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INTRODUCTION

1.1. HeTerogeNeouS CATALySIS
catalysis is a phenomenon wherein a chemical reaction is speeded up and the activation 

barrier of the reaction is lowered. It is a kinetic process where the thermodynamics are 

not altered. catalysis plays a crucial role for life, because all organisms, including 

humankind, use catalysis for their basic functions, including metabolism, growth, self-

repair and reproduction. Additionally, it is estimated that around 90 % of all chemical 

products, ranging from fuels to materials and pharmaceuticals, have interacted with at 

least one catalyst in one or another form during the different steps of their production 

[1-4].

heterogeneous catalysis is a subfield of catalysis in which the catalyst is a material 

that is in a different phase (e.g. liquid, solid or gas) from the reactants. heterogeneous 

catalysts have a key role in chemical industry as many chemical conversion processes use 

them. the aim in catalysis research is to relate catalytic performance, which comprises 

activity, selectivity and stability, to catalyst structure and (chemical) composition. 

heterogeneous catalysts usually consist of metal nanoparticles, which are supported 

on a porous oxide, where the chemical reaction is taking place at the interface of the 

catalyst and the reaction medium, which can be a gas or a liquid [1,5]. 

catalytic activity is often expressed as the amount of reactants that is converted 

per unit time per gram of the catalyst, while selectivity is the amount of a desired 

reaction product as a percentage of the total product formation. there are three key 

parameters that must be tuned to increase catalytic activity and selectivity: a) metal 

nanoparticle size and shape, b) catalyst accessibility and c) structure and composition 

of the catalyst surface [5,6]. the increase of the active metal surface area by decreasing 

the  catalyst nanoparticle size, changes the surface structure and the electronic 

properties of the  solid catalyst that in principle also improves the performance of 

the  catalyst material. gold is a very good example of the tuning of the catalytic 

properties by decreasing the catalyst particle size, which is inactive in its bulk form but 

when gold particles are dispersed in the nanometer scale (metal nanoclusters) or at 

the atomic level (single atom catalysis, sAc), it presents unforeseen catalytic activity 

for e.g. the co oxidation that is not observed in its bulk form [1]. 

one of the main problems related to the stabilization of supported metal 

nanoparticles at high reaction temperature is the tendency to grow into larger more 

stable metal particles. this process is called metal sintering, which can occur via 

either ostwald ripening or coalescence. therefore, the metal nanoparticles are often 

supported and stabilized on porous metal oxide, such as tio2, sio2, Zro2 and Al2o3, or 

carbon materials, such as carbon nanotubes. these support oxides stabilize the metal 

nanoparticles by reducing substantially the ability to undergo sintering. the chosen 

support oxide must be (in principle) chemically inactive for the chemical reaction 

catalyzed, and additionally must be thermally, chemically and mechanically stable 
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for the reaction conditions applied. A special case are bifunctional catalysts, where 

the support is chemically active and participate in the reaction along with the metal 

nanoparticles; and where often at the interface between support oxide and metal 

nanoparticle active sites may occur. thus, the selection of the correct support oxide 

for a specific chemical reaction to be catalyzed can have an important influence on 

the performance of the catalyst thereby altering the activity, selectivity and stability of 

the catalytic solid [1,6]. 

1.2. FISCHer-TroSPCH SyNTHeSIS
In fischer-tropsch synthesis (fts) syngas, which is a mixture of hydrogen and carbon 

monoxide, reacts on the surface of an active phase of the solid catalyst and produces 

long-chain hydrocarbons by a surface polymerization reaction. this chemical process 

is schematically illustrated in figure 1.1 [7].

the surface polymerization reaction that take places during fts can be described 

according eq. 1.1 [8]: 

                                             (eq. 1.1)

the first successful syngas conversion reported in literature was performed in 1902 by 

sabatier et al.. they provided the first scientific evidence that methane, the simplest 

hydrocarbon, could be formed from a mixture of hydrogen and carbon monoxide by 

using nickel- and cobalt-based catalysts. some years after this remarkable discovery, 

two german scientists from the Kaiser-wilhelm-Institut für Kohlenforshung in Mülheim 

an der ruhr, namely franz fischer and hans tropsch, made new contributions by 

proving that syngas could be converted into long-chain hydrocarbons by using cobalt- 

and iron-based catalysts [8-12]. the first industrial fts plant was built in 1936, and 

the technology was used to provide germany and Japan with synthetic liquid fuels 

during the second world war. In the years after 1945, fts technology has undergone 

a revival in south Africa where large industrial scale developments were done by 

sasol. In 1955 the first production plant based on coal was opened in south Africa 

and during the continuing decades the coal-to-liquid (ctl) technology expanded due 

to the oil crises. these developments made that the fts technology became more 

economically competitive and allowed to keep the country economically running 

during the Apartheid regime. In the last two decades various investments have been 

made in gas-to-liquid (gtl) and the use of fts plants have been intensified. different 

production plants, namely oryx gtl (Qatar, 2007), pearl gtl (Qatar, 2011) and 

escravos gtl (Nigeria, 2014), are currently operative [8]. 

depending on the feedstock, which includes coal, natural gas, biomass and 

municipal waste, different fts technologies have been developed. they include: 
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a) coal-to-liquid (ctl), b) gas-to-liquid (gtl) and c) biomass-to-liquid (btl), generally 

called anything-to-liquid (Xtl). fts technology represents a viable option to produce 

clean transportation fuels with low concentration of sulphur, nitrogen, aromatics and 

naphthenes, which are typically in the diesel-range [8,13-18]. 

fts is most probably one of the more complex reactive systems in heterogeneous 

catalysis because two phenomena are taking place at the same time, a co hydrogenation 

reaction and a polymerization reaction. the mechanism for the fts reaction is still 

under debate, however the reaction product formation follows a  statistical carbon 

number distribution. this is the so-called Anderson–schulz–flory (Asf) relationship, 

which considers that the chain-growth probability is independent of the length of 

the chain and the product distribution. this Asf relationship is given by eq. 1.2 [8]: 
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sn is the selectivity to the fts reaction products having n carbon atoms and α is 

the chain-growth probability. figure 1.2 present a plot of sn as a function of the chain-

growth probability, α. It is generally accepted that the first step of fts is the dissociation 

of the co and h2 molecules on the metal surface, followed by the  chain growth 

process that takes place on the less coordinated metal atoms (e.g. steps) via a surface 

polymerization reaction, wherein individual ch2 monomers are added to the growing 

hydrocarbon chain [8,20].

Figure 1.1. schematic of the conversion of syngas, a mixture of co and h2, into long-chain 
hydrocarbons by the so-called fischer-tropsch synthesis (fts) process. the fts catalyst under 
study consists of co metal nanoparticles supported on tio2.
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there are different transition metals that are active in co hydrogenation reaction. 

they include nickel, iron, ruthenium and cobalt. cobalt-based catalysts are often used 

in industrial scale applications because of their low water-gas shift (wgs) activity, 

excellent stability and high selectivity towards linear paraffins [15-17]. Additionally, 

different metal oxides, including sio2, Al2o3 and tio2, have been tested as a support 

material for the synthesis of co-based fts catalysts [7,19].

cobalt-based catalysts were already reported by franz fischer and hans tropsch in 

their original patent in 1925 [12]. Nowadays, these catalysts are of key importance on 

an industrial-scale because they are used in the largest commercial fts plants, such as 

oryx gtl, which is based on a co/Al2o3 catalyst, and shell pearl gtl, which is based 

on a co/tio2 catalyst [8]. 

depending of the reaction conditions applied, there are two fts processes with 

industrial relevance. they include a) a high-temperature fts (htfts) that operates in 

a temperature range of 593-623 K, and b) a low-temperature fts (ltfts) that operates 

in a temperature range of 473-523 K. In the case of htfts, the cobalt-based catalyst 

produces only methane as fts product, which does not have relevance because 

the syngas used in the gtl technology is often obtained from a natural gas source, 

as is for example the case for the shell pearl gtl in Qatar. by operating at a lower 

temperature or ltfts, the spectrum of the fts reaction products obtained is much 

wider, which includes e.g. high-purity waxes that can later be refined by hydrocracking 

process to obtain high-quality middle distillates, as diesel or kerosene [8].

Metallic cobalt is considered the active phase on fts catalyst. this metal phase 

should be well dispersed on an oxidic support, which gives physical stability to 

the supported cobalt metal nanoparticles thereby guaranteeing that there is a high 

density of surface sites available for catalytic reaction. there are different synthesis 

Figure 1.2. fischer-tropsch synthesis 
(fts) reaction products as a function 
of the chain growth probability α: ch4 
in red, c2-c4 in dark green, c5+ in dark 
blue, c5-c11 in grey, c9-c22 in orange 
and c20+ in light green [8]. 
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methods to achieve this high dispersion and related stability of the cobalt nanoparticles 

on a support oxide. they include co-precipitation, precipitation and impregnation. 

one of the most used catalyst preparation methods is the so-called Incipient wetness 

Impregnation (IwI), wherein the porous volume of an oxidic support (e.g. tio2) is filled 

by a cobalt solution (e.g. a co(No3)2x6h2o aqueous solution), followed by a drying 

step at ~ 333 K overnight and a calcination process on an inert gas (e.g. N2) at ~ 673 K 

for 4-5 h [8,21]. In the case of a co/tio2 fts catalyst, it has been demonstrated 

that cobalt nanoparticles are present as co3o4 nanocrystals in the fresh catalyst (after 

performing a calcination process), and during the reduction process these cobalt 

oxides are reduced to metallic cobalt. this reduction process takes place according to 

the following eq. 1.3 and eq. 1.4: 
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In the activated catalyst material two different co crystal structures have been 

identified, namely hexagonal close-packing (hcp) and face-centered cubic (fcc), 

where hcp is regarded as the most active phase for fts reaction [6,22-26].

one of the main issues in the fts process is the decreasing performance of 

the  co/tio2 catalyst over time. different deactivation routes have been proposed 

in the literature, which include poisoning and sintering of the cobalt nanoparticles, 

re-oxidation of the cobalt metal phase, carbon formation and related carbon 

deposition, strong metal-support reaction and the attrition of the catalyst particles 

[7,19,18,25]. cobalt sintering and the related growing process of the metal 

nanoparticles reduces the surface area of active cobalt and therefore the number 

of active sites. on the other hand, carbon deposition as well as poisons may block 

the active sites of the  catalyst, while the formation of inactive co surface species 

related to the strong Metal-support Interaction (sMsI) effect (e.g. via the formation 

of (surface) cotio3 phases) and the re-oxidation of cobalt species (e.g. formation of 

coo/co3o4), also lowers the number of available active sites (i.e., co metal). these 

different deactivation processes are schematically illustrated in figure 1.3. 

despite 100 years of research on fts catalysis, a fundamental understanding 

regarding the different deactivation routes has remained elusive. this is part due to 

the difficulty of performing long-term in situ or operando spectroscopy and microscopy 

measurements at relevant industrial conditions (i.e., elevated reaction temperatures 

and pressures) that can provide further physicochemical insights in both the activation 

and deactivation processes taking place within co/tio2 fts catalysts. such important 

physicochemical processes take place in periods of several days and weeks as well as 

many months [19]. hence, spectroscopy and microscopy tools have to be developed 
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to measure on-line during extended periods of operation the fate of co/tio2 catalysts 

under true reaction conditions.

1.3. X-rAy SPeCTroSCoPy
X-rays were discovered in 1895 by the german scientist wilhelm röntgen in the city 

of würzburg. some years after this remarkable discovery, in 1913 louis de broglie 

did the first measurement of an X-ray absorption spectrum. de broglie designed 

an elaborated mechanism to rotate a crystal and scatter a X-ray beam at all angles 

between the beam and the diffraction planes. this was done according to the bragg 

law, which is represented by eq. 1.5: 
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where d is the distance between the different lattice planes of the crystal, θ is 

the scattering angle, λ is the wavelength of the incident beam, c is 2.9979 108 m/s 

(speed of light), h is 6.626 × 10−34 J s (planck constant) and e is the X-ray energy. 

Figure 1.3. schematics of the different deactivation processes, which can take place in a co/tio2 
fischer-tropsch synthesis (fts) catalyst during real-life operation: I) strong metal-support interaction 
or formation of inactive co metal species at the interphase of the metal nanoparticles and the support 
oxide, II) carbon formation and related carbon deposition on the active sites of the supported cobalt 
metal nanoparticles, and the different mechanisms of the metal sintering process, III) re-oxidation 
of the cobalt metal nanoparticles, Iv.a) ostwald ripening or atom migration, leading to co metal 
sintering, and Iv.b) coalescence of cobalt metal nanoparticles at the support oxide. 
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the X-rays were recorded on a photographic plate [27]. during the same year, henry 

Moseley published his empirical work about the characteristic X-ray emission from pure 

elements, which were proportional to the square of the element atomic number (Z). 

this work indicated that the chemical and physical properties of the elements vary 

according to the atomic number, which supported the nuclear model of the atom, as 

proposed by Niels bohr [27].

during the 1960s, remarkable improvements in X-ray instrumentation were realized, 

which allowed to obtain better quality data. by using silicon single monochromator 

crystals, it was possible to measure I and I0 and the corresponding precise detection 

of the absorption coefficient. this was done according to eq. 1.6:
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where x is the thickness of the sample. to the best of our knowledge, robert van 

Nordsthand published the first study about the application of X-ray absorption 

spectroscopy on catalysis, by doing a classification of the X-ray absorption near-edge 

structure (XANes) spectra of different transition metal compounds by considering 

the  atomic structure, valence of the metal and chemical shift with valence [28,29]. 

figure 1.4 presents some catalyst compounds measured by van Nordsthand in his 

pioneering research work. 

Figure 1.4. different cobalt 
compounds and catalyst 
materials, as measured by van 
Nordsthand, in his research 
work [28].



18

1

INTRODUCTION

these first-of-its-kind experiments were performed by using a X-ray tube as source. 

A schematic of the set-up used is shown in figure 1.5 [27].

X-ray tubes consist on a filament (cathode) that is heated up to release electrons in 

the vacuum of the tube, those electrons are accelerated by a high voltage applied, and 

the electrons impact the metal target (anode) producing a wide distribution of X-ray 

photons that includes the bremsstrahlung and the characteristic line of the  target. 

the operational current, voltage, the electron beam spot size, the exit window of 

the tube and the metal target material are the main parameter to be considered 

in a  tube. the  X-ray emission process in a tube is a very inefficient one, wherein 

only ~1 % of the power used is emitted as X-rays, releasing the rest of the power 

as heat on the metal target. the melting point of the target is a limiting factor that 

restricts the  maximum electron beam power and therefore the maximum emitted 

X-ray intensity. Additionally, an X-ray tube needs for its operation a cooling system to 

release the heat produces during the process [27].

during the 1970s, a more brilliant X-ray source came available as the first 

synchrotron radiation facilities were constructed. this made it possible to perform 

X-ray Absorption spectroscopy (XAs) in a more effective manner and allowed XAs to 

develop as a powerful tool to establish the electronic and structural arrangement of 

a solid material [27]. In a synchrotron, electrons are travelling near the speed of light 

inside a storage ring, wherein a strong magnetic field is used to maintain the electron 

beam moving around. An electron that is accelerated loses a part of its energy and 

emits electromagnetic radiation (i.e., photons) [30]. this is schematically illustrated in 

figure 1.6, which includes a picture of one of the most recent and powerful synchrotron 

facilities in europe, namely MAX Iv (lund, sweden).

synchrotron sources have small X-ray beam spot sizes, energy tunability, high 

monochromaticity as well as a high total photon flux [27]. to produce high intensity 

radiation, there are different units that are used: undulators, wigglers and bending 

Figure 1.5. schematic of the X-ray tube, including the different components, as initially used by 
van Nordsthand for studying transition metal compounds.
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Figure 1.6. photograph of MAX Iv synchrotron, one of the newest synchrotron facilities developed 
and schematic of the different units of a synchrotron [31,32].

magnets, as shown in figure 1.6. Undulators are units with a weak magnetic field 

composes of a series of dipole magnets that produces a small radiation cone with 

a special width and small angular divergence, while wigglers work with a high magnetic 

field and produce a wider radiation cone and higher radiation power. on the other 

hand, bending magnets are used to turn aside the electrons and maintain them in 

a loop trajectory inside the storage ring. the radiation produced by the bending 

magnets is a by-product of the deflection process [27,30].



20

1

INTRODUCTION

Figure 1.7. I) schematic of the absorption process taking place when an absorber is interacting with 
X-rays and II) cobalt foil X-ray absorption spectrum (XAs) with the corresponding X-ray absorption 
near-edge structure (XANes) and extended X-ray absorption fine structure (eXAfs) regions [33].

In XAs a core electron is excited to an unoccupied state by an incident X-rays 

beam. for higher beam energy, the excited electron or photoelectron is raised to a free 

state or continuum, creating a wave that is scattered by the neighbored atoms. this 

scattering process is related to the geometry of the environment and the final state 

is a superposition of the constructive and destructive outgoing and scattered waves. 

two regions are identified in a XAs spectrum, as shown in figure 1.7, namely X-ray 

absorption near-edge structure (XANes) and extended X-ray absorption fine structure 

(eXAfs) [33]. from XANes data one can obtain the oxidation state, local symmetry 

and electronic properties of the catalyst material measured. In the case of eXAfs data, 

information about the closer vicinity of the absorber element in a  catalyst material 

is obtained, e.g. the type of a ligand, the bond length as well as the coordination 

number of a particular absorber element [34,35].

1.4. X-rAy SPeCTroSCoPy oF CoBALT-BASeD 
FISCHer-TroPSCH SyNTHeSIS CATALySTS 
synchrotron-based techniques are powerful characterization methods for the study of 

different catalyst systems [36,37]. Indeed, XAs techniques have been used extensively 

for investigating different fts catalysts [38], including co-based catalysts. figure 1.8 

summarizes some literature of synchrotron-based XAs studies performed on different 

fts systems.

Among the different studies performed, for e.g. a co/Al2o3 catalyst material 

XANes analysis indicated the formation of cobalt aluminate species (considered 
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to be an inactive phase) during fts reaction. Additionally, from the eXAfs analysis 

was suggested that the sintering process of the cobalt nanoparticles was the main 

deactivation route for the catalyst over time [39]. In the case of pt-promoted co/Al2o3 

catalyst, at high water partial pressure (above 28 %) the formation of cobalt aluminate 

species was confirmed by XANes and eXAfs [40]. In the case of re-promoted co/Al2o3 

catalyst, the reduction process (from coo to co metallic) was enhanced, increasing 

the percent of cobalt reduced in the catalyst, from the eXAfs analysis it was concluded 

that re was presented as isolated atoms in direct contact with the cobalt. only sintering 

was identified as a major cause of deactivation, and no formation of cobalt aluminates 

was observed [41,42]. Additionally, several studies have used XAs techniques for 

the study of promoted and un-promoted fts catalyst by using different relevant support 

materials, e.g. sio2 and carbon nanofibers (cNf) [43-63]. As examples of the different 

studies performed using XAs techniques, figure 1.9 presents a tpr-XANes studies 

performed on pt-promoted co/Al2o3 and co/sio2 fts catalysts and co3o4 [46]. 

our group at Utrecht University has also performed research on the industrial 

relevant co/tio2 fts catalyst. the findings, mainly achieved by Morales et al. [64] 

and cats et al. [6], are based on the use of various XAs techniques and have proven 

to be of importance for the development of X-ray techniques in the field of catalyst 

research. figure 1.10 presents the timescale of the different characterization studies 

performed by Morales et al. and cats et al. since the early 2000s.

fernando Morales cano in his phd thesis has studied the reduction process of 

co/tio2 and Mn-promoted co/tio2 by measuring in situ the l2,3 edges of co and 

Mn [64]. It was established that bulk cobalt (unsupported catalyst) was reduced easily 

from co3o4 to cobalt metallic (co3o4 → coo → co0) at 698 K. In the case of co/tio2, 

the catalyst was reduced to a mixture of coo and co metallic after 12 h of reduction. 

In addition, it was demonstrated that the promotion of the co/tio2 catalyst with Mn 

hampered the reduction process of co [65]. 

the effect of the synthesis method for unpromoted and promoted co/tio2 catalyst 

was investigating by using XAs. during the reduction process at 623 K, the catalyst 

materials synthetized by incipient wetness impregnation (IwI) presented a higher 

degree of reduction compared to catalysts produced by homogeneous deposition 

precipitation (hdp). by the result obtained, it was demonstrated that Mn obstructs 

the reducibility of co, probably because of the strong co-support interaction. After 

the activation process, Mn was mostly presented in the form of ti2Mno4 (which is 

considered to be a spectator species) for the catalyst synthetized by IwI, and as 

Mno for the catalysts synthetized by hdp. In the case of the catalysts synthetized 

by a combination of hdp and IwI, Mn was presented as Mno in contact with the co 

metallic nanoparticles. It was concluded that the location of the Mn species influences 

the effectiveness of the promotion, wherein the location is strongly affected by 

the synthesis method used for the preparation of the catalyst [66-68].
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As a continuation of the initial research work performed by fernando Morales cano, 

Korneel cats turned its attention to X-ray microscopy as well as X-ray diffraction (Xrd) 

and raman characterization methods in his phd thesis [6]. he has studied the behavior 

of co/tio2 catalyst materials by using e.g. transmission X-ray microscopy (tXM), 

scanning transmission X-ray microscopy (stXM) as well as scanning transmission 

electron microscopy-electron energy loss spectroscopy (steM-eels). from operando 

and ex situ tXM experiments it was established that during fts at 523 K and 10 bar, 

Figure 1.9. temperature programmed reduction (tpr)-X-ray Absorption Near edge spectroscopy 
(XANes) data (left) and the respective linear combination fittings from reference compounds 
(right) for 0.5% pt/25% co/Al2o3, 20% co/sio2 and co3o4.
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no formation of cobalt titanate (cotio3) was detected within the detection limits of 

the analysis method, which confirmed that strong metal-support interaction (sMsI) 

does not play a significant role in the deactivation process of the co/tio2 catalyst 

during fts reaction [24]. Additionally, by using 2-d and 3-d tXM it was determined 

that the active phase stayed as metallic cobalt during the complete fts reaction and 

no re-oxidation process was observed [24]. by using a multi-scale chemical imaging 

approach, tXM, stXM and steM-eels, as illustrated in figure 1.11, the cobalt 

migration and related formation of cobalt nanoparticles aggregates was observed 

during fts processes [25].

More specifically, the co aggregates were more homogeneously size distributed 

in the catalyst after fts reaction than on the fresh (calcined) catalyst, indicating that 

a redispersion of the active metal nanoparticles took place during fts. Additionally, 

it was observed a co layer of ~1-2 nm, which is opposite to the sMsI effect. 

the formation of this layer is produced by partially oxidized coox species, which are 

considered to be mobile and could be transported across the support oxide (tio2), 

a second explanation is the formation of a surface cobalt carbide (co2c) phase, that is 

mobile and form the co layer [25].

Figure 1.10. timeline showing different characterization studies on the co/tio2 fts catalyst 
performed by the Inorganic chemistry and catalysis group at Utrecht University by using various 
X-ray absorption spectroscopy (XAs) techniques, including soft and hard X-ray Absorption Near 
edge spectroscopy (XANes) as well as X-ray microscopy, such as transmission X-ray Microscopy 
(tXM) and scanning transmission X-ray Microscopy (stXM).
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1.5. SCoPe AND ouTLINe oF THe DISSerTATIoN
the work presented in this phd thesis focuses on the activation and deactivation 

processes of a co/tio2 fischer-tropsch synthesis (fts) catalyst by using a range of 

powerful spectroscopy and microscopy methods. the goal is to shed new light on 

the physicochemical processes taking place within a co-based fts catalyst material 

during activation and true fts operation, which include high temperature and 

pressure. the latter requires that the spectroscopy and microscopy measurements are 

preferably conducted under in situ or operando conditions.  

In chapter 2 the activation and deactivation process of single co/tio2 catalyst 

particles have been studied by using scanning transmission X-ray Microscopy (stXM) 

under relevant reaction conditions. from the carbon and cobalt stXM chemical 

maps obtained, different hydrocarbon species could be detected, and these species 

spatiotemporally develop within a catalyst particle as a function of the reaction time 

Figure 1.11. schematic overview of the multi-scale chemical imaging approach as applied to 
a co/tio2 fts catalyst. 3d 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) [25]. 
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and pre-reduction conditions. the spatiotemporal changes in hydrocarbon formation 

could be correlated with the changes taking place in the oxidation state of cobalt of 

an evolving co/tio2 catalyst particle. 

In chapter 3 a novel laboratory-based XANes set-up is described and used that 

allows to perform, a first of its type, in situ long-term fts experiments, which are not 

easy if not simply impossible to perform in a synchrotron radiation facility because of 

time limitation. It was found that there was no re-oxidation of the supported cobalt 

nanoparticles after 200 h of fts reaction at different h2/co rates and there was also 

no observable formation of cobalt carbides. 

chapter 4 presents a comprehensive XAs study on cobalt carbide (co2c) by using 

both laboratory-based and synchrotron-based XANes techniques. In this manner, it 

was possible to determine in situ the co K-edge spectrum of a pure co2c reference 

material. this important finding opens up the possibility to study in a more rigorous 

manner the effect of cobalt carbides formation during fts. 

In chapter 5 for the first time in situ X-ray raman spectroscopy (Xrs) has been 

applied for the fts reaction under relevant conditions of temperature and pressure. 

by using a combination of in situ Xrs and Xrd it was possible to measure the co l2,3-

edges, c K-edge and Xrd patterns of a co/tio2 catalyst at different reaction times 

and at reaction pressures and temperatures of 5 bar and 523 K, respectively. 

chapter 6 presents the construction and first measurements of an operando high 

pressure raman spectroscopy set-up developed and constructed in our laboratory to 

perform long-term fts experiments at relevant conditions (e.g. 10 bar and 523 K). 

by using this characterization set-up, it was possible to monitor the formation of 

carbon deposits during fts and correlate their temporal evolution with on-line gas 

chromatography (gc) data. 

chapter 7 summarizes the main findings of this phd dissertation, including 

the general conclusions regarding the activation and deactivation of co/tio2 catalysts, 

including the role of cobalt titanate, cobalt oxide and cobalt carbide in the processes 

of catalyst deactivation. furthermore, we discuss the different hydrocarbons and 

hydrocarbon deposits, which are formed during fts. the chapter ends with 

an outlook on the field and proposes some lines of thought regarding potential future 

experiments making use of either lab-based or synchrotron-based X-ray absorption 

spectroscopy. 
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ABSTrACT
An operando micro-spectroscopy study was accomplished for a co/tio2 fischer-

tropsch synthesis (fts) catalyst. by using scanning transmission X-ray Microscopy 

(stXM) it was possible to detect the interrelationship of the fts products, 

hydrocarbon species, evolved during the reaction at a spatial resolution of ~ 50 nm. 

Inter- and intraparticle heterogeneities were observed, which depend on changes 

induced on the co valence states and different h2/co ratio for catalyst particles 

smaller than 200 µm. we have observed the evolution of the fts reaction products, 

and the subsequent saturation of the co/tio2 catalyst particles by the formation of 

an organic film constituted of long-chains hydrocarbons.

OperandO ScannIng 
tranSmISSIon X-ray mIcroScopy 
of a co-baSed fIScher–tropSch 

SyntheSIS catalySt
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2.1. INTroDuCTIoN
during the past decades, the development on imaging techniques, optics, and 

X-rays sources has experienced a fast improvement that has positioned X-ray 

microscopy (XrM) techniques as attractive options for the study of catalyst systems [1]. 

the advances on X-rays sources accomplished after the introduction of synchrotron 

facilities, have allowed the enhancement on lenses technology for X-rays, by reducing 

the beam spot sizes down to nanometer resolution (~10 nm) [1].

Among the XrM techniques, scanning transmission X-ray Microscopy (stXM) is 

a powerful technique that combines X-ray absorption spectroscopy and microscopy, 

allowing the study of both the inorganic and organic phases of a sample [2]. this 

technique uses soft X-rays (200-2000 ev) as a probe and has been broadly used for 

the study of biological systems, material science, as well as heterogeneous catalysis 

[2-8]. to perform in situ or operando stXM experiments, microelectromechanical 

system (MeMs) nanoreactors must be used to reduce the attenuation process 

experienced by the soft X-rays, because of its low penetration rate [9,10]. 

fts reaction is one of the most dynamic and complex system in heterogeneous 

catalysis, which consists of an inorganic (catalyst) and an organic part (reactants 

and products). previous spectroscopic researches have been focused on the either 

the inorganic (e.g. X-ray based techniques) or the organic part (e.g. vibrational 

spectroscopy). the possibility to incorporate and correlate the information obtained 

from both parts in one experiment, represents a great potential to fully understand 

the  long-standing question about the activation and deactivation process of 

a complex reaction system. In fts, hydrogen and carbon monoxide are converted to 

hydrocarbons by a surface polymerization reaction [11-17]. 

cobalt-based catalysts are widely used because of its high stability and selectivity 

to high waxes, and they represent an integral part of the gas-to-liquid (gtl) technology 

[18,19]. the activation and deactivation process of the supported catalyst (e.g. 

tio2 and Al2o3) is still unclear because of the complexity of the different processes 

that takes place during the different stages of the reaction. different mechanisms 

for the  deactivation of the catalyst over time have been proposed [15,20,21], but 

a restricted number of studies have focused their attention on the activation process 

[22,23]. during the activation process that depends on the conditions applied and 

the catalyst used, the catalyst particles are progressively saturated by a long-chain 

hydrocarbon film that is followed by pore filling [22,24,25]. the different deactivation 

mechanisms proposed consider the modification of the active phase, cobalt 

metallic, by diverse processes that include; re-oxidation of the cobalt nanoparticles, 

carburization, formation of inactive species related to strong metal-support interaction 

(sMsI), sintering, and carbon formation/deposition on the active sites of the catalyst 

[18,21,26-35]. to obtain physicochemical insight about the activation and deactivation 



32

2

OperandO STXM of a Co-baSed CaTalyST

mechanisms is required studies under real reaction conditions. for instance, 

the passivation or the changes on the condition of the reaction can modify the state 

of the fts catalyst, which hampers the complete understanding of the performance of 

the catalyst under relevant conditions [2,36-38]. 

the operando research approach is a methodology that provides the opportunity 

to obtain relevant information of a working catalytic system. by using operando stXM 

it becomes possible to acquire nanoscale chemical information about the organic and 

inorganic components of a particular fts catalyst material under relevant conditions 

of pressure and temperature [39]. In this phd chapter, we present an operando stXM 

study of a co/tio2 fts catalyst under relevant fts conditions (1 bar, 493 K and 1:1 

h2/co ratio) over extended periods of time (i.e., several days). It was possible to map 

a single catalyst particle at a spatial resolution of ~ 50 nm, by acquiring c K-edge 

and co l2,3-edges spectra. this approach is highly suitable for an in-depth operando 

nanospectroscopy study. MeMs nanoreactors were used during the execution of 

the stXM experiments, because of the strong absorption of the relatively low energy 

needed for the measurements of the c K-edge, which limits the thickness of the sample 

under study [2,10]. the experimental approach is summarized in figure 2.1.

Figure 2.1. overview of the in situ or operando microelectromechanical system (MeMs) nanoreactor 
and the related data acquisition method by scanning transmission X-ray Microscopy (stXM). 

2.2. eXPerImeNTAL SeCTIoN
2.2.1. Catalyst Synthesis
the co/tio2 fts catalyst under study was prepared by incipient wetness impregnation 

(IwI) using tio2 p90 as support (evonik, 90% Anatase/10% rutile, vp = 0.6 cm3/g, 
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sbet = 92 m2/g by N2-physisorption) and an aqueous solution of co(No3)2x6h2o 

(99.99%, sigma Aldrich) as precursor. More specifically, tio2 support was dried under 

vacuum for 1 h at 353-373 K, followed by the impregnation with a saturated co 

solution (ph = 4). the impregnated catalyst was dried at 333 K for 12-15 h in a static 

air atmosphere, and calcined in a N2 atmosphere (100 ml/min, linde, ≥ 99.999%) for 

4 h at 673 K. the process was repeated until a cobalt metal loading of ~15 wt.% was 

reached. the cobalt loading was determined by Inductively coupled plasma-Atomic 

emission spectrometry (Icp-Aes) by use of spectro Acros equipment and a value of 

14.1 wt.% was obtained [40].

2.2.2. X-ray Diffraction 
X-ray diffraction (Xrd) patterns of the calcined co/tio2 fts catalyst were acquired by 

using a bruker-AXs d2 X-ray diffractometer with cu-Kα radiation (λ = 1.5406 Å) and 

the result is shown in figure 2.2. from the Xrd analysis it was concluded that cobalt 

was present as co3o4 in the calcined catalyst and by using the scherrer equation 

the average crystallite size was determined to be ~ 14 nm.

2.2.3. Transmission electron microscopy
scanning transmission electron Microscopy-energy dispersive X-ray spectroscopy 

(steM-edX) was used to confirm the co3o4 crystallite average size of the co/tio2 

fts catalyst, as determined by Xrd. these measurements were performed on a feI 

talos f200X instrument and the results are shown in figure 2.3. from the analysis of 

the steM-edX data was confirmed that the average size of the co3o4 crystallites was 

~ 14 nm. 

Figure 2.2. X-ray diffractogram 
(Xrd) of the  calcined ~ 14.1 
wt.% co/tio2 fts catalyst. 
diffraction peaks of anatase 
and rutile are marked with 
‘*’ and ‘o’, co3o4 diffraction 
peaks are marked with ‘+’.
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2.2.4. Temperature Programmed reduction
the reducibility of the co/tio2 fts catalyst in hydrogen was studied with temperature 

programmed reduction (tpr) using a MicroMeritics Autochem II AsAp 2920 instrument. 

About 80 mg of the catalyst material was first dried by heating up to 393 K with a ramp 

rate of 10 K/min under an Ar flow and kept there for 1 h. After cooling down to 313 K, 

the sample was heated to 900 K with a heating ramp of 5 K/min under a mixture of 

h2 and Ar (linde, 95% Ar, 5% h2). the h2 consumption was measured with a thermal 

conductivity detector (tcd). the formed water was trapped with an i-propanol/dry 

ice trap. the result is shown in figure 2.4. It can be noted that the reduction process 

followed two steps, namely the reduction of co3o4 to coo occurred at 623 K, and 

the reduction of coo to co metallic at 754 K.

Figure 2.3. scanning transmission electron Microscopy-energy dispersive X-ray spectroscopy 
(steM-edX) chemical mapping of the calcined co/tio2 fts catalyst under study. cobalt is shown 
in red, while titanium is shown in green.

Figure 2.4. temperature programmed 
reduction (tpr) profile of the co/
tio2 fts catalyst with two reduction 
peaks, indicating the  reduction 
from co3o4 to coo at 623 K and 
the subsequent reduction from coo 
to metallic co at 754 K.
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2.2.5. Catalytic Testing
the co/tio2 fts catalyst under study was tested to determine its catalytic activity by 

using a fixed-bed reactor. Around 20 mg of the catalyst was diluted in 200 mg of sic 

and later loaded in a quartz reactor. the catalyst was reduced for 2 h at 673 K and 1 bar 

on a mixture of Ar/h2 with a ratio of 2:1 (40 ml/min of Ar and 20 ml/min of h2; linde Ar 

and h2 > 99.999%), followed by fts reaction at 493 K and 1 bar for 90 h, with a h2/co 

ratio of 1 (5 ml/min of h2 and co, linde co > 99.5%). the fts products were analyzed 

every hour by an on-line gas chromatograph (gc, varian 430). After the reaction was 

finished, the reactor was cooled down in an Ar/h2 atmosphere (20 ml/min of Ar and 

10 ml/min of h2) and exposed to air. figure 2.5 summarizes the selectivity, cobalt 

time-yield (cty, 10-5mol co/(g co x s)), turnover frequency (10-5/s) and the catalytic 

Figure 2.5. selectivity, cobalt 
time-yield (cty), turnover 
frequency (tof) and activity 
for the ~ 15 wt% co/tio2 fts 
catalyst tested in a plug-flow 
reactor setup for 90 h of fts 
using a 1:1 ratio of the h2/co 
gas stream.
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activity obtained. the α value obtained was 0.8, while the selectivity to c1, c2-c4 and 

c5+ products stabilized at 10%, 15% and 75%, respectively [41]. the low h2/co ratio 

used accelerated the deactivation of the catalyst over time, because of the carbon 

formation that can be observed in the evolution of the cty value over time [11].

2.2.6. X-ray Nano-Spectroscopy
the MeMs nanoreactors used for the experiments were loaded by using small catalyst 

particles (1-3 µm). the catalyst powder was sieved (< 25 µm particle size) and dispersed 

in ethanol. the solution was vortexed and after an hour of waiting time, the MeMs 

nanoreactors were filled by dropping ~ 1.5 µl of solution on the inlet of the reactor 

(making use of capillary forces). subsequently, the reactor was dried for 20 min on 

a hotplate at 313-318 K. this procedure was repeated until particles were positioned 

in the siNx windows of the nanoreactor. the result is shown in figure 2.6. finally, 

the MeMs reactor was dried overnight at 353 K to remove any remaining ethanol.

to perform the experiment, the nanoreactor was placed within a special designed 

holder. some pictures of this holder are shown in figure 2.7, which allows to have 

an optimal focal distance for the c K-edge measurements of 500-600 µm (distance from 

the top of the holder to the catalyst particles in the MeMs nanoreactor). figure 2.8 

presents the MeMs nanoreactor set-up placed within the stXM vacuum chamber. 

during the stXM experiments, different energy ranges and steps have been used 

for the co l2,3-edges and c K-edge, as summarized in table 2.1.

the different stXM experiments were performed at the Advanced light source 

(Als), more specifically at beamline 11.0.2 of the lawrence berkeley National 

Figure 2.6. Magnified 
picture of the heating 
spiral and siNx window of 
the MeMs nanoreactors, 
circles in red mark 
the windows with catalyst 
particles under study.
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Figure 2.7. photographs of the MeMs nanoreactor holder designed for performing the operando 
stXM experiments of the co/tio2 fts catalyst.

Figure 2.8. photograph of the inside of the stXM vacuum chamber, with adapted MeMs reactor 
holder system in-use.

Table 2.1. energy range and steps used for the co l2,3-edges and c K-edge.

Co L2,3-edges C K-edge

range (eV) Step (eV) range (eV) Step (eV)

770.0-776.0 1.0 270.0-282.0 0.5

776.2-786.015 0.151 283.1-293.019 0.091

786.2-791.0 0.96 293.25-300.0 0.25

791.2-799.0 0.3 301.0-350.0 1.0

799.2-805.0 1.45

807.5-810.0 2.5
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laboratory (lbNl, berkeley, cA, UsA). the zone plate used during the experiments 

was a 45 nm/120 micron with a 90 micron order sorting Aperture (osA). the MeMs 

nanoreactor used was designed to reach 14 bar and 933 K [10]. the reactor is 

polymer-free and consists of a channel (4.6 mm long, 0.3 mm wide and 0.5 mm high) 

where the sample can be exposed to gas or liquid, while the transparent lpcvd siNx 

windows (which are 15 nm thick) allow the transmission of soft X-rays. the heating 

system consists of a pt heater spiral wherein the temperature is controlled by a four-

point measurement of the resistance.

during the fts reaction, the catalyst material was first reduced at 723 K in a pure 

hydrogen atmosphere, after the activation process the fts reaction was performed 

at 493 K and 1 bar for 69 h. the reduction was performed overnight (~ 16 h) with 

a continuous flow of h2 (1 ml/min, praxair, 99.998%). After the reduction step was 

completed, spectra at the co l2,3-edges and c K-edge were acquired (background 

measurements). the system was cooled down to 493 K, and the gases used were 

in a  h2/co ratio of 1 (co, praxair, 99.999%) while the total flow was 1 ml/min at 

atmospheric pressure. the co l2,3-edges, and c K-edge stacks were acquired 

continuously during the fts reaction. After 69 h of fts reaction, the system was 

cooled down and the catalyst was exposed to air. finally, co l2,3-edges and c K-edge 

measurements were performed on the oxidized sample. for the analysis of the data, 

aXis2000 and the tXM-XANes-wizard software were used [42,43].

2.3. reSuLTS AND DISCuSSIoN 
before the execution of the fts experiments, the oxidation state of the cobalt 

nanoparticles of the catalyst was confirmed by performing measurements at room 

temperature and under a he atmosphere. the catalyst was first reduced at 723 K for 

16 h under a pure h2 flow and 1 bar. the conditions of temperature and pressure were 

chosen to emulate the reaction conditions present in a classical fixed-bed reactor 

study, although it must be noted that the space velocities will inherently be different 

because of the small volume of the used MeMs. After the activation step, the cobalt 

was reduced with respect to its initial state (co3o4). however, a not complete reduction 

to pure co metallic was also observed, which is not unusual based on previous work 

on the co/tio2 fts catalyst system [36,38,44-46]. we believe that the uncertainties in 

the normalization process of the soft-XAs are willing to misinterpretation of the data, 

which makes a true quantitative analysis about the oxidation state of the different co 

species present in the sample controversial if not simply impossible. Nevertheless, 

the qualitative analysis of the l3-edge that present a tripeak edge feature, describes 

the presence of a high degree of co metallic and some amount of coII species. It 

is known that the reduction process of the co/tio2 fts catalyst follows a two-step 

process, as shown in the tpr profile of figure 2.4. More specifically, the reduction 
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from co3o4 into coo is followed by the reduction of coo into metallic co, wherein 

the second reduction step only starts after the complete reduction of co3o4 into coo. 

the co l2,3-edges and c K-edge measurements acquired at different reaction times 

are presented in figure 2.9. these spectra were averaged over the complete catalyst 

particle and they do not provide spatial information. from the analysis of the data, it 

is observed that the overall amount of carbon species (edge-jump) increased during 

the fts reaction, which provides evidence of the progressive saturation process of 

the catalyst particle by hydrocarbon film formation [24,25]. for example, unsaturated 

and conjugated carbonaceous species (absorption peak at ~ 285 ev) evolved during 

the fts experiment. the build-up of the hydrocarbon species on the catalyst material 

is correlated to the period that can be defined as the activation or “breaking-in” 

period, where the progressive saturation of the different catalyst particles with 

hydrocarbon deposit occurs [24]. Moreover, an increase of the amount of hydrocarbon 

species with c-c bonds (absorption peak at 291-293.5 ev) was observed. the ratio 

between the c=c π*, peak at ~ 285 ev, and the c-h σ*(~ 288 ev), indicates that with 

increasing time-on stream these hydrocarbons change in their degree of saturation.

Figure 2.9. a) co l2,3-edges spectra for different cobalt references, b) in situ c K-edge spectra of 
co/tio2 fts catalyst as a function of increasing time-on-stream. shown in blue is the method used 
to determine the relative carbon content in non-normalized spectra (shown here are normalized 
spectra), c) in situ co l2,3-edge spectra of catalyst particle as a function of increasing time-on-stream. 
the colored bars indicate the different characteristic regions, A: olefinic carbon or π-transitions, 
b: aliphatic carbon or σ*-transitions, c: o π* of oxygenated carbon, and d: general hydrocarbon 
for the carbon K-edge. e: pre-edge region, f: tri-peak l3-edge, and g: l2-edge for the co l-edges.
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to obtain information about the heterogeneities of the co/tio2 fts catalyst, 

a principal component Analysis (pcA) and subsequent clustering Analysis (cA) were 

performed. by this procedure, it was possible to acquire spatial information about 

the  catalyst particles and the results are summarized in figure 2.10. After 0.5 h of 

reaction, the first distinct carbonaceous species were detected, which are oxygen-

containing species because of its characteristic feature at ~ 290 ev. the precursor-to-

olefinic species seem to populate more the shell of the catalyst particle after 17 h of 

reaction. particles of this size are not expected to be limited by reactant diffusion [47,48], 

but the heterogeneity on the distribution of the cobalt nanoparticles on the support 

produces localized long-chain hydrocarbon build-up. the low pressure used for 

the experiment agrees with the explanation, and at higher reaction pressure, those 

long-chain hydrocarbons would be solubilized in the film. Additionally, the  XANes 

peaks at ~ 288 and ~ 290 ev become more pronounced, which is an  indication of 

the existence of aliphatic chx species. 

It can be noted in figure 2.10 that after 26 h of reaction the peak at ~ 286.5 ev 

evolved into a more pronounce one, which implies the building-up of polynuclear 

aromatic or highly unsaturated hydrocarbon species. the shell-like structure of 

hydrocarbons became more visible, which is supported by previous studies [44]. 

furthermore, an increase in the carbon-containing species in the inner core of 

the catalyst particles can be deduced by the large edge-jump observed. After 45 h 

reaction it was observed that all aliphatic species (c-h) were converted into unsaturated 

and saturated carbonaceous species (c-c). this transition phase was preliminary 

located in the inner core of the catalyst particle, and it can be correlated to the change 

in the oxidation state of the co nanoparticles (i.e., more reduced co) between 40 to 

50 h of reaction. Additionally, the increment of the oxidation state of the cobalt and 

subsequent saturation of hydrocarbon species can be correlated with previous studies 

that suggest suboxide species are promotors for olefinic hydrocarbon synthesis in 

the fts reaction [44]. Nevertheless, it is also possible that the progressive saturation 

of the hydrocarbon film arises from the inside towards outwards of the catalyst particle 

leaves more time for the reinsertion and hydrogenation of unsaturated hydrocarbons 

on the outside of the catalyst particle [24,25]. After 45 h of reaction, the relative 

amount of h2 in the hydrocarbon species is low, which corresponds to the absence of 

the aliphatic and cooh features between 287-289 ev. furthermore, the unsaturated 

hydrocarbon species occur more towards the outside of the catalyst particle, while 

the  core of the catalyst particle contains more unsaturated and single c-c bonds. 

finally, after 45 h and further, aromatic species, of the type of benzoquinone-type 

species, are presented in the shell of the catalyst particle (~ 284.2 ev) [49-52], even 

though the true origin of this hydrocarbon species cannot yet be provided. 

the presence of two core-shell-like features that are clustered at the same or similar 

location on the catalyst particle (darker circular areas in the clustered chemical map) 
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Figure 2.10. sequence of chemical maps, based on the c K-edge spectra obtained via principal 
component Analysis (pcA) and cluster Analysis (cA), and corresponding c intensity maps (based 
on the intensity of the edge-jump in each pixel of the map), of a single co/tio2 fts particle 
evolving over 3 days as imaged by in situ stXM at a reaction temperature of 493 K, atmospheric 
pressure and a h2/co ratio of 1:1. A: olefinic carbon or π-transitions, b: aliphatic carbon or σ*-
transitions, c: o π* of oxygenated carbon, and d: general hydrocarbon.
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relates not only to chemical differences, but also indicates that there are also more 

carbon species presented in these areas. these spots can be noted in figure 2.11, 

which shows the co chemical images and are related to areas with more cobalt. 

the fact that these areas became more intense after 51.5 h of fts reaction can be 

interpreted as a possible redistribution process of cobalt, which seems to be related 

to the formation of specific carbon species [36]. 

Figure 2.11. time-resolved chemical maps based on co l2,3-edge XANes spectra of the co/tio2 
fts catalyst particle evolving over three days as imaged by in situ stXM.
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2.4. CoNCLuSIoNS
we have performed a detailed spatiotemporal operando stXM study of a co/tio2 fts 

catalyst. the different hydrocarbon deposited on the catalyst surface of a single co/tio2 

fts catalyst particle form a film, with both inter- and intraparticle heterogeneities. these 

heterogeneities can be correlated with changes in the local oxidation/valence states 

of cobalt. Moreover, a progressive build-up and shift from short-chain hydrocarbons 

towards long-chain hydrocarbons was detected. the presence of a higher co valence 

state can be correlated to the degree of saturation in the observed carbon species. 

the stXM data obtained suggest that the ongoing debate with respect to the location 

and type of carbon species can be related (in part) to slight changes in the local 

oxidation state of the supported cobalt nanoparticles, even within one catalyst particle 

and sample batch, and induced by small changes in the local reaction conditions (i.e., 

local co/h2 ratio and temperature).
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ABSTrACT
An in situ laboratory-based X-ray Absorption Near edge structure spectroscopy 

(XANes) set-up is presented that allows performing long-term experiments on a solid 

catalyst at relevant reaction conditions of temperature and pressure. complementary 

to research performed at synchrotron radiation facilities the approach is showcased 

for a co/tio2 fischer-tropsch synthesis (fts) catalyst. supported cobalt metal 

nanoparticles next to a (very small) fraction of cobalt (II) titanate (cotio3), which 

is an  inactive phase for fts, were detected, with no signs of re-oxidation of 

the  supported cobalt metal nanoparticles during fts at 523 K, 5 bar and 200 h, 

indicating that cobalt metal is maintained as the main active phase during fts.

In sItu X‐ray abSorptIon near 
edge Structure SpectroScopy  

of a SolId catalySt uSIng  
a laboratory‐baSed Set‐up 3
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3.1. INTroDuCTIoN
the developments in synchrotron radiation-based X-ray absorption (XAs) and 

X-ray emission (Xes) accomplished during the last decades, have positioned them 

as prominent approaches for in-depth characterization of functional materials [1]. 

specifically, for the characterization of solid catalysts the development of in situ and 

operando spectroscopy as well as methods offering high spatial and temporal resolution 

has established X-rays techniques as crucial for studying the functionality of these 

materials [2,3]. Among those techniques, X-ray Absorption Near edge structure (XANes) 

spectroscopy has become a powerful, highly versatile and useful characterization 

technique for the study of different catalytic systems of practical relevance [4-14]. 

however, one of the disadvantages of synchrotron-based techniques is their limited 

availability and accessibility, i.e. the number of hours of beamtime access granted, 

which exclude certain characterization studies and developments. for instance, 

the  restricted beamtime access typically confines in situ studies of the deactivation 

of catalysts to a few days, which is often insufficient to conduct a conclusive study 

about long-term deactivation processes that can take place over much longer 

time frames, e.g. the long-term deactivation process of fischer-tropsch synthesis 

(fts) catalyst, which happens over days/weeks, and is a major challenge for fts 

technology [15,16]. Additional difficulties include the transport of the in situ set-up 

and samples (e.g. air sensitive samples) to the synchrotron radiation facilities [17]. to 

overcome this availability gap, during the last years research on the development of 

laboratory-based X-rays facilities has been intensified [17-26]. by using laboratory-

based set-ups, different successful ex situ XANes studies have been performed 

on diverse systems [27-32]. Interestingly, one can consider these developments as 

a revival of a somewhat older idea. for example, during the 1980s, Koningsberger et 

al. developed a  laboratory-based eXAfs set-up, and successfully performed ex situ 

experiments [33]. however, limitations in the energy resolution of the monochromator 

crystal (~ 14 ev) limited the applicability of the setup. we refer the reader for this older 

work to a book chapter by Koningsberger [34].  

In this phd chapter, we present the first in situ XANes laboratory-based experiments 

of a solid catalyst, measured in transmission mode, under relevant conditions of 

temperature and pressure. we have performed such experiments for an industrial 

relevant co/tio2 fts catalyst. the experiments were compared and complemented 

by synchrotron-based measurements carried out on the same catalyst material. by 

using both set-ups, namely a laboratory-based and synchrotron-based system, it was 

possible to obtain fundamental physicochemical insights about the activation and 

deactivation process of co/tio2 fts catalyst and compare the capabilities of both 

measurement approaches for collecting in situ XANes data for this solid catalyst as 

well as relevant reference compounds, i.e. co3o4, coo, co, and cotio3.
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3.2. eXPerImeNTAL SeCTIoN
the co/tio2 fts catalyst was synthesized by incipient wetness impregnation using 

tio2 p90 as support (evonik, 90% anatase and 10% rutile) and co(No3)2x6h2o (Acros 

organics, 99+%) as precursor. the catalyst was characterized by X-ray diffraction 

(Xrd), Inductively coupled plasma-Atomic emission spectrometry (Icp-Aes), scanning 

transmission electron Microscopy-energy dispersion X-ray spectroscopy (steM-edX) 

and tested for catalytic activity. the related characterization and catalytic data can 

be found in phd chapter 2 as it represents the same catalyst material made. hence, 

the cobalt loading obtained was 14.1 wt.% and the calcined catalyst consists of co3o4 

nanocrystallites of ~ 14 nm in diameter.

the in situ XANes laboratory-based set-up used in the experiments is illustrated in 

figure 3.1 and composed of an Ag-tube as X-ray source, 40 mA and 20 kv, a spherically 

bent crystal monochromator utilizing the Johann geometry employing a si (533) crystal 

with a bending radius r=0.5 m that was used for co K-edge (7709 ev) measurements, 

and a NaI scintillator detector. the spectrometer uses the bremstrahlung spectrum 

and was designed to work in the 4-20 kev photon energy range. the detector, 

monochromator and X-ray source were placed at a rowland circle. the X-ray source 

is kept fixed and the monochromator and detector are moved during scanning across 

the co K-edge [30].

the in situ reactor set-up used in the different experiments is made of 
a quartz capillary plug-flow reactor with an inner diameter of 0.98 mm and 
outer diameter of 1 mm [35,36]. As illustrated in figure 3.2, the catalyst was 

Figure 3.1. schematic of the in situ XANes set-up, principles and configuration.
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placed and fixed in the isothermal zone of the capillary by quartz wool and 
the plug-flow reactor was heated by two infrared heaters. the temperature 
was controlled by a thermocouple positioned in the bed of the capillary.

during the different experiments, two different measurements were performed: 

a) ex situ measurements of cobalt references; co3o4 (sigma-Aldrich, 99.5%), coo (Acros 

organics, 99+%), cotio3 (Alfa Aesar, 99.8%) and co (co foil, 99.9%); the powders 

were diluted with potato starch to increase the transmittance of the  sample, and 

b) in situ measurements by using the fts reaction on co/tio2 (14.1 wt.%) catalyst at 

523 K, 1 and 5 bar. figure 3.3 shows a picture of the XANes laboratory-based set-up, 

and illustrates the configuration used in the different experiments. 

Figure 3.2. temperature profile of the reactor set-up at different temperature: I) 493 K, and 
II) 773 K.

Figure 3.3. photograph of the in situ XANes set-up, and configuration.
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the fts reaction studied was divided into two different stages: i) activation 

(reduction of the co3o4 nanocrystallites into co0) at 673 K and 1 bar, in a h2 flow 

of 1 ml/min (AgA, h2 > 99.999%) and ii) the fts reaction, feeding a mixture of 

h2/co (AgA, co > 99.97%) of 0.5 (0.3 ml/min of h2 and 0.6 ml/min of co) and 

2 (0.6 ml/min of h2 and 0.3 ml/min of co). before starting the activation step, 

a co K-edge spectrum was collected to identify the oxidation state of the cobalt in 

the sample. the different spectra obtained during the execution of the experiments 

were collected continuously. the spectra were collected every ~ 38 min and were 

summed up every 8.75 h (~ 14 scans per spectrum) for the experiment performed 

at 1 bar, and every 20 h (~ 32 scans per spectrum) for the experiments at 5 bar, 

which thereby determined the effective time resolution. during the activation stage, 

the  temperature was raised from room temperature (rt) to 673 K with a heating 

rate of 5 K/min and kept at 673 K for 2 h. once the activation stage was concluded, 

the temperature was decreased to 523 K with a rate of 5 K/min and the gases were 

switched to a mixture to h2/co (0.5) in the case of the experiment at 1 bar. the fts 

reaction was performed for 35  h. for the  experiments performed at 5 bar, after 

the activation step was finished the temperature was reduced to rt, the system was 

pressurized in a mixture of h2/co (0.5 and 2 in each case), and the temperature was 

raised to 523 K with a heating rate of 5 K/min. the fts reactions were performed 

for 200 h. A new set of experiments was performed at the dutch-belgian beamline 

bM26 (dUbble) at the esrf following an equivalent experimental procedure. these 

experiments were planned to complement and compare with the data obtained from 

the laboratory-based set-up. In this second set of experiments the different cobalt 

references (co3o4, coo, cotio3 and co) were measured and the fts reaction was 

performed at 1 bar and for 15 h. the Athena XAs data processing software was used 

for the analysis of all sets of data. 

3.3. reSuLTS AND DISCuSSIoN 
3.3.1. Validation of the Laboratory-based Set-up
the first experiments performed with the in situ XANes laboratory-scale set-up were 

measurements of the different cobalt reference materials. these data were then used 

to identify the different cobalt species present during the different stages of reaction. 

the second stage in our research was to assess the co/tio2 fts catalyst performance 

under reaction conditions for 35 h at 523 K, 1 bar, and a h2/co ratio of 0.5. to validate 

the results achieved by the in situ XANes laboratory-based set-up, similar experiments 

were carried out at the bM26 beamline at the european synchrotron radiation facility 

(esrf), wherein the different cobalt references were measured, and the co/tio2 fts 

catalyst was tested under reaction conditions for 15 h at 523 K, 1 bar and a h2/co ratio 
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of 0.5. figure 3.4 presents the cobalt references measured using the laboratory-based 

set-up and at bM26 beamline of esrf. Additionally, figure 3.5 presents a comparison 

of the derivatives of the co foil reference sample measured by the laboratory-based 

technique and at bM26 beamline.

from the analysis of the ex situ data is confirmed that the laboratory-based 

set-up produces high quality data that is comparable to the data obtained from 

synchrotron measurements, even though the time resolution of the laboratory-based 

measurements is reduced compared to the synchrotron data (~ 0.5 h for synchrotron-

based measurement and ~ 3 h for laboratory-based measurements). however, there 

are some additional differences to be noted between the two types of measurements. 

first of all, there is the offset to plot figures 3.4 and 3.5, which is different. secondly, 

the samples were diluted with potato starch in the case of the lab-based experiments, 

Figure 3.4. XANes of the cobalt reference materials measured: I) using the laboratory-based 
set-up; a) co, b) cotio3, c) co3o4 and d) coo, and II) at the bM26 beamline; a) co, b) cotio3, 
c) co3o4 and d) coo. 

Figure 3.5. comparison of the derivative of 
XANes data of the co reference sample; 
the  data from the laboratory-based 
measurement is plotted in blue, the data 
recorded at the synchrotron is displayed in red.
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while sic was used in the case of the synchrotron-based measurements, thus there are 

intrinsic inhomogeneities for the two set of samples. the spectra acquired during fts 

at different times of reaction using the laboratory-based set-up, which presents a lower 

signal-to-noise ratio because of the relative small amount of cobalt in the  sample 

(14.1  wt.%) and the high absorbance rate of the support (tio2), and at the bM26 

beamline are presented in figure 3.6.

from the analysis of the laboratory-based XANes data, it was established that 

the  catalyst consisted of a combination of metallic cobalt (active phase for fts 

reaction), and cotio3 (inactive phase for fts reaction), formed during the reduction 

step of the fts catalyst at 673 K and 1 bar, in a pure h2 atmosphere, this inactive 

phase was formed because of the presence of hot-spot in the bed of the capillary 

reactor. by least squares linear combination fitting of the cobalt reference spectra to 

the unknown spectra collected during fts reaction (see figure 3.7.I), it was determined 

that ~ 33% of the cobalt was converted into cotio3. After 35 h of fts reaction, 

a small fraction of coo was identified by the fit; nevertheless, this fraction was found 

within measurement uncertainty, i.e. at/below the detection limit and therefore does 

not provide conclusive evidence of a re-oxidation process during fts reaction. for 

the  synchrotron-base measurements, an analogous procedure was applied (see 

figure 3.7.II) and no substantial amount of cotio3 was detected during the activation 

stage of the catalyst. In addition, no statistically relevant re-oxidation of the cobalt 

could be observed after 15 h of fts reaction.

Figure 3.6. In situ XANes spectra of the fts reaction over a co/tio2 catalyst at a reaction 
temperature of 523 K, a reaction pressure of 1 bar and a h2/co ratio of 0.5 at different reaction 
times: I) measured with a laboratory-based set-up at a) 8.75 h, b) 17.5 h, c) 26.25 h and d) 35 h, 
and II) measured at the bM26 beamline of esrf at a) 6 h, b) 10 h, c) 12 h and d) 15 h. A glitch 
due to the monochromator is visible at 7764 ev in some of the spectra.
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Figure 3.7. least squares linear combination fitting of the data recorded during the experiments 
perform: I) using the in situ XANes laboratory-scale set-up at different reaction times; a) 8.75 h, 
b) 17.5 h, c) 26.25 h and d) 35 h, and II) at the bM26 beamline of the esrf after a) 6 h, b) 10 h, 
c) 12 h and d) 15 h of fts. experimental data is plotted in grey, fits are plotted in red.

I

II

a b

c d

a b

c d
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3.3.2. Long-term Fischer-Tropsch Synthesis experiments
two long-term fts experiments were completed with the XANes laboratory-based 

set-up at 523 K and 5 bar, using a h2/co ratio of 0.5 and 2. these experiments were 

performed for 200 h each. the spectra acquired at different reaction time for both 

long-term reactions are presented in figure 3.8. by least squares linear combination 

analysis of the long-term XANes data using the same procedure presented in the 

previous section, it was determined that a small fraction of cotio3 was identified by 

the fit in the different steps of both reactions, as illustrated in figure 3.9.

In all the spectra measured the combination of the reference spectra of co and cotio3 

gave the best fitting, except for one case illustrated in figure 3.10, which corresponds 

to the spectrum after 40 h of fts reaction using a h2/co ratio of 2. Nevertheless, as in 

the case of the data from the bM26 beamline, cotio3 and coo fractions were found 

within measurement uncertainty and does not provide conclusive evidence about their 

formation during the activation step and the fts. figure 3.11 present, as an example, 

the fits obtained after 20 h and 200 h of fts for both long-term reactions. 

furthermore, no re-oxidation of the cobalt metal nanoparticles was observed in 

any of the fts experiments performed at different pressures (1 and 5 bar), and h2/co 

ratios (0.5 and 2), which agrees with previous studies from our research group that 

indicate that re-oxidation is not observed during the activation or deactivation stages 

of a co/tio2 fts catalyst [37-39]. 

to determine the stability of the XANes instrument during the execution of 

the  long-term experiments, two distinct test measurements were performed: 

a) the intensity (I) along the energy range of the XANes measured at the beginning 

of the fts experiments and after 200 h of reaction and b) the intensity (I0) along 

Figure 3.8. In situ XANes spectra of the fts reaction over a co/tio2 catalyst at a reaction 
temperature of 523 K, and a reaction pressure of 5 bar: I) using a h2/co ratio of 0.5 at different 
reaction times; a) 20 h, b) 40 h, c) 60 h, d) 80 h, e) 100 h, f) 120 h, g) 140 h, h) 160 h, i) 180 h and 
j) 200 h; and II ) using a h2/co ratio of 2 at different reaction times; a) 20 h, b) 40 h, c) 60 h, d) 80 
h, e) 100 h, f) 120 h, g) 140 h, h) 160 h, i) 180 h and j) 200 h.
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Figure 3.9. composition of the different cobalt species obtained from least squares linear 
combination fitting of the data recorded during the experiments perform: I) using a h2/co ratio 
of 0.5 at different reaction times, and II) using a h2/co ratio of 2 at different reaction time, fitting 
values for co in black and for cotio3 in red.

Figure 3.10. linear combination fitting for the experiments performed by the in situ XANes 
laboratory set-up, after 40 h of fts reaction using a h2/co ratio of 2. the best fits are in 
consecutive order from a) to d).

a b

c d
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the energy range of the XANes measured without the sample at time 0 h, and after 

75 h. the two measurements are independent between each other, see figure 3.12. 

thanks to the stability of the set-up, this technical development shows large potential 

for long-term experiments, e.g. when activation and/or deactivation studies must be 

conducted over time frames of days or weeks.

3.4. CoNCLuSIoNS
A laboratory-scale set-up is presented that allows in situ XANes measurements 

of a  solid catalyst. this instrument provides the opportunity to carry out unique 

experiments, which are complimentary to the research performed at synchrotron 

radiation facilities. thanks to the stability of the set-up this technical development 

shows large potential for long-term experiments, e.g. when activation and/or 

deactivation studies of complex reaction systems have to be conducted over time 

frames of days or weeks. such experiments are difficult to perform at synchrotrons due 

to the limited time available during granted beamtimes. 

by using this in situ laboratory-scale XANes set-up it was not only possible to 

establish co K-edge XANes of different co reference compounds, namely co3o4, 

coo, co and cotio3, but also to follow the activation and expected long-term 

deactivation of a co/tio2 catalyst during realistic fischer-tropsch synthesis (fts) 

conditions; i.e., at elevated pressure and temperature and while flowing hydrogen and 

carbon monoxide. from the performed laboratory-scale in situ fts experiments, it is 

observed that at a temperature higher than 573 K, a small fraction of the cobalt can be 

converted into cotio3 during the reduction process, which agrees with the concept of 

strong metal-support interaction [16]. furthermore, during fts at different conditions 

Figure 3.12. I) Intensity (I) measured at the beginning of the fts experiment, in black, and after 
200 h of reaction, in red. II) Intensity (I0) measured at the beginning of the test, in black, and after 
75 h, in red.



60

3

In sItu Laboratory-based XaNes

(pressure and h2/co ratio) no cobalt re-oxidation was observed, which is in line with 

earlier reports [37-39] from our research group, confirming that oxidation of the cobalt 

is not a main deactivation route for fts, leaving sintering and coke formation as main 

reasons for the detrimental activity over time for co-based fts catalyst.
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ABSTrACT
the cobalt K-edge X-ray absorption near-edge structure of a cobalt carbide 

compound, synthetized under in situ conditions, has been determined by using 

laboratory-based and synchrotron-based X-ray absorption spectroscopy. we have 

carburized pure cobalt metal in situ, avoiding all adverse effects of metal-support 

interactions as well as any degradation of the cobalt carbide formed. A non-negative 

matrix factorization was applied to determine the features of the spectrum of cobalt 

carbide, highly needed to identify this phase in an unambiguous manner in cobalt-

based fischer-tropsch catalysts.

elucIdatIng the K-edge X-ray 
abSorptIon near-edge Structure 

of cobalt carbIde 4
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4.1.INTroDuCTIoN
fischer-tropsch synthesis (fts) is a hydrogenation reaction wherein a mixture of hydrogen 

and carbon monoxide, often named syngas, is converted into different hydrocarbon 

chains by a catalytic surface polymerization reaction [1]. the fts reaction has become 

one of the most attractive technologies to produce ultra-clean synthetic fuels, most often 

being driven by cobalt-based catalysts because of the superior products characteristics 

as well as the high overall stability and low water-gas shift (wgs) property [2-6]. 

despite more than 80 years of fts research, one of the main remaining limitations 

in this catalytic technology is the gradual deactivation of the catalyst material over 

time, which is very costly given that the catalyst has to be regenerated or replaced. 

preventing catalyst deactivation has proven to be difficult given the fact that the precise 

mechanisms for catalyst deactivation are still under debate. different deactivation 

routes have been proposed, including the formation and deposition of coke on 

the active sites of the catalyst [5,7], re-oxidation of the cobalt nanoparticles [1,7], as 

well as the formation of inactive cobalt species, related to the existence of a strong 

Metal-support Interaction (sMsI) effect [1,7,8]. especially the role of the formation 

of cobalt carbide during the fts reaction remains highly controversial. some studies 

relate its formation to the deactivation of the catalyst [5,9,10], while others link co 

carbide formation to a high selectivity to lower olefins at mild reaction conditions 

[11,13], and to being an intermediate of the fts reaction [12]. definitive proofs 

for the role of cobalt carbides in fts has yet not been provided, partly because of 

the difficulty to perform in situ experiments that can correlate the formation of cobalt 

carbide with the performance of the reaction [10-15]. standard experiments fail in 

unambiguously identifying the carbide species; X-ray diffraction (Xrd) for example is 

not very sensitive to the (possibly amorphous) cobalt carbide phases, while all ex situ 

experiments may be unreliable because of the chemical instability of cobalt carbide in 

the absence of reaction conditions.

X-ray absorption spectroscopy techniques, on the other hand, are element-

specific and able to probe the local structure around and the valence state of co in 

the catalyst. they have been extensively used in the study of different catalytic systems 

using synchrotron radiation [16-23]. In the case of the identification of cobalt carbide 

formation, some ex situ research has been reported [15,24]. particularly interesting is 

the study performed by singh et al. [25], where a co2c spectrum acquired at in situ 

conditions was reported. Among the different X-ray spectroscopies, X-ray Absorption 

Near-edge structure (XANes) is particularly attractive because allows to perform studies 

under in situ [6] and ex situ [26]conditions in a laboratory- and synchrotron-based facility. 

In this phd chapter, we present a study focused on obtaining the co K-edge 

spectrum of the elusive pure cobalt carbide, by performing the in situ carburization 

reaction of pure metallic cobalt. our purpose is to provide the reference spectrum 
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of the cobalt carbide phase formed under in situ fts conditions of temperature 

and pressure, and simultaneously determine its spectroscopic fingerprint, that is, 

the X-ray absorption fine structure of the pure co carbide phase. by performing 

this study, we unambiguously establish the pure cobalt carbide spectrum, which 

can be used to unravel the real role of cobalt carbide phase during fts reaction. by 

using the spectrum obtained, will be possible to unequivocally detect and quantify 

the  formation of co2c during fts reaction at operando conditions, and relate its 

formation with the deactivation of the catalyst material or either the olefin selectivity. 

figure 4.1 shows a schematic of the methodology utilized in this research.

4.2. eXPerImeNTAL SeCTIoN
for the in situ synthesis of cobalt carbide we have used the approach, as proposed 

by claeys et al. and cats et al. [10,27], which requires a complete reduction of co3o4 

to co metallic (co3o4 → coo → co0) followed by the carburization of the sample in 

a pure flow of co. the in situ reactor and XANes laboratory-based set-up used for 

the different carburization reactions performed had been introduced in phd chapter 

3 and some pictures of the set-up are shown in figure 4.2. In short, the reactor is 

made of a quartz capillary with an outer diameter of 1 mm, wherein the temperature 

is controlled by a thermocouple positioned in the bed of the reactor. the laboratory-

based XANes spectrometer used for this work [6,28,29] (helsinki, finland) employs 

the bremsstrahlungs spectrum in the 4-20 kev photon energy range emitted by 

an Ag-tube used as X-ray source and operated at a current of 40 mA and a voltage of 

20 kv. further, a si (533) spherically bent crystal monochromator utilizing the Johann 

geometry with a bending radius r=0.5 m, and a NaI scintillator detector were 

employed. All these components (source, monochromator, detector) are arranged on 

the rowland circle.

Figure 4.1. schematic of the methodology used for the different carburization reaction experiments.
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4.2.1. Specifications of the experimental work
to test our experimental procedure and obtain data about the cobalt carbide formation 

at different thermodynamic parameters, different in situ experiments were done at 

523 K, and co flow of 1 ml/min. the differences in the experiments were the pressure 

and duration of the reaction: 1 bar, duration 75 h; and 5 bar, duration 15 h. In this 

way, we obtained data on the dependence of the cobalt carbide formation rate as 

a function of pressure. to get corroborative data using a synchrotron light source, we 

Figure 4.2. pictures of the capillary reactor set-up, and the laboratory-based XANes spectrometer 
at University of helsinki.
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also performed in situ X-ray absorption near edge structure (XANes) measurements 

at the beamline bM26 (dUbble) of esrf (grenoble, france), using 523 K, 5 bar, 

and a co flow of 5 ml/min. the purpose of performing the synchrotron experiment 

was to obtain data to support and confirm the ones obtained at the small-scale 

laboratory-based set-up.

Additionally, ex situ measurements of cobalt reference were performed, this data 

was compared to the in situ measurements accomplished: co3o4 (sigma-Aldrich, 

99.5%), coo (Acros organics, 99+%) and co (co foil, 99.9%), see figure 4.3.

the in situ carburization reactions of pure co3o4 (sigma-Aldrich, 99.5%) were 

divided in two different steps: a) activation (reduction of the pure co3o4 to co0) at 

673 K and 1 bar, in a pure h2 flow (AgA, h2 > 99.999%, and Air liquid, h2 > 99.995%) 

and b) carburization reaction at 523 K, at 1 and 5 bar in a pure co flow (AgA, 

co > 99.97%, and Air liquid, co > 99.997%). before starting the activation stage, 

a co spectrum was collected to single out the oxidation state of the cobalt samples. 

during the execution of the different carburization experiments, the different spectra 

were collected continuously. the temperature profile designed for the experiments 

considered the raising of the temperature from room temperature (rt) to 673 K using 

a heating rate of 5 K/min, keeping the temperature at 673 K for 1-4 h (leading to 

a complete reduction of cobalt). once the cobalt was completely reduced into its 

metallic state, the temperature was decreased to 523 K with a rate of 5 K/min and 

the gas was switched to co in the case of the carburization reaction at 1 bar; and in 

the case of the carburization experiments at 5 bar, the temperature was reduced to rt, 

the system was pressurized to 5 bar on a co atmosphere, and the temperature was 

increased to 523 K with a rate of 5 K/min, see figure 4.4. 

Figure 4.3. XANes of the cobalt reference materials: I) co K-edge measured using a laboratory-
based set-up; a) co, b) co3o4 and c) coo, and II) co K-edge measured at the bM26 beamline at 
esrf; a) co, b) co3o4 and c) coo.
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the carburization reaction at 1 bar was complete after 75 h (for the laboratory-based 

experiments), and the carburization reactions at 5 bar were completed after 15 h (for 

the laboratory-based experiments) and 5 h (for the synchrotron-based experiments).

4.2.2. Non-Negative matrix Factorization method for obtained Co 
K-edge spectrum
during the execution of the three carburization reactions, co K-edge spectra showed 

gradual and partial conversion of metallic cobalt to a new species. According to 

a  singular value decomposition, the normalized singular values for the individual 

spectral components are for the synchrotron data performed at 5 bar: 0.9740 0.0229 

0.0013 0.0007 0.0005 0.0004 0.0003; for the laboratory data performed at 5 bar: 

0.9792 0.0097 0.0026 0.0024 0.0022 0.0021 0.0018; and for the laboratory data 

performed at 1 bar: 0.9832 0.0075 0.0027 0.0018 0.0017 0.0017 0.0014. the data 

from the  experiments were collected and represented in 7 time steps; hence 

the singular value decomposition gives weights for 7 individual components in each 

case. based on the largest cumulative weight of the first two components (99.7% for 

the synchrotron data performed at 5 bar, 98.9% for the laboratory data performed at 

5 bar, and 99.07% for the laboratory data performed at 1 bar), it was deduced that 

there are two main contributions to the spectra. we hypothesized that the second 

component was cobalt carbide (co2c).

the constraints proposed are: a) the concentration of co2c in the beginning of 

the reaction (at time t=0) was x(t=0)=0 and the concentration of metallic cobalt was 

1-x(0)=1, b) the metallic cobalt spectrum was known (since it was carefully measured 

before carburization starts) and was labeled sco(e), and c) the co2c spectrum is 

not known and was labeled sco2c(e). Additionally, the amount of material does not 

Figure 4.4. temperature profile of the different carburization reactions performed.
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change as a function of time and the measured spectra can be written as is described 

on eq. 4.1.
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the calculations were centered to find sco2c(e) and x(t), the underlying spectrum of 

pure co2c and its weight as a function of reaction time at different reaction conditions 

of the three individual experiments.

there is a group of factorization methods, such as principal component analysis 

(pcA), non-negative matrix factorization (NNMf) and multivariant curve resolution 

(Mcr) that can be used to solve the problem. Mathematically, the assignment was to 

solve the matrix equation illustrated in eq. 4.2. 

 1 

 
+ 2   +                                   (Eq. 1.1) 

 
 

= (1 )                                          (Eq. 1.2) 
 

 
+ 3 +                                    (Eq. 1.3) 

 
 

+  +                                        (Eq. 1.4) 
 

 
2 sin =  =                                         (Eq. 1.5) 

 
 

= 1                                              (Eq. 1.6) 

 
 
 
 
 

 
 
                              ( , ) = ( ) ( ) + [1 ( )] ( )                    (Eq. 4.1) 

                                                    0 < ( ) < 1 for all  

                                  ( ) > 0 and ( ) > 0 for all  

 
 
 
 
                                                                   = +                                              (Eq. 4.2) 
 
 
 
 
 
 
 

                                           (eq. 4.2)

where A is the matrix of measured spectra with varying concentrations, f is 

the underlying component spectra, c the different weights and e is the residual error.

constrained NNMf was used to solve the problem, including the constraints 

previously mentioned. Also, unconstrained NNMf as implemented by Matlab 

(nnmf.m) was used. for the constrained NNMf calculation the input was; the number 

of underlying components in the data was fixed to be 2, and the initial guesses for 

component spectra and their weights were defined. the initial guesses for component 

spectra were metallic cobalt, the spectrum measured before the reaction started to 

form carbide, and random noise with a step at 7710-7720 ev was defined. the guesses 

for the component weight x(t), which started at x=0 (constraint) and increased linearly 

to a value 0<xfinal<1, see figure 4.5.

In the case of the unconstrained NNMf calculations, Matlab has its own internal 

NNMf routine, but it does not accept constraints, only accepts the initial guesses. 

After analyzed the data using the Matlab routine and compare the result with those 

obtained from the constrained NNMf calculations, it was found out that the results 

of NNMf are robust and independent of the initial guessing parameters. the amount 

of co2c formed during the different experiments were established in 9%, and 12 % 

for the  experiments performed by the XANes laboratory-based set-up at 1 and 

5  bar for 75  h and 15 h, respectively, and 35% for the experiment performed at 

synchrotron-based (dUbble, esrf) at 5 bar for 5 h. 

the resulting NNMf spectra are not sensitive to the position of the edge jump in 

the initial guess of the carbide species spectrum. the edge jump is required to exist 



71

4

Elucidating thE K-EdgE XanES of cobalt carbidE

in the interval 7710-7720 ev; otherwise the NNMf does not converge to a physically 

meaningful result. beyond that, the NNMf results do not change if the edge jump is 

varied in the given interval.

4.3. reSuLTS AND DISCuSSIoN 
two different approaches were used for this research, laboratory-based, which allows 

to perform long-term carburization reactions, and synchrotron-based XANes, the first 

at the University of helsinki, finland [28], and the latter at the  bM26 (dUbble) 

beamline of the european synchrotron radiation facility (esrf) [6]. figure 4.6 

presents the different in situ spectra acquired at different reaction times.  figure 4.6.I 

and figure  4.6.II correspond to the experiments performed using the  XANes 

Figure 4.5. a) initial guesses for the spectra, b) initial guesses for the weights, c) NNMf factorization 
results, two underlying components, and d) NNMf result for the component weights, eventually 
also fitted with an exponential model 

 1 

𝑥𝑥 = 1 − y = (1 − 𝐶𝐶)𝑒𝑒𝑥𝑥𝑒𝑒(−𝑡𝑡/𝜏𝜏) + 𝐶𝐶 , c is a constant and 𝜏 is 
approximate reaction timescale.
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laboratory-based set-up, while the experiment completed at bM26 beamline at 

esrf is presented in figure 4.6.III. the fully reduced (first) spectrum, in green, is 

contrasted to the spectra recorded at each time stamp, to visualize the variations in 

the pre-edge during evolving carburization. the most significant changes observed 

during the reaction are present in the pre-edge region.

the most significant changes observed during the different carburization reactions 

are presented in the pre-edge. figure 4.7 presents the difference of the cobalt 

reduced spectra and at different steps of the carburization reaction. In all experiments 

the observed changes are similar; differences arise from the different relative amount 

of cobalt carbides formed due to the different reaction conditions (pressure and co 

flow rate).

to determine the effect of the differences in the energy resolution from 

the laboratory-based and synchrotron-based experiments, co foil reference samples 

measured using the lab-based spectrometer and esrf were contrasted, see figure 4.8. 

It was established that the energy resolution is reasonably comparable for both set-ups 

and does not play a significant role in the quality of the data acquired.

Figure 4.6. co K-edge spectra at different steps 
of the carburization reaction: I) laboratory-
based measurements at 1 bar; a) reduced for 
4 h, b)  12.5 h of reaction, c) 25 h of reaction, 
d) 37.5 h of reaction, e) 50 h of reaction, f) 62.5 h 
of reaction and g) 75 h of reaction. II) laboratory-
based measurements at 5 bar; a) reduced for 
4 h, b) 3.75 h of reaction, c) 7.5 h of reaction, 
d) 11.25 h of reaction, e) 15 h of reaction. 
III)  synchrotron-based measurements at 5 bar; 
a) reduced for 4 h, b) 1 h of reaction, c) 2 h of 
reaction, d) 3 h of reaction, e) 4 h of reaction, 
and f) 5 h of reaction. the green dashed spectra 
point out the reduced spectra and was used to 
visualize the change of the spectra over time.
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Next, the Non-Negative Matrix factorization (NNMf) was applied to the spectra 

of the carburized samples taken at different reaction times, namely after 75 h, 15 h 

and 5 h, to deconvolute the XANes into two pure contributing components. by 

using the NNMf method it was possible to determine the contribution of co2c to 

the carburized spectrum as there is no other cobalt species presents in the sample 

Figure 4.7. subtracted co K-edge spectra from 
the reduced spectrum at different steps of 
the carburization reaction: I) laboratory-based 
measurements at 1 bar; a) 12.5 h of reaction, 
b) 25 h of reaction, c) 37.5 h of reaction, d) 50 h 
of reaction, e) 62.5 h of reaction and f) 75 h of 
reaction. II) laboratory-based measurements at 
5 bar; a) 3.75 h of reaction, b) 7.5 h of reaction, 
c) 11.25 h of reaction, d) 15 h of reaction. 
III) synchrotron-based measurements at 5 bar; 
a) 1 h of reaction, b) 2 h of reaction, c) 3 h 
of reaction, d) 4 h of reaction, and e) 5  h of 
reaction.

Figure 4.8. comparison of the XANes data of 
the co foil reference sample; the data from 
the laboratory-based measurement is plotted 
in blue, the data recorded at the synchrotron 
is displayed in red.
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apart from metallic cobalt and cobalt carbide. Additionally, a simulation of the XANes 

spectrum, based on the crystalline structure of co2c, was performed using 

the fdMNes and feff9 programs [31,32] to corroborate the results obtained from 

the NNMf calculations. the structure of co2c was obtained from the crystallography 

open database, entry Id 1528415 [33]. the structure given as input to the simulations 

had the space group pmnn, with lattice parameters a = 2.8969 Å, b = 4.4465 Å, 

c = 4.3707 Å, α = β = γ= 90°. the most important detail of the simulation performed 

by fdMNes was the size of the cluster where final state calculation was performed, 

r = 7.0 Å. feff 9.6.4 was used in reciprocal space and the k-point grid was converged 

at 200 k-points. figure 4.9 presents the results obtained from the NNMf calculations 

for the different experiments performed, and the NNMf results from laboratory- and 

synchrotron-based measurements at 5 bar and the different simulations are shown in 

figure 4.10. 

All co K-edge XANes spectra, experimental and theoretical, obtained for co2c 

agree with each other in the following terms: there are two pre-edges; one at 7710 ev 

Figure 4.9. co K-edge spectrum of co2c 
obtained from the carburized samples by 
applying a non-negative matrix factorization 
(NNMf), laboratory-based data at 1 bar in 
light grey and at 5 bar in red, and synchrotron-
based data at 5 bar in blue.

Figure 4.10. simulated X-ray absorption 
near edge spectrum of cobalt carbide 
(co2c) using the fdMNes and feff9 
programs. the  simulated fdMNes and 
feff9 spectrum are indicated in orange and 
yellow, respectively, while the results from 
non-negative matrix factorization (NNMf) of 
the synchrotron-based data measured at 5 bar 
are indicated in blue, and for the  laboratory-
based data measured at 5 bar are indicated 
in red.
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and the second at 7714 ev, which correspond to the quadrupole 1s-3d and nonlocal 

dipolar co-c-co 1s-2p-3d transitions, respectively, as analyzed in detail, i.e., for licoo2 

[34,35]. And, there is a white line peak at 7729 ev. the results are in good agreement 

with the spectrum proposed by singh et al. [25], see figure 4.11. Using the  in situ 

carburization method, problems such as the degradation of the cobalt carbides into 

cobalt metallic and graphite and the subsequent oxidation of the metallic cobalt into 

coo and co3o4 can be avoided, which represents an advantage over the ex situ 

characterization methods previously reported in literature [15,24].

4.4. CoNCLuSIoNS
we have developed a method that allows to determine the main features of the K-edge 

X-ray absorption near edge structure of cobalt carbide. by using diverse experimental 

approaches, it was possible to measure the co X-ray absorption K-edge spectrum 

during the carburization reaction of pure metallic cobalt under different in situ reaction 

conditions, i.e. at atmospheric and elevated pressures. NNMf was applied to obtain 

a pure co2c spectrum, which was further corroborated by theoretical calculations. 
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ABSTrACT
In situ X-ray raman spectroscopy (Xrs) and X-ray diffraction (Xrd) have been 

combined and used to study a co/tio2 fischer-tropsch synthesis (fts) catalyst 

under relevant conditions of pressure and temperature. two different experiments 

were performed, namely the carburization of co3o4 nanoparticles (as control 

experiment), and the fts reaction of the catalyst at 523 K and 5 bar. the features of 

the co l2,3-edges and c K-edge spectra were obtained for co2c. After 15 h of fts 

reaction, a change in the oxidation state of the cobalt nanoparticles was noted, which 

could be assigned to the partial formation of co2c. Additionally, it was possible to 

establish co l2,3-edges and c K-edge XANes of different cobalt and carbon reference 

compounds of importance for fts research, namely co3o4, coo, co and cotio3, 

graphite, pyrene, and synthetic paraffin waxes (i.e. sX70 and sX100).
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5.1. INTroDuCTIoN
As discussed in phd chapter 1, the fischer-tropsch synthesis (fts) process enables 

the production of synthetic fuels from fossil resources (e.g. coal and natural gas) 

as well as more sustainable feedstock (e.g. biomass and municipal waste). In fts 

a mixture of carbon monoxide (co) and hydrogen (h2) is converted into different 

hydrocarbon chains by a catalytic surface polymerization reaction [1]. Iron-based and 

cobalt-based catalysts are the most relevant for industrial fts applications, where 

co-based catalyst is more used for processing syngas derived from natural gas source 

and presents a higher selectivity to long-chain hydrocarbons (c5+) [2,3]. Nevertheless, 

the deactivation of co-based fts catalysts over time is one of the main concerns in 

fts, wherein the deposition of carbon species (e.g. graphitic, aliphatic or aromatic) 

onto the catalyst surface, and sintering of the cobalt nanoparticles being the most 

significant aspects of deactivation [4,5]. the formation of cobalt carbides (e.g. bulk, 

sub-surface and surface) derived from carbon deposition is very questionable, although 

some studies correlate its formation with the deactivation process of the catalyst [6-8]. 

other studies relate the formation of cobalt carbides with a high selectivity towards 

lower olefins [9,10], or as an intermediate phase during the fts reaction [11]. 

Advances in in situ synchrotron radiation techniques have resulted in comprehensive 

studies, which include among others coke formation over tio2-supported co catalyst 

during fts reaction [12], influence of Mn- and Zr-promotion on co/tio2 fts catalysts 

[13-15], effect of the co particle size and the formation of carbides on Al2o3-supported 

co fts catalyst [16]. Additionally, in situ studies on cobalt carbide formation, using 

laboratory-based set-ups have been performed on co/Al2o3 and co/tio2 fts 

catalysts [17-19]. despite the advances in synchrotron techniques and the extensive 

characterization studies performed, our fundamental understanding of the effect of 

cobalt carbide species on the performance of a fts catalyst remains limited [1,4,5].

X-ray raman spectroscopy (Xrs) corresponds to a non-resonant inelastic X-ray 

scattering technique from core-electron excitations that measures the loss of 

the energy of a hard X-ray incident beam, disclosing the equivalent information of 

soft X-ray Absorption spectroscopy (XAs) [20-22]. the advantages of a hard X-ray 

technique, such as Xrs, are less beam damage, deeper probing depth, and therefore 

the opportunity to perform in situ experiments at high pressure and temperature. As 

an example, the in situ experiments performed by Miedema et al. [23,24], demonstrate 

the advantages of Xrs.

In this phd chapter, we present a research that combines in situ Xrs and Xrd 

to study the fts reaction at relevant conditions of pressure and temperature (i.e., 

5 bar and 523 K). this new approach will be used to elucidate the possible formation 

of cobalt carbides during fts reaction onto co/tio2 catalyst. figure 5.1 presents 

a schematic of the in situ configuration used to make such study possible.
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5.2. eXPerImeNTAL SeCTIoN
5.2.1. materials and methods
the co/tio2 fts catalyst under study has been prepared by using incipient wetness 

impregnation (IwI). A precursor solution of co(No3)2x6h2o (Acros organics, 99+%) 

was impregnated onto tio2 p90 (evonik, 90% anatase and 10% rutile) powder. After 

impregnation, the powder was dried overnight at 333 K in a static air atmosphere, and 

then calcined for 4 h at 673 K under a N2 flow of 100 ml/min (linde, N2 ≥ 99.999%). 

the  calcined catalyst was characterized by Inductively coupled plasma-Atomic 

emission spectrometry, X-ray diffraction, temperature programmed reduction and 

scanning transmission electron Microscopy-energy dispersion X-ray spectroscopy. 

details of the characterization data of this catalyst can be found in phd chapter 2. 

As it represents the same catalyst of phd chapters 2 and 3, the cobalt loading of 

the  catalyst was ~ 14.1 wt.%, while the size of co3o4 nanocrystallites presented in 

the calcined catalyst were ~ 14 nm in diameter. 

5.2.2. In situ X-ray raman Spectroscopy and X-ray Diffraction
the X-ray-based experiments were performed at the Id20 beamline of the european 

synchrotron radiation facility (esrf, grenoble, france). this end-station uses 

Figure 5.1. schematic of the configuration used for combined in situ X-ray raman spectroscopy 
(Xrs) and X-ray diffraction (Xrd) of a co/tio2 fts catalyst [25].
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non-resonant Inelastic X-ray scattering (rIXs) to study the shallow core electronic 

excitations. the spectrometer employed, has 72 spherically bent crystal analyzers, 

organized in six modules of 12 analyzers [25]. for the Xrd data collection, a pilatus 

300K-w detector was used. the incoming hard X-ray beam used during the different 

experiments had an energy of ~ 10 kev. 

the in situ set-up used has already been presented in phd chapter 3. the in situ 

set-up consists of a plug-flow reactor (capillary) horizontally mounted, with an outer 

diameter of 1 mm and inner diameter of 0.98 mm [26,27]. the catalyst (particle 

size range of 150-90 µm) was placed and held by quartz wool in the isothermal 

zone of the plug-flow reactor. the capillary was heated by two infrared heaters and 

the temperature was controlled by a thermocouple placed on the bed of the plug-flow 

reactor. figure 5.2 presents the reactor set-up mounted in the Xrs spectrometer.

during the combined in situ Xrs/Xrd experiments, two different types of experiments 

were performed: a) a carburization reaction of pure cobalt oxide nanoparticles (co3o4, 

sigma-Aldrich 99.5%, < 50 nm particle size) at 523 K and 5 bar, and b) a fts reaction at 

523 K and 5 bar, over a co/tio2 fts catalyst. the in situ experiments contained two parts: 

i) reduction (activation process, co3o4 → coo → co0) of the cobalt in h2 atmosphere 

(Air liquid, h2 > 99.9995%) by heating up to 673 K for 2 h, and ii) carburization/fts 

reaction. before reduction, the co l2,3-edge and c K-edge XANes spectra as well as 

the Xrd pattern were acquired (at room temperature) to identify the different species 

present in the sample before the activation process. After the  reduction of cobalt 

was achieved, a second set of measurements (i.e., the co l2,3-edge and c K-edge 

XANes spectra as well as the Xrd pattern) were collected to establish the changes 

observed during the reduction process. then, the reactor was cooled down from 673 K 

(reduction temperature) to room temperature (rt), and the material was exposed to 

a  pure co flow (1 ml/min, Air liquid, co > 99.997%) in the case of carburization 

reaction, and to a mixture of h2/co (ratio of 0.5, 0.5 ml/min of h2 and 1 ml/min of co) 

in the case of fts reaction, followed by the pressurization of the system to 5 bar. After 

the pressurization process was finished, the temperature in the reactor was increased to 

523 K with a heating rate of 5 K/min for both reactions. the different measurements were 

performed at reaction conditions. the carburization and fts reactions were completed 

after 10  h and 15  h, respectively. Additionally, ex  situ measurements of cobalt and 

carbon reference materials were performed. the  following reference materials have 

been studied: co3o4, coo (Acros organics, 99+%), cotio3 (Alfa Aesar, 99.8%), co (co 

foil, 99.9%), pyrene (sigma-Aldrich, 98%), graphite (sigma-Aldrich), sX70 (i.e., a shell 

sarawax sample, which is a synthetic paraffin wax) and sX100 (i.e., a non-functionalized 

fischer-tropsch hard paraffin, obtained from shell). the catalytic activity of the co/tio2 

fts catalyst was previously tested by using a fixed-bed reactor, and the details of 

the catalytic testing set-up are described in phd chapter 2. the fts products were 

analyzed every hour by an on-line gas chromatograph (gc) [12]. 
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5.3. reSuLTS AND DISCuSSIoN 
the first part of the research work focused on X-ray raman spectroscopy (Xrs) 

measurements of the different cobalt and carbon reference materials. figures 5.3 and 

5.4 show the co l2,3-edges and c K-edge Xrs data of the various cobalt and carbon 

reference samples under study. 

the reference spectra obtained were used to identify the different cobalt and 

carbon species (i.e. during the activation process of cobalt, co3o4 → coo → co0) 

present during the diverse stages of the different reactions. 

Figure 5.2. pictures of the capillary reactor set-up mounted at Id20 esrf beamline.
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the second stage of our research focused on the in situ carburization reaction 

at 523 K and 5 bar as control experiment. the data obtained were used to identify 

the main features of the cobalt l-edges and carbon K-edge spectra of the carburized 

co sample. the normalized and background subtracted in situ co l2,3-edges Xrs data 

obtained during the carburization reaction are presented in figure 5.5.

from the spectrum collected after 10 h of the carburization reaction, it was 

possible to identify the formation of a mixture of co metallic as well as co2c (which is 

considered to be the most stable cobalt carbide at fts conditions). It was observed 

that the characteristic white line of the cobalt metallic vanished during the carburization 

reaction, and a distinct blueshift in the co l3-edge of the carburized sample was 

observed. this feature is due to the progressive conversion of the cobalt metallic into 

co2c. the Xrd obtained confirms the gradual carburization of the metallic co, and at 

the end of the reaction the presence of a mixture co2c-co0.

In the case of the c K-edge Xrs data, figure 5.6 shows the in situ carbon spectrum 

collected after 10 h of carburization reaction.

Figure 5.3. co l2,3-edges Xrs data of the cobalt reference samples: I) co foil, II) coo, III) cotio3 
and Iv) co3o4.
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An absorption band at ~ 285 ev was observed, that corresponds to 

the 1s → π* transition, which evidences the presence of an aromatic ring (c=c) [28-31]. 

the absorption band, observed at ~ 287 ev, corresponds to the 1s → π* transition, which 

is assigned to c=o and that could be ascribed to carbon monoxide present in the gas 

Figure 5.4. c K-edge Xrs data of the carbon reference samples: I) graphite, II) pyrene, III) sX-70 
and Iv) sX-100.

Figure 5.5. In situ co l2,3-edge Xrs data for 
the carburization reaction of metallic cobalt at 
523 K and 5 bar. the spectrum of the reduced 
sample is given in brown, while the spectrum 
of the carburized material is shown in black.
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phase [32]. In addition, an absorption band at ~ 292 ev is detected, corresponding 

to the 1s → σ* transition, which is assigned to aromatic c-c [28,30,31,33]. from 

the analysis of the c K-edge spectrum, it was established that the carburized sample 

possess graphitic characteristics. 

to corroborate the above findings by Xrs, in a next stage of our study in situ Xrd 

patterns were collected during the carburization reaction of metallic co to determine 

the crystalline cobalt phases presented in the distinctive steps of the reaction. 

figure 5.7 shows the in situ Xrd patterns collected at different reaction time. from 

the Xrd analysis it is confirmed that at the beginning of the reaction cobalt was 

present as metallic cobalt and during the execution of the experiment this metallic 

cobalt was gradually converted into cobalt carbide. At the end of the carburization 

reaction, the  sample was re-hydrogenated and the co2c could be back-converted 

into metallic co. during this carburization reaction, co hcp was quicker transformed 

into co2c, while a fraction of co fcc stayed as metallic co during the execution of 

the experiment, which agrees with the information previously reported in literature 

about carburization of cobalt nanoparticles [19].

Figure 5.6. In situ c K-edge Xrs spectrum of 
the carburization reaction of metallic cobalt 
performed at 523 K and 5 bar compared 
to graphite reference sample, carburized 
spectrum indicated in dark red and graphite 
spectrum indicated in black.

Figure 5.7. In situ Xrd patterns collected 
during the carburization reaction of metallic 
cobalt at 523 K and 5 bar, using a pure co 
flow: a) reduced cobalt, b) 2 h of carburization, 
c) 4 h of carburization, d) 6 h of carburization 
and e) re-hydrogenation of cobalt. diffraction 
peaks of co fcc are marked with ‘%’ and co 
hcp with ‘&’, co2c peaks are marked with ‘#’ 
and boron nitride peaks are marked with ‘$’.
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In the last stage of our research, an in situ fts reaction was performed making 

use of the co/tio2 catalyst under study. the fts reaction was performed at 523 K 

and 5 bar using a h2/co ratio of 0.5 for 15 h. figure 5.8 shows the co l2,3-edges Xrs 

data collected. from the co l2,3-edges analysis it was confirmed that the catalyst was 

reduced into metallic cobalt after the reduction process [18,34]. from the rather noisy 

spectrum acquired after 15 h of fts reaction, a slight change in the oxidation state of 

the catalyst can be inferred that can be ascribed to the formation of a more oxidized 

species, i.e. co2c. In addition, no further re-oxidation of metallic cobalt into coo and 

subsequent co3o4 was observed after 15 h of fts reaction. 

correspondingly, we have also measured the co K-edge spectrum of the co/tio2 

fts catalyst measured at 523 K and 5 bar after 15 h of reaction. this spectrum is 

shown in figure 5.9. 

As in the case of the c K-edge spectrum from the carburization experiment, 

different absorption bands are observed, which are located at ~ 285 ev (1s → π* 

transition [28-31]), at ~ 287 ev (1s → π* transition [32]), and at ~ 292 ev (1s → σ* 

transition [28,30,31,33]). from the analysis of these data, it could be inferred that 

during fts, graphitic species were deposited on the catalyst material. It can be noted 

that the intensity at ~ 287 ev (due to co in the gas phase) was more pronounced.

to corroborate these Xrs data of the co/tio2 catalyst during fts reaction we have 

performed in situ Xrd measurements and the obtained data are shown in figure 5.10. 

from the analysis of these data it can be concluded that cobalt was presented as 

a mixture of co fcc and hcp in the catalyst material after the reduction of the cobalt 

(activation process, co3o4 → coo → co0). Additionally, a very small fraction of cotio3 

(considered to be an inactive phase for fts reaction) was detected after reduction 

[4,5]. More importantly, a very small amount of co2c during the fts reaction could 

be observed. because of the instability of this cobalt carbide during the reaction, its 

formation cannot be related to the deactivation process of the co/tio2 catalyst with 

increasing reaction time nor with the selectivity towards olefins [3,15-19].

Figure 5.8. In situ co l2,3-edge Xrs data of 
the  co/tio2 fts catalyst measured at 523  K 
and 5 bar. the spectrum of the reduced 
sample is indicated in red, while the spectrum 
of the sample after 15 h of fts reaction is 
indicated in blue.
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5.4. CoNCLuSIoNS
by using a combination of in situ X-ray raman spectroscopy (Xrs) and X-ray diffraction 

(Xrd) it was possible to study the formation of cobalt carbide (co2c) starting from cobalt 

metal nanoparticles, previously reduced (activation process, co3o4 → coo → co0). by 

analyzing the Xrs data obtained from the applied carburization reaction, it was possible 

to determine the characteristic features of the co l2,3-edges and c K-edge spectra for 

the co2c reference compound made. during the fts reaction over a co/tio2 catalyst 

at 523 K and 5 bar, a change in the oxidation state of cobalt was observed after 15 h of 

fts reaction, which was related to the formation of small amounts of cobalt carbides. 

this formation was confirmed by performing an analogous in situ Xrd measurements. 

from the analysis of the Xrd data it was concluded that a co2c phase was formed, but 

this phase turned out not to be stable during the fts reaction. therefore, its formation 

cannot be correlated to the activation or deactivation process of the co/tio2 catalyst 

nor to the selectivity towards light olefins [6-11]. 

Figure 5.9. In situ c K-edge spectrum of 
the co/tio2 fts catalyst measured at 523 K 
and 5 bar after 15 h of reaction compared 
to graphite reference sample, fts spectrum 
indicated in dark red and graphite spectrum 
indicated in black.

Figure 5.10. In situ Xrd patterns of a co/tio2 
catalyst measured at 523 K and 5 bar during 
the fts reaction using a h2/co ratio of 0.5: 
a) reduced catalyst, b) 7 h of reaction, c) 12 h 
of reaction, d) 14 h of reaction and e) 15 h 
of reaction. diffraction peaks of co fcc are 
marked with ‘%’ and co hcp with ‘&’, co2c 
peaks are marked with ‘#’, boron nitride 
peaks are marked with ‘$’, tio2 rutile peaks 
are marked with ‘o’, tio2 anatase peaks are 
marked with ‘*’ and cotio3 peaks are marked 
with ‘~’.
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furthermore, the obtained results demonstrate that Xrs is a powerful method that 

allow to measure with a hard X-ray beam the co l2,3-edges and c K-edge (edges 

which are present in the soft X-rays range) of a co/tio2 fts catalyst at high pressure 

and temperature. the use of hard X-rays represents a clear advantage over soft 

X-rays for the in situ study of complex chemical reactions (e.g. the fts process). on 

the  other hand, it is fair to state that the obtained spectra of especially at the c 

K-edge are noisy and clear improvements are needed to make it a practical tool in 

the field of heterogeneous catalysis. It can be foreseen that further improvements in 

the Xrs reactor set-up (e.g. by using thinner capillary reactors) will lead to an increase 

in the  signal-to-noise ratio, and consequently in the overall data quality, thereby 

hopefully providing new insights in catalytic processes.
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this phd chapter is based on the following manuscript: J. g. Moya-cancino, p. p. paalanen, 
J. p. falkenhagen and b. M. weckhuysen, “Operando raman spectroscopy of a co/tio2 fischer-
tropsch catalyst and the effect of hydrocarbon deposits formation”, in preparation.

ABSTrACT
A lab-scale reactor system, which combines operando raman spectroscopy with 

on-line gas chromatography (gc), was designed, constructed and tested. As 

a  showcase, with this set-up we have studied a co/tio2 catalyst during fischer-trpsch 

synthesis (fts) at 10 bar and 523 K. In this manner, (hydro-)carbon species formation 

could be correlated with catalytic performance. the evolution of the graphitic 

species, characterized by a raman band at ~ 1600 cm-1, directly correlated with 

catalyst deactivation. More specifically, the d4/g ratio (as obtained from operando 

raman spectroscopy) follows the same decreasing trend as the cobalt-time-yield (as 

obtained from on-line gas chromatography) as a function of reaction time. 
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6.1. INTroDuCTIoN
fischer-tropsch synthesis (fts) technology, as outlined in phd chapter 1, provides 

the opportunity to produce ultra-clean synthetic fuels and chemicals from fossil 

resources (e.g. coal and gas) and more sustainable feedstock sources (e.g. biomass 

and municipal waste) [1]. transition metals, such as iron, cobalt and ruthenium are 

known to be active in fts, whereas iron-based and cobalt-based fts catalysts are 

the most important from an industrial perspective [2-4]. cobalt-based fts catalysts are 

the most preferred option for the so-called gas-to-liquids (gtl) technology because 

of their high selectivity towards liquid hydrocarbons (c5+), thereby possessing a low 

water-gas shift (wgs) reaction activity and a long-term stability [5]. however, catalyst 

stability remains one of the major limitations of the technology, wherein sintering, 

re-oxidation of cobalt nanoparticles, catalyst poisoning, formation and subsequent 

deposition of carbon species (graphitic, aliphatic or aromatic) are proposed to be 

the most significant contributors to catalyst deactivation [4,6,7].

progress in advanced catalyst characterization, and in particular the use of operando 

and in situ spectroscopy and microscopy, has provided new insights in the working 

principles of solid catalysts, including supported metal catalysts. this also holds for 

co-based fts catalysts. An example includes the recent combined operando raman-

X-ray diffraction (Xrd) study performed by cats et al., wherein it was established 

that sintering and bulk oxidation do not play a significant role in the deactivation 

of the co/tio2 fts catalyst [8]. In addition, the formation of carbon species during 

fts reaction at atmospheric pressure was detected by identifying the raman bands 

at 1350 cm-1 (d band) and 1600 cm-1 (g band). from deconvolution of these raman 

bands it was concluded that the coke species were stable, in terms of their graphite-

like structure. furthermore, in an activated co-based fts catalyst, two different crystal 

structures have been identified with Xrd, namely the hexagonal close-packing (hcp) 

and cubic close packing (ccp) structures, where co hcp is the most active phase for 

fts reaction [2,3,8,9].

despite more than 80 years of active research in the working principles of the fts 

process, our fundamental understanding of the activation and deactivation of this 

important catalyst system remains elusive, in part due to the difficulty of performing 

long-term operando spectroscopic experiments at relevant reaction conditions (i.e., 

high temperature and pressure) [1,6,7]. In this phd chapter, we present a newly 

designed and constructed laboratory-scale reactor system, which combines operando 

raman spectroscopy with on-line gas chromatography (gc). this set-up allows 

correlating the formation of (hydro-) carbon species with the catalytic performance 

during long-term reactions at relevant industrial conditions of temperature and 

pressure (i.e., 523 K and 10 bar) for a co/tio2 fts catalyst. the advantages of this 

set-up are discussed, together with the new insights in the formation of different types 

of hydrocarbon deposits during fts operation. 



96

6

OperandO Raman SpectRoScopy of a co/tio2 catalySt 

6.2. eXPerImeNTAL SeCTIoN
6.2.1. Catalyst Preparation and Characterization
A co/tio2 catalyst was synthetized by the incipient wetness impregnation method. 

the support oxide (i.e., tio2 p90 evonik with 90% anatase and 10% rutile) was impregnated 

by an aqueous solution of the co(No3)2x6h2o (Acros organics, 99+%) salt. the tio2 was 

first dried under vacuum for 0.5 h and then impregnated multiple times until the required 

co loading of ~ 15 wt% was reached. the catalyst was dried overnight at 333 K in 

a static air atmosphere, and calcined in a N2 flow (100 ml/min, linde, ≥99.999%) for 4 h 

at 673 K applying a heating rate of 5 K/min. the co loading of the co/tio2 material was 

confirmed by Inductively coupled plasma-Atomic emission spectrometry (Icp-Aes) to 

be 16.3 wt.%. the tio2 surface and pore volume were 92 m2/g and 0.6 ml/g, respectively. 

6.2.2. X-ray Diffraction 
X-ray diffraction (Xrd) patterns of the freshly prepared co/tio2 fts catalyst were 

acquired with a bruker-AXs d2 X-ray diffractometer with cuKα radiation (λ = 1.5406 Å). 

the Xrd pattern is shown in figure 6.1. the cobalt nanoparticles were presented in 

the co/tio2 catalyst as co3o4 nanocrystallites with an average size of ~14 nm. 

6.2.3. Transmission electron microscopy
scanning transmission electron Microscopy-energy dispersive X-ray spectroscopy 

(steM-edX) was used to confirm the co3o4 nanocrystallite average size of the co/tio2 

fts catalyst. these measurements were performed on a feI talos f200X instrument 

and the results are shown in figure 6.2.

6.2.4. Temperature Programmed reduction
the reducibility of the co/tio2 fts catalyst under study in a stream of hydrogen 

was studied with temperature programmed reduction (tpr) using a MicroMeritics 

Figure 6.1. X-ray diffractogram (Xrd) of 
the  co/tio2 catalyst under study. diffraction 
peaks of anatase and rutile are marked with ‘*’ 
and ‘o’, while the co3o4 diffraction peaks are 
marked with ‘+’.
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Autochem II AsAp 2920 instrument. About 80 mg of catalyst was first dried by heating 

up to 393 K with a ramp rate of 10 K/min under an Ar flow and kept there for 1 h. After 

cooling down to 313 K, the sample was heated to 900 K with a heating ramp of 5 K/

min under a mixture of h2 and Ar (linde, 95% Ar, 5% h2). the h2 consumption was 

measured with a thermal conductivity detector (tcd). the formed water was trapped 

with an i-propanol/dry ice trap. the reduction process follows two steps, which 

comprises the reduction of co3o4 into coo occurring at 627 K, and the subsequent 

reduction of coo into co observed at 770 K. this two-step reduction process is 

illustrated in figure 6.3.

Figure 6.2. scanning transmission electron Microscopy-energy dispersive X-ray spectroscopy 
(steM-edX) mapping of the co/tio2 fts catalyst under study. pictures I and II correspond to two 
different catalyst particles. cobalt is shown in red, while titanium is shown in green.

Figure 6.3. temperature programmed 
reduction (tpr) profile of the co/tio2 fts 
catalyst under study with two reduction 
peaks, indicating the reduction of co3o4 into 
coo at 627 K and the subsequent reduction 
of coo into co at 770 K.
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6.2.5. Operando raman Spectroscopy 
the newly constructed experimental set-up consists of a quartz glass reactor (12 mm 

outer diameter, 6 mm inner diameter and 300 mm long), which can be pressured 

up to 20 bar. the co/tio2 fts catalyst was mixed with silicon carbide (~250 mg 

of catalyst and ~1000 mg of sic) and subsequently placed in the reactor by using 

quartz wool. the reactor is then placed in an oven, which includes a high-temperature 

operando raman spectroscopy probe (Avantes, 200 µm read and 105 µm excitation 

fiber, 532 nm), as illustrated in figure 6.4, while the fts reaction products are 

analyzed by on-line gc (thermofischer scientific, tracegc 1300). figure 6.5 presents 

the scheme of the novel operando raman spectroscopy set-up for monitoring fts 

catalysts at high temperatures and pressures with on-line performance measurements 

by gas chromatography (gc). the set-up has also the possibility to include a high-

temperature operando Uv-vis probe. 

figure 6.6 summarizes the experiment performed with the newly constructed 

operando raman spectroscopy set-up. the co/tio2 fts catalyst was first activated 

Figure 6.4. Operando raman spectroscopy system for measuring the behavior of fischer-tropsch 
synthesis (fts) catalysts, such as the co/tio2 catalyst under study in this work: I) picture indicating 
the different parts of the experimental set-up constructed, indicating the position of the raman 
probe relative to the reactor bed and quartz reactor and oven, including the optional use of a Uv-vis 
optical fiber probe, and II) 3-d schematic of the experimental set-up designed and constructed.
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(i.e., reduced) under a flow of 40 ml/min of h2 (linde, h2>99.9999%) and a dilution flow 

of he of 4 ml/min (linde, he>99.999%) for 2 h at 673 K and 1 bar. After the catalyst 

was completely reduced to cobalt metal (i.e., the active phase for fts reaction), 

the temperature was reduced to room temperature (rt) with a cooling rate of 3 K/min, 

in an h2 atmosphere. once the temperature of the system reached rt conditions, 

the gases were switched to a mixture of h2 and co (linde, co>99.5%) with a h2/co 

Figure 6.5. schematic of the operando raman spectroscopy set-up designed and constructed 
for performing long-term activation and deactivation studies on the co/tio2 fts catalyst under 
study, including the different components required to have the set-up properly functioning.

Figure 6.6. schematic of the different steps in the performed operando raman spectroscopy 
experiment for a co/tio2 fts catalyst making use the newly constructed set-up.
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ratio of 1 (20 ml/min for each gas) and a dilution flow of he of 4 ml/min, followed by 

the pressurization of the system to 10 bar. After the pressure in the system reached 

10 bar, the temperature was gradually increased to 523 K with a heating rate of 5 K/min. 

the fts reaction was performed at 523 K and 10 bar for 40 h. A raman spectrum was 

collected every ~2 min and one gas sample was injected to the gc every ~20 min. 

After the reaction was finished, the system was depressurized in a syngas atmosphere 

(1:1) and later cooled down in a h2 atmosphere with a cooling rate of 3 K/min. As last 

step of the experiment performed the catalyst was flushed with a mixture of he and 

N2 for ~7 h. 

6.3. reSuLTS AND DISCuSSIoN 
Making use of the newly constructed set-up for high-temperature and high-pressure 

operando raman spectroscopy we have performed a study on a co/tio2 fts catalyst 

for 40 h at 10 bar and 523 K. figure 6.7 summarizes the activity data measured 

on-line for this operando raman spectroscopy experiment with on-line performance 

measurements. It was found that the selectivity towards c1 (methane), c2-c4 olefins 

(e.g., ethylene), c2-c4 paraffins (e.g., propane) and c5+ products (e.g., isopentane) 

stabilized at 5%, 20%, 20% and 55%, respectively. furthermore, a rapid decrease in 

the catalytic activity, as expressed by the cobalt time-yield (cty), was observed, 

reaching a value of ~3 X 10-6 mol co/(g co X s), while the chain-growth probability, as 

expressed by the α value, was 0.6. 

the operando raman spectra measured during the 40 h catalytic experiment with 

the co/tio2 fts catalyst at 10 bar and 523 K are given in figure 6.8. the raman 

bands, assigned to co species, were not identified because they are located below 

750 cm-1 [10-13]. two distinct bands are clearly visible in the raman spectra, one 

located at ~1220 cm-1, that is assigned to disordered graphite (the so-called d4 band) 

and one at ~1600 cm-1, which is assigned to graphite lattice (the so-called g band) 

[8,14]. details on the assignments of these d and g raman bands for carbon deposits 

Figure 6.7. catalyst selectivity and activity, 
as expressed by the cobalt time-yield (cty), 
for the co/tio2 fts catalyst under study. 
the  experiments were conducted at 10 bar 
and 523 K.
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can be found in literature, and the assignments are briefly summarized in table 6.1 

[8,14-16]. It must be mentioned that the fluorescence presented during the execution 

of the experiment, because of the relevant conditions of temperature and pressure, 

limits the interpretation of the raman spectroscopy data obtained. the characteristic 

raman band, d1 band, which is somewhat linked with the g band, could not (always) be 

clearly identified during the execution of the experiment, which restricts the complete 

interpretation of the raman spectroscopy data. thus, the current analysis is focused 

on the relative evolution of the g and d4 bands.

figure 6.8 shows the intensities of the g and d4 raman bands grow in intensity 

with increasing reaction time, and that the intensity of the g band is always higher 

than that of the d4 band. 

the intensities of the different d4 and g raman bands, as summarized in table 6.1, 

can be obtained by spectral deconvolution. therefore, in a second step of our study we 

have deconvoluted all the operando raman spectra using 5 gaussian and lorentzian 

functions to find the best fit to the experimental data, following the approach from 

sadezky et al. [17]. A set of characteristic raman spectra and their corresponding 

deconvolutions are shown in figure 6.9, wherein a gaussian was used for the g band; 

Figure 6.8. Operando raman spectra of the co/tio2 fts catalyst collected during reaction at 
523 K and 10 bar: I) raman spectra data for the entire spectral range, and II) raman spectra data, 
focusing on the spectral region of carbon deposits with characteristic d4 and g bands.

Table 6.1. characteristic raman bands observed in heterogeneous catalysis.

Band Initial position (cm-1) Assignment

g ~1587 graphite

d1 ~1320 defects in graphite

d2 ~1620 disordered graphitic lattice

d3 ~1500 amorphous carbon

d4 ~1220 disordered graphite
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which resulted in a better fit. the g/d4 intensity ratios, the d4 and g band intensities, 

the position and the half width half maximum (hwhM) of the  different bands as 

a  function of reaction time are shown in figure 6.10, figure 6.11, figure 6.12 and 

figure 6.13, respectively. from figure 6.10, It can be observed that the ratio increased 

during the first 10 h of the fts reaction and stabilized at a value of ~ 2 during the last 

stage of the reaction. 

Figure 6.9. deconvoluted operando raman spectra of the co/tio2 fts catalyst at different 
reaction time: a) 0 h, b) 5 h, c)10 h, d) 15 h, e) 20 h, f) 25 h, g) 30 h, h) 35 h and i) 40 h.
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Figure 6.9. (continued). 

Figure 6.10. time-dependent intensity ratio 
of the d4 and g raman bands, obtained after 
deconvoluting the operando raman spectra 
of the co/tio2 fts catalyst operating at 
523 K and 10 bar and measured for 40 h. 

because of the signal-to-noise ratio of the data, was only possible to resolve the d4 

and g raman bands, which is also an indication of the poorly ordered structure of 

the graphite that was formed during the fts reaction [8,18]. from the analysis of 

the  data, is concluded that some of the defects of the graphite sheets disappear 

during the first 10 h of reaction, otherwise the amount of graphitic carbon increased 
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Figure 6.11. time-dependent intensity of 
the d4 and g raman bands, obtained after 
deconvoluting the operando raman spectra 
of the co/tio2 fts catalyst operating at 
523 K and 10 bar.

Figure 6.12. time-dependent position of 
the d4 and g raman bands of the co/tio2 
fts catalyst operating at 523 K and 10 bar.

Figure 6.13. time-dependent hwhM of 
the d4 and g raman bands of the co/tio2 
fts catalyst operating at 523 K and 10 bar.

during this period of reaction time [8]. In the literature, it is reported that the position 

of the g band indicates the size of the graphite crystallites, larger crystals produces 

a shift to lower wavenumbers [8,18]. on the other hand, a decreased hwhM of the d4 

and g raman bands is an indication of increased graphitization of the coke species 

[8,16]. In the case of this experiment, the position of the d4 and g raman bands, 

and the hwhMs did not shift significantly during the execution of the reaction. from 
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the analysis of the data is concluded that carbon species formed on the catalyst during 

the fts reaction are stable.

finally, the progressive graphitization of the carbon species deposited on 

the  surface of the catalyst was correlated to the deactivation of the co/tio2 fts 

catalyst. figure 6.14 presents the cobalt-time-yield (cty) compared to the inverse 

g/d4 ratio, wherein it is clearly observed that the degree of graphitization and the cty 

are inversely proportional and present the same trend, which is in agreement with 

information previously reported [6].

6.4. CoNCLuSIoNS 
In this phd chapter, we have presented a newly constructed operando laboratory-scale 

set-up, which provides the opportunity to perform long-term catalytic experiments to 

study the deactivation of a co/tio2 fts catalyst at high temperature and pressure with 

operando raman spectroscopy. by using this characterization method, it was possible 

to correlate the deactivation of the catalyst material over time with the deposition of 

hydrocarbons and the subsequent graphitization of these hydrocarbons during fts 

reaction. this agrees with previous characterization studies that correlate the evolution 

of graphitic species with the poisoning of the most active sites of the supported cobalt 

metal nanoparticles, resulting in the deactivation of the fts catalyst [4,6,8]. It was 

found that the evolution of the graphitic species, as characterized by the raman 

band located at ~ 1600 cm-1, directly correlated with catalyst deactivation. More 

specifically, the d4/g ratio (as derived from operando raman spectroscopy) follows 

the same decreasing trend as the cobalt-time-yield (as derived from on-line gas 

chromatography) as a function of reaction time.  

Figure 6.14. cobalt-time-yield (cty) in 
blue, and time-dependent intensity ratio 
of the g and d4 raman bands, in red, 
obtained for the co/tio2 fts catalyst 
under study, operating at 523 K and 
10 bar, and for 40 h. 
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the ever-increasing demand for transportation fuels, the higher environmental 

awareness as well as the depletion of easily accessible crude oil reserves have turned 

the attention towards the development of new catalytic technologies that can produce 

ultra-clean synthetic fuels from more sustainable feedstocks, including municipal waste, 

biomass as well as natural gas. cobalt-based fischer-tropsch synthesis (fts) represents 

a viable option to produce transportation fuels with low concentration of sulphur, 

nitrogen, aromatics and naphthenes [1]. however, one of the main issues in co-based 

fts is the deactivation of the solid catalyst with increasing time-on-stream, which has 

evidently a large impact on its industrial use. despite decades of research on co-based 

fts catalysts, our fundamental understanding regarding the different deactivation 

routes has remained elusive. this is partly due to the difficulty of performing long-term 

in situ and/or operando spectroscopic measurements at relevant industrial conditions 

(i.e., elevated temperatures and pressures) that can provide physicochemical insights 

about the deactivation process [2]. In this phd thesis, the development of powerful 

characterization methods has led to new physicochemical insights about not only 

catalyst deactivation, but also on the activation process of the catalyst material. In what 

follows, I will highlight the main findings of this phd thesis work and also present some 

new ideas for potential future research.

Summary,  
concludIng remarKS  

and future perSpectIveS 7
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7.1. SummAry 
Chapter 2 presents an operando scanning transmission X-ray Microscopy (stXM) 

study on a co/tio2 fts catalyst. stXM is a powerful X-ray Microscopy (XrM) technique 

that combines microscopy and X-ray absorption spectroscopy in the energy region of 

200-2000 ev, at about 50 nm spatial resolution, allowing to study both the organic 

and inorganic phases of a solid catalyst. by using a microelectromechanical system 

(MeMs) nanoreactor it was possible to perform operando experiments at elevated 

temperatures and pressures, because the attenuation process experienced by the soft 

X-rays (200-2000 ev) was sufficiently reduced. the MeMs nanoreactors were loaded 

by using small catalyst particles in the size of 1-3 μm. 

different stXM experiments were performed and from the analysis of the stXM 

data obtained it was found that different hydrocarbons were deposited on the surface 

of a single fts catalyst particle, forming a hydrocarbon film. both intra- and interparticle 

heterogeneities were noted. changes in the local cobalt oxidation/valence states of 

the catalyst could be correlated to the carbon deposits heterogeneities observed. 

furthermore, the presence of a higher co valence state can be correlated to a more 

saturated nature of the carbon species observed. the results obtained suggested that 

the changes in the local oxidation state of the cobalt nanoparticles can be correlated 

to the location and type of carbon species that evolve during the fts reaction, 

thereby providing insights in the activation process of the co fts catalyst material. 

figure 7.1 presents a schematic of the gradual hydrocarbon film evolution over time 

and its relation to the oxidation state of the co nanoparticles.

In Chapter 3, in situ X-ray absorption near edge spectroscopy (XANes) laboratory-

based experiments of a co/tio2 fts catalyst, measured in transmission mode, under 

relevant conditions of temperature and pressure were presented. the data obtained 

from the laboratory-based set-up was compared and complemented by synchrotron-

based XANes measurements. by using the in situ laboratory-scale XANes set-up, it 

was possible to follow the activation and long-term deactivation of the co/tio2 fts 

Figure 7.1. schematic of the processes taking place during the fischer-tropsch synthesis process 
over a co/tio2 catalyst material in the early phases of the reaction, as described in phd chapter 2, 
and making use of scanning transmission X-ray microscopy.
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catalyst, and the co K-edge XANes of different co reference compounds, namely 

co3o4, coo, co and cotio3, were established. from the data obtained, it was 

observed that for a temperature higher than 573 K, a small fraction of the cobalt can 

be converted into cotio3 during the reduction process, which agrees with the concept 

of strong metal-support interaction (sMsI) [3]. Moreover, during fts at different 

conditions (i.e., pressure and h2/co ratio) no cobalt re-oxidation was observed, which 

is in line with earlier reports [4-6] from our research group, confirming that oxidation 

of the cobalt is not the main deactivation route for fts, leaving sintering and coke 

formation as main reasons for the deactivation co-based fts catalyst over time [7]. 

these findings are illustrated in figure 7.2.

In Chapter 4, we have obtained the co K-edge XANes spectrum of a pure cobalt 

carbide as reference compound. the in situ synthesis of cobalt carbide followed 

the approach proposed by claeys et al. and cats et al. [5,8], which requires a complete 

reduction of co3o4 into metallic co, followed by the carburization of the sample in 

a pure flow of co. reactions at different pressure and co flow were performed to test 

the experimental procedure and to obtain data about the conditions for cobalt carbide 

formation. to enable this, the different experiments were performed in a laboratory-

based XANes set-up and the obtained data were corroborated by an experiment 

performed with a synchrotron-based XANes set-up. 

A Non-Negative Matrix factorization (NNMf) method was applied to the XANes 

spectra of the carburized samples taken at different reaction times, to deconvolute 

the XANes data into the two pure contributing components, i.e., cobalt metallic and 

cobalt carbide. figure 7.3 presents a schematic of the gradual carburization of the pure 

cobalt nanoparticles over time. Additionally, a simulation of the XANes spectrum, 

based on the crystalline structure of co2c, was performed using the fdMNes and 

feff9 programs [9,10] to corroborate the results obtained from the NNMf calculations. 

In Chapter 5, a novel in situ X-ray raman spectroscopy (Xrs) and X-ray diffraction 

(Xrd) methodology was used to determine the characteristic co l2,3-edges and c 

Figure 7.2. schematic of the findings observed for a co/tio2 catalyst during the fischer-
tropsch synthesis reaction by using a laboratory-based X-ray absorption spectroscopy set-up, as 
described in phd chapter 3.
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K-edge spectra for cobalt carbide (co2c), and to study a co/tio2 fts catalyst under 

relevant reaction conditions (523 K and 5 bar). After 15 h of fts reaction, a change in 

the oxidation state of the cobalt nanoparticles was distinguished, which was assigned 

to the partial formation of a small amount of co2c. the formation of this co2c phase 

was confirmed by in situ Xrd. from the analysis of the Xrd data it was concluded 

that the co2c formed was not stable during fts reaction. therefore, its formation 

cannot be correlated to the activation or deactivation process of the co/tio2 catalyst, 

olefins selectivity or either as an intermediate phase during the fts reaction [8,11-15]. 

Additionally, the co l2,3-edges and c K-edge spectra of different cobalt and carbon 

references were obtained by using Xrs. figure 7.4 shows a schematic of the phenomena 

observed during the fts reaction as assessed by combined in situ Xrs and Xrd.

the results obtained also demonstrate that Xrs is a powerful technique that allow 

to measure co l2,3-edges and c K-edge (edges present in the soft X-rays range) at high 

pressure and high temperature by using hard X-rays. this represents an advantage for 

the study of complex catalytic reactions (e.g. fts) under in situ conditions. Unfortunately, 

the obtained Xrs data are still noisy and technical improvements are required to make 

the method practically useful for applications in heterogeneous catalysis. 

Figure 7.3. schematic of the carburization reaction of pure cobalt nanoparticles, as described in 
phd chapter 4, and leading to the formation of the reference cobalt carbide material, thereby 
allowing to measure a good reference XANes spectrum.

Figure 7.4. schematic of the partial formation of co2c observed during fts reaction, as discussed 
in phd chapter 5.
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finally, Chapter 6 presents the development of a laboratory-scale set-up, which 

combines operando raman spectroscopy with on-line gas chromatography (gc). 

the  set-up has been applied on a co/tio2 fts catalyst. by performing operando 

raman spectroscopy experiments at 10 bar and 523 K, it was possible to correlate 

the formation of type and amount of (hydro-)carbon species with catalytic performance. 

More specifically, it was possible to relate the deactivation of the co/tio2 catalyst 

with the deposition of hydrocarbons and the subsequent graphitization of these 

hydrocarbons during fts reaction, see figure 7.5. the results obtained corroborate 

the information presented in previous studies [5,11] that correlate the formation of 

graphitic species with the poisoning or covering of the cobalt metal nanoparticles, 

resulting in the gradual deactivation of the fts catalyst.

7.2. CoNCLuDINg remArKS
the different results presented in this phd thesis provide new insights in the activation 

and deactivation of co/tio2 fts catalyst materials. 

these findings can be summarized as follows: 

1. there is no experimental evidence about bulk re-oxidation of supported cobalt 

metal nanoparticles during fts reaction at relevant conditions of pressure and 

temperature. this finding agrees with previous studies performed in our group 

[4-6], as well as for other co-based systems reported by other groups [16-18].

2. At a reduction temperature higher than 573 K, a small fraction of the cobalt can be 

converted into cotio3 (considered to be an inactive phase for fts reaction), which 

agrees with the concept of strong metal-support interaction [3].

3. It is suggested that cobalt metal sintering and hydrocarbon deposits formation are 

the main reasons for the detrimental activity over time for co-based fts catalyst 

materials, and at least for the hydrocarbon deposits formation we have found a lot 

of experimental evidence from various methods and experiments [2].

Figure 7.5. schematic of the evolution of carbon deposits, and the gradual formation of graphitic-
like carbon, as observed with operando raman spectroscopy during fischer-tropsch synthesis 
over a co/tio2 catalyst, as described in phd chapter 6. 
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4. from the operando raman spectroscopy experiments, a bulk technique, it was 

possible to directly relate catalyst deactivation with the deposition of hydrocarbons 

and subsequent graphitization of these hydrocarbons during fts reaction. It was 

found that the evolution of the graphitic-type species, as characterized by a raman 

band at ~ 1600 cm-1, directly correlates with catalyst deactivation. this finding 

corroborates earlier studies [5,11].

5. from the operando stXM experiments, a local technique, a progressive build-

up and shift from short-chain to long-chain hydrocarbons was identified with 

increasing time-on-stream. the results indicate that the location and type of 

carbon species can be related (in part) to slight changes in the local oxidation state 

of the supported cobalt nanoparticles.

6. during fts reaction at 5 bar and 523 K, cobalt carbide formation was identified by 

operando Xrd measurements, which can be correlated to a change in the oxidation 

state of the cobalt nanoparticles, co l2,3-edges measurements. the cobalt carbide 

formed was always minor and most probably also not stable under typical fts 

conditions. 

Figure 7.6. schematic of the different activation and deactivation processes observed during 
fischer-tropsch synthesis (fts) in the different experiments described in this phd thesis: I) co re-
oxidation, not observed. II) co phase, cotio3, inactive for fts reaction, observed. III) hydrocarbon 
film and graphitization of carbon species on the surface of the cobalt nanoparticles, observed. 
Iv) formation of small amounts of cobalt carbide during fts reaction.
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7. to obtain relevant data about the real role of the carbides during fts reaction, 

a pristine cobalt carbide co K-edge spectrum was obtained. by using the spectrum 

obtained, it becomes possible to unequivocally detect and quantify the formation 

of co2c during fts reaction under operando conditions.

figure 7.6 summarizes the different activation and deactivation processes observed 

in this phd thesis for a co/tio2 fts catalyst material making use of a variety of 

characterization methods.

7.3. FuTure PerSPeCTIVeS
In this phd thesis various advanced spectroscopic and microscopy techniques have 

been developed and used to investigate the complex behavior of the activation and 

deactivation of co/tio2 fischer-tropsch synthesis catalyst materials under relevant 

reaction conditions. Nevertheless, the development of new, improved or more robust 

in situ and operando techniques remains a key goal in heterogeneous catalysis 

research for the years to come. 

for example, the technique described in chapter 2, namely stXM, could already 

reach a very high spatial resolution at operando conditions, ~ 50 nm, but this is still 

insufficient to study individual metal nanoparticles in the order of ~ 10 nm or smaller. 

New developments in X-ray ptychography will allow to perform experiment at a very 

high spatial resolution, i.e., below 10 nm, which can be used in the study of single metal 

nanoparticles within complex catalyst systems under relevant reaction conditions.

the XANes laboratory-based set-up, presented in chapter 3 and chapter 4, 

provides the opportunity to perform long-term in situ/operando experiments, 

but time resolution is the main limitation for this kind of set-ups. Improvements in 

time resolution, which considers the capability of fast acquisition of data, will bring 

the technology to the next level, wherein the XANes laboratory-based technique will 

be comparable and not complementary to XAs synchrotron techniques. on the other 

hand, time resolution is less of an issue when considering the long processes of catalyst 

deactivation. laboratory-based set-ups would provide very good opportunities to 

monitor such deactivation processes for a wide range of solid catalysts (often taking 

many years to arrive at a completely deactivated state). In addition, developments for 

X-ray sources that can improve the overall brightness of the X-ray beam [19,20] will 

contribute to the future improvements of this type of set-ups. 

the Xrs study, described in chapter 5, presents several advantages compared 

to other X-rays spectroscopy techniques because it allows to measure the carbon 

K-edge, present in the soft X-ray range (200-2000 ev), with hard X-rays. however, 

the data obtained are still relatively noisy. by improving the reactor set-up (e.g. by 

using thinner capillary reactors and having a better reactor geometry to maximize 
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the photons out) it will become possible to increase the signal-to-noise ratio, and 

consequently the overall data quality. on the other hand, sample homogeneity during 

the entire Xrs experiment remains also important. 

In the case of the novel operando raman set-up, as introduced in chapter 6, 

the development of a more sensitive detector and the use of different laser lights will 

make it possible to determine and quantify more precisely the different hydrocarbon 

species that forms within complex catalytic systems during reaction. examples 

include the formation of the reaction products, namely waxes. developments, such 

as time-resolved spectroscopy, thereby removing in the time domain the (potential) 

fluorescence during the measurement of high-quality raman spectroscopy as well as 

well as surface-enhanced raman spectroscopy and resonance raman spectroscopy 

could be ways to further improve the overall quality of raman data obtained under 

operando conditions.
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NeDerLANDSe SAmeNVATTINg
de steeds toenemende vraag naar energie en het hogere milieubewustzijn van 

mensen hebben geleid tot onder andere de ontwikkeling van nieuwe katalytische 

processen, die schone synthetische brandstoffen maken uit duurzamere grondstoffen, 

zoals huishoudelijk afval, biomassa en aardgas. op kobalt-gebaseerde fischer-tropsch 

synthese is een mogelijke route om transportbrandstoffen te produceren met een lage 

concentratie aan onder meer zwavel. een belangrijk probleem bij kobalt-gebaseerde 

fischer-tropsch synthese is de deactivering van de katalysator. deze deactivering  

heeft een grote impact op het gebruik van het katalysatormateriaal op industriële 

schaal. ondanks tientallen jaren van onderzoek naar op kobalt-gebaseerde fischer-

tropsch synthese-katalysatoren is het fundamentele begrip over de verschillende 

deactiveringsroutes nog steeds beperkt. een van de redenen is de moeilijkheid om 

in situ en/of operando spectroscopische metingen uit te voeren onder industriële 

omstandigheden gedurende langere tijd [2]. In dit proefschrift is door middel van 

een combinatie van krachtige  karakteriseringsmethoden nieuwe fysisch-chemische 

inzichten bekomen in de activerings- en  deactiveringsprocessen van een co/tio2 

fischer-tropsch synthese-katalysator.

Hoofdstuk 2 handelt over het gebruik van operando scanning transmission 

X-ray Microscopy (stXM) van een co/tio2 katalysator. stXM is een krachtige 

X-stralen methode, die microscopie en röntgenabsorptiespectroscopie combineert in 

het energiegebied van 200-2000 ev. de techniek heeft een ruimtelijke resolutie van 

ongeveer 50 nm en laat toe om zowel de organische als de anorganische fase van 

een katalysatormateriaal te bestuderen. door gebruik te maken van een nanoreactor 

op basis van micro-elektromechanische systeem (MeMs) technologie was het mogelijk 

om operando micro-spectroscopische experimenten uit te voeren bij hoge temperatuur 

en druk. co/tio2 katalysatordeeltjes met een grootte van 1-3 μm werden aangebracht 

in de MeMs nanoreactoren. Uit de uitgevoerde stXM-experimenten bleek dat 

verschillende koolwaterstoffen op het katalysatoroppervlak worden afgezet, waarbij 

een soort koolwaterstoffilm wordt gevormd. de aard van de koolstof-afzettingen  

zijn afhankelijk van plaats en tijd in een enkel katalysatordeeltje. opmerkelijk was 

dat deze lokale veranderingen in de koolafzettingen konden gerelateerd worden 

aan de lokale veranderingen in de oxidatietoestand van kobalt binnen een enkel 

katalysatordeeltje. bovendien kan de aanwezigheid van een hogere oxidatietoestand 

van kobalt worden gecorreleerd met een meer verzadigde aard van de waargenomen 

koolstof-afzettingen.  

In Hoofdstuk 3 wordt een laboratorium-gebaseerde X-stralen instrument gebruikt 

om in situ experimenten uit te voeren op een co/tio2 katalysator bij hoge temperatuur 

en druk en onder relevante fischer-tropsch synthese condities. de gegevens over 

de oxidatietoestand van kobalt in het katalysatormateriaal, verkregen met deze 



117

NederlANdse sAMeNvAttINg

laboratorium-gebaseerde opstelling, werden direct vergeleken met en aangevuld door 

synchrotron-gebaseerde metingen. Met behulp van deze laboratoriumopstelling was 

het mogelijk om de activering en deactivering van de co/tio2 katalysator te volgen, 

alsook om relevante spectra van verschillende kobalt referentieverbindingen (o.a., 

co3o4, coo en cotio3) te bekomen. Uit de verkregen gegevens bleek dat tijdens 

reductie voor een temperatuur hoger dan 573 K een kleine fractie van het kobalt 

kan worden omgezet in cotio3. bovendien werd tijdens fischer-tropsch synthese 

geen oxidatie van het kobalt metaal waargenomen. deze observatie bevestigt dat 

de  oxidatie van kobalt niet een belangrijke deactiveringsroute is tijdens fischer-

tropsch synthese. 

In Hoofdstuk 4 wordt een studie gepresenteerd, die gericht was op het verkrijgen 

van een goed referentiespectrum van zuiver kobalt carbide. de in situ synthese van 

dit kobalt carbide was mogelijk door gebruik te maken van de syntheserecepten van 

claeys et al. en cats et al.. de synthese bestaat uit de reductie van kobalt oxide in 

kobalt metaal, gevolgd door de omzetting in een zuivere stroom van koolstof monoxide 

van het kobalt metaal in het kobalt carbide. reacties bij verschillende druk en onder 

veranderende condities van de koolstof monoxide stroom maakten het mogelijk om 

inzichten te verkrijgen in de vorming van kobalt carbide. een mathematische methode 

werd toegepast op de bekomen spectra om spectraal zuivere gegevens te bekomen 

voor zowel een kobalt metaal als een kobalt carbide. 

In Hoofdstuk 5 wordt een nieuwe in situ X-ray raman spectroscopy (Xrs) en X-ray 

diffraction (Xrd) methode ontwikkeld en toegepast op een co/tio2 katalysator. door 

Xrs experimenten uit te voeren, werden de karakteristieke kenmerken van de co 

l2,3 spectra en c K spectra verkregen voor kobalt carbide als referentie materiaal. 

Na 15  uur fischer-tropsch synthese werd een verandering in de oxidatietoestand 

van kobalt waargenomen in een co/tio2 katalysator, die werd toegewezen aan 

de  gedeeltelijke vorming van kobalt carbide. de vorming van dit kobalt carbide 

kon worden bevestigd door het uitvoeren van in situ Xrd-metingen. Uit de analyse 

van deze Xrd-gegevens werd geconcludeerd dat het gevormde kobalt carbide niet 

stabiel was tijdens fischer-tropsch synthese. daarom kan de vorming van kobalt 

carbide ook niet worden gerelateerd aan het deactiveringsproces van de co/tio2 

katalysator. de bekomen resultaten tonen aan dat Xrs een krachtige meettechniek 

is waarmee met behulp van harde röntgenstralen informatie bekomen wordt die met 

zachte röntgenstralen moeilijk te bekomen zijn. echter de bekomen spectra zijn nog 

erg ruizig en technische verbeteringen zijn nodig om betere chemische informatie te 

bekomen over een actief katalysatormateriaal.

ten slotte handelt Hoofdstuk 6 over de ontwikkeling van een nieuwe operando 

raman meetopstelling voor onderzoek aan werkende katalysatoren. door 

het uitvoeren van deze operando raman spectroscopische metingen aan een co/tio2 

katalysator bij 10 bar en 523 K was het mogelijk om de vorming van zowel het type 
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en de  relatieve hoeveelheid van koolstofafzettingen op het katalysatoroppervlak 

te volgen. deze vorming van koolstofazettingen kon gerelateeerd worden aan 

de activiteit van het katalysatormateriaal. Meer specifiek was het mogelijk om 

de deactivering van de co/tio2 katalysator te relateren aan de afzetting van 

koolwaterstoffen en de  daaropvolgende grafitisering van deze koolwaterstoffen 

tijdens katalyse. de verkregen resultaten herbevestigen de rol van koolstofafzettingen 

in de deactivering van een co/tio2 fischer-tropsch synthese katalysator. 
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APPeNDIX B: LIST oF ABBreVIATIoNS
Als  Advanced light source

Asf  Anderson-schulz-flory 

btl  biomass-to-liquid

cA  cluster Analysis

ccp  cubic close packed

cg  center of gravity

cNf  carbon Nanofibers

ctl  coal-to-liquid

cty  cobalt time-yield

dUbble  dutch-belgian beamline

esrf  european synchrotron radiation facility

eXAfs  extend X-ray Absorption fine structure

fcc  face-centered cubic

fts  fischer-tropsch synthesis

gc  gas chromatograph

gtl  gas-to-liquid

hcp  hexagonal close-packed

hdp  homogeneous deposition precipitation

ftfts  high-temperature fischer-tropsch synthesis

hwhM  half width half Maximum

Icp-Aes  Inductively coupled plasma-Atomic emission spectrometry

IwI  Incipient wetness Impregnation

lbNl  lawrence berkeley National laboratory

ltfts  low-temperature fischer-tropsch synthesis

MeMs  Micro-electro-Mechanical systems

NNMf  Non-Negative Matrix factorization

osA  order sorting Aperture

pcA  principle component Analysis

sAc  single Atom catalysis

sMsI  strong Metal-support Interaction

steM-eels  scanning transmission electron Microscopy-electron energy loss 

spectroscopy

steM-edX  scanning transmission electron Microscopy-energy dispersive X-ray 

spectroscopy

stXM  scanning transmission X-ray Microscopy

tof  turnover frequency

tcd  thermal conductivity detector

tpr  temperature programmed reduction
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tXM  transmission X-ray Microscopy

wgs  water-gas shift 

wt.%  weight percent

XANes  X-ray Absorption Near-edge structure

XAs  X-ray Absorption spectroscopy

Xes  X-ray emission spectroscopy

Xrd  X-ray diffraction

XrM  X-ray Microscopy 

Xrs  X-ray raman spectroscopy

Xtl  Anything-to-liquid
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