Bousquet, A. Y. Khodakov, Ind. Eng. Chem. Res. 2014, 53, 6913–
6922.
[30] D. Schanke, A. M. Hilmen, E. Bergene, K. Kinnari, E. Rytter, E. Ådnaness, A.
Holmen, Catal. Lett. 1995, 34, 269–284.
[31] D. Schanke, A. M. Hilmen, E. Bergene, K. Kinnari, E. Rytter, E. Ådnanes, A.
Holmen, Energy & Fuels 1996, 10, 867–872.
[32] C. Lancelot, V. Ordomsky, O. Stephan, M. Sadeqzadeh, H. Karaca, M. Lacroix, D.
Curulla-Ferre, F. Luck, P. Fongarland, A. Griboval-Constant, A. Y. Khodakov, ACS
Catal. 2014, 4, 4510–4515.
[33] M. Sadeqzadeh, J. Hong, P. Fongarland, D. Curulla-Ferré, F. Luck, J. Bousquet, D.
Schweich, A. Y. Khodakov, Ind. Eng. Chem. Res. 2012, 51, 11955–11964.
[34] G. L. Bezemer, J. H. Bitter, H. P. C. E. Kuipers, H. Oosterbeek, J. E. Holewijn, X.
Xu, F. Kapteijn, A. J. van Dillen, K. P. de Jong, J. Am. Chem. Soc. 2006, 128, 3956–
3964.
[35] W. M. Haynes, CRC Handbook of Chemistry and Physics, 95th Edition, CRC Press,
Boca Raton, 2014.
[36] D. Peña, A. Griboval-Constant, C. Lancelot, M. Quijada, N. Visez, O. Stéphan, V.
Lecocq, F. Diehl, A. Y. Khodakov, Catal. Today 2014, 228, 65–76.
63

Chapter 3
[37] A. Nandula, Q. T. Trinh, M. Saeys, A. N. Alexandrova, Angew. Chem. Int. Ed.
2015, 54, 5312–5316.
[38] M. Claeys, M. E. Dry, E. van Steen, P. J. van Berge, S. Booyens, R. Crous, P. van
Helden, J. Labuschagne, D. J. Moodley, A. M. Saib, ACS Catal. 2015, 5, 841–852.

64

Chapter 4
Combined Operando X-Ray Diffraction/
Raman Spectroscopy of Co/TiO 2 FischerTropsch Synthesis Catalysts

Abstract
A novel laboratory set-up for combined operando X-ray diffraction and Raman spectroscopy of catalytic solids is presented. The product stream is simultaneously analyzed by a
gas chromatograph. The set-up can be used with a laboratory-based X-ray source, which
results in important advantages in terms of time-on-stream that can be measured,
compared to synchrotron-based experiments. The data quality was much improved by
the use of a relatively high-energy Mo Kα radiation instead of the conventional Cu Kα radiation. We have applied the instrument to study the long-term deactivation of Co/TiO2
Fischer-Tropsch Synthesis (FTS) catalysts. No sign of Co sintering or bulk oxidation was
found during the experiments. However, part of the metallic Co was converted into
cobalt carbide (Co2C), although only during FTS at elevated pressure (10 bar). Furthermore, graphitic-like coke species are clearly formed during FTS at atmospheric pressure,
while at elevated pressure fluorescence hampered the interpretation of the measured
Raman spectra.
This Chapter is based on the following manuscript: K.H. Cats and B.M. Weckhuysen, “Combined
Operando X-Ray Diffraction/Raman Spectroscopy of Catalytic Solids in the Lab: The Co/TiO2
Fischer-Tropsch Synthesis Catalyst Showcase”, accepted for publication in ChemCatChem.
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4.1 Introduction

This Chapter introduces the design and application of a new operando instrument that
can be used for simultaneous X-Ray Diffraction (XRD) and Raman spectroscopy measurements of catalytic materials under working conditions, at elevated temperatures
and pressures, while also analyzing the product stream with a Gas Chromatograph
(GC). While the operando set-up is applicable to a wide variety of (gas-phase) reactions
and catalyst systems, we will here showcase its application to the two Co/TiO2 Fischer-Tropsch Synthesis (FTS) catalysts that were discussed in previous Chapters.
Operando XRD is of itself not a new concept in catalysis.[1–3] In fact, it has been used
quite extensively to study different FTS catalyst systems, usually combined with X-ray
Absorption Near-Edge Structures (XANES) or Extended X-ray Absorption Fine Structure
(EXAFS) spectroscopy.[4–10] Also Raman spectroscopy has previously been combined with
both XRD and XANES or EXAFS, under reaction conditions.[11] However, all of these studies have been performed using synchrotron radiation as the source of the X-ray beam.
On the one hand, this has certain advantages in terms of beam intensity that enables
researchers to obtain high-quality XRD/EXAFS data with very high angular or spectral
resolution, respectively, in relatively short scan times, thus providing a time resolution
on the order of minutes. On the other hand, experiments using synchrotron radiation
are limited in their total duration, because it is not common to be granted more than a
couple of days of beamtime at a time. This limitation necessitates important compromises between number of samples and time-on-stream that can be measured. In contrast, the deactivation of cobalt-based FTS catalysts is typically quite slow. For instance,
we have shown in Chapter 2 that deactivation of Co/TiO2 catalysts takes about 10 days.
This is one of the reasons that the problem of cobalt FTS catalyst deactivation has not
yet been fully solved despite numerous studies using e.g. combined XRD/EXAFS under
reaction conditions.[4–6,8,12–17]
It is for this reason that we decided to design and construct an operando system that
can be used to study catalyst materials using a laboratory-based X-ray source. More
specifically, we will show here that the constructed combined operando XRD/Raman
spectroscopy set-up can be used for extended periods of time, e.g. up to 10 days. However, that is certainly not a hard limit, and even longer-term experiments should be
possible.
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4.2 Experimental

4.2.1 Sample Preparation, Catalytic Testing and Characterization

As was reported in Chapter 2, the fresh catalyst samples were prepared by impregnating about 2 g of vacuum dried TiO2 (P25) powder with a saturated Co(NO3)2 solution
(Sigma-Aldrich, > 99%) until the pores of the support were filled. The powder was then
dried at 60 °C and calcined at 350 °C. This resulted in a catalyst with a calculated weight
loading of 10%. This process was repeated to reach a final Co loading of 15 wt%.[18]
4.2.2 Combined Operando X-Ray Diffraction and Raman Spectroscopy Set-up

The new operando reactor that was used in this study was designed by iKey, South Africa.[19,20] A schematic overview of the set-up is shown in Figure 4.1A, and a photograph
of the complete set-up is shown in Figure 4.1B. The set-up is based on a horizontally
mounted capillary (outer diameter: 1 mm, wall thickness: 0.01 mm) that holds the catalyst material, perpendicular to the incoming X-ray beam. The sample is held in place

Figure 4.1: A) Schematic overview of the combined operando XRD/Raman/GC set-up. B) – D) Photograph
of the set-up as installed inside a Bruker D8 Discover XRD apparatus.
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with two plugs of quartz wool on both sides of the catalyst bed. The use of a laboratory
X-ray source requires that the height of the sample capillary can be adjusted to be in
the center of rotation of the X-ray source and detector. A Raman spectroscopy probe is
installed on a x,y,z movable stage so that the Raman excitation laser can be focused on
the sample. Two photographs of details of the set-up are shown in Figure 4.1C and D.
The catalyst is heated by two infrared heaters with a maximum power of 55 W each.
The temperature of the sample is measured by a thermocouple that is mounted inside
of the capillary. The thermocouple is sealed using a graphite ferrule in a standard Swagelock fitting, preventing hazardous gases from escaping. The temperature is controlled
by a Gefran 800P programmable temperature controller.
4.2.3 Gas Delivery and Analysis System

Inert and reactant gases (He and CO and H2, respectively (all from Linde)) are delivered
at elevated pressures (up to 20 bar) to the reactor using Bronckhorst EL-FLOW select
mass flow controllers that are calibrated for flow rates between 0 and 1 mL/min. All
gas lines are heat traced to preheat the reactant gases and to prevent condensation of
liquid products. A room temperature trap is inserted in the gas line downstream of the
reactor to collect the liquid products. The pressure in the capillary reactor is controlled
by a Bronckhorst pressure sensor coupled to a control valve.
Samples of the product stream were analyzed with an on-line Interscience TraceGC
1300 Gas Chromatograph (GC). The different gases in the product stream were analyzed on three separate channels, one Flame Ionization Detector (FID) for the analysis of
C1 – C6 hydrocarbons and two Thermal Conductivity Detectors (TCD) for the analysis of
He and H2 and the permanent gases (CO, CH4, O2, N2, CO2 and ethane), respectively. The
separation of the FID channel was performed using an Rtx-1 pre-column and an Al2O3/
Na2SO4 main column. A backflush was performed on the pre-column after the elution of
C6 hydrocarbons. The permanent gases are separated on a Molsieve 5A column.
4.2.4 X-ray Diffraction Experiments and Data Analysis

The X-ray Diffraction (XRD) experiments were performed using a Bruker D8 Discover
XRD apparatus. During preliminary testing of the set-up using a conventional Cu Kα X-ray
source, the measurements were hampered by a low signal-to-noise ratio and a relatively high background, most probably caused by absorption of the X-rays by the capillary
and the sample. The consequence of this is poor data quality even when using long
scan times. To improve X-ray penetration into the capillary, Mo Kα radiation with a photon energy of 17 479 eV and a corresponding wavelength of 0.7093 Å was used. This
results in an improved signal-to-noise ratio and a lower background signal, as shown
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Figure 4.2: Comparison of the X-ray diffractograms of the 10 wt% Co/TiO2 FTS catalyst as measured with
Cu Kα and Mo Kα radiation. The position of the diffraction peaks changes because of the difference in X-ray
wavelength. Both scans took about 20 min.

in the comparison in Figure 4.2. Another benefit of using Mo Kα radiation is that the
diffraction peaks are shifted to lower angles and the 2 θ range is compressed compared
to Cu Kα radiation. This results in shorter scan times (hence increased time resolution).
Simultaneously, the maximum 2 θ value is lower, which leaves more physical space in
the diffractometer for the Raman spectroscopy probe.
During the operando experiments, X-ray diffractograms were measured from 2 θ angles
of 5° to 49°. Step sizes between 0.02° and 0.05° were used. Scan times were varied as a
compromise between data quality and acquisition speed. Shorter scan times were used
when relatively quick changes in composition and/or crystallite sizes were expected
(i.e., during the reduction of the catalyst). Longer scan times (with better data quality)
were used when changes in composition and/or crystallite sizes were expected to be
slower, such as during the FTS reaction.
Data analysis was performed using the fundamental parameters approach[21,22] as implemented in the Bruker Topas software, which allows semi-automated fitting of multiple
XRD patterns at the same time. Full-profile fitting (Rietveld refinement) was performed
to extract the composition of the sample and the crystallite sizes of the relevant species. Background subtraction was performed by fitting 3rd or 4th order Chebychev polynomials to the data. The diffraction patterns of the support (i.e., anatase and rutile) and
several cobalt species (i.e., Co3O4, CoO, Co2C and metallic cobalt (cubic and hexagonal
closed packed crystal structures)) were taken from the PDF-4+ 2015 database by the International Centre for Diffraction Data and included in the Rietveld refinement, without
further refinement of the unit cell parameters. Instrument parameters (most notably
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the instrumental line broadening and the X-ray emission profile of the source) were obtained from a previously measured, highly crystalline Si sample. R-values were around
8 – 9 for the high quality data and 10 – 11 for the lower quality (faster) scans, which
is comparable to previous experiments by Rayner et al. on a similar catalyst system.[23]
Crystallite sizes for the relevant Co species were estimated using the Scherrer equation,
assuming k = 0.89, and after correcting for the instrumental line broadening.
4.2.5 Operando Catalyst Characterization

About 10 - 20 mg of catalyst material (10 wt% or 15 wt% Co/TiO2 FTS catalyst) was
loaded into a boro-silicate glass capillary (length: 8 cm, outer diameter: 1 mm, wall
thickness: 0.01 mm). The catalyst was held in place by two plugs of quartz wool. A thermocouple was mounted inside of the capillary, immediately against the quartz wool.
The catalyst bed length was chosen such that all catalyst material was within the heating zone of the infrared furnace. The capillary was attached to the holder with rubber
ferrules. The set-up was then checked for leaks at 10 bar with He.
The catalyst was first reduced in H2 (flow rate: 1.00 mL/min) by heating from room
temperature to 350 °C with a ramp rate of 5 °C/min. Quick XRD scans (5 min/scan) were
measured during this period. The temperature was then held constant for 2 h, while
slightly longer XRD scans (10 min/scan) were measured. The catalyst was then cooled
down to 250 °C. The catalyst was then exposed to FTS conditions: 1.00 mL/min H2 and
0.50 mL/min CO. For the tests at high pressure, the pressure was slowly increased to
10 bar, this took about 3 h. After this, the flows were reduced to 0.66 mL/min of H2 and
0.33 mL/min of CO. The pressure was kept constant at 10 bar. The pressure was kept
constant at 0 bar (relative to atmospheric pressure) for the experiments that were performed at low pressure. XRD scans of 1 h each were measured continuously. A sample
of the product stream was analyzed about every 23 min. Raman spectroscopy scans
from ~ 750 cm1 to 3500 cm1 were measured continuously with an Avantes Ava-Raman532TEC spectrometer fitted with a 532 nm laser light source (10 s integration time per
spectrum, 24 spectra averaged).

4.3 Results and Discussion

We will now show the results that were obtained with the developed operando set-up.
First, we will present and discuss the reduction behavior of the Co/TiO2 FTS catalysts,
followed by the XRD and Raman spectroscopy results during FTS, at atmospheric pressure and at elevated pressure (10 bar). Finally, the catalytic activity as measured on-line
in the operando set-up will be shown.
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Figure 4.3: XRD patterns of the 10 wt% Co/TiO2 FTS catalyst during the H2 reduction of the catalyst. A) XRD
patterns as a function of time (and temperature on the right axis). Black indicates low diffracted intensity,
while white means high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility of the other diffraction peaks. B) Selected diffraction patterns (full lines) and corresponding Rietveld
refinements (dashed lines) of time points as indicated in A). The diffractograms are offset for clarity. The
main diffraction peaks of the Co species are indicated by symbols. Peaks caused by the support and minor
Co peaks are not indicated. C) Results of the Rietveld refinements. The weight fraction of the different Co
oxidation states is plotted as a function of time and reduction temperature. Standard deviations of the fits
are shown as the shaded area around the lines.

4.3.1 Reduction Behavior of Co/TiO2 FTS Catalysts

The XRD patterns that were measured during the reduction of the 10 wt% Co/TiO2 FTS
catalyst are shown in Figure 4.3A. The diffraction patterns change during the reduction
of the catalyst. First, the peak at 2 θ angle of about 7° disappears; this peak is caused
by Co3O4.[24] Simultaneously, a peak at about 18° is formed, which is assigned to CoO.[25]
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Finally a peak appears at about 20°. This peak is caused by metallic Co in the Cubic Close
Packed (ccp) crystal structure.[25] The same changes can be seen in Figure 4.3B, where
four selected diffractograms are plotted separately. The assignment of the different
peaks is indicated by the vertical lines in Figure 4.3B.
The Rietveld refinement of the diffractograms (also shown in Figure 4.3B) quantifies
these findings, as shown in Figure 4.3C. At the start of the experiment, the catalyst
contains only Co3O4. The amount of Co3O4 stays constant (within experimental error, as
indicated by the shaded area around the curves) until about 35 min into the experiment
(the temperature is about 180 °C at that moment). From that moment the contribution of CoO increases, until it reaches a maximum at about 50 min (250 °C). We then
see an increase in the contribution of metallic Co (in both the ccp and the Hexagonal
Close Packed (hcp) crystal structures), which keeps increasing somewhat slowly until a
plateau is reached after about 100 min (during the isothermal phase of the reduction
at 350 °C) since the start of the experiment. At that moment, no crystalline oxidized
Co species are present (within the experimental error), indicating that the catalyst is
completely reduced. The catalyst consists of about 4 wt% ccp Co and about 7 wt% hcp
Co. The discrepancy between the calculated weight loading (10 wt% Co) and the XRD
quantification (11 wt% Co in total) is probably caused by a combination of inaccuracies
during impregnation and artifacts of the quantification procedure. For example, the
presence of amorphous TiO2 would decrease the detected wt% of TiO2, in turn leading to an overestimation of the Co content in the quantification. Also, the amount of
amorphous Ti species might change as Ti4+ is reduced into Ti3+ during the experiment.
Taking this point further, one could imagine using the difference between the “real”
(externally verified) Co wt% and the detected Co wt% as an indirect way to detect the
formation of amorphous (possibly oxidized) Ti species. Further experiments would be
needed to confirm the validity of this methodology. The peaks due to hcp Co are so severely broadened that they are difficult to recognize in the diffractograms (Figure 4.3B).
The crystallite sizes of hcp Co and ccp Co are discussed in more detail in section 4.3.2.
The XRD results of the reduction of the 15 wt% Co/TiO2 catalyst are shown in Figure 4.4.
The diffractograms (Figure 4.4A) show that the 15 wt% catalyst has a similar reduction
behavior to the 10 wt% catalyst. Peaks belonging to Co3O4 disappear, along with the
appearance of CoO peaks. Finally, the CoO peaks disappear and peaks belonging to ccp
Co appear, while peaks due to hcp Co are again not visible because they are very broad.
This is more clearly shown in Figure 4.4B. The diffraction patterns look very similar to
the ones for the catalyst with the lower weight loading, but the intensity of the Co
peaks is higher for the 15 wt% catalyst than for the 10 wt% catalyst.
The composition of the catalyst (as quantified by Rietveld refinement and shown in Figure 4.4C) indicates that the reduction behavior of the 15 wt% Co/TiO2 catalyst follows
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Figure 4.4: XRD patterns of the 15 wt% Co/TiO2 FTS catalyst during the H2 reduction of the catalyst. A) XRD
patterns as a function of time (and temperature on the right axis). Black indicates low diffracted intensity,
while white means high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility of the other diffraction peaks. B) Selected diffraction patterns (full lines) and corresponding Rietveld
refinements (dashed lines) of time points as indicated in A). The diffractograms are offset for clarity. The
main diffraction peaks of the Co species are indicated by symbols. Peaks caused by the support and minor
Co peaks are not indicated. C) Results of the Rietveld refinements. The weight fraction of the different Co
oxidation states is plotted as a function of time and reduction temperature. Standard deviations of the fits
are shown as the shaded area around the lines.

the same two-step process as the 10 wt% Co/TiO2 FTS catalyst. The first step (reduction
from Co3O4 to CoO) starts after about 40 min or 200 °C. The amount of CoO reaches
a maximum at about 50 min (250 °C). The second step is the reduction from CoO to
metallic Co. The amount of metallic Co increases steadily until a plateau is reached.
From this point on (about 90 min), no oxidized Co species are detected anymore. Also
in this case, both the ccp and the hcp crystal structures of Co are formed, in this case
about 10 wt% of ccp Co and about 15 wt% of hcp Co. Again, the discrepancy between
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the weight loadings can be attributed to inaccuracies during impregnation and artifacts
of the analysis.
As an alternative approach to solve the discrepancy, we have tried to use anatase as
an internal standard during the Rietveld refinement, effectively fixing the anatase contribution to 63.75 wt% (= 75 wt% (the amount of anatase in titania) of 85 wt% (the
amount of titania in the catalyst according to the impregnation)). This approach resulted in significant contributions of amorphous material, about 10 wt%. Simultaneously,
the detected amount of Co decreased to about 24 wt%, still significantly higher than
the calculated weight loading from the impregnation. Hence, we decided not to use an
internal standard for the rest of the refinements, since it does not solve the discrepancy between the calculated and the detected weight loadings. Instead, we are forced
to accept that the quantification cannot be used to determine the composition of the
catalyst in an absolute way. However, we can still see trends in the relative change in
composition, and draw conclusions from that.
The two-step reduction behavior of supported Co/TiO2 catalysts that we have seen for
the two catalysts has previously been shown using Temperature Programmed Reduction (TPR)[14,18] and X-ray Absorption Near-Edge Structure (XANES) spectroscopy.[8,10,16]
Also the mixture of the hcp and ccp crystal structures upon reduction of supported Co
catalysts has been observed before.[8,26,27]
4.3.2 X-Ray Diffraction during Fischer-Tropsch Synthesis
4.3.2.1 Measurements at Atmospheric Pressure

The XRD results of the 10 wt% Co/TiO2 FTS catalyst during the first 250 h of FTS reaction at 250 °C at atmospheric pressure are shown in Figure 4.5. As can be seen in
Figure 4.5A, the diffraction patterns do not change significantly over the course of the
experiment. The composition of the catalyst (Figure 4.5B) is about 4 wt% of ccp Co and
about 8 wt% hcp Co. The discrepancy between the calculated weight loading and the
loading as quantified by Rietveld refinement is still there. More importantly, the catalyst
composition does not change during the first 250 h of FTS reaction, within experimental
error as indicated by the shaded area. Hence, no contributions for CoO or Co2C were
detected in the Rietveld refinements.
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Figure 4.5: XRD results of the 10 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and 250 °C.
A) XRD patterns as a function of time under FTS conditions. Black indicates low diffracted intensity, while
white means high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility
of the other diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of different Co species are plotted; standard deviations from the fit are indicated as the shaded
area around the lines. C) Particle sizes of three of the Co species as a function of time on stream. Standard
deviations are shown as the shaded area. D) Selected experimental diffractrograms (full lines) and the Rietveld refinements (dashed lines) at the time points as indicated in Figures B) and C). Peak positions for the
Co species are indicated by vertical lines. Diffraction peaks due to TiO2 support peaks and minor diffraction
lines are not indicated.
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Figure 4.6: XRD results of the 15 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at
250 °C. A) XRD patterns as a function of time under FTS conditions. Black indicates low diffracted intensity,
while white means high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the
visibility of the other diffraction peaks. B) The composition of the catalyst as a function of time on stream.
The contributions of different Co species are plotted; standard deviations from the fit are indicated as the
shaded area around the lines. C) Particle sizes of three of the Co species as a function of time on stream.
Standard deviations are shown as the shaded area. D) Selected experimental diffractrograms (full lines) and
the Rietveld refinements (dashed lines) at the time points as indicated in Figures B) and C). Peak positions
for the Co species are indicated by vertical lines. Diffraction peaks due to TiO2 support peaks and minor
diffraction lines are not indicated.
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The crystallite sizes of the different Co crystal structures during the FTS reaction at atmospheric pressure are shown in Figure 4.5C. The crystallite size for the ccp Co is about
18 nm. The crystallite size seems to go down a bit during the FTS reaction, but this is
hardly statistically significant. On the other hand, the hcp Co particles are about 3 nm
and also stable during the FTS reaction. In conclusion, there is no significant growth of
Co nanoparticles, indicating that sintering is not taking place under these conditions.
Figure 4.5D shows the measured diffractograms after 25 h, 100 h, 150 h and 200 h of
FTS reaction, along with the respective results of the Rietveld refinement. There is a
very good agreement between the Rietveld refinements and the experimental data.
Furthermore, we see that all four diffractograms are highly similar, indicating that the
catalyst is highly stable under FTS conditions.
The 15 wt% Co/TiO2 FTS catalyst was studied under the same conditions (250 °C and
atmospheric pressure). The results of these experiments are shown in Figure 4.6. Obviously, the contributions from ccp Co and hcp Co are higher than for the 10 wt% catalyst.
The 15 wt% Co/TiO2 FTS catalyst consists of about 12 wt% ccp Co and about 17 wt% of
hcp Co, as shown in Figure 4.6B. Again, the amount of Co from XRD is higher than the
calculated weight loading. The rest of the results are very similar to the 10 wt% catalyst.
The contributions of the two metallic Co crystal structures are stable for the duration
of the experiment (in light of the experimental error). No contributions for CoO or Co2C
are detected.
The particle sizes of the 15 wt% Co/TiO2 FTS catalyst under reaction conditions (as
shown in Figure 4.6C) are about 20 nm for the ccp phase and about 2.5 nm for the hcp
phase. The particles sizes do not change significantly during the reaction. If anything,
there seems to be a downward trend in the particle size of the ccp crystallites (decreasing from about 20 nm to about 17 nm) but this can hardly be called significant in light of
the experimental error (about 0.7 nm). Hence, also in the case of the 15 wt% catalyst,
no clear signs of sintering of metal nanoparticles are observed. The stability of the catalyst is also illustrated in Figure 4.6D, which shows four of the X-ray diffractograms, along
with their respective Rietveld refinements.
4.3.2.2 Measurements at Elevated Pressure

The results of the operando XRD experiments on the 10 wt% Co/TiO2 FTS catalyst during
FTS at a pressure of 10 bar and 250 °C are shown Figure 4.7A. The data at the start of
the experiment are relatively noisy, because the sample moved out of the center of
rotation of the XRD apparatus, which has negatively affected the signal quality. After
about 50 h the results stabilize; from that moment the composition of the catalyst (as
shown in Figure 4.7B) is roughly in agreement with the same sample at atmospheric
pressure. The catalyst then consists of about 7 wt% of hcp Co and about 3.5 wt% of
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Figure 4.7: XRD results of the 10 wt% Co/TiO2 FTS catalyst during FTS at 10 bar and at 250 °C. A) XRD patterns as a function of time under FTS conditions. Black indicates low diffracted intensity, while white means
high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility of the other
diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of
different Co species are plotted; standard deviations from the fit are indicated as the shaded area around
the lines. C) Particle sizes of three of the Co species as a function of time on stream. Standard deviations
are shown as the shaded area. D) Selected experimental diffractrograms (full lines) and the Rietveld refinements (dashed lines) at the time points as indicated in Figures B) and C). Peak positions for the Co species
are indicated by vertical lines. Diffraction peaks due to TiO2 support peaks and minor diffraction lines are
not indicated.
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ccp Co. Remarkably, after about 150 h there is a slow but steady increase in the contribution of Co2C. After 250 h of reaction, the catalyst contains about 1 wt% of Co2C.
Along with the increase in the detection of Co2C, a small but significant decrease in the
contribution of ccp Co is detected. The contribution of hcp Co decreases also, but not
significantly. This suggests that primarily ccp Co is converted into Co2C.
The particle sizes of the catalyst during FTS at 10 bar were found to be about 30 nm for
ccp Co and about 5 nm for hcp Co, as shown in Figure 4.7C. The particle size is higher
than during the experiment at atmospheric pressure (about 20 nm). The reason for this
finding is currently unknown. Sintering is not a likely explanation, because the particle
size is high from the start of the experiment (i.e., there is no observed growth of the
particles). In this respect it is unfortunate that the data at the start of the experiment
is so noisy.
Like in the experiments at atmospheric pressure, the particle sizes of both Co crystal
structures do not change significantly during the experiment. There seems to be a slight
downward trend in the particle size of hcp Co (from 5 nm to about 3.5 nm), starting
after about 150 h, the same moment the contribution of Co2C starts to increase. The
particle size of Co2C increases from about 20 nm after 150 of reaction to about 30 nm at
the end of the experiment. However, the experimental error of the particle size is rather
large (about 20 nm) because the contribution of Co2C is small, especially during the first
few hours after 150 h. As the amount of Co2C increases, the uncertainty in the particle
size decreases to about 4 nm.
The formation of Co2C is clearly seen in the selected diffractograms that are shown in
Figure 4.7D. A small peak at the indicated position of Co2C is visible in the diffractograms after 150 h and 200 h. This peak is not visible in the diffractograms after 25 h and
100 h, which is consistent with the results of the Rietveld refinement.
The results of the XRD experiments at 10 bar on the 15 wt% catalyst are shown in
Figure 4.8A. This catalyst shows broadly the same behavior as the 10 wt% catalyst. At
the start of the FTS reaction, the catalyst composition (Figure 4.8B) is about 10 wt%
of ccp Co, consisting of particles of about 25 nm (Figure 4.8C), and about 18 wt% hcp
Co, consisting particles of about 2.5 nm. The difference between the calculated weight
loading and the loading from the fit has been discussed above. After about 125 h of FTS
reaction, a statistically significant contribution of Co2C is detected, increasing during the
remainder of the experiment. Meanwhile, the contribution of ccp Co decreases slightly,
but significantly. The size of the Co2C particles increases from about 15 nm (with relatively large error bars) to about 25 nm (with smaller error bars).
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Figure 4.8: XRD results of the 15 wt% Co/TiO2 FTS catalyst during FTS at 10 bar and at 250 °C. A) XRD patterns as a function of time under FTS conditions. Black indicates low diffracted intensity, while white means
high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility of the other
diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of
different Co species are plotted; standard deviations from the fit are indicated as the shaded area around
the lines. C) Particle sizes of three of the Co species as a function of time on stream. Standard deviations
are shown as the shaded area. D) Selected experimental diffractrograms (full lines) and the Rietveld refinements (dashed lines) at the time points as indicated in Figures B) and C). Peak positions for the Co species
are indicated by vertical lines. Diffraction peaks due to TiO2 support peaks and minor diffraction lines are
not indicated.
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The XRD results reported here suggest that both FTS catalyst samples (10 wt% and
15 wt%) contain both small hcp particles (about 2.5 – 5 nm) and larger ccp particles
(about 25 nm) during the FTS reaction. This finding is in contrast to the particle size
of the spent 15 wt% Co/TiO2 FTS catalyst that was found with STEM-EELS (Chapter 3),
where only cobalt particles with sizes of about 20 nm were found. Also, the results from
XRD experiments on the fresh catalyst (Chapter 2) indicate that the catalyst consists of
Co3O4 particles of about 18 nm. It is unlikely that reducing 18 nm particles somehow
results in metallic particles of 2.5 nm. A solution to this contradiction is that metallic
cobalt particles are not completely ccp, but small hcp domains exist within the particles.[28] The transition from ccp to hcp is a stacking fault. The existence of stacking faults
in metallic cobalt has also been reported after reduction of bulk Co3O4[29] and for alumina-supported cobalt nanoparticles.[28,30]
Remarkably, during FTS at elevated pressure (10 bar) part of the metallic Co is converted into cobalt carbide (Co2C), for both catalysts. Remember that we did not find any
Co2C during FTS at low pressure. This suggests that the formation of Co2C is dependent
on a high partial pressure of CO. Furthermore, the conversion starts only after about
125 h of reaction. (The presence of amorphous Co2C prior to this cannot be excluded
based on these data.) The formation of Co2C is accompanied by a decrease of ccp Co,
while the contribution of hcp Co does not change. Hence, it is probable that the ccp
crystal structure is converted into the carbide, and not the hcp phase. This is corroborated by the particle size of Co2C (about 20 nm, increasing to about 25 - 30 nm), which
is much closer to the particle size of the ccp phase (about 25 - 30 nm) than to the size
of the hcp domains (about 2.5 - 5 nm).
Cobalt carbide is generally accepted not to be active in FTS catalysis, so the conversion
of metallic Co to Co2C is a possible cause for catalyst deactivation.[31,32] Although not
very common, Co2C has been found in Co-based FTS catalysts before. The presence of
Co2C in spent Al2O3-supported FTS catalysts was reported by Jacobs et al.[33] Using synchrotron XRD, Karaca et al. observed a small amount of Co2C in their Co/Al2O3 catalyst
after about 8 h of FTS conditions at a pressure of 20 bar.[6] Co2C has also been detected
in catalysts supported on activated carbon.[34] According to Lynch, the formation of Co2C
could be directly correlated to the loss of catalytic activity.[35] On the other hand, Claeys
et al. reported that the formation of Co2C is not a significant cause of catalyst deactivation.[36]
The presence of Co2C was reported to increase the selectivity towards alcohols in carbon-supported catalysts for the synthesis of higher alcohols at pressures of 30 bar.[37,38]
This was explained by calculations that show that absorption of molecular CO is easier
on a Co2C surface than on a metallic Co surface. However, hydrocarbon chain growth
happened mostly on metallic surfaces.[37]
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Figure 4.9: XRD results of the 15 wt% Co/TiO2 FTS catalyst during carburization and subsequent hydrogenation (both at 250 °C and atmospheric pressure). A) XRD patterns as a function of time. The horizontal
dashed line indicates the switch from CO to H2. Black indicates low diffracted intensity, while white means
high intensity. The peak at 2 θ angle of 12° is not shown completely to increase the visibility of the other
diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of
different Co species are plotted; standard deviations from the fit are indicated as the shaded area around
the lines. The vertical full line at 67 h indicates the switch from CO to H2. C) Particle sizes of three of the Co
species as a function of time on stream. Standard deviations are shown as the shaded area. D) Selected
experimental diffractrograms (full lines) and the Rietveld refinements (dashed lines) at the time points as
indicated in Figures B) and C). Peak positions for the Co species are indicated by vertical lines. Diffraction
peaks due to TiO2 support peaks and minor diffraction lines are not indicated.
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4.3.3 Carburization of Cobalt Fischer-Tropsch Catalysts

To study the formation of cobalt carbide (Co2C) in Co/TiO2 FTS catalysts in more detail,
the 15 wt% catalyst was exposed to pure CO at atmospheric pressure and 250 °C, after
reduction in H2 under the same condition as shown in section 4.3.1. The results of the
carburization experiment are shown in Figure 4.9.
At the start of the experiment the catalyst is composed of about 15 wt% of hcp Co and
about 10 wt% of ccp Co, as shown in Figure 4.9B. Almost immediately upon exposure to
CO, there is a sharp increase in the contribution of Co2C. However, the complete conversion of metallic Co into the carbide takes quite long, about 50 h. Even after 65 h under
CO there is still about 2.5 wt% of ccp Co in the catalyst. Remarkably, the conversion of
the hcp crystal structure is quicker than the ccp phase, in contrast to the experiments
under FTS conditions, where primarily the ccp phase was converted into Co2C. Although
it starts at a higher value, the contribution of hcp Co is decreased to 0 wt% after about
32 h under CO.
After about 67 h of exposure to CO, the gas flow was switched to 1 mL/min of H2; this
moment is indicated by the black vertical line in Figure 4.9B. There is an immediate
conversion of Co2C into metallic Co. However, only the hcp crystal structure is formed,
while the contribution of ccp Co stays constant at the value before the switch from CO
to H2.
The selective formation of hcp Co from Co2C is well accepted in literature.[28,30,36,39–42]
Carburization followed by hydrogenation of Co FTS catalysts was even suggested as a
way to convert the ccp structure into the more active hcp structure.[43] However, it has
been reported that Co/Al2O3 FTS catalysts that were activated in CO or in syngas have
lower activity and selectivity than catalysts that were reduced in H2.[44] The findings
were explained by the increased methane production of Co2C compared with metallic
Co. Co/TiO2 FTS catalysts that were pretreated in CO were carbidic at first, but they
slowly became more metallic during FTS, as shown by EXAFS and XANES spectroscopy.[45] However, the catalytic activity and selectivity were still lower than the same catalyst that was reduced in H2.
The particle sizes of the different Co species are shown in Figure 4.9C. Initially, the ccp
Co nanoparticles are about 20 nm and hcp Co nanoparticles are about 2.5 nm. This is in
line with the results under FTS conditions. However, upon exposure to CO, the particle
size of the ccp crystal structure decreases and stabilizes after about 32 h at about 5 nm.
Meanwhile, the hcp Co particle size is more or less stable at about 2.5 nm. The particle
size of Co2C starts off at about 25 nm, and this increases to about 33 nm after about
15 h. The particle size then decrease slightly to become stable at about 28 nm. Upon
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Figure 4.10: Operando Raman spectroscopy of the 10 wt% Co/TiO2 FTS catalyst during FTS at atmospheric
pressure and at 250 °C. A) 3-D plot of the Raman spectra as a function of time during the first 250 h of FTS
reaction. B) Contour plot of the Raman spectra during the first 250 h of FTS reaction, using the same color
map as A). C) 3-D plot of the Raman spectra as a function of time during the first 25 h of FTS reaction. D)
Contour plot of the Raman spectra during the first 25 h of FTS reaction, using the same color map as C).

exposure to H2, the hcp Co phase consists of bigger particles (about 15 nm) than the
ccp phase that disappeared under CO atmosphere (about 2.5 nm). At the same time,
there is a sharp increase in the particle size of the minority species (ccp Co), but the
experimental error is relatively large due to the small amount of ccp Co that is detected
in these fits. In the diffractograms (Figure 4.9D) we can clearly see the increase in the
Co2C peaks (marked with ‘*’) with increasing time (diffractograms e-g), along with a
corresponding decrease in both the ccp and hcp peaks.
4.3.4 Raman Spectroscopy during Fischer-Tropsch Synthesis

Simultaneous to the XRD experiments, operando Raman spectra were acquired. Bands
due to Co species were not detected because their bands are located below 750 cm1,
too low for the spectrometer.[47–49] The spectra in the region of 1000 – 2000 cm-1 for
the 10 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure are shown in Figure 4.10A and B. Two Raman bands are visible in the spectra, at about 1350 cm-1 and
1600 cm-1; these bands are characteristic of coke formation.[11] The band at 1350 cm-1 is
assigned to disordered type graphitic carbonaceous species, and it is commonly called
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Figure 4.11: Analysis of Raman spectroscopy data of the 10 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 °C. A) Averaged Raman spectra as measured from 10 – 20 h of FTS reaction
(black spectrum) and from 230 – 240 h of FTS reaction (red spectrum). Grey vertical lines define the spectral regions of the 1350 cm-1 and the 1600 cm-1 Raman peaks. B) Intensity of the 1350 cm-1 (black) and
the 1600 cm-1 (red) Raman peaks, normalized to the background (defined as the averaged intensity in the
featureless region from 1800 – 2000 cm-1), as a function of time during the first 250 h of FTS reaction. Inset:
during the first 25 h. C) Ratio of the intensities of the 1600 cm-1 to the 1350 cm-1 Raman peaks during the
first 250 h of reaction. Inset: during the first 25 h.

the D band. The band at about 1600 cm-1 is assigned to the graphite lattice and is called
the G band.[11,50,51]
There are large differences in the intensity of the Raman bands over time. However,
upon closer examination, we see that there are also large fluctuations in the background signal of the Raman spectra (especially visible in Figure 4.10B as darker horizontal lines in the spectra). The fluctuations in the Raman signal are possibly caused
by (small) changes in the sample position (moving in and out of the focal point of the
Raman probe). In any case, we cannot assign any chemical significance to the changes
in absolute intensity. Taking into account the fluctuations in the background, the intensity of the Raman bands looks quite constant during the 250 h of FTS reaction. In Figure
4.10C and D we show a zoom in of the Raman spectra during the first 25 h of FTS reaction. The formation of the 1350 cm-1 and the 1600 cm-1 Raman bands takes about 25 h.
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The averaged Raman spectra at the beginning (10 – 20 h) and at the end (230 – 240 h)
of the FTS reaction are shown in Figure 4.11A. Apart from the obvious difference in the
background, the spectra are essentially the same, and we can clearly see the two Raman bands at 1350 and 1600 cm-1. Based on these spectra we can define three spectral
regions to look at the intensity in a more quantitative way. The two Raman bands are
indicated by the grey vertical lines in the spectra, while the background is defined as the
region of 1800 – 2000 cm-1. We can now normalize the two Raman bands by dividing
the average intensity in the peak regions by the intensity in the background region.
The normalized intensity of the two Raman bands as a function of time is shown in Figure 4.11B. The 1600 cm-1 band (G band) has a higher intensity than the 1350 cm-1 band
(D band) for the whole duration of the experiment. Both bands increase quickly at first,
followed by a slower increase until about 100 h into the experiment, when a plateau is
reached. From about 175 h onwards, the D band seems to decrease slightly in intensity,
while the G band intensity stays more or less constant. The initial increase in the intensity of the two Raman bands is shown in the inset graph in Figure 4.11B. A temporary
plateau is reached after about 15 h of FTS reaction.
The ratio of the intensity of the 1600 cm-1 to the 1350 cm-1 band (I1600/I1350) is shown in
Figure 4.11C. The I1600/I1350 starts out at about 1.08, but it decreases in about 75 h to
about 1.04, after which the ratio rises again to about 1.05. This suggests that the initial
coke species are quite graphitic, but they become more disordered during the first 75 h
of FTS reaction. Finally, the coke slowly becomes more graphitic again. This process is
still going on at the end of the experiment.
In addition to the quantitative analysis described above, we have also performed a deconvolution of the Raman spectra following the approach from Sadezky et al.,[52] which
has also been used in our group for the analysis of coke formed on propane dehydrogenation catalysts.[50,51] First, the background of the Raman spectra was subtracted.
Then, a set of five Gaussian and Lorentzian functions was used to find the best fit to the
experimental data. The set of functions is given in Table 4.1, with the nomenclature of
the bands as proposed by Sadezky et al.[52] A Gaussian was used instead of a Lorentzian
Table 4.1: Characteristics of the Raman bands that are used in the deconvolution of the Raman spectra.

Band
Q
G
D1
D3
D4
86

Initial Position (cm-1)
1297
1587
1320
1500
1220

Shape
Gaussian
Gaussian
Lorentzian
Gaussian
Gaussian

Assignment
Capillary
Graphite
Defects in graphite
Amorphous carbon
Disordered graphite
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for the G band; this resulted in visually better fits. Furthermore, we found only one Q
band, at 1297 cm-1, which is probably caused by the capillary. The D2 band at 1620 cm-1
that was mentioned by Sadezky et al.[52] was not detected in our fits.[50,51] The inability

Figure 4.12: Deconvolution of the Raman spectra of the 10 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 °C. A) Deconvoluted Raman spectra averaged over different times under FTS
conditions. Experimental data are indicated by black curves, fits are indicated by red curves; grey dashed
curves indicate the contribution of the different Raman bands; vertical grey lines indicate the idealized positions of the Raman peaks. B) Ratio of the intensity of the G and the D1 bands as a function of time under
FTS conditions. Horizontal error bars indicate the time the spectra were averaged over; vertical error bars
indicate the standard error. C) Spectral position of the D1 band. D) Position of the G band. E) Half Width Half
Maximum (HWHM) of the D1 band. F) HWHM of the G band.
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to resolve the D2 band indicates the poorly ordered structure of the graphite that is
formed.[53]
The deconvoluted Raman spectra during the experiment are given in Figure 4.12A. The
spectra were averaged over a period of 10 h to increase the signal to noise ratio. There
is a close agreement between the experimental data (black curves) and the spectral
fits (red curves). The ratio of the G band intensity to the D1 band intensity is shown
in Figure 4.12B. The ratio is relatively high at the beginning of the experiment, but it
quickly drops to about unity and then stays more or less constant. This is in contrast to
what we saw with the quantitative analysis shown above. However, close inspection of
the deconvoluted spectra shows that the relatively low intensity of the D1 band at the
beginning of the experiment is mostly caused by the broad D3 band. Hence, we cannot
assign much chemical significance to the change in the G/D1 ratio.
The position of the D1 band (Figure 4.12C) is seen to continuously shift to lower wavenumbers during the FTS reaction. The decrease is statistically significant, but the reason
for the change in position is currently unknown.[50] The position of the G band (Figure

Figure 4.13: Operando Raman spectroscopy of the 15 wt% Co/TiO2 FTS catalyst during FTS at atmospheric
pressure and at 250 °C. A) 3-D plot of the Raman spectra as a function of time during the first 250 h of FTS
reaction. B) Contour plot of the Raman spectra during the first 250 h of FTS reaction, using the same color
map as A). C) 3-D plot of the Raman spectra as a function of time during the first 25 h of FTS reaction. D)
Contour plot of the Raman spectra during the first 25 h of FTS reaction, using the same color map as C).
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4.12D) significantly increases during the first 50 h of the experiment, and remains constant for the remainder of the experiment (within experimental error). The position
of the G band is an indication for the size of graphite crystallites, with larger crystals
causing the G band to shift to lower wavenumbers.[54] The shift of the G band to higher
wavenumbers therefore suggests that the graphite crystallites become smaller during
the first 50 h of FTS reaction.
The Half Width Half Maximum (HWHM) of the D1 band (Figure 4.12E) does not change
significantly during the experiment, but if anything, there is a small trend to higher
linewidths. On the other hand, the HWHM of the G band (Figure 4.12F) decreases significantly during the first 50 h of FTS reaction. A decreased HWHM of both the D1 and
the G band is a sign of increased graphitization of the coke species.[52] Hence, we conclude that the coke species become more graphitic at the beginning of the experiment

Figure 4.14: Analysis of Raman spectroscopy data of the 15 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 °C. A) Averaged Raman spectra as measured from 10 – 20 h of FTS reaction
(black spectrum) and from 240 – 250 h of FTS reaction (red spectrum). Grey vertical lines define the spectral regions of the 1350 cm-1 and the 1600 cm-1 Raman peaks. B) Intensity of the 1350 cm-1 (black) and
the 1600 cm-1 (red) Raman peaks, normalized to the background (defined as the averaged intensity in the
featureless region from 1800 – 2000 cm-1), as a function of time during the first 250 h of FTS reaction. Inset:
during the first 25 h. C) Ratio of the intensities of the 1600 cm-1 to the 1350 cm-1 Raman peaks during the
first 250 h of reaction. Inset: during the first 25 h.
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(from the HWHM of both bands), but at the same time the graphite crystallites become
smaller (from the G band position).
The Raman spectra that were obtained during FTS at atmospheric pressure using the
15 wt% Co/TiO2 FTS catalyst are shown in Figure 4.13A and B. Once again, there are two
visible Raman bands in the region between 1000 – 2000 cm-1; one at 1350 cm-1 (D band)
and one at about 1600 cm-1 (G band). There are still large fluctuations in the intensity of
the Raman spectra, visible as dark horizontal lines in Figure 4.13B. The Raman spectra
during the first 25 h of FTS reaction are shown in Figure 4.13C and D. In this case the
intensity of both Raman bands increases more quickly than with the 10 wt% catalyst.
As visible in especially Figure 4.13D, the two bands appear almost instantly, within the
first 5 h of reaction.
Looking at the spectra as measured at the beginning of the experiment (10 – 20 h) and
at the end (240 – 250 h), Figure 4.14A, we see that the spectra are essentially the same.
Using the same methodology as for the 10 wt% FTS catalyst, the normalized intensity
of the 1350 cm-1 and 1600 cm1 Raman bands as a function of time is shown in Figure
4.14B. There is a rapid increase in the intensity of both Raman bands. The inset graph
shows that the majority of the increase in the intensity happens in the first ~ 6 h of
reaction. After that moment, there is a further, more or less linear increase in the normalized intensity of the bands. In contrast, there was a plateau that was reached during
the experiment with the 10 wt% FTS catalyst. For the 15 wt% FTS catalyst, a continuous
increase in the amount of coke is observed. Furthermore, the normalized intensity is
higher for the 15 wt% catalyst than for the 10 wt% catalyst, during the whole experiment. The higher intensity is probably caused by the higher amount of cobalt; there is
more cobalt where coke can form.
The I1600/I1350 for the 15 wt% FTS catalyst is shown in Figure 4.14C. Similar to the 10 wt%
catalyst, there is an initial decrease from a relatively high value of about 1.09 to a minimum of about 1.02. After the initial decrease, a slightly higher plateau at a ratio of
about 1.03 is reached after about 75 h.
The behavior of the I1600/I1350 is different for the two weight loadings. First, the initial
decrease to the temporary minimum happens much faster for the 15 wt% FTS catalyst
(about 10 h) than for the 10 wt% FTS catalyst (about 50 h). Second, the ratio of the
1600 cm-1 band to the 1350 cm-1 keeps increasing for the duration of the experiment in
the 10 wt% Co/TiO2 FTS catalyst (after the minimum is reached), but it stabilizes after
about 75 h in the 15 wt% catalyst. Finally, the I1600/I1350 is generally lower for the 15 wt%
catalyst (about 1.03 and stable) than for the 10 wt% catalyst (about 1.04 and increasing).
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Figure 4.15: Deconvolution of the Raman spectra of the 15 wt% Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 °C. A) Deconvoluted Raman spectra averaged over different times under FTS
conditions. Experimental data are indicated by black curves, fits are indicated by red curves; grey dashed
curves indicate the contribution of the different Raman bands; vertical grey lines indicate the idealized positions of the Raman peaks. B) Ratio of the intensity of the G and the D1 bands as a function of time under
FTS conditions. Horizontal error bars indicate the time the spectra were averaged over; vertical error bars
indicate the standard error. C) Spectral position of the D1 band. D) Position of the G band. E) Half Width Half
Maximum (HWHM) of the D1 band. F) HWHM of the G band.

Six of the deconvoluted Raman spectra (each averaged over 10 h) are shown in Figure
4.15A; there is an excellent agreement between the fits and the experimental data. In
contrast to the 10 wt% catalyst, the G/D1 ratio is seen to slightly increase during the first
100 h for the 15 wt% Co/TiO2 FTS catalyst (Figure 4.15B). This is in broad agreement
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with the results from the quantitative treatment of the Raman spectra. This finding
suggests that some of the defects in the graphite sheets disappear during the first 100 h
of FTS reaction or that the amount of graphitic carbon increases. However, the increase
in the G/D1 ratio is rather small and hardly significant. Additionally, the positions (Figure
4.15C and D) and the HWHMs (Figure 4.15E and F) of both the D1 and the G bands stay
constant for the entire duration of the experiment, within experimental error. From
this, we conclude that the coke species formed on this catalyst are stable during FTS.
There is clear evidence that coke formation plays a role in both catalysts. However, the
differences in the Raman spectra suggest that the formed coke species behave differently in the two catalysts. First, the coke has a more disordered structure in the 15 wt%
catalyst, as evidenced by the lower I1600/I1350 for that catalyst relative to the 10 wt%
catalyst. Furthermore, the coke in the 10 wt% FTS catalyst samples keeps becoming
more and more graphitic during the whole experiment. In contrast, the coke in the
15 wt% catalysts seems to be stable with respect to its structure. Simultaneously, the
normalized intensity of both bands (but not their ratio, I1600/I1350) keeps increasing for
the 15 wt% Co/TiO2 FTS catalyst, which suggests that the amount of coke keeps increasing during the experiment. On the other hand, the intensity of the two Raman bands
levels off for the 10 wt% catalyst after about 75 h. From that moment on, the 1350 cm-1
band decreases slightly, while the 1600 cm-1 band increases slightly. This finding suggests that the total amount of coke is more or less constant, while the disordered coke
is transformed into more graphitic species. Finally, we have seen that the initial coke
formation happens quicker for the 15 wt% catalyst than for the 10 wt% catalyst.
No Raman bands are discernible in the spectra that were acquired during FTS at elevated pressure (10 bar) using the both Co/TiO2 FTS catalysts, as the spectra (not shown) are
dominated by a large background of fluorescence. The presence of the fluorescence in
the spectra makes interpretation of the Raman spectra impossible. The contribution of
the coke bands to the Raman spectra is overshadowed by the fluorescent background.
However, this does not mean that coke is not present during this experiment, or even
that the amount of coke is small. Only a small amount of a fluorescent species is enough
to cause a very high background. It is even possible that the coke species themselves
are fluorescent.
There is a strong indication that coke formation could be (partly) responsible for catalyst
deactivation, either by physically blocking the pores of the support, poisoning the Co
surface or by physically blocking access to the Co surface.[32] The deposition of carbon
has been suggested to be a relatively slow process, with the initial deactivation being
attributed to sintering of Co.[55,56] These findings were based on modelling approaches
to catalyst deactivation. In contrast, we have seen that the formation of Raman bands
belonging to coke is rather quick.
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Figure 4.16: Catalytic productivity of the 10 wt% Co/TiO2 FTS catalyst (A) and the 15 wt% Co/TiO2 FTS catalyst (B) during FTS at atmospheric pressure and at 250 °C. Black curves indicate the CH4 production; red
curves indicate the production of C2-4 species.

4.3.5 Catalytic Activity during Fischer-Tropsch Synthesis

The catalytic activity was measured using a GC during the operando XRD/Raman experiments. However, because an internal standard for the GC was not used during the
experiments, accurate activity and selectivity data could not be calculated. But we can
calculate the production of light FTS products (C1-4), which we will use as a proxy for the
“real” catalytic activity. We will express the catalytic productivity as 10-5 mol of product
per gram of Co per second (10-5 mol/gCo/s).
The catalytic productivity during FTS at atmospheric pressure using the 10 wt% Co/TiO2
FTS catalyst is shown in Figure 4.16A. The production of CH4 decreases rather quickly
during the first ~ 50 h of reaction. The production of C2-4 species decreases at a similar
rate. Similarly, the productivity of the 15 wt% Co/TiO2 FTS catalyst (shown in Figure
4.16B) also decreases dramatically during the first ~ 50 h of FTS reaction. At the end of
the reaction the production of methane seems to increase a little again. This is probably
caused by hydrogenation of coke species, and not by an increased activity of the catalyst. Furthermore, we see that the production of the 15 wt% catalyst is about a factor 2
lower than the 10 wt% catalyst.
The catalytic data as shown here is in qualitative agreement with the data obtained
from the conventional catalytic testing set-up as was described in Chapter 2. It was
found that the majority of the activity is lost in the first 50 h or so. However, the deactivation was not as pronounced as the deactivation that is reported in this Chapter. Of
course, the results from Chapter 2 are more reliable. So, in case of any discrepancies,
the results from Chapter 2 should be considered more accurate. For example, although
the 15 wt% catalyst was found to be somewhat less active than the 10 wt% catalyst in
Chapter 2, the difference was not nearly the factor 2 that is suggested by the results of
this Chapter.
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Figure 4.17: Catalytic productivity of the 10 wt% Co/TiO2 FTS catalyst (A) and the 15 wt% Co/TiO2 FTS
catalyst (B) during FTS at a pressure of 10 bar and at 250 °C. Black curves indicate the CH4 production; red
curves indicate the production of C2-4 species.

The production of light products during FTS at a pressure of 10 bar of the 10 wt%
Co/TiO2 FTS catalyst is shown in Figure 4.17A. The production starts out quite high, and
then it suddenly drops and increases again to a maximum. The further decline in the
production of FTS products is now less pronounced as compared with the experiments
at atmospheric pressure. That being said, there is still a significant deactivation. Slower
deactivation at higher pressure was observed by de la Peña O’Shea et al.,[57] where it
was explained by increased segregation of the surface of the catalyst at high CO partial
pressure. This roughening of the surface was said to increase the Co surface area and
lead to higher activity.[58] Second, the production of both methane and the higher products is higher than at atmospheric pressure for the duration of the entire experiment.
The production of FTS products using the 15 wt% catalyst at a pressure of 10 bar is
shown in Figure 4.17B. Like the 10 wt% catalyst at 10 bar pressure, an initial increase
to a maximum is followed by a gradual but significant deactivation. The rate of production is generally comparable to the 10 wt% catalyst. This is in contrast to the results
at atmospheric pressure (as reported here as well as in Chapter 2), where there was a
significantly lower activity for the catalyst with 15 wt% Co.

4.4 Conclusions

In this Chapter, we have discussed the design and application of an operando set-up for
combined XRD and Raman spectroscopy, while the product stream is simultaneously
analyzed with an on-line GC. Many different reactions and catalyst materials can be
tested with the described instrument. A major improvement over previous operando
XRD/Raman set-ups[4–11,16,17] is the possibility of using of a laboratory X-ray source, instead of a synchrotron. This allows us to monitor catalytic reactions for an extended
time, without being limited by the amount of beam time that is granted. The use of Mo
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Kα radiation resulted in improved data quality when compared to conventional Cu Kα
radiation.
We have applied the set-up to study the long-term deactivation of two Co/TiO2 catalysts
with different weight loadings. From the XRD experiments it was found that sintering or
bulk oxidation do not play a significant role in the deactivation of the catalysts. In fact,
the particle size of the Co nanoparticles was remarkably stable during the experiments,
and the nanoparticles stayed completely metallic. Furthermore, there are many stacking faults in the Co nanoparticles, resulting in small hcp domains (~ 3 nm) in otherwise
ccp particles (~ 25 nm). Finally, the metallic nanoparticles were converted into Co2C, but
this only happened during FTS at elevated pressure (10 bar). No Co2C was found during
FTS at atmospheric pressure. This is probably because the formation of Co2C is only
feasible when the partial pressure of CO is high enough.
The focus of the Raman spectroscopy experiments was to study the formation of coke
deposits during FTS. Unfortunately, the Raman experiments at 10 bar were hampered
by fluorescence, which overshadowed the Raman bands. At atmospheric pressure,
there was clear evidence for coke formation in the form of the formation of Raman
bands at about 1350 cm-1 (D band) and at 1600 cm-1 (G band), for both catalysts. Quantitative analysis and deconvolution of the Raman bands revealed interesting differences
between the two catalysts. The coke species formed on the 10 wt% Co/TiO2 FTS catalyst
change during the ~ 250 h of reaction, becoming more graphitic, with fewer defects. At
the same time, the size of the graphite crystallites appears to decrease. On the other
hand, the coke species were quite stable for the 15 wt% Co/TiO2 FTS catalyst, in terms of
graphite crystallite sizes and number of defects in the graphite structure. Both catalysts
saw a quick initial increase in the amount of coke, with most of the coke band intensities forming in the first ~15 h of FTS reaction. After the initial increase there was a slower increase in the coke band intensities. The slower increase leveled off for the 10 wt%
catalyst, while the intensity of the coke bands of the 15 wt% catalyst kept increasing for
the duration of the experiment.
Finally, we measured the catalytic activity using a GC. The deactivation of the catalysts
at atmospheric pressure was in qualitative agreement with the results from Chapter 2,
but the deactivation was more pronounced in this Chapter. Furthermore, the catalyst
deactivation was noticeably slower at 10 bar pressure than at atmospheric pressure.
The exact reason for this is currently unknown, but it is possibly related to roughening
of the surface of the Co nanoparticles, which is more feasible at higher CO partial pressure.[57,58]
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Cobalt-catalyzed Fischer-Tropsch Synthesis (FTS) is an attractive way to produce
high-quality and clean transportation fuels from alternative energy sources, such as
natural gas, coal or biomass. With depleting oil reserves and an increasing demand for
fuels, the use of FTS technology looks promising. Furthermore, vehicle emissions are
subject to ever more stringent demands. Being naturally low in sulfur and aromatics,
the fuels produced by FTS are ultra-clean which make FTS fuels even more attractive in
the near future.
However, as was mentioned in Chapter 1, the deactivation of Co-based FTS catalysts is
a problem that has an impact on the large-scale commercial application of the FTS process. A lot of work has already been done to investigate the cause of this deactivation,
but the problem has not yet been solved. The current lack of knowledge can at least
partly be related to the lack of in situ or operando experiments. The new (combinations
of) techniques and set-ups that are described in this PhD Thesis have led to some new
observations regarding possible causes of Co-based FTS catalyst deactivation.

5.1 Summary

Two Co/TiO2 FTS catalysts with different weight loadings (10 and 15 wt% Co) have been
introduced in Chapter 2, along with their respective conventional characterization.
Furthermore, the design, construction and application of a new operando set-up have
been discussed. The set-up has been used to study the catalysts under reaction conditions using Transmission X-ray Microscopy (TXM).
TXM is an excellent technique for operando experiments, because the large penetration
power of the hard X-rays enables experiments at elevated pressures and the use of industrially relevant materials (in terms of thickness). Furthermore, TXM gives chemical
information in the form of X-ray Absorption Near-Edge Spectroscopy (XANES) in the
energy region of 4000 – 14 000 eV, at about 30 nm spatial resolution. Tomography experiments, which are also possible using TXM, give 3-D elemental maps of the sample
by rotating the sample around the vertical axis and recording a transmission image at
every angle. The 3-D TXM data can then be obtained via mathematical reconstruction.
The operando TXM set-up consists of a vertically mounted (for tomography experiments) glass or quartz capillary. Two photographs of the set-up are shown in Figure
5.1A. A few grains of catalyst material are introduced into the capillary, which is then
glued to a sample holder using high-temperature epoxy, creating a gas tight seal. The
holder is mounted on the beam line sample stage, allowing x,y,z translation and rotation. The sample holder is connected to a set of three mass flow controllers that are
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Figure 5.1: Overview of the results from Chapter 2. A) Two photographs of the developed set-up. B) The
composition of the 10 wt% Co/TiO2 FTS catalyst under FTS conditions (250 °C and 10 bar of H2 and CO in a
ratio of 2) as a function of time. C) 2-D TXM image of the 10 wt% Co/TiO2 FTS catalyst after reduction in H2
at 350 °C. D) 2-D TXM image of the 10 wt% Co/TiO2 FTS catalyst after 10 h under FTS conditions (250 °C and
10 bar of H2 and CO in a ratio of 2).

calibrated for low flows (0 - 1 mL/min) of He, H2 and CO, respectively. The activity of the
catalyst can be measured using a mass spectrometer.
Applying the described set-up to Co-based FTS catalysts, it was found that the Co in the
15 wt% Co/TiO2 FTS catalyst was not 3-D homogeneously distributed over the support.
Instead, the Co was concentrated in the center of the catalyst particle. The 10 wt%
Co/TiO2 FTS catalyst was studied under reaction conditions; the catalyst was quickly
and completely reduced to metallic Co at 350 °C under H2 at atmospheric pressure, as
shown in Figure 5.1B and C. During FTS at 250 °C and 10 bar pressure of CO and H2, no
sign of cobalt re-oxidation or metal-support compound formation was found during
11 h of FTS. Furthermore, the inspected catalyst particle was stable during the experiment (compare Figure 5.1C and D). However, TXM is not sensitive to the surface of the
catalyst, so we were unable to study e.g. oxidation of the surface of the catalyst particle.
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In Chapter 3, a new combination of three different microscopy techniques was introduced, which can be used to study catalyst materials at different length scales (microscale to nanoscale). The first technique is TXM, which was mainly used for the 3-D
elemental mapping. Second, Scanning Transmission X-ray Microscopy (STXM) provided
2-D elemental maps of the material. To study the internal structure of the catalyst using
STXM, thin slices (100 nm thick) were prepared by ultramicrotomy. Finally, Scanning
Transmission Electron Microscopy – Electron Energy Loss Spectroscopy (STEM-EELS)
provided high-resolution elemental maps.
The combined multi-scale microscopy was used to compare the fresh (as-prepared)
15 wt% Co/TiO2 FTS catalyst to the same catalyst after reaction (spent catalyst). It was
found that the distribution of Co over the support changes dramatically between the
fresh and the spent catalysts. In the fresh catalyst, Co is concentrated in the center of
the TiO2 particle (this was already seen in Chapter 2) in certain areas (Figure 5.2A). In
the spent catalyst, the distribution of Co was more homogeneous (Figure 5.2B). This
indicates that Co nanoparticles are mobile during FTS, moving over large distances (several micrometers) relative to their size (nanometers).
In addition, it was found that nanoscale redistribution is taking place simultaneously to
the microscale redistribution, in the form of the formation of a very thin (~ 1 – 2 nm)
layer of Co around the TiO2 particles. This is visible when comparing the fresh (Figure
5.2C) and the spent catalyst (Figure 5.2D). Interestingly, the layer of Co around the TiO2
is the opposite of the classical Strong Metal-Support Interaction (SMSI), where a layer of
TiO2 is formed around metallic nanoparticles.[1] Carbon was also found in the Co layer in
the EELS spectra. A hypothesis for the mechanism of the formation of the Co layer was
presented, related to surface Co oxidation or surface Co carbide formation resulting in
a mobile (atomic) species that spreads out over the TiO2 surfaces. This is similar to a
process called “reaction induced spreading”, where metals spread over TiO2 surfaces.[2]
Finally, a new combined operando X-Ray Diffraction (XRD) and Raman spectroscopy
set-up has been described in Chapter 4. A schematic overview and a photograph of
the set-up are shown in Figure 5.3A and B. The reactor part of the set-up is a capillary,
horizontally mounted in the center of rotation of the XRD apparatus.[3] The increased
penetration power of a Mo X-ray source (relative to conventional X-ray sources, e.g. Cu
Kα radiation) enabled the acquisition of diffractograms within a couple of minutes, with
minimal compromises to the data quality.
10 – 20 mg of the sample is introduced in the capillary and held in place between
plugs of quartz wool. A thermocouple is placed inside of the capillary for temperature
control. A Raman probe is mounted on a stage and focused on the sample. Gases can
be delivered to the sample at pressures up to 20 bar using mass flow controllers. The
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Figure 5.2: Overview of the results from Chapter 3. A) Snapshot from a TXM tomography movie of the fresh
15 wt% Co/TiO2 FTS catalyst (TiO2 is shown in red, cobalt is shown in blue). B) Spent 15 wt% Co/TiO2 FTS
catalyst. C) Cobalt elemental map as collected with STEM-EELS of the fresh 15 wt% Co/TiO2 FTS catalyst. D)
Spent 15 wt% Co/TiO2 FTS catalyst.

product stream is analyzed by a Gas Chromatograph (GC), with a sample being taken
about every 20 min.
A major advantage of the described operando set-up is the use of a laboratory X-ray
source which allows studying the long-term deactivation of the two Co-based FTS catalysts that were mentioned earlier. Both samples were studied during FTS under CO and
H2 at atmospheric pressure and at a pressure of 10 bar. In all cases, the catalysts were
found to be completely metallic after 2 h under H2 at 350 °C; no crystalline oxidized
Co was detected. The catalysts contained a large number of stacking faults, meaning
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Figure 5.3: Overview of the results from Chapter 4. A) Schematic overview of the combined operando XRD/
Raman spectroscopy set-up. B) Photograph of the set-up. C) Raman spectroscopy results of the 15 wt% Co/
TiO2 FTS catalyst during FTS at 250 °C and atmospheric pressure. D) XRD results showing the composition
of the 15 wt% Co/TiO2 FTS catalyst during FTS at 250 °C and 10 bar.

that there were small Hexagonal Closed Packed (hcp) domains (~ 3 nm) in larger Cubic
Closed Packed (ccp) particles (~ 25 nm).
During FTS at atmospheric pressure and 250 °C, no change in the crystallographic structure of both catalysts was detected, suggesting that bulk oxidation or sintering (the
growth of nanoparticles) do not take place during FTS. However, there was a formation
of coke-related bands in the Raman spectra (Figure 5.3C). The coke species that were
formed behaved slightly different for the 10 wt% and the 15 wt% Co/TiO2 FTS catalysts.
The coke formed on the 10 wt% catalyst became more graphitic during the 250 h of FTS
reaction. At the same time, the size of the graphite crystallites decreased. The coke species on the 15 wt% were stable during FTS, but the total amount of coke kept increasing.
In both cases, most of the carbon was deposited in the first ~ 15 h of FTS reaction.
During FTS at a pressure of 10 bar, no information about coke formation was obtained
because of fluorescence in the Raman spectra. From the XRD data, it was concluded
that part of the ccp domains of metallic Co were converted into Co2C, cobalt carbide, as
shown in Figure 5.3D. The formation of Co2C started after about 150 h of FTS reaction,
for both catalysts, illustrating the need and potential of long-term operando experiments.
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5.2 Conclusions

The results that have been described in this PhD Thesis lead to a number of conclusions
about the deactivation of Co/TiO2 FTS catalysts:
•

Bulk oxidation of metallic Co nanoparticles during FTS was not detected during
any of our experiments, as illustrated in Figure 5.4A. Hence, we believe that FTS
catalyst deactivation is not caused by bulk Co oxidation, as has been suggested
before.[4] On the other hand, oxidation at the surface of otherwise metallic Co
nanoparticles could play a role in the mechanism of deactivation.

•

Sintering, the growth of nanoparticles, was also not detected (Figure 5.4B). A possible reason is that the Co nanoparticles are already relatively large (~ 20 nm) at
the start of the reaction. Smaller particles are usually more susceptible to sintering.[4]

•

During FTS, Co redistributes itself over the TiO2 support particles on two length
scales. First, on the microscale, Co moves from an inhomogeneous distribution towards a more homogeneous distribution. On the nanoscale, part of the Co nanoparticles spread over the TiO2 support particles to form a thin layer (~ 1 – 2 nm) of Co
on the surface of the TiO2 particles. This is illustrated in Figure 5.4C. The formation
of the Co layer probably involves either surface oxidation or carburization to form
mobile Co species that spread over the TiO2 surfaces. The process is driven by a
decrease in the surface free energy. In any case, it is unlikely that the Co layer is
catalytically active, so the formation of the layer is considered as a possible catalyst
deactivation mechanism.

•

The deposition of carbon (in the form of coke, Figure 5.4D) was observed during
FTS at atmospheric pressure. At elevated pressure, it was not possible to detect
coke due to the fluorescence in the Raman spectra. Most likely, coke formation
does take place at elevated pressure as well. Coke formation can cause catalyst
deactivation by either physically blocking access to the surface of Co nanoparticles
or by chemically poisoning the active sites of the Co nanoparticles. Given that the
buildup of coke happens quite fast (within the first ~ 15 – 20 h of FTS reaction), it
seems probable that initial catalyst deactivation is caused by coke formation since
most of the catalytic activity at atmospheric pressure is lost in the first ~ 15 – 20 h.

•

Metallic Co is susceptible to carburization (conversion into Co2C, Figure 5.4E), but
only during FTS at elevated pressure. At atmospheric pressure, supported Co2C
nanoparticles were not detected at any moment during FTS. The formation of
Co2C does not start until 150 h into the FTS reaction. This illustrates the need for
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operando experiments that can last an extended time. Since Co2C is not considered
to be active in the FTS reaction,[5] it is likely that carburization is an additional factor
in long-term catalyst deactivation.

Figure 5.4: Schematic overviews of different Co/TiO2 FTS catalyst deactivation mechanisms with the respective experimental conditions where they are observed. A) Co bulk oxidation (not observed in this PhD Thesis, within the detection limits of the methods employed). B) Sintering of Co nanoparticles (not observed in
this PhD Thesis, within the detection limits of the methods employed). C) The formation of a thin layer of
Co around the support particles, related to surface oxidation (left) and surface carburization (right). D) Formation of coke on the surface of Co nanoparticles (only observed during FTS at atmospheric pressure, most
probably also taking place at elevated pressure). E) Carburization of Co nanoparticles (observed during FTS
at 10 bar, not at atmospheric pressure, within the detection limits of the methods employed).
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According to the results presented in this PhD Thesis, deactivation of Co/TiO2 FTS catalysts is dominated by carbon effects. There were clear signs of coke formation and
carburization during FTS at atmospheric pressure and elevated pressure, respectively.
Bulk oxidation and sintering of Co nanoparticles were not found to be responsible for
catalyst deactivation, within the detection limits of the used methods. The formation
of a layer of Co around TiO2 nanoparticles deserves special mention, as it is a new deactivation mechanism which might be also related to carbon, in the form of surface
carburization.

5.3 Perspectives

As even the advanced techniques that were described in this PhD Thesis have important
limitations, there is still room for new operando characterization techniques to be developed. For example, the X-ray microscopy techniques used in Chapters 2 and 3 (STXM
and TXM) have quite high spatial resolutions of about 30 nm, but the Co nanoparticles
were slightly smaller (about 20 nm). As a consequence, individual nanoparticles could
not be resolved, so the distribution of Co over the TiO2 could only be studied on the
micrometer scale. On the other hand, electron miscroscopy techniques that do provide
the necessary spatial resolution are more difficult to use under reaction conditions because of the lower penetration power of electrons relative to X-rays. A combination of
these two advantages would be ideal for studying catalysts under reaction conditions.
There are two imaginable ways this could become reality. First, the spatial resolution
of the X-ray microscopy techniques could be improved to about 5 nm. Second, new
reactors could be developed for in situ (or operando) electron microscopy. In fact, the
in situ STXM reactor was originally developed for electron microscopy.[6] Improving that
reactor so that it can be used at elevated pressure (up to 10 bar) and with EELS spectroscopy (to increase the contrast between Co and the TiO2 support) could prove highly
valuable for catalyst characterization. However, beam damage by the high-energy electrons could be a concern.
Another area of possible improvement is time resolution. As the results from Chapter
2 have shown, operando TXM experiments currently take too long (about 45 min) to
study the reduction of the catalyst. The catalyst was completely reduced within one
scan. As a consequence, any spatial inhomogeneities during the reduction could not
be seen. As was shown in Chapter 4, scan times of about 10 min result in much more
detailed information about such relatively quick processes.
At the same time, the total duration of the experiment is also important for studying
long-term processes (such as Co FTS catalyst deactivation). Because synchrotron beam
time is so scarce, it is usually unfeasible to run experiments for more than a couple of
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days; hence, laboratory experiments where this is possible are at an advantage. However, in most cases a synchrotron is (still) required for experiments such as X-ray spectroscopy and microscopy, because synchrotrons provide an X-ray beam that is orders of
magnitude brighter than conventional X-ray sources. Furthermore, the X-ray beam from
a synchrotron is tunable over a broad energy range, which is very helpful for X-ray absorption spectroscopy. X-ray spectroscopy and microscopy provide important complementary information to laboratory characterization experiments. For example, XRD (as
used in Chapter 4) only provides information about crystalline phases and it does not allow imaging. Synchrotron-based X-ray absorption spectroscopy that is also sensitive to
amorphous phases and X-ray microscopy providing spatially resolved information can
supply essential additional information. For these reasons, combinations of synchrotron-like experiments and long measurement times of laboratory-based experiments
would be highly desirable. Recently developed X-ray sources and optics that enable
synchrotron-like X-ray microscopy or spectroscopy in the laboratory open interesting
opportunities for future lab-based experiments.
The first example is a liquid-metal-jet X-ray source.[7] This source has recently been used
for tomography experiments on biological samples.[8] An experimental set-up similar
to the one from Chapter 2 could be developed and applied to catalytic materials. This
would allow 3-D imaging of the catalyst during FTS for extended times. It should be
remembered that the images would still be single-energy, so spatially resolved X-ray
spectroscopy would not be possible. The second example is a new way to perform
X-ray absorption spectroscopy in the lab that was recently developed.[9] It is based on a
spherically bent crystal that reflects the bremsstrahlung from a low-energy X-ray source
in an energy dispersive way. Monochromatic X-rays are then selected with an exit slit.
Using this methodology, X-ray spectra can be measured in a few hours. This time resolution is not good enough to study Co FTS catalyst deactivation, but it could possibly be
improved with a higher-intensity X-ray source.
As the results from this PhD Thesis have shown, it is highly important that the characterization takes place under reaction conditions, preferably with simultaneous catalytic
activity measurements (operando experiments). Furthermore, the experiments should
be performed at conditions that are as realistic as possible. For example, the operando
reactors and operating conditions (pressures and temperatures) should be as realistic
as possible. In other words, the characterization techniques should be brought to the
reactor, not the other way around. Second, new characterization techniques should be
applicable to realistic catalyst samples, i.e. real supported nanoparticles.
The newly developed techniques could be used to elucidate the details about the deactivation mechanisms that have been presented in this PhD Thesis. Several questions
remain open. The finding that deserves the most attention is the formation of the Co
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layer around the TiO2 particles. Finding out the mechanism of this new phenomenon
could be an interesting way to finally solve the deactivation of Co-based FTS catalysts.
The pressure-dependence of carburization of metallic Co nanoparticles under FTS conditions is another interesting phenomenon that deserves further investigation. The exact structure of the coke species formed during FTS is currently also unknown, while
coke formation seems to play a prominent role in catalyst deactivation. Sintering, although not detected in our studies, could still be a cause for catalyst deactivation. The
relatively large Co particle size in the catalysts could have prevented the observation of
sintering of Co nanoparticles. New catalyst preparation methods that result in smaller
Co nanoparticles should be employed to study such sintering processes in more detail.
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Kobalt-gekatalyseerde Fischer-Tropsch Synthese (FTS) is een aantrekkelijke manier om
schone brandstoffen van hoge kwaliteit te produceren, uitgaande van alternatieve
energiebronnen zoals aardgas, kolen of biomassa. Dalende oliereserves en een stijgende behoefte naar brandstoffen scheppen kansen voor FTS technologie. Dit wordt nog
versterkt door steeds strengere eisen die worden gesteld aan de uitstoot van voertuigen.
Brandstoffen die geproduceerd zijn via het FTS proces bevatten zeer weinig zwavel en
aromaten, wat FTS technologie bijzonder aantrekkelijk maakt in de nabije toekomst.
Echter, zoals is beschreven in Hoofdstuk 1, de deactivatie van Co-gebaseerde FTS
katalysatoren is een probleem voor de grootschalige commerciële toepassing van het
FTS proces. Er is al veel onderzoek verricht naar de oorzaak van deze deactivatie, maar
het probleem is nog niet opgelost. Het gebrek aan kennis is ten dele te wijten aan een
gebrek aan in situ of operando experimenten. Nieuwe (combinaties van) technieken
en opstellingen die beschreven staan in dit Proefschrift hebben geleid tot een aantal nieuwe observaties met betrekking tot mogelijke oorzaken van de deactivatie van
Co-gebaseerde FTS katalysatoren.
De synthese van twee Co/TiO2 FTS katalysatoren met verschillende gewichtsbeladingen (10 en 15 wt% Co) is beschreven in Hoofdstuk 2, evenals de conventionele
karakterisering van deze katalysatoren. Dit hoofdstuk bevat ook een beschrijving van
het ontwerp, constructie en toepassing van een nieuwe operando opstelling. Met deze
opstelling zijn de FTS katalysatoren bestudeerd met behulp van transmissie röntgenmicroscopie (Transmission X-ray Microscopy, TXM).
TXM is een uitstekende techniek voor operando experimenten, want vanwege de hoge
doordringdiepte van harde röntgenstraling zijn experimenten bij verhoogde druk mogelijk op katalysatoren zoals die in de industrie gebruikt worden (wat betreft dikte). TXM
geeft chemisch relevante informatie in de vorm van röntgen absorptiespectroscopie
(X-ray Absorption Near-Edge Spectroscopy, XANES) in het energiegebied van
4000 – 14 000 eV, met een ruimtelijke resolutie van ongeveer 30 nm. Tomografische experimenten, welke ook mogelijk zijn met TXM, geven 3-D elementaire informatie door
het draaien van het monster om de verticale as en bij elke hoek een transmissieplaatje
te meten. Door middel van een mathematische reconstructie worden de 3-D data vervolgens verkregen. Tijdens de experimenten wordt de katalytische activiteit gemeten
met een massaspectrometer.
De operando TXM opstelling bestaat uit een verticaal gemonteerd (voor tomografie)
glazen of kwarts capillair. Twee foto’s van de opstelling worden getoond in Figuur 5.1A.
Een paar korrels van de katalysator worden ingebracht in het capillair, dat vervolgens
met hoge-temperatuur epoxy wordt vastgelijmd aan de monsterhouder, zodanig dat
een gasdichte aansluiting gevormd wordt. Het monster wordt op een gemotoriseerde
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Figuur 5.1: Overzicht van de resultaten uit Hoofdstuk 2. A) Twee foto’s van de ontworpen opstelling. B) De
samenstelling van de 10 wt% Co/TiO2 FTS katalysator onder FTS condities (250 °C en 10 bar H2 en CO in een
verhouding van 2) als functie van de tijd. C) 2-D TXM afbeelding van de 10 wt% Co/TiO2 FTS katalysator na
reductie in H2 bij 350 °C. D) 2-D TXM afbeelding van de 10 wt% Co/TiO2 FTS katalysator na 10 uur onder FTS
condities (250 °C en 10 bar aan H2 en CO in een verhouding van 2).

houder geplaatst, zodat het verplaatst kan worden in drie richtingen, en geroteerd om
de verticale as. De monsterhouder wordt vervolgens aangesloten op drie gasstroomregelaars die zijn gekalibreerd voor gasstromen van 0 – 1 mL/min van respectievelijk He,
H2 en CO.
Bij het toepassen van de hierboven beschreven opstelling op Co-gebaseerde FTS katalysatoren werd gevonden dat het Co in de 15 wt% Co/TiO2 FTS katalysator niet homogeen
verdeeld was over de TiO2 drager. In plaats daarvan was het Co geconcentreerd in het
midden van het katalysatordeeltje. De 10 wt% Co/TiO2 FTS katalysator werd bestudeerd
onder reactiecondities; de katalysator werd snel en volledig gereduceerd tot metallisch
Co bij 350 °C onder H2 bij atmosferische druk, zoals getoond in Figuur 5.1B en C. Tijdens
FTS bij 250 °C en bij een druk van 10 bar van CO/H2 werden geen aanwijzingen gevonden voor Co heroxidatie of de vorming van samengestelde metaal-drager verbindingen.
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Verder bleek dat het bestudeerde katalysatordeeltje stabiel bleef tijdens het hele experiment (vergelijk Figuur 5.1C en D). Echter, TXM is niet gevoelig voor het oppervlak
van de katalysator, dus een eventuele oxidatie van het oppervlak van de katalysator kon
niet worden gezien.
In Hoofdstuk 3 werd een nieuwe combinatie van drie verschillende microscopietechnieken
geïntroduceerd. Deze kan gebruikt worden om katalysatormaterialen te bestuderen op
verschillende lengteschalen (micrometers tot nanometers). De eerste techniek is TXM,
wat vooral gebruikt werd voor 3-D elementaire informatie. De tweede, transmissie röntgen-rastermicroscopie (Scanning Transmission X-ray Microscopy, STXM), werd gebruikt
voor 2-D elementaire informatie over het materiaal. Om de interne structuur van de
katalysator te besturen met STXM werden dunne plakken (100 nm dik) geprepareerd
met ultramicrotomie. Ten slotte verschafte transmissie elektronen-rastermicroscopie
– elektron-energieverlies spectroscopie (Scanning Transmission Electron Microscopy –
Electron Energy Loss Spectroscopy, STEM-EELS) elementaire informatie met hoge ruimtelijke resolutie.
De gecombineerde multischaalmicroscopie werd gebruikt om de vers gesynthetiseerde
15 wt% Co/TiO2 FTS katalysator te vergelijken met dezelfde katalysator na reactie
(gebruikte katalysator). De verdeling van Co over de drager bleek sterk te verschillen
tussen de verse en gebruikte katalysator. In de verse katalysator is Co geconcentreerd
in bepaalde gebieden in het midden van het TiO2 deeltje (zoals al eerder geobserveerd
in Hoofdstuk 2) (Figuur 5.2A). In de gebruikte katalysator was de verdeling van Co meer
homogeen (Figuur 5.2B). Dit geeft aan dat Co nanodeeltjes mobiel zijn tijdens FTS, en
dat ze verplaatsen over grote afstanden (meerdere micrometers) ten opzichte van hun
eigen grootte (nanometers).
Bovendien werd ontdekt dat een herverdeling van kobalt op de nanoschaal plaatsvindt
tegelijkertijd met de herverdeling op de microschaal, en wel in de vorm van een
dunne laag (~ 1 - 2 nm) Co rondom de TiO2 deeltjes. Dit is voornamelijk zichtbaar bij
het vergelijken van de verse (Figuur 5.2C) en de gebruikte katalysator (Figuur 5.2D).
Interessant genoeg is een laag van Co rond TiO2 het omgekeerde van de klassieke sterke metaal-drager interactie (Strong Metal-Support Interaction, SMSI), waar een laag
TiO2 wordt gevormd rond metallische nanodeeltjes.[1] Met behulp van EELS werd er
ook koolstof aangetroffen in de laag Co. Op basis van deze informatie is er ook een hypothese voorgesteld voor de vorming van de Co laag, welke gerelateerd is aan oxidatie
van het oppervlak van Co of de vorming van een carbide aan het oppervlak van Co, wat
resulteert in een mobiele (atomaire) vorm van Co die zich uitspreidt over het oppervlak
van TiO2.[2]
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Figuur 5.2: Overzicht van de resultaten uit Hoofdstuk 3. A) Opname van een TXM tomografie film van de
verse 15 wt% Co/TiO2 FTS katalysator (TiO2 is rood gekleurd, Co is blauw gekleurd). B) Gebruikte 15 wt% Co/
TiO2 katalysator. C) Co elementaire figuur volgens STEM-EELS van de verse 15 wt% Co/TiO2 FTS katalysator.
D) Gebruikte 15 wt% Co/TiO2 FTS katalysator.

Ten slotte beschrijft Hoofdstuk 4 een nieuwe opstelling voor gecombineerde operando
röntgendiffractie (X-Ray Diffraction, XRD) en Raman spectroscopie. Een schematische
voorstelling en een foto van de opstelling worden getoond in respectievelijk Figuur
5.3A en B. De reactor van de opstelling bestaat uit een capillair, horizontaal gemonteerd in het rotatiecentrum van het XRD apparaat.[3] De hoge doordringdiepte van een
Mo röntgenbron (ten opzichte van conventionele röntgenbronnen, zoals een voor XRD
meer gebruikelijke Cu Kα bron) maakt het mogelijk om XRD data te verzamelen binnen
een paar minuten, zonder verliezen in de kwaliteit van de data.
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10 – 20 mg katalysatormateriaal wordt in het capillair geplaatst en gefixeerd tussen
twee plukjes kwartswol. Verder wordt een thermokoppel in het capillair geplaatst. Een
Raman sonde staat gemonteerd op een beweegbaar plateau en wordt op het monster
gericht. Gassen worden toegevoerd bij hoge druk (20 bar) via gasstroomregulatoren.
Een monster van de productstroom wordt ongeveer elke 20 minuten geanalyseerd met
een Gas Chromatograaf (GC).
Een belangrijk voordeel van de beschreven operando opstelling is het gebruik van
een röntgenbron die in het laboratorium gebruikt kan worden, zodat de deactivatie
van Co-gebaseerde FTS katalysatoren bestudeerd kon worden over een relatief lange
periode, in vergelijking met synchrotron-gebaseerde röntgenbronnen. Beide Co/TiO2
katalysatoren zijn gevolgd tijdens FTS onder CO en H2 bij atmosferische druk en bij een
druk van 10 bar. De katalysatoren waren volledig metallisch na reductie van 2 uur onder
H2 bij 350 °C; er werd geen kristallijn, geoxideerd Co aangetroffen. De gereduceerde
katalysatoren bevatten een vrij groot aantal stapelfouten, wat wil zeggen dat er kleine
hexagonale (Hexagonal Closed Packed, hcp) domeintjes (~ 3 nm) waren binnen grotere
kubische (Cubic Closed Packed, ccp) nanodeeltjes (~ 25 nm).

Figuur 5.3: Overzicht van de resultaten uit Hoofdstuk 4. A) Schematisch overzicht van de gecombineerde
operando XRD/Raman spectroscopie opstelling. B) Foto van dezelfde opstelling. C) Raman spectroscopie
resultaten van de 15 wt% Co/TiO2 FTS katalysator tijdens FTS bij 250 °C en atmosferische druk. D) XRD resultaten die de samenstelling van de 15 wt% Co/TiO2 FTS katalysator laten zien tijdens FTS bij 250 °C en 10 bar.
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Tijdens FTS bij atmosferische druk en 250 °C werd geen verandering in de kristallografische
structuur van beide katalysatoren geconstateerd, wat suggereert dat bulk oxidatie of
sinteren (het groeien van nanodeeltjes) niet plaatsvinden tijdens FTS. Echter, er werden
wel banden gevormd in de Raman spectra (Figuur 5.3C) die veroorzaakt worden door
coke (afzettingen van koolstof, meestal in de vorm van grafiet). De coke die werd gevormd
gedroegen zich iets anders voor de 10 wt% en de 15 wt% Co/TiO2 FTS katalysatoren. De
coke op de 10 wt% katalysator werd meer grafitisch tijdens de eerste 250 uur onder FTS
condities. Tegelijkertijd werden de grafietkristallieten kleiner. De structuur van de coke
op de 15 wt% Co/TiO2 FTS katalysator was stabiel tijdens FTS, maar de hoeveelheid coke
bleef toenemen tijdens de reactie. In beide gevallen werd het grootste deel van de coke
afgezet op de katalysatoren tijdens de eerste ~ 15 uur van de FTS reactie.
Tijdens FTS bij een druk van 10 bar kon geen informatie worden verkregen over de
vorming van coke vanwege fluorescentie in de Raman spectra. Op basis van de XRD
data kon worden geconcludeerd dat een deel van de ccp domeinen in de metallische
Co nanodeeltjes werd omgezet in Co2C, kobaltcarbide, zoals getoond in Figuur 5.3D.
De vorming van Co2C begon pas na ongeveer 150 uur tijdens de FTS reactie voor beide
katalysatoren, wat de toegevoegde waarde van langdurige operando experimenten
benadrukt.
Concluderend, volgens de resultaten zoals gepresenteerd in dit Proefschrift wordt de
deactivatie van Co/TiO2 FTS katalysatoren niet veroorzaakt door oxidatie van metallisch
Co. Ook zijn er geen aanwijzingen gevonden voor sinteren, maar dit komt misschien
doordat de Co nanodeeltjes al vrij groot waren bij het begin van de reactie (~ 20 nm).
Co blijkt wel een herverdeling over de drager te ondergaan tijdens FTS, op twee verschillende lengteschalen, de microschaal (homogenere verdeling na reactie) en de nanoschaal (een dunne laag Co rond de drager). Ook bleken de FTS katalysatoren gevoelig
te zijn voor de vorming van coke, in ieder geval tijdens FTS bij atmosferische druk, en
waarschijnlijk ook bij verhoogde druk. Ten slotte werd een deel van het metallische Co
omgezet in katalytisch inactief Co2C; dit werd echter alleen geobserveerd tijdens FTS
bij verhoogde druk. Deze resultaten suggereren dus dat de deactivatie van Co/TiO2 FTS
katalysatoren voornamelijk veroorzaakt wordt door koolstofafzetting.
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List of Abbreviations
ASF

Anderson-Schultz-Flory distribution

ccp

Cubic Close Packed

CLS

Canadian Light Source

EXAFS

Extend X-ray Absorption Fine Structure

FID

Flame Ionization Detector

FTS

Fischer-Tropsch Synthesis

GC

Gas Chromatograph

GHSV

Gas Hourly Space Velocity

hcp

Hexagonal Close Packed

HT-FTS

High Temperature Fischer-Tropsch Synthesis

HWHM

Half Width Half Maximum

IWI

Incipient Wetness Impregnation

LT-FTS

Low Temperature Fischer-Tropsch Synthesis

SMSI

Strong Metal Support Interaction

SSRL

Stanford Synchrotron Radiation Lightsource

STEM-EELS
STXM

Scanning Transmission Electron Microscopy – Electron Energy Loss
Spectroscopy
Scanning Transmission X-ray Microscopy

TCD

Thermal Conductivity Detector

TEM

Transmission Electron Microscopy

TPR

Temperature Programmed Reduction

WHSV

Weight Hourly Space Velocity

wt%

Weight Percent

TXM

Transmission X-ray Microscopy

XANES

X-ray Absorption Near-Edge Structure

XAS

X-ray Absorption Spectroscopy

XRD

X-Ray Diffraction

XPS

X-ray Photoelectron Spectroscopy
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