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“The bane of Knowledge is abstinence from action. The bane of good deeds is doing them 

without sincerity.” 
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Chapter 1 

 

 

1 Introduction 
 

The topic of this PhD thesis is to study, unravel and understand the underlying principles behind the 

promoting effect of cobalt and nickel on the performance of alumina-supported CoMoS and CoNiMoS 

Hydrodesulfurization (HDS) catalysts. Although these catalysts are already used for decades in 

hydrotreating processes, there is still no agreement regarding the true structure of the active phase, 

nor about the promotional effect by cobalt and nickel. Understanding the fundamentals of these 

catalytic processes and the role of different elements in the active phase is crucial to design more 

effective catalysts in the future. 

 

This Chapter will introduce the current issues regarding the study of CoMoS/Al2O3 and CoNiMoS/Al2O3 

HDS catalysts and familiarize the reader with the abilities of the applied X-ray spectroscopy 

techniques, in particular Resonant Inelastic X-ray Scattering (RIXS) and Scanning Transmission X-ray 

Microscopy (STXM). Here specifically we will explain the following points: I- What is known about the 

CoMoS/Al2O3 and CoNiMoS/Al2O3 HDS catalysts and what more we need to understand? , II- How can 

RIXS be applied to identify the promoter compounds in the freshly calcined and the fully sulfided state, 

and III- How is the distribution of the active phase throughout the support material?  
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1.1 Hydrodesulfurization Catalysis  
 

Due to the increasing rate of energy consumption in recent years, environmental impacts resulting 

from the combustion of fossil fuels has caused serious concerns. The annual consumption of 

petroleum for transportation fuels, lubricants, and chemicals is about 90 billion barrels [1]. Crude oil 

consists of a mixture of various hydrocarbons compounds, which differ in their hydrogen-to-carbon 

atomic ratio, molecular weight, and boiling point. Also there are traces of sulfur (0-3%), nitrogen (0-

0.5%), oxygen, vanadium, nickel, and heavy metals present [2].   

 

The stringent environmental regulations in the Western countries and Japan have put restrictions on 

the sulfur levels in transportation fuels.  The presence of sulfur-containing compounds in crude oil has 

a major impact on the air pollution by emission of SOx to the environment. Fuel streams in oil refineries 

contain various organosulfur compounds, with thiophene and alkyl-substituted thiophenes, such as 

dibenzothiophene (DBT), as the most common [3]. The presence of sulfur compounds in fuels has 

multiple disadvantages. The major environmental issue is the emission of sulfur oxides (SOx) following 

the combustion of sulfur-containing hydrocarbons compounds in fuels. Upon reaction with moisture, 

these gases form sulfates, which eventually leads to environmental issues, such as acid rain, global 

warming, and water pollution. As a consequence, strict environmental regulations in the United States 

and Europe state that the sulfur content in transportation fuels must be lowered to below 0.1 ppm 

[4,5]. Secondly, the presence of sulfur has negative effects on the oil refining process. During the oil 

refining process, sulfur compounds cause corrosion in the refining equipment and also tend to poison 

the catalysts. In addition, automotive catalytic converters are adversely affected by the presence of 

sulfur compounds in transportation fuels.  

 

Due to the undesirable effects of sulfur compounds, HDS is an important process in oil refineries. In 

this catalytic step sulfur is cleaved from hydrocarbons and H2S is released [6]. Conventional HDS 

methods require severe operation conditions, such as high pressure and temperature. These 

conditions cause the hydrogenation of olefins, leading to an excess of hydrogen consumption and a 

loss of octane rating. The H2S formed in the HDS process is separated from the flue gas by amine 

scrubbing. Subsequently, the H2S is partially oxidized to form elemental sulfur and water in the Claus 

process [5,7,8]. Molybdenum or tungsten-based HDS catalysts are widely used for the desulfurization 

of organosulfur compounds. The most common HDS catalyst is alumina-supported molybdenum 

disulfide (MoS2/Al2O3). Alumina is extensively used as support material because of its outstanding 

mechanical and textural properties and relatively low costs [9,10]. To increase the catalytic activity 

this catalyst is promoted with either cobalt, nickel or a combination of both.  

 

 

1.1.1 Description of CoMoS and CoNiMoS Hydrodesulfurization Catalysts 

 

Alumina-supported molybdenum sulfides promoted by cobalt or nickel are still the main active 

components of ultra-deep HDS catalysts. The catalytically active phase in promoted HDS catalysts has 

been proposed by Topsøe and coworkers to be a Co(Ni)MoS phase, where cobalt and nickel atoms are 

located on the edges of the MoS2 particles [11]. These particles, also called slabs, have a hexagonal 

crystal lattice, which consists of stacked composite layers, in which a central layer of molybdenum is 

sandwiched by two layers of sulfur atoms (Figure 1.1).  
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Figure 1.1: Proposed model for an Al2O3-supported Co(Ni)MoS catalyst. The CoMoS slabs are believed to be 
made of 1D MoS2 slabs decorated with Ni and Co atoms at the edges. In addition, the bulk sulfide phases (e.g. 
Co9S8) are illustrated. 

Figure 1.2 shows the Transmission Electron microscopy (TEM) image of a ϒ-Al2O3 supported CoNiMoS 

sample. In this experimentally obtained image the 1D CoNiMoS slabs are visible as black lines.   

 
Figure 1.2: High resolution (S)TEM images of a CoNiMoS/Al2O3 sample recorded in bright (A) and dark field (B) 

mode. MoS2 slabs are visible in mono- and multilayer structures. 

 

Industrially fresh oxidic catalyst precursors are activated by the addition of compounds, such as CS2. 

However, in laboratory studies the catalysts are sulfided by a H2S/H2 gas mixture. The degree of 

sulfidation depends strongly on the metal oxide-support interaction and influences the catalytic 

properties of the sulfided catalyst. Since the addition of promoters has been the main route to 

improve the hydrotreating catalyst performance many studies have been performed to better 

understand the synergetic effect of the promoters. For decades the structure of these catalysts has 
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been an issue of debate, especially the location of promoter atoms and the existence of other metal 

sulfide bulk phases. 
 

 

1.1.2 The Hydrodesulfurization Process 

 

In general, the catalytic cycle for the hydrodesulfurization of thiophene is proposed to proceed via 

two different mechanisms. In the literature there has been extensive studies to unravel and 

understand the mechanism. Vogelaar et al. studied the relation between sulfur coordination of active 

sites and HDS activity for Mo and NiMo catalysts by IR spectroscopy using CO as probe molecule [12]. 

It was suggested that the thiophene HDS reaction and the dibenzothiophene hydrogenation pathway 

are catalyzed by sulfided species on the active phase, while the direct desulfurization pathway is 

catalyzed by vacant sites. Figure 1.3 gives a schematic representation of the hydrogenation pathway 

mechanism for thiophene desulfurization. First, the thiophene is hydrogenated via a two-step process. 

Next, the formed tetra hydro-thiophene adsorbs with its sulfur atom towards the molybdenum. 

Subsequently, the carbon-sulfur bonds are broken in two steps. Most likely this is done by two β-

hydrogen eliminations. The formed butadiene desorbs into the gas phase and is further hydrogenated 

to 1-butene. Finally, the 1-butene is converted into the more thermodynamically stable cis and trans 

2-butenes. The direct desulfurization pathway involves the transfer of a hydrogen, followed by a direct 

sulfur-carbon bond cleavage. In both mechanisms the active site is regenerated by the release of H2S. 

 

 

 

 
 

Figure 1.3: Schematic representation of the hydrogenation mechanism for the hydrodesulfurization (HDS) of 

thiophene. The first step includes hydrogenation of the unsaturated ring, followed by adsorption on the 

catalyst. The C-S bonds are cleaved, resulting in formation of butadiene. Subsequently, the butadiene is 

converted into the more thermodynamically stable cis and trans 2-butenes [2]. 
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1.2 X-ray Absorption Spectroscopy  

A monochromatic beam of X-rays of the energy E, which passes through a homogeneous sample of 

the thickness d, is attenuated.  In analogy to the Lambert-Beer law, this attenuation can be described 

by:                                                              ���� = ��������	�
�.��		�eq. 1.1� 

         

X-ray absorption spectroscopy (XAS) is a powerful technique for both geometric and electronic 

structure determinations. It is sensitive to differences in the oxidation and hybridization, as well as in 

the geometry and electronic structure of the sample. The unique strength of XAS lies in its element 

specificity and its applicability to systems in homogeneous and heterogeneous phases. The XAS 

spectra plotted in Figure 1.4 can be distinguished by three spectral regions.  An X-ray absorption 

spectrum is obtained when a core electron is excited with sufficient X-ray energy to the valence and 

conduction bands (called the XANES or X-ray absorption near edge spectroscopy region).  

 

In the context of hard X-ray absorption spectroscopy on transition metal systems, with partially 

occupied 3d-orbitals, XANES is further subdivided into the “pre-edge” region, which consists of weak, 

electric dipole-forbidden and quadrupole allowed transitions of the 1s core electrons into valence 3d 

levels and the “near-edge” region which comprise the rising-edge, the white-line, and the first 50 eV 

region above the white-line (Figure 1.4).  

Figure 1.4: Schematic representation of XAS and EXAFS process for a nickel oxide compound. In this process 

the unoccupied density of states of the 3d transition metal ions is probed by excitation of 1s core electron to 

either the 4p (1s����4p called the main edge) or to 3d4p hybridized states (also called the pre-edge region) 

which is a partly dipole allowed transition. 
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When the electron absorbs enough energy to overcome the core potential, the resulting 

photoelectron undergoes a complex array of scattering interactions with the neighboring atoms 

resulting in the so-called Extended X-ray Absorption Fine Structure (EXAFS) region, typically analyzed 

from 50 eV above the main edge. 

 

For atoms in a molecule or in a condensed phase, the absorption coefficient above the absorption 

edge displays a fine structure called the EXAFS. Theoretically, the X-ray absorption coefficient for an 

atom decreases as the X-ray energy increases. It displays discontinuities (absorption edges) as an 

incident photon is absorbed by the atom and electronic transitions from a core atomic level to 

unoccupied conduction states above the Fermi level take place. The emitted electron in this process 

is then represented as a wave. Due to the presence of ligands around the excited atom, the outgoing 

wave is scattered from these atoms, resulting in ingoing waves.   

 

Then these ingoing waves interfere either constructively or destructively with the outgoing waves. 

This interference results in the observed oscillatory behavior of the fine structure. The EXAFS is the 

oscillation in the absorption coefficient on the high-energy side of X-ray absorption edges, ranging 

from 35 to about 1000 eV higher than the main edge. In the literature, Stern, Sayers and Lytle related 

these fluctuations of the absorption coefficient to the atomic symmetry and nature of the ligands 

surrounding the absorbing atom [13-15].  

 

Due to the relatively limited mean free path of the electrons the single scattering event is the major 

process in the EXAFS region. The fine structure χ(E) associated to a particular absorption edge is 

described as:  

                                                                           χ��� = ���� − ���������� − �����			�eq. 1.2�		 
 

where μ(E) is the measured absorption coefficient, μ1(E) is the absorption coefficient of the isolated 

atom and μ0(E) is the background absorption before the edge. The values of μ0(E) and μ1(E) must be 

estimated and can’t be directly measured. Practically, the μ0(E) is determined directly from the pre-

edge region whereas the extrapolation of μ0(E) results in anomalous behavior for (μ1(E) - μ0(E)). This 

is due to its dependence on the selected pre-edge energy range. In general, the Lengeler-Eisenberger 

method is used to calculate μ0(E) [16]. This method is based on the following equation:  

 � ∆�∆��� = �1 − 8 − �� − ���3�� �							�eq. 1.3�													 
 

First μ1(E) is calculated after the edge by a polynomial of degree n (n = 4, 5 or 6) or cubic splines. Next, 

μ0(E) is determined from equation 1.3.  

 

In order to relate χ(E) to structural parameters, it is convenient to perform a transformation to χ(κ) in 

the photoelectron wavevector κ space, where  																																																												� = 	�� !"ħ $ × �hν − ���(	     (eq. 1.4) 
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After conversion of energy to the κ scale using this equation, the normalized EXAFS function χ(κ) is 

obtained as follows:  χ��� = ���� − ���������� − �����							�eq.		1.5� 

 

 

For a typical K-edge absorption where a 1s core electron is excited, the normalized EXAFS oscillations 

can be described by: χ��� = �1��*�+,- //,!� sinh32�/, + 5,���6 × 7,��� � �!89:;:$	���!<-=�;��								�eq. 1.6� 

 

Where Rj is the distance from the central absorbing atom to atoms in the jth coordination shell, Nj is 

the number of atoms in the jth shell, sj is the Debye-Waller factor due to static disorder and thermal 

vibrations, λ(κ) is the mean free path of the ejected photoelectron from the absorber atom and Σ the 

summation extends over j coordination shells, the term 	���:?9@�A�� is due to inelastic losses, Aj(κ) is the 

backscattering amplitude from each of the Nj neighboring atoms and φj(κ) is the phase shift between 

the incident and backscattering wave given by: 

 φ�κ� = 	φa�κ� + φb�κ�														�eq. 1.7�	 
 

where φa(κ) is the phase shift due to the central atom and φb(κ) is the phase of the backscattering 

amplitude from the neighbor. Multiple scattering effects have been ignored in the derivation of this 

equation. Furthermore, since the intensity of the outgoing wave decreases very fast with increasing 

R, there is very little contribution to the fine structure of the distant atoms. 

 

The raw EXAFS signal obtained with the procedure described above is made of many sinusoidal waves. 

The Fourier transform is the standard tool used for frequency separation. The Fourier transform of 

χ(κ) yields the following radial distribution function (RDF): 

 

GHI�/� = J 12K L M�κ�κIχ�κ�e��!NOP�	O	QRS
O	QNT Uκ														�eq. 1.8� 

 

Since at high κ values, the χ(κ) is low, function χ(κ) is multiplied by the factor κn before the transform 

is performed in order to obtain more information at those values. Factor κn is used to weight the data 

according to the value of κ. Generally, values of n= 1, 2 or 3 are used. The limits of the integral, κmin 

and κmax, are the experimental minimum and maximum values of κ obtained. 

 

The focus of this PhD thesis will be on the pre-edge and main absorption-edge region, together called 

the XANES region. In the 3d transition metal K-edges, the 1s→4p transiWon is dipole allowed and is 

always more intense than the pre-edge absorption features. The metal K pre-edge features originate 

from the 1s→3d4p quadrupole transition and are affected by the interplay of several factors including 

ligand field, covalency, spin state and symmetry. Small variations in these factors can lead to 
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appreciable changes in the spectral shape. The ligand field strength has a direct effect on the energy 

position of the metal K-pre-edge transition. The pre-edge feature is also affected by changes in Zeff in 

a similar manner as the rising-edge transition. For systems in the same spin-state and similar ligand 

environment and geometry, the pre-edge has been observed to shift to higher energy with increase 

in Zeff.  

 

The intensity of X-rays transmitted through a sample decreases due to the X-ray absorption process. 

Depending on the energy of X-rays, the absorbed X-rays can excite core electrons from different levels 

in a molecule or a bulk solid sample. Based on the origin of the excited electron, the absorption edge 

can be classified as K-edge (corresponding to the excitation of a 1s electron.), L-edge (L1-, L2-, and L3-

edge corresponds to the excitation of a 2s, 2p1/2, and 2p3/2 electron, respectively), and so on.  

 

With the increase of the photon energy, the X-ray absorption cross section that describes the 

probability of absorption decreases. However, when the photon energy corresponds to the binding 

energy of a core electron, the X-ray absorption cross section increases abruptly, and then decreases 

monotonically above the core edge. Thus, an edge-like structure is observed in the absorption 

spectrum. 

 

1.2.1 X-ray Absorption Cross Section 

 
The X-ray absorption cross section and optical oscillator strength are the two main factors to describe 

the absorption probabilities. The absorption cross section is defined as the number of electrons 

excited per unit time divided by the number of incident photons per unit time per unit area. Within 

the dipole approximation the X-ray absorption cross section is given by Eq. (1.9):      

   VW = �4K!	ħ!Y! � . ��!/ħc�. �1/ħω�	ρ]	���											�eq. 1.9� 

 

σx : X-ray absorption cross section in cm2 

h: Planck constant 

c: the speed of light 

e: electron charge 

m: mass of the electron 

ħω: photon energy 

E: electric field vector of X-ray photons 

ρf (E): energy density of the final state 

 

Eq. (1.9) is the basis of theoretical calculations of X-ray absorption spectra. The outcome of these 

theoretical calculations is often expressed as the optical oscillator strength f, which is related to the 

X-ray absorption cross section by: 

          VW��� = _ U`U� 																																		�eq. 1.10� 
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In this equation df is the energy integral of the X-ray absorption cross section, and therefore, a 

measure of the intensity of a four resonance. The optical oscillator strength is often quoted as an “f 

number”: 

 ` = � 2Yħb� cd`|�. �|dfg!														�eq. 1. 11� 

 

The calculated oscillator strengths f for transitions can be converted to X-ray absorption cross section 

by use of Eq. (1.12): 

 

                     VW��� = �2K!�!	ħmc �`ρ]	���										�eq. 1.12� 
 

1.2.2 Core-Hole Potential 

 
A crucial aspect of core level spectroscopy is the core-hole that can be defined as the absence of a 

core electron in a core level. The core-hole created by absorption of X-rays is extremely unstable and 

has a lifetime of 10-15 s before it decays via radiative or non-radiative decay channels. The lifetime is 

linked to the uncertainty in the energy of the core-hole via the Heisenberg’s uncertainty principle: 

 

                                                                     Γτ=ℏ =10-16 eV.s                      (eq. 1.13) 

 

With the absorption of an X-ray photon a core electron can be excited to an empty state below the 

ionization threshold or to an essentially free electron above the ionization threshold with a certain 

kinetic energy. This process forms the basis of XAS and X-ray photoemission spectroscopy (XPS). The 

main two decay processes are fluorescence and Auger decay. In fluorescence, another 

shallow/valence electron fills the core hole and a photon is emitted. However, in the Auger decay 

process an electron from the 2p shell decays to fill a vacancy formed by the ionization in the 1s shell. 

The resulting energy (E2p- E1s) can be used to excite another electron. The probability of Auger process 

increases as the difference between the energy states of the shells decreases. The lighter elements 

with relatively shallow energy levels are more susceptible to the creation of Auger electrons. Thus the 

proportion of emitted radiation is relatively lower for the lighter elements compared to the heavier 

ones. Figure 1.5 illustrates the efficiencies of X-ray emission (fluorescence) and Auger yield of K, and 

L edges for a series of elements [17,18]. 

 

These two decay processes will lead to the formation of other core-holes, where eventually after 

multiple decay events the core holes are filled again. Two main simplified approximations are used to 

describe the core level spectroscopies. The first one is the density of states (DOS) approximation. This 

approximation assumes that the ground state DOS as calculated for example by DFT can be used. The 

second approximation assumes that the extra valance electrons have no effect on the whole decay 

process. This approximation assumes that the core hole created in X-ray absorption does not modify 

the DOS. 
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Figure 1.5: Efficiencies of X-ray emission (fluorescence) compared to the Auger yield in a series of ions for K, 

and L edges, based on Krause and Kotani et al. [13,14]. 

 

 

1.2.3 Core-Hole Spin Orbit Splitting 
 

Each core-hole has an orbital angular momentum L represented with the letters s, p, d, f notation for 

orbital angular momenta 0, 1, 2, 3. The spin angular momentum s of each core hole is either = +1/2 or 

-1/2. In many spectroscopies one uses a third symbol to indicate the total angular momentum J of the 

core hole which (for a single electron) is given by L+S or L-S. The coupling of the orbital and the spin 

angular momentum is given by the spin-orbit interaction, which is essentially a relativistic effect. The 

spin-orbit interaction is very large for core-holes. If the total orbital angular momentum is zero the 

spin orbit interaction is absent. However, if L=1, the total angular momentum can be either 1/2 or 3/2 

and two decay peaks can be seen. 

 

In spectroscopy an alternative notation is used and for the principal quantum number one uses K, L, 

M, etc.  Instead of the orbital angular momentum one uses 1, 2, 3, to label the peaks from high energy 

to low energy. The relative intensity of L2 and L3 peaks follows the rule that is given by the degeneracy 

of the states. A 2p1/2 configuration consists of two states with the z-component equal to -1/2 and +1/2. 

A 2p3/2 configuration consists of four states with mj equal to -3/2, -1/2, +1/2, and +3/2. Therefore, the 

intensity ratio of the 2p1/2 versus the 2p3/2 is 1:2 and the intensity ratio of the 3d3/2 and 3d5/2 is 2:3. 

This rule breaks down if there are other interactions which are able to mix the spin-orbit split states.  

 



17 

1.2.4 Third Generation Synchrotron Radiation Sources  

 

XAS and RIXS measurements require the use of a highly monochromatic X-ray beam to excite a core 

electron or an inner-shell electron to an unoccupied valance state. While XAS is usually measured in 

the total electron or fluorescence yields modes, in a RIXS experiment a detailed analysis of a specific 

radiative decay channel is measured. The RIXS process involves a so-called photon-in photon-out 

process where the energy of the scattered or emitted photon (E2) is less than the excitation energy 

(E1>E2)).  

Essentially, it is resonant when excitation energy (E1) corresponds to the exact difference between 

two energy levels. However, the probability of resonant radiation is orders of magnitude lower than a 

non-radiative decay and because spectra are recorded within a narrow band of energies, only the high 

brilliance third generation synchrotron radiation sources can provide the required flux and brightness 

needed for these experiments. In recent years, the development and upgrades of the third generation 

synchrotron light sources has also allowed RIXS experiments in the tender X-ray regime (2.5–6 keV), 

which has only recently become available for atomic and molecular spectroscopy studies because of 

high flux/high resolution provided by synchrotron beamlines yielding unprecedented insight into 

nuclear dynamics.  

 

Synchrotrons are made of large circular devices called the “storage rings” where charged particles 

travel in evacuated pipes under the influence of magnets, which are positioned around the 

circumference of the circle. Acceleration is achieved by the application of radio frequency electric 

fields at RF cavities along the circumference of the ring or by insertion devices that will insert high 

energy electrons in the storage ring over time. The magnetic fields must be increased synchronously 

with the acceleration in order to keep the particles on the constant radius path. The X-rays are injected 

into the beamline end-stations by installing either a bending magnet, Wiggler, or undulator on the 

storage ring (Figure 1.6). The X-rays are captured in beamlines and depending on their energies and 

the selected spectroscopy technique are used to study samples. Previously, the application of RIXS 

was hindered by its low intensity and probability. Currently, this issue is solved by the development of 

highly-sensitive emission spectrometers with high-resolution, optimized for the use at third 

generation synchrotron sources. 
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Figure 1.6: Electromagnetic waves are obtained by installing either bending magnets, wigglers and undulators 

in the storage ring to force the particles to travel along a zig-zag path so that the emitted light waves are 

superimposed. These magnetic structures are now used to produce synchrotron radiation. In addition, 

extremely intense and monochromatic X-ray radiation is generated by free-electron lasers (FELs) [19]. 

 

1.2.5 X-ray Absorption Spectroscopy Detection Modes 
 

XAS spectra are either measured with transmission, fluorescence yield, or electron yield mode, as 

illustrated in Figure 1.7. In the transmission mode, the X-ray beam is first focused on the sample, and 

the intensity of the monochromatic X-ray beam is measured before (I0) and after passing the sample 

(I) to obtain the transmitted intensity (Figure 1.7A). However, the obtained results from this mode, 

suffer from the so called “transmittance thickness” effects. Nevertheless, in the case of hard X-ray 

absorption edges, these effects can be usually neglected, while the soft X-ray and tender X-ray edges 

absorption spectra show clear distortions and mainly the peaks with the highest intensity are 

suppressed. Also the absorption cross section of the absorption edge of the element of interest 

influences the distortion effect. The origin of this effect emerge from variations in the sample 
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thickness leading to spatial variations in absorption intensity. In case of a supported active phase the 

desired sample thickness for all the present elements should be calculated and a homogeneous 

distribution of the active phase is desired. These effects attenuate the sharp features of the spectrum. 

Especially in soft X-ray absorption spectroscopy the saturation effect is a considerable issue when 

spectra are recorded using transmission mode [20]. 

 

 
 

Figure 1.7: Schematic illustration showing the layout and principles of three different detection modes used 

in X-ray absorption spectroscopy (XAS). A) In the transmission mode the intensity of the sample before (I0) 

and after the transmittance (I) through the sample/specimen is measured. Here the absorption is derived 

from the Lambert-Beer law; A= ln(I0/I). B) The absorbance is also obtained by the X-ray fluorescence detection 

mode. Here the absorbance is proportional to A	∝	IF/I0. C) In electron yield detection, the emitted electrons 

from the sample are captured by a so-called electrons pickup grid to obtain the absorption:  A	∝	Ie/I0. 

 

In typical soft X-ray synchrotron experiments, the incoming first and higher orders of light are focused 

on the sample. The variable density band inside the sample represents the attenuation of the 

monochromatic 1st order X-rays caused by the excitation of specific core-to-valence transitions in the 

sample. Due to these effects, the transmitted signal and the observed signal differs from the actual 

absorption signals (also called optical density or OD). Usually the absorption saturation occurs at the 

edge jump energies and consequently the observed signal at the resonance peak is lower than the 

true signal. This is mainly due to the presence of a tail of the first order light and the second (and even 

higher orders) light are still detected even though the sample thickness and density are such that all 

of the first order light is absorbed in the sample.  

 
Fluorescence yield detection monitors the X-ray fluorescence, which ideally is proportional to the X-

ray absorption intensity, and is essentially analogous to an optical fluorescence excitation spectrum. 
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However, due to the so-called “self-absorption effects” the resulting spectra are distorted [21,22]. 

This effects are caused by the re-absorption of emitted photons. 

The electron yield detection mode usually monitors the total electrons scattered from the sample, 

which is proportional to the intensity of the X-ray absorption. This technique requires a regular 

conductive sample to prevent the charging effect. However, as this technique requires only low 

currents (in orders of nA) for the detection, the conductivity don’t need to be very high. Operating 

with soft X-rays requires experiments to be carried out under vacuum conditions. However, for 

electron yield mode charging effects become more pronounced in vacuum conditions leading to a 

decrease in the observed intensity by time [22]. This effect is minimized by performing the 

experiments under partial gas pressures (usually 1/8th atmosphere pressure of helium) in which the 

collision of the gasses with the surface of the sample neutralizes the excess charge. As with 

transmission and fluorescence yield modes, these effects distort the spectra by attenuating the 

intense features [24, 25]. Generally, these distortions are reduced by preparing a mixture of a 

conductive compound with the sample, or by increasing the bias voltage on the electron yield 

detector. 

In addition, the electron yield mode probes mainly the surface layer (20 to 30 Å) and in comparison 

with the previous two detection modes results in a lower signal-to-noise ratio.  

 

1.3 Scanning Transmission X-ray Microscopy  
 

STXM is a combination of both X-ray absorption and microscopy (Figure 1.8). This technique makes 

use of soft- and tender X-rays (130-2700 eV) covering the X-ray absorption edges of the elements 

present in the active phase of the Co(Ni)MoS HDS catalyst. The main challenge when applying this 

technique is the strong attenuation of the X-rays by matter. Therefore an X-ray source with a very 

bright intensity is needed whereas the sample thickness should be within an optimal range.   

 

The variation in the empty states implies variations in the XAS spectral shape, which can be used for 

chemical contrast. A detailed analysis of the experimentally obtained XANES spectra enables the 

identification of chemical bonds and determination of their relative population density within the 

sample. 

However, using the specific absorption of any core level one can obtain quantitative elemental maps 

in a STXM microscope of all elements with a core level in the soft X-ray range. We further can do a 

jump ratio imaging, in which the ratio between the recorded map just before and just after the edge 

are subtracted to obtain the so-called an spectral elemental map. 

 

XANES is specific for the chemical nature. The STXM experiments described in Chapter 6 were carried 

out at the SpectroMicroscopy (SM) beamline 10ID-1 of the Canadian Light Source (CLS). The beamline 

provides linear polarized light between 130 eV and 2700 eV. The energy resolution of the beamline is 

E/ΔE= 3000 and the flux at Co L3 edge (780 eV) is >1011 ph/s. However, unfortunately at the Mo L3-

edge (2520 eV) the flux dramatically decreases to approximately 104 ph/s. The STXM spatial resolution 

is determined by the X-ray spot size at the focal point. Using Fresnel zone plates, monochromatic soft 

X-rays are used with a probe size of 25 nm. Rather than focusing using refraction, zone plates focus 

monochromatic X-rays with a circular diffractive grating.  
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Figure 1.8: Illustration showing the various detection modes by which an X-ray absorption experiment is 

measured i.e. Transmission, Fluorescence Yield (FY), and Electron Yield (EY) modes.  

As shown in Figures 1.8 and 1.9, zone plates consist of variable width concentric gold rings (zones) on 

a thin transparent silicon nitride support. Zone plates are manufactured using lithography to create 

high-aspect ratio zones. The zone-width decreases with increasing radial distance from the center of 

the zone plate. The width of the outermost zone determines the largest diffraction angle and plays a 

critical role in obtaining the best spatial resolution. The spatial resolution depends on the coherence 

of the X-ray radiation incident on the zone plate and the quality of the zone plate. Future 

improvements in the quality of zone plates are expected to further decrease the spot size to lower 

than 15 nm. Zone plates are designed such that diffracted light from each of the zones constructively 

interferes at the focal point. STXM instruments employ zone plates with a central stop to prevent 

unfocussed incident X-rays from impinging on the sample. Typical zone plates have diameters of ~ 

120-240 µm, with 100’s to 1,000’s of zones, central stops with diameters of 50 – 90 µm, and the width 

of outermost zone ranges from 20-50 nm.  

 

Before reaching the sample, the order of light which depends on the absorption energy of the element 

is filtered by the order sorting aperture (OSA). The sample is raster-scanned with synchronized 

detection of transmitted X-rays to create elemental maps. The OSA shown in Figure 1.9 has a pinhole 

40 - 60 µm in diameter. When placed at the proper distance between the sample and the zone plate, 

higher order diffracted light is filtered and only first order diffracted light is transmitted to the sample. 

This beamline, also offers the opportunity to do experiments in either the total fluorescence mode 

(TFY), or in the total electron yield mode (TEY). Images are obtained at a given photon energy by raster 

scanning the sample through the focal point while measuring the transmitted X-rays. To obtain 

spatially resolved spectral information, a sequence of images is measured as a function of incident 

photon energy. This sequence of images is referred to as a “stack”. From this three dimensional 

dataset a spectral image is obtained with the spatial resolution determined by the zone plate. As the 

zone plate focal length is proportional to the incident X-ray photon energy, during acquisition of a 

“stack”, each time the incident energy is changed, while also the distance between the zone plate and 

the sample (z) changes to keep the sample in focus. 
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Figure 1.9: Graphical representation of the STXM setup showing the different optical components, from A) 

front and B) top view from inside of the STXM chamber. 

The in-situ nanoreactor consists of a reactor chamber of ∼500 x 500 x 50 µm3, which is supplied with 

gases by micrometer-sized gas channels and fitted with a resistive Pt heater element, allowing heating 

up to 400 ⁰C (Figure 1.10). The transmission through the 20 nm Si3N4 windows, the 50 micron 1 bar 

gas atmosphere and a 100–5000 nm thick sample allows for excellent in-situ STXM experiments [26, 

27]. 

 

 
 

Figure 1.10:  Close-up of the In-situ STXM nanoreactor, showing the thin-windows and the embedded Pt 

heater spiral. The nano-reactor dimensions are ∼∼∼∼500 x 500 x 50 μm3. The platinum heater includes four 

electronic connections for simultaneous power supply and resistive temperature measurement. The sample 

itself is supported on the SiNx windows. The measurements are performed in the circular areas (5.5 μm 

diameter) where the 1.2 μm-thick SiNx windows are etched down to a thickness of approximately 10 nm. 

 

 

 



23 

1.4 X-ray Emission Spectroscopy  
 

In conventional XAS, the spectrum is theoretically divided in three different regions, i.e. the pre-edge 

region, main edge, and the EXAFS region. The K pre-edge region in the case of a 3d transition metal 

ion (TMI) originates from the quadrupolar 1s core electron excitation to a partly hybridized 3d4p 

valance level. The pre-edge spectral features contain information about the local electronic 

configuration, symmetry and multiplet effects. However, the higher intensity of the main edge which 

arises from the fully allowed dipole (1s�4p) transition complicates the analysis of the pre-edge region. 

Furthermore, due to the short lifetime of this decay process, the resulting spectrum is broadened, 

preventing a reliable analysis. To circumvent this limitations we have to combine the resonant 

excitation with resonant emission measurements by the so- called Resonant Inelastic X-ray Scattering 

(RIXS) process, yielding a more detailed analysis of the pre-edge features. 

   

X-ray Emission Spectroscopy (XES) technique is a second-order optical process, in which a core 

electron is excited followed by emission of an X-ray photon to fill the core hole. A core electron can 

be resonantly excited to a bound state below the absorption threshold [E1≤Ebound] in a process we 

denote as resonant X-ray emission spectroscopy (RXES). However, if the core electron is excited to 

continuum states above the absorption threshold [E1≥Ebound], we denote this type of XES as Normal X-

ray Emission Spectroscopy (NXES). 

 

The intermediate state of RXES is identical to the final state of XAS, whereas that of NXES is the same 

as the final state of XPS. In addition, RXES is further classified into two categories: in case the emitted-

photon energy E2 is equal to the incident-photon energy E1, the obtained spectrum is called Resonant 

Elastic X-ray Scattering (or non-resonant elastic X-ray scattering), while for E1≠ E2 it is called RIXS. More 

specifically, the RIXS process involves two subsequent events of excitation to an intermediate state 

and a subsequent decay to the final state. The electronic states that give rise to the absorption edge 

of an absorption spectrum are resonantly excited states that subsequently decay. Following the decay 

process the excess energy is released either by emission of a photon to the ground state by RIXS 

process or alternatively by excitation of an electron to the unbound/continuum state by the so-called 

resonant Auger process.  

 

The advantage of the second-order processes is that they probe both the unoccupied density of states 

(in the absorption process) and the occupied density of states (by emitting a photon). RIXS in particular 

is one of the most powerful tools available for the study of electronic states in solids providing a bulk-

sensitive and site-selective information. Furthermore, this technique is equally applicable to metals 

and insulators and can be performed in applied electric- and magnetic fields, as well as in the field of 

catalysis to study the active site of catalyst materials under in-situ conditions. However, due to the 

relatively weak intensity of the signal in a second-order optical process and subsequent low X-ray 

emission efficiency, a state-of-the-art experimental instrumentation in combination with high 

brilliance X-ray source is required. Also high resolution and efficient detectors are desired. Since 

synchrotron radiation energy is tunable, it is quite useful for the measurements of RIXS, by which we 

can obtain selected information connected directly with a specific intermediate state to which the 

incident photon energy is tuned. 

The recent developments in the field of RIXS spectroscopy and upgrades in the hard X-ray RIXS 

beamlines, has widen the abilities of this technique to study systems in various fields of chemistry and 
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physics. We will focus in this thesis mainly on studying the transition metal K pre-edges where until 

recently only few studies have been carried out [28, 29]. 

 
 

1.4.1 The RIXS Process 

 

In the 1s (2,3)p RIXS, the incident energy is tuned to a 1s resonance and the subsequent radiative 2p 

or 3p�1s decay is recorded using a crystal analyzer. Ideally, the energy bandwidth of the analyzer is 

similar to that of the primary monochromator at the storage ring beamline and smaller than the 

lifetime broadening of the spectral features. The process can be viewed as an inelastic scattering of 

the incident photon at a resonance energy of the metal ion and is theoretically described by the 

Kramers–Heisenberg formula [30, 31]: 

 

 

    (Eq. 14) 

 

 

The aim of RIXS experiments is mainly to study the electronic structure of materials. Higher resolution 

in RIXS is possible, however, at the expense of lower photon counts. The intermediate state |I > in Eq. 

(1.14) is reached from the ground state |g> via a transition operator T1. In a simplified picture using 

atomic configuration we can write |g>=3dn and |n> =1s3dn+1, i.e. a 1s electron is resonantly excited 

into a 3d orbital. The intermediate states |n> in RIXS spectroscopy are the final states in conventional 

K-edge absorption spectroscopy. 

The spectral features in a RIXS 2D plane are strongly dependent on the crystal field multiplet effects. 

The spectral shape along the energy transfer of the scattered X-rays contains information on the metal 

spin state (mainly 1s3p RIXS) and thus complements the chemical information in the K pre-edge 

absorption features along the incident energy. 

 

Figure 1.11 illustrates the RIXS 1s2p and 1s3p processes for cobalt compounds. A typical experimental 

RIXS 2D plane is comprised of multiple emission slices measured at various incident energies. A full 2D 

incident energy vs. emission energy plane is obtained by interpolation of the all the subsequent 

measured RIXS slices. Also the incident energy vs. energy loss maps is obtained by subtraction of the 

emitted energy from the incident energy (Eel= E2-E1). 
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Figure 1.11: Illustration of the RIXS 1s2p and 1s3p processes for cobalt-containing compounds (left). A typical 

RIXS 2D plane is also shown on the right figure comprising of multiple emission slices measured at various 

incident energies. The RIXS slices are then interpolated to obtain a full RIXS 2D plane. 

 

1.4.2 RIXS Beamline Setup 

 

In the last decade, due to the developments of third generation high brilliance synchrotron radiation 

facilities, the related X-ray spectroscopic and microscopy techniques were further developed. At the 

same time, many beamlines were upgraded and higher resolution in combination with wider 

applicability was achieved. Within this context, XES, RIXS, and High Energy Resolution Fluorescence 

Detected X-ray Absorption Spectroscopy (HERFD-XAS) are recognized with their element-specificity 

characterization providing new insights into the electronic structure and local chemical environment 

various compounds [32-34]. 

 

Hard X-ray based spectroscopy (>4.5 keV) provide advantages related to the realization of the 

demanding reaction environments, which expands the applicability of these techniques to a broader 

field of scientific applications, including heterogeneous catalytic reactions under industrial conditions 

as well as bio catalysis [35–41]. 

 
In case of hard X-rays, typically, Bragg type perfect-crystal X-ray optics are used to achieve high-

energy-resolution (HR). However, a more efficient detection of emitted/scattered X-rays is achieved 

with high-energy-resolution when a single or multiple bent crystals are arranged in the so-called 

Johann [42], Johansson [43], or Von Hamos [44] geometries. These geometries differ by the way a 

spectrum is collected, i.e., point-to-point focusing where the collection of different energy points 

requires scanning elements, or energy dispersive geometries, where the full spectrum is collected 

simultaneously. 

 



26 

 
Figure 1.12: Schematic diagram of the Galaxies beamline at Soleil. Distance (in m) is taken from the center of 

the straight section [45]. 

 

Specifically, in case of the Von Hamos geometry, a cylindrically bent crystal is used to disperse the 

radiation along its flat surface’s plane and subsequently focuses the beam along its axis of curvature 

[41]. The spatially distributed signal is recorded with a position-sensitive detector at the crystal’s 

focusing axis providing the overall spectrum. Alternatively, also wavelength dispersive concepts based 

on Johansson geometry having the source positioned inside the Rowland circle have been recently 

implemented on the emission beamlines [47-51]. 

 

 

 
Figure 1.13: Photographs of the RIXS end station with the multi-analyzer 2 x 2 setup and the long arm. The 

whole spectrometer can be rotated around the sample position [45]. 
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One of the most important practical advantages of dispersive setups is that they do not incorporate 

movable parts, allowing a faster measurement by simultaneously recording a full spectrum. 

Nevertheless, the dispersive setups have also two main disadvantages: I) the relatively larger 

illuminated area results in lower signal to noise ratio and II) as the effective solid angle depends on 

the exact spectral range which might vary depending on the study. This is particularly limiting for 

HERFD-XAS studies where often a very narrow spectral range is required, which in turn results in a 

very small solid angle. 

Alternatively, point-to-point scanning instruments installed on Rowland circle geometries provide 

orders of magnitude higher signal-to-noise ratio and often a larger solid angle. Since early 1990`s, 

multi-crystal spectrometers based on intersecting Rowland circles have been developed, enhancing 

the solid angle and therefore the sensitivity as well as the collection efficiency. The first prototype of 

these multi-crystal instruments was developed by Wang et al. [52] that was later updated with an 

eight-crystal analyzer spectrometer by Bergmann and Cramer [53]. Currently, the multi-crystal 

instruments are operational at various RIXS beamlines [54–64].  

 

 

               
 
Figure 1.14: Schematic representation of the overlapping Rowland circles concept. Seven spherically bent 

crystal analyzers are aligned on the same sample-detector axis [46]. 

As an example we briefly describe the specifications of beamline 6-2 at SSRL (Figure 1.14), which was 

used for the in-situ studies mentioned in Chapters 3 and 4. The X-ray spectrometer is installed at the 
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57-pole 0.9T wiggler beamline. The seven-analyzer crystals are placed on intersecting Rowland circles 

of 1 m of diameter and around ∼90o with respect to the incident beam direction along the horizontal 

plane, covering an angular range of ∼75⁰–120⁰ (Figure 1.14) [47]. Following the Johann geometry, the 

analyzer crystals, with a projected diameter of 100 mm, are spherically bent to a radius of 1 m. The 

Rowland circle is set on the vertical plane since the vertical beam size is smaller than the horizontal 

one and thus the contribution of the geometric effects within the energy resolution is minimized [56].  

 

1.4.3 High Energy Resolution Fluorescence Detection  

In case of a conventional X-ray absorption spectrum usually it is difficult to assign spectral features. 

This is due to the lifetime broadening caused by short core-hole lifetimes [64]. However, this issue can 

only be partly reduced by finding the smallest lifetime broadening by moving through the RIXS plane. 

Usually this is achieved by plotting the diagonal cut of the RIXS energy-loss 2D plane. Experimentally 

this means that a range of incident energies is scanned for a fixed emission energy. The resulting high 

resolution absorption spectrum also called the “High Energy Resolution Fluorescence Detected 

spectrum” (HERFD) reveal the previously absent features, while assigning correct energies to these 

transitions (Figure 1.15B).  

The energy resolution is of the order of the core-hole lifetime broadening [65, 66]. This approach 

results in a relatively higher pre-edge to edge intensity ratios and enhances the quality of the 

measured electronic structure due to the exchange of the original core-hole lifetime by the final state 

lifetime [67, 68]. One most also take into account that some of the peaks observed in HERFD spectrum 

are not absorption features but rather observed due to the final state effects.            
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Figure 1.15: In C a typical RIXS energy-loss 2D plane is shown that is obtained by plotting the incident energies 

versus the energy transfer. In B the resulting HERFD spectrum is plotted versus a conventional absorption 

spectrum to highlight the improved resolution [58]. 

 

1.5 Scope and Outline of the PhD Thesis 

 

 

The scope of this thesis is to gain theoretical and fundamental knowledge about the promoting-role 

of cobalt and nickel in the CoMoS/Al2O3 and CoNiMoS/Al2O3 hydrodesulfurization catalysts. Within 

this context their interaction with either the MoS2 active phase or the Al2O3 support active phase is of 

great importance. Therefore, the main focus of this PhD thesis will be on the understanding of the 

geometric-, and electronic structure of promoter sulfide species. Also the knowledge about the nature 

of the calcined oxide precursors is important as their quality and dispersion influences the activity of 

the sulfided samples. Ultimately, to achieve these goals we will combine various X-ray spectroscopy 

and microscopy techniques to study the variations in symmetry and oxidation states of cobalt and 

nickel in CoMoS/Al2O3 and CoNiMoS/Al2O3 during series of in-situ reactions. The knowledge gained 

from the obtained results can be used to design and synthesize samples with higher activity and 
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selectivity towards the hydrodesulfurization reaction to achieve the ultra-low-sulfur levels in the 

transportation fuels. 

 

As the first step towards understanding the nature of the catalytic active species, we needed to build 

our knowledge based on the available reference data in the literature. However, as there were a 

limited number of studies regarding the geometric-, or electronic structure of cobalt oxide and cobalt 

sulfide reference compounds we measured for the first time the Co 1s3p RIXS 2D maps for two cobalt 

oxide (CoO and Co3O4) and two cobalt sulfide reference compounds (CoS and CoS2). The results are 

presented in Chapter 2. This chapter also familiarizes the reader with the advantages of RIXS and to 

understand the origins of the RIXS features.   

 

The sulfurization of the freshly calcined CoMo/Al2O3 and CoNiMo/Al2O3 by a combined Co 1s3p RIXS, 

XANES, and EXAFS study is presented in Chapter 3. The combination of these three approaches yields 

information regarding the variations in the oxidation state, bond distances, and spin state of the cobalt 

species. It will be shown that the rate of sulfidation for the mentioned samples is different and the 

intermediate species formed in case of CoNiMoS/Al2O3 are obviously more stable before the fully 

sulfided state is achieved. The nature of these intermediate species as well as that of the freshly 

calcined and the fully sulfided samples will be revealed and we will show how the presence of nickel 

affects the rate of sulfurization as well as the formation of intermediate species. Also the catalytic 

hydrodesulfurization reaction of thiophene in H2 revealed a relatively higher activity for the 

CoMoS/Al2O3 catalyst material. 

 

An extended investigation on the reduction of cobalt and nickel species in the freshly calcined 

CoNiMo/Al2O3 in the presence of H2 by combined XANES, EXAFS, and RIXS is presented in Chapter 4. 

By means of the aforementioned techniques the variations in the symmetry, bond distances, oxidation 

state, spin state during the reduction process is studied. By a combination of Co 1s3p RIXS and Ni 1s2p 

RIXS it is possible to simultaneously measure the reduction of both promoters during various states of 

the in-situ reaction. 

 

In Chapter 5 the oxidation of cobalt species in CoNiMoS/Al2O3 is studied with hard X-ray based XANES, 

non-resonant X-ray emission spectroscopy (XES), and 1s3p RIXS. We will highlight the advantages of 

RIXS, which provides insights into the nature of species present during various stages of the in-situ 

reaction. Similar to the results obtained in Chapter 3, the presence of intermediate cobalt oxysulfide 

species was revealed in this study.  

 

By using a combination of soft and tender X-ray spectroscopy and microscopy (STXM), 2D imaging of 

a single CoMoS/Al2O3 catalyst particle during a series of oxidation and reduction reactions is presented 

in Chapter 6. The elemental distribution of Co, Mo, S, and Al, as well as their ratio maps were obtained 

to study the correlation of the elements present in the active phase. The results obtained from this 

study are combined with the knowledge previously obtained by hard X-ray based techniques in the 

previous Chapters to reconfirm and understand the observed behaviors and elucidate the structure, 

symmetry, oxidation state, and spin state of cobalt species in the catalyst. 

 

In Chapter 7 the results from previous Chapters are summarized and reflected. A more unified view 

on the effects of sulfurization/reduction on the freshly calcined and oxidation on the freshly sulfided 
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catalyst will be presented. At the end of the dissertation some of the important remaining questions 

and some suggestions for further research will be listed. 
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                                                                        Chapter 2                                                                                                                    

 

Co K-β (1s3p) Resonant Inelastic X-ray Scattering of Cobalt Oxides 

and Sulfides  

 

 

 

The electronic structures of CoO, Co3O4, CoS 

and CoS2 have been investigated by Co 1s X-

ray absorption spectroscopy (XAS) and 1s3p 

resonant inelastic X-ray scattering (RIXS). 

We show that the Co3+ ions in Co3O4 contain 

a large non-local peak intensity in the pre-

edge and that the resonant 3p final state of 

Co3O4 is dominated by the two exchange-

split peaks of the tetrahedral Co2+ site, 

similar to what is found for CoO. In contrast, 

the 3p final state of CoS and CoS2 shows a 

single asymmetric peak due to the large 

screening of the 3p-3d exchange 

interaction. While CoS has a single pre-edge 

peak, CoS2 contains an additional large non-

local peak. This indicates that although CoS2 

is often indicated as Co2+(S2)2-, it has a very strong sulfur-mediated cobalt-cobalt bonding, similar to 

low-spin Co3+ in oxides. These detailed electronic structure details reveal the significance of 2D RIXS 

spectroscopy for determining details on the symmetry, spin and covalence of transition metal 

compounds, information that is largely invisible in conventional K edge XAS. The experimental results 

are simulated with multiplet calculations that reveal the partial screening of the 3p3d exchange 

interaction and the presence of non-local transitions in cobalt compounds.  

 

 

 

 

 

 

Based on: ‘K-β (1s3p) Resonant Inelastic X-ray Scattering of Cobalt Oxides and Sulfides’ Mustafa Al 

Samarai, Mario Ulises Delgado-Jaime, Hirofumi Ishii, Nozomu Hiraoka, Ku-Ding Tsuei, Jean-Pascal 

Rueff, Benedikt Lassale-Kaiser, Frank M. F. de Groot, submitted for publication. 
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2.1 Introduction 

 

Recent developments in theoretical and experimental Resonant Inelastic X-ray Scattering (RIXS) has 

allowed the application of this technique in various fields of chemistry, including catalysis [1,2]. The K-

edge of 3d transition metal ions relates to 1s�4p excitations and reveals information about the 

oxidation state and the neighboring ligands. The pre-edge resulting from the 1s�3d4p quadrupole 

transition contains additional information. For example, the symmetry around the transition metal ion 

and its spin state [3,4]. Due to the 1s core-hole life time, the K-edges are broadened with a Lorentzian 

of approximately 1.5 eV full-width half-maximum and so the high intensity of the main K-edge (1s�4p) 

peak and its large broadening creates a background around the pre-edge structure. The origin of the 

pre-edge feature may be due to three, inter-connected, effects: 

1. A direct 1s�3d quadrupole transition that has essentially the same intensity for all K edges and 

can be calculated as a quadrupole transition from 3dn to 1s13dn+1. 

2. If centro-symmetry is broken, the metal 4p states mix with the 3d states, allowing dipole 

transitions into the pre-edge that have more intensity than the corresponding quadrupole 

intensity. 

3. If a short cobalt-oxygen-cobalt moiety is present additional dipole transitions into the 3d-band can 

be observed, but because they are less affected by the core hole in the final state they should 

appear at 2 to 3 eV higher incident energies [3].  

 

After the excitation of a 1s electron, the subsequent radiative decay with the highest probability is a 

1s2p (Kα) transition, while the 1s3p (Kβ) transitions are theoretically a factor 8 weaker [5]. At the pre-

edge resonance, the K-α decay involves a transition from the 1s13dn+1 to the 2p53dn+1 states, which is 

an identical final state configuration as in the soft X-ray L-edges. Equivalently, Kβ decay reaches the 

same 3p53dn+1 final states as the M-edges XAS. While 3p53dn+1 are dominantly split by the 2p spin-orbit 

splitting, the 3p53dn+1 states are split by rather dominant 3p3d exchange interactions [6]. The 1s3p 

RIXS experiment involves a photon-in–photon-out process in which the incident energy and emitted 

energy are varied, yielding a two-dimensional spectral surface. To represent the results, the excitation 

energy (Ein) is set as the horizontal axis, while the vertical axis is either set as the emission energy (Eout) 

or as the energy loss energy (Ein – Eout).  

 

Figure 2.1 is an illustration of the 1s2p and 1s3p RIXS processes for cobalt-containing compounds. At 

7709 eV the 1s to 3d quadrupole transition is visible. The vertical axis is shown as the energy loss (Ein-

Eout) and effectively shows the 3p final state binding energy at approximately 60 eV. The onset of the 

main K edge is visible at 7714 eV and its 1s3p fluorescence at 65 eV. The vertical lines indicate the 

actual measurements that are taken at fixed excitation energies. From this, we note that the pre-edge 

feature is nicely separated from the edge intensity. Thus, by measuring a vertical slice at the pre-edge 

energy, the 1s13dn+1 to 3p53dn+1 resonant features are probed. Moreover, the diagonal line in a RIXS 

energy loss map yields the so-called High Energy Resolution Fluorescence Detection (HERFD) 

spectrum, which in a first approximation is similar to a sharpened version of the K edge absorption 

spectrum [7,8].  
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Figure 2.1: Illustration of the RIXS 1s2p and 1s3p processes for cobalt-containing compounds. 

In this study we have performed 1s3p RIXS measurements on two cobalt oxides (i.e., CoO and Co3O4) 

and two cobalt sulfides (i.e., CoS and CoS2) that serve as reference materials for the evolution of cobalt 

species within the industrially relevant cobalt(nickel)-molybdenum-sulfide (Co(Ni)MoS) 

hydrodesulphurization (HDS) catalyst system, known to remove sulfur impurities from crude oil-

derived hydrocarbon feedstocks [9].  

 

 

Figure 2.2: Local structures, proposed symmetries and corresponding crystal field diagrams for Co3O4 (which 

is a mixed valence material with Co2+ Td high-spin), and a Co3+ Oh low-spin, high-spin Oh CoO, high-spin CoS 

and low-spin D3d CoS2. 
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The local structure, symmetry, and spin state of the Co3O4, CoO, CoS and CoS2 samples are 

summarized in Figure 2.2. We note here that an additional sulfur in CoS2, which distorts the 

symmetry from octahedral in CoS to D3d, causes the spin to change from high to low spin. There have 

been several studies in the literature reporting relevant information regarding the properties of 

cobalt oxide compounds [10,13]. Furthermore, the oxygen mediated d-d interactions are also 

reported to affect the electronic properties of several transition metal oxides. 

2.2 Experimental  

2.2.1 Materials 
 

CoO was obtained from SPL.EU crystals as single crystals of CoO (001), while Co3O4 was supplied from 

Sigma Aldrich (99.99% trace metal basis). Cobalt sulfides were supplied from Alfa-Aesar as CoS (99.5% 

on metal basis) and CoS2 (99.5% on metal basis).  

2.2.2 X-ray Experiments 

The experiments with cobalt oxides were performed at the Taiwan beamline BL12XU at the Spring-8 

synchrotron facilities [14]. The optical system consists of four major elements, a high heat-load Si (111) 

double-crystal pre-monochromator, a cylindrical collimating mirror, a channel-cut high-resolution 

monochromator, and a toroidal focusing mirror. The incident energy was selected using the Si (400) 

reflection during the measurements at the Co K-edge. After the monochromator, the beam is 

delivered to the Pt-coated focusing mirror and focused both vertically and horizontally to ∼ 80 (V) × 

120 (H) µm2 at the sample position. X-ray absorption (XAS) spectra were measured simultaneously in 

total fluorescence yield mode using a photodiode. The sample, crystal analyzer and a photon detector 

were arranged in a horizontal Rowland geometry. The Co Kβ (1s3p) RIXS spectra were recorded at a 

scattering angle of 90⁰ in the horizontal plane using a 1-m radius spherically bent Ge (444) analyzer. 

The total energy resolution (ΔE/E) of the beamline and the spectrometer is ∼0.4 eV. The intensity was 

normalized to the incident flux. The RIXS data are shown as a contour map in a plane of incident and 

transferred photon energies, where the vertical axis represents the energy difference between the 

incident and emitted energies (energy loss). The variations of the color on the plot correspond to the 

different scattering intensities.  

The cobalt sulfide reference samples were measured at the GALAXIES beamline at the SOLEIL 

synchrotron [15]. Both the cobalt sulfide samples were kept under nitrogen atmosphere during the 

measurements. The incident energy is selected by a Si (111) double crystal monochromator. The beam 

is focused both vertically and horizontally to ∼ 30 (V) x 80 (H) µm2 at the sample position using a 

toroidal mirror located downstream. The spectra were recorded at 45⁰ in the vertical plane using the 

beamline RIXS spectrometer and a Ge (444) analyzer. The total energy resolution of the beamline and 

the spectrometer is ∼0.3 eV. The Intensity was normalized to the incident flux. The RIXS 2D maps were 

obtained in the excitation range of 7700-7750 eV with steps of 0.25 eV, and 57.5 to 75 eV for the RIXS 

energy loss, with steps of 0.25 eV. The TFY XAS was also recorded with a photodiode. The emission 

spectrometer energy resolution was measured by taking the full width at half maximum (FWHM) of 

the elastic peak at 7720 eV. Radiation damage studies were performed at ambient conditions by 

measuring three XAS spectra to check any shifts in the edge jump energy, and the pre-edge intensity 

and energy shift. Additionally, six RIXS spectra were measured to reconfirm the results obtained with 
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XAS. For all the reference spectra there was no change in the measured spectra for a 3 h experiment, 

confirming the absence of radiation damage. 

 

2.2.3 Theory  

We have applied crystal-field multiplet theory and charge-transfer multiplet theory to calculate the 1s 

XAS pre-edge and 1s3p RIXS spectral shapes. The pre-edge in the K-edge XAS of Co2+ in CoO and CoS 

has been calculated as the quadrupole transition from 3d7 to 1s13d8 in octahedral symmetry. In the 

case of Co3O4, for the tetrahedral Co2+, the dipole channel from 3d7 to 1s13d74p1 has been added to 

the direct quadrupole transitions to the corresponding charge transfer multiplet calculations [16,21].  

In all cases, the 1s3p X-ray emission channel is calculated as the transition from 1s13d8 to 3p53d8 and 

to generate the 1s3p RIXS plane, the excitation and decay are coupled using the Kramers-Heisenberg 

equation [22]. 

 

To perform these calculations we have made use of the CTM4XAS and CTM4RIXS graphical user 

interfaces with the exception of the charge transfer calculation involving dipole-quadrupole mixing, 

which has been performed separately [23]. The parameters used here for CoO were simply copied 

from previous studies [24]. For CoO and Co3O4, to model ligand effects, the Slater integrals were set 

to 90% of their atomic values and the crystal field (10Dq) was set to 1.05 eV for the initial state and 

0.9 eV for the intermediate- and final states, to compensate for the effects from the 1s and 3p core 

holes. 

2.3 Results and Discussion  

2.3.1 The Cobalt Oxides 1s3p RIXS Planes  

Figure 2.3 shows the experimental Co Kβ RIXS energy loss (EL) maps over the pre-edge region of CoO 

and Co3O4. The comparison with the conventional absorption spectrum shows how the pre-edge 

structure is better separated from the main edge in the RIXS spectrum.  

 

Figure 2.3: The experimental Co 1s3p RIXS plane of (A) CoO and (B) Co3O4. 
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The CoO pre-edge shows two peaks in the energy loss direction, consistent with an octahedral Co2+ 

system. At 7709 eV excitation energy one finds two EL features at 58 and 61.5 eV, related to the 

exchange splitting in the 3p53d7 final state, as we will show in calculations below. On the other hand, 

Co3O4 is a mixed-valence system that consists of high-spin tetrahedral Co2+ and low-spin octahedral 

Co3+ sites. The RIXS map shows at 7709.4 eV the excitation energy of two EL peaks at 59 and 62 eV. 

These peaks are equivalent to the situation in CoO and we assign them to be due to the strong 

exchange splitting in the final state of the high-spin tetrahedral Co2+. However, there is also a third 

peak visible in Co3O4 at excitation energy of 7712.7 eV. The energy difference of 2.3 eV is too large to 

be related to the difference between Co2+ and Co3+ sites. Instead, this feature can be assigned to a non-

local peak often observed in low-spin Co3+ systems, and has been explained in detail elsewhere for the 

case of LiCoO2 [25]. This non-local peak relates to a dipole transition from a non-local 1s Co3+ to a non-

local Co3+ 4p orbital that interacts with a cobalt-based 3d orbital via the bridging oxygen 2p 

contribution, as is indicated in Figure 2.4.  

 

Figure 2.4: The orbitals involved in the local and non-local transitions observed for Co3O4. A 4p orbital (from 

a non-local Co atom) strongly interacts with a neighboring O-2p orbital. The anti-bonding combination then 

interacts with a local Co-3d orbital which is also next to the oxygen. This interaction ultimately transfers cobalt 

4p character from the non-local Co into the cobalt 3d-states of a near-neighbor atom (local). From the 

perspective of the local Co atom, in the final state, the 1s core electron on the non-local cobalt atom is excited 

to local 3d states containing non-local Co-4p character. This dipole peak is shifted with respect to the local 

quadrupole excitation that is pulled down by the core-hole potential.  
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The presence of the non-local peak implies that there is also a non-local direct quadrupole peak, but 

this peak is buried under the two Co2+ peaks and not visible as a separate entity. We note also that the 

local peak is often much smaller than the non-local peak and that an additional local quadrupole peak 

resulting from the interaction with the bridging oxygen 2p is not visible as it appears buried in the 

edge region [26,27]. 

 

2.3.2 The Cobalt Sulfides 1s3p RIXS Planes  

Figure 2.5 shows the experimental Co Kβ RIXS energy loss (EL) maps over the pre-edge region of CoS 

and CoS2. The CoS pre-edge shows a single  peak at 7709 eV excitation energy and 62 eV energy loss. 

CoS is an octahedral Co2+ system like CoO. However, in contrast to CoO, CoS has only one visible 

structure in the pre-edge region of the 1s3p RIXS plane. CoS2 is also a formally divalent sulfide. The 

RIXS map shows two pre-edge peaks at respectively 7710 eV and 7712 eV, diagonally offset. Similar to 

the case of Co3O4, these two peaks can be related to the local and non-local transitions. This implies 

that the S2
2- states link together two neighboring cobalt ions, allowing good overlap between cobalt 

4p orbitals with cobalt 3d orbitals at neighboring sites [24].  

 

Figure 2.5: Experimental RIXS 2D contour maps of the CoS (A) and CoS2 (B), measured under ex-situ conditions. 

To prevent oxidation of the sulfide compounds, they were measured under argon atmosphere 

 

2.3.3 The 1s3p RIXS Cross-sections and the Non-resonant 1s3p XES Spectra  

To allow a closer comparison with theoretical simulations, we focus on the resonant inelastic X-ray 

scattering (RIXS) cross sections through the 2D RIXS plane at the pre-edge maxima. We compare these 

RIXS spectra with non-resonant XES spectra and also with multiplet calculations.  

Figure 2.6 shows the cross sections through the RIXS plane at the maxima of the pre-edge region. For 

Co3O4, CoO, and CoS we have used these cross-sections to make a comparison with multiplet 

calculations. Both the divalent cobalt ions in CoO and Co3O4 contain two peaks, maintaining exactly 
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the same energy difference related to the replacement of the 1s by the 3p core hole. The non-local 

Co3+ peak at 7712 eV excitation energy has its main X-ray emission peak at 7649 eV. However, due to 

their shorter 3p final state lifetime the low intensity features between 7625 and 7640 eV are 

broadened. 

                   

Figure 2.6:  The Co 1s3p RIXS obtained at the pre-edge peak incident energies of Co3O4 at 7709.4 eV (Co2+ Td, 

black) and 7712.2 eV (non-local Co3+ Oh , red), and of CoO at 7709.0 eV (Co2+ Oh, purple).    

                     

Figure 2.7: The Co 1s3p RIXS cross-section CoO sample (black) is compared with the calculated multiplet 

spectrum (red). 
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Figure 2.7 shows the experimental and calculated cobalt 1s3p RIXS cross section of CoO. The 

calculations, have been performed for transitions originated from the 3d7 ground state, via the 1s13d8 

intermediate states into the 3p53d8 final states. The cross section through the 2D RIXS plane at the 

main pre-edge peak reproduces the two main emission peaks at 7651.8 and 7647.6 eV. Due to the 

energy dependent lifetime broadening all features at higher energies are only visible as broad 

structures. The calculations for Co2+ Oh have been performed with Slater integral reduction factors of 

1.0 (Fdd), 0.9 (Fpd), and 0.9 (Gpd) in combination with a crystal field parameter 10Dq of 1.0 for the 

initial and 0.95 eV for the intermediate and final states. Due to the energy dependence of lifetime in 

case of Kβ (1s3p) transition the experimental spectrum differs from the multiplet calculated result at 

lower emission energies.  

             

Figure 2.8: The Co 1s3p RIXS cross-section of the Co3O4 sample (black) is compared with the calculated 

multiplet spectrum. The experimental RIXS spectrum was obtained by plotting the slice (7709.4 eV incident 

energy) which has a Co2+ Td character. 

Figure 2.8 shows the Co3O4 1s3p RIXS spectrum in comparison with the corresponding multiplet 

calculations of the transitions of both Co2+ and Co3+. The theoretical calculations for Co2+ Oh have been 

performed with Slater integral reduction values of 1.0 (Fdd), 0.9 (Fpd), and 0.9 (Gpd). Furthermore, a 

crystal field parameter 10Dq of -0.6 eV was used to simulate the tetrahedral symmetry.  

In the case of Co RIXS, a core electron is excited to empty 3d states and in tetrahedral symmetry also 

to 4p states hybridized to 3d-states.  For the quadrupole transition, the X-ray absorption sum rule 

applies and the intensity ratio of Co3+/Co2+ is different from non-resonant XES. The total quadrupole 

intensity is given by the number of 3d-holes multiplied by the number of ions present, which yields a 

relative value of 8 (2 ions times 4 holes) for Co3+ and 3 (1 ion times 3 holes is) for Co2+. However, as a 

consequence of p-d orbital mixing the intensity of tetrahedral Co2+ is increased with a factor of 

approximately four. This implies that the overall Co3+:Co2+ intensity ratio is approximately 8:12. 

Furthermore, by analyzing the pre-edge RIXS feature we can assign the two features at 7709.4 eV of 
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incident energy to mainly Co2+ LS (Td) ion. Consequently, RIXS selectively probes and detects a specific 

ion in a complex compound. To further demonstrate this, in Figure 2.8 the slice at 7709.4 eV was 

selected and compared to a Co2+ Td simulation.  

To calculate the RIXS of CoS a ligand field splitting of 10 Dq=0.4 eV was assumed with Slater integrals 

scaled down to 70% (Fdd), and 50% (for Fpd and Gpd) from their atomic values to account for the 

increased covalence of CoS with respect to the oxides. The RIXS spectrum was obtained from the 

CTM4RIXS program by selecting a Lorentzian broadening of 1.0 eV for the intermediate state and 0.4 

for the final state, while keeping a resolution of 0.3 eV for both the incident and emitted energies.  

 

          

Figure 2.9: The Co 1s3p RIXS cross-section of the CoS sample (black) is compared with the calculated multiplet 

spectrum.  

It can be observed from Figure 2.9 that although CoS is a high-spin Co2+ system, the strong reduction 

of the Slater integrals effectively creates a single peak with an asymmetric tail ranging over some 15 

eV. This is different from the high-spin Co2+ oxide system. The main difference between CoS and CoO 

is the significant increase of covalence. The present calculations only involved crystal field multiplet 

effects with reduced Slater integrals. A similar spectral shape can be obtained from charge transfer 

multiplet calculations, but the lack of fine structure and the increased number of charge transfer 

parameters imply that it is not well justified to use a specific charge transfer multiplet result [29]. 
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2.3.4 Fitting of the RIXS 2D Planes 

To obtain integrated intensities of the spectral features in the RIXS 2D maps of CoO and Co3O4, shown 

in Figure 2.10, we have performed a two-dimensional surface fitting procedure that involved the 

methodology implemented in Blueprint XAS to reduce bias and to evaluate the uncertainties in the fit 

parameters. The empirical model used contains a baseline surface, an edge jump in the incident-

energy direction, two (CoO) or three (Co3O4) two-dimensional pre-edge peaks and three two-

dimensional Kβ peaks in each case. A series of 100 fits have been attempted and a series of good fits 

based on sum of squared errors was selected for the quantification of the pre-edge features in each 

case. The average for the intensities and their respective standard deviation values are summarized 

in Table 2.1. The average of fits for each RIXS map is shown in Figure 2.10. 

 

Table 2.1. Average values for the fit intensities and corresponding standard deviations for the pre-edge 

features in the 1s3p RIXS 2D-maps of Co3O4 and CoO (standard deviations are given in parenthesis).  

Co3O4 

  Incident 

Energy (eV) 

  Energy    

Loss (eV) 

HWHM (incident), 

(eV) 

HWHM (energy  

loss), (eV) 

Integrated 

Intensity 

Peak 1 7709.5 (<0. 1) 59.2 (<0.1) 0.68 (<0.001) 0.66 (0.001) 3.21 (0.02) 

Peak 2 7709.7 (<0.1)  62.0 (<0.1) 0.91 (0.001) 1.99 (0.01) 13.04 (0.11) 

Peak 3 7712.2 (<0.1) 62.4 (<0.1) 1.23 (0.01) 1.45 (0.02) 5.81 (0.11) 

      

CoO      

Peak 1 7709.0 (<0.1) 57.5 (<0.1) 0.71 (0.002) 0.75 (<0.001) 1.57 (0.02) 

Peak 2 7709.6 (<0.1) 61.1(<0.1) 1.23 (0.04) 2.18 (0.04) 1.77 (0.09) 

 

 

Table 2.1 shows that CoO contains two peaks at almost the same excitation energy (shift of 0.6 eV) 

and split by 3.6 eV in the emission energy. Although the first peak has a higher intensity in the cross 

section (Figure 2.6) their integrated intensities are similar in magnitude due to the large broadenings 

of the second peak. In case of Co3O4 two similar peaks appear but with increased intensity due to the 

tetrahedral-symmetry-induced p-d mixing. In addition, the 62.0 eV energy transfer feature contains 

additional intensity due to the overlapping Co3+ quadrupole peak. The third peak at 7712 eV excitation 

energy is the Co3+ non-local peak. 
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Figure 2.10: Average of fits to the experimental two-dimensional 1s3p-RIXS maps of A) CoO and B) Co3O4. 

Pre-edge features (Peak 1 and Peak 2) and non-local feature (Peak 3) are indicated for reference in Table 2.1. 

 

2.3.5 HERFD-XAS Results 

                   

Figure 2.11: The HERFD-XAS spectra of Co3O4 (black) and CoO (purple) oxide references obtained at 7650.4 eV 

and 7651.0 eV constant emitted energy, respectively. The dots indicate the excitation energies measured 

during the experiment.   



49 

Figure 2.11 shows the high-energy-resolution fluorescence detected X-ray Absorption Spectroscopy 

(HERFD-XAS) pre-edges of CoO and Co3O4. The spectra were obtained by plotting the intensities at 

constant emission energy. The emission energy of 7651 eV was used for Co3O4 and that of 7650.4 eV 

for CoO. From the two-dimensional RIXS images in Figure 2.3 it is obvious that in this case the HERFD 

spectra do not correspond directly to the pre-edge structures, but they serve as good indicators where 

the pre-edge features appear. The (much sharper) 1s2p HERFD spectrum of CoO shows two main pre-

edge features at 7708 and 7709 eV that are not clearly distinguished in the present 1s3p experiment 

due to both experimental broadening and intrinsic 3p (versus 2p) final state lifetime broadening. Co3O4 

shows its two pre-edge features due to the cut through the Co2+ Td sites at 7709.4 eV and the non-

local peak at 7712.5 eV [30]. The pre-edge intensity of Co3O4 is higher, mainly due to the breaking of 

inversion symmetry for the Co2+ Td sites.  

 

2.4 Conclusions 

The purpose of this study was to measure and identify the electronic properties of cobalt oxide and 

sulfide compounds by means of the 1s3p RIXS technique. High resolution RIXS applied to cobalt oxide 

and sulfide compounds, revealed details of the pre-edge features, which are not visible in 

conventional XAS spectroscopy. The results were simulated by multiplet calculations with the 

associated parameters for the symmetry, crystal field, and Slater Integral reduction.  

The CoO 1s3p RIXS plane consists of two features at the 7709.0 eV incident energy related to Co2+ (Oh). 

Instead, the Co3O4 1s3p RIXS plane consists of two features at 7709.6 eV incident energy related 

mainly to Co2+ (Td) and a third feature at the 7712 eV incident energy, that was assigned as a non-local 

transition at the Co3+ (Oh) site. The Co3+ quadrupole peak is not visible as a separate feature and is 

buried under the Co2+ (Td) spectrum. It can be concluded that the non-local peak is also clearly visible 

in the spectra of Co3O4, similar to other low-spin trivalent cobalt oxides, such as LaCoO3 and LiCoO2 

[25]. 

An interesting result for the cobalt sulfides is that in contrast to CoS, CoS2 shows a strong non-local 

peak indicating significant sulfur-mediated cobalt-cobalt overlap similar to the case of the low-spin 

trivalent oxides. This indicates that though the cobalt ions in CoS2 are indicated as Co2+, they have a 

much stronger sulfur-mediated cobalt-cobalt overlap as compared with CoS.  

Another important result for the cobalt sulfides is that due to the strong covalency, the 3p3d exchange 

interaction is strongly screened, implying that the 3p final state contains only a single asymmetric 

peak, in contrast to the double peak structure in high-spin oxides. A consequence is that the 1s3p XES 

spectra cannot distinguish high-spin and low-spin systems from a qualitative analysis of the spectral 

shape.  

This study has shown that 1s3p RIXS is a valuable tool to determine the valence, spin state and 

covalence of cobalt oxides and sulfides. The obtained knowledge can be used to understand and 

describe the properties of cobalt materials in the field of, for example, catalysis and allows us to study 

functional materials under in-situ conditions. 
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                                                                                                                          Chapter 3 

Co 1s3p RIXS Study of the Electronic Structure of Cobalt during the 

Sulfurization of CoMo/Al2O3 and CoNiMo/Al2O3 

Hydrodesulfurization Catalysts  

 

This study aims to show the capabilities of hard X-ray-based Resonant Inelastic X-ray Scattering (RIXS) 

to study catalysts under in-situ reaction conditions. As model systems, the ϒ-Al2O3-supported, I) 

cobalt- and II) cobalt- and nickel-promoted molybdenum oxide precursors (CoMo and CoNiMo) of the 

hydrodesulfurization (HDS) catalyst were studied by RIXS and X-ray Absorption Spectroscopy (XAS). 

The evolution in structure and electronic properties of cobalt was investigated during the process of 

in-situ sulfurization. The symmetry of cobalt is found to change from Co3+ Oh and Co2+ Oh to Co2+ C4V. 

These changes are reflected by an increasing pre-edge intensity in the obtained XAS data. The 

speciation of each catalyst material at each temperature was first accomplished by the analysis of the 

Extended X-ray Absorption Fine Structure (EXAFS) region, which is sensitive to the amount of Co-S and 

Co-O bonds. Then a detailed composition analysis of the species involved at each temperature was 

accomplished by the analysis of the 1s3p RIXS data. The CoMo/Al2O3 sample was found to have a 

higher rate of sulfurization (T≤190⁰C) compared to the CoNiMo/Al2O3 sample (T=400⁰C). Moreover, 

the presence of intermediate cobalt oxy-sulfide species was revealed from the Co 1s3p RIXS analysis. 

Based on these results we can highlight the remarkable influence of nickel on the sulfurization rate of 

cobalt in CoNiMo/Al2O3 that leads to the formation of stable intermediates prior to achieving the fully 

sulfides state. The reactivity towards H2S is especially evident for the lower temperature regime where 

the changes are more pronounced.   

              

Based on: ‘Co 1s3p RIXS Study of the Electronic Structure of Cobalt during the In-situ Sulfurization 

of CoMo/Al2O3 and CoNiMo/Al2O3 Hydrodesulfurization Catalysts’, Mustafa al Samarai, Mario Ulises 

Delgado-Jaime, Tsu-Chien Weng, Dimosthenes Sokaras, Boyang Liu, Marte van der Linden, Ad van der 

Eerden, Eelco T.C. Vogt, Bert M. Weckhuysen, Frank M.F. de Groot, in preparation. 
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3.1 Introduction 

 

Insight into both the geometric and electronic structure of cobalt species in the ϒ-Al2O3-supported 

Co(Ni)MoS hydrodesulfurization (HDS) catalyst forms the key to understand the origins of catalytic 

activity and selectivity. Although techniques, such as Small Angle X-ray Scattering (SAXS) and 

conventional XAS, reveal the detailed geometric structure of the catalyst materials, they don’t provide 

insights into the reactivity of active sites. Instead, their reactivity is best understood by studying the 

changes in the electronic properties during an in-situ reaction.  The 1s core levels of the 3d transition 

metal ions can be probed with hard X-rays (4-10 KeV). In contrast to the main K-edge, which arises 

from the dipole allowed transition of 1s to 4p, the pre-edge with mainly a quadrupole character 

involves transitions to 3d unoccupied valance levels. This transition is enhanced due to hybridization 

of orbitals with p and d character (3d and 4p). The K pre-edge energy position and intensity are 

sensitive to the metal oxidation state, the site symmetry, and the crystal field splitting. However, due 

to the relatively low intensity and close proximity to the main edge, a detailed analysis is complicated 

and connected with large uncertainty.  

 

In a RIXS experiment, the resonant X-ray emission is measured by tuning the energy of the incident 

energy to an X-ray absorption edge, thereby combining the X-ray absorption and X-ray emission 

spectroscopies in a single experiment [1,2]. On the other hand, the RIXS process can be viewed as an 

inelastic scattering of the incident photon at a resonance energy of the metal ion and is theoretically 

described by the Kramers-Heisenberg formula [3,4]. This formula is often simplified by neglecting the 

interference effects. 

  

The spectral broadening in RIXS depends both on the final state lifetime (LFIN) and the lifetime of the 

intermediate state (LINT) [5,10]. Generally LINT>LFIN, resulting in the observation of spectral features on 

the X-ray emission energy scale with sharper line width than in a conventional X-ray absorption 

spectrum. In the recent years many beamlines have been upgraded, allowing experiments to be 

performed under in-situ conditions with an unprecedented resolution. Hard X-rays are able to 

penetrate through solids and probe the bulk phase properties of the samples [11–14]. This allows the 

determination of the active sites within the bulk of the sample under in-situ conditions. In this work, 

RIXS is used to study the composition of the cobalt-promoted and cobalt- and nickel-promoted 

molybdenum (CoMo/Al2O3 and CoNiMo/Al2O3, respectively) hydrodesulfurization (HDS) catalysts as 

model systems to reflect the abilities of this technique.  

 

The development of HDS catalysts has been one of the interesting research subjects due to the new 

environmental regulations to reduce sulfur emission [15]. Cobalt and nickel promoted molybdenum 

sulfide catalysts supported on oxides are used since the early years of the previous century. The active 

phase of this catalyst is assumed to consist of MoS2 slabs with cobalt and/or nickel decorating the 

edges. There are many factors that can affect the activity of a certain catalyst, e.g. the metal loadings, 

type of support and specially the synthesis conditions and procedures [16-23]. Numerous studies have 

been attempted to explain the catalytic HDS process and describe the role of the involved promoters. 

The catalytic performance of the active phase is determined by the structure of the oxide precursor 

species, which is strictly dependent on the preparation methods [24,25]. Therefore, as a starting point 
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it is crucial to understand the processes involved in the synthesis of the catalyst and especially the 

sulfurization/activation step. The widely agreed CoMoS structure, originally proposed by Topsøe and 

co-workers [12], was also confirmed by Bouwens et al. [26-28] and Craje et al. [29,30]. In the 

petrochemical industry, the freshly calcined precursors are activated by the addition of sulfur-

containing compounds, e.g. methyl sulfides, to the feedstock. However, usually a mixture of 10% 

H2S/H2 is used to sulfurize the oxide precursors. Among the many synthesis steps the sulfurization 

process is very likely the step which determines the final structure and performance of the active 

catalyst. Several studies focused on the changes in molybdenum compounds during the sulfidation 

process [31-32]. On the contrary, there are no RIXS studies focusing on studying the role of the cobalt 

and nickel promoters.  

The purpose of the present work is to unravel the nature of the cobalt species in the precursor oxide 

of ϒ-Al2O3-supported CoMo and CoNiMo and to follow the changes in the local structure and electronic 

properties, during the in-situ sulfurization with RIXS and XAS. 

 

 

3.2 Experimental  

3.2.1 Sample Preparation  
 

The CoMo/Al2O3 and CoNiMo/Al2O3 catalyst materials were both synthesized by incipient wetness 

impregnation of the ϒ-Al2O3 support (BASF Al-4184, surface area of 157 m2/g and pore volume of 0.75 

mL/g) with a solution of metal salts. Aqueous solutions of ammonium heptamolybdate hexahydrate 

(AHM, (NH4)6Mo7O24 · 6 H2O, Sigma Aldrich, ≥99,0%), cobalt nitrate hexahydrate (Co(NO3)2 · 6 H2O, 

Acros Organics, 99+%) and nickel nitrate hexahydrate (Ni(NO3)2 · 6 H2O, Sigma-Aldrich, 99.999%) for 

CoNiMo/Al2O3 were co-impregnated to obtain weight loadings of 14 wt% for molybdenum and 5 wt% 

for both cobalt and nickel. Subsequently, both samples were dried at 60°C for 16 h then at 120°C for 

1 h. To convert the impregnated metal precursors to their respective metal oxides, the samples were 

calcined at 450°C for 16 h. All drying and calcination steps were performed under a 75% N2/O2 flow (1 

mL/min).   

During the in-situ sulfurization experiments both oxide precursor-samples were simultaneously 

sulfurized by loading the samples on the same sample holder.  Pellets of CoMo/Al2O3 and 

CoNiMo/Al2O3 samples were made from the respective powders and loaded on the same sample 

holder as is shown in Figure 3.1.  Subsequently, the sample holder was placed inside the heating stage 

of the reactor. The sample was heated to 450 °C with a ramp of 10 °C/min while flowing with a 10% 

H2S/H2 gas mixture (1 mL/min). The sample was kept at 450 °C for 5 h.  

 

The reactor was assembled and sealed and the incident window was covered with Kapton foil to 

decrease the photon flux and prevent radiation damage, and leakage of the toxic gas mixture. The 

reactor include connections for both gas inlet and outlet. The inlet line is connected with a mass-flow 

controller that regulates the type and amount of gas that passes through the reactor. On the outlet 

side there are bubbler airlocks that can be used to trap the toxic gas mixture. First, the oxide 

precursors were measured under ambient conditions, followed by in-situ sulfurization under dynamic 

flow of 10% H2S/H2 gas mixture and by slowly heating the samples to 450oC. 
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Figure 3.1: A) Schematic of the dedicated sealed RIXS reactor showing the position of the incident X-rays, and 

the scattered photons. The incident window was sealed with Kapton foil. The reactor has gas inlet (connected 

to mass-flow controller) and outlet (to exhaust stream) connections. To regulate the temperature the upper 

part of the reactor is connected to the temperature controller. B) Overview of the sample holder with the 

sample pellet in the middle. The holder is placed in between the heating stage. 

3.2.2 X-ray Experiments 

The spectra were recorded at beamline 6-2 of the Stanford Synchrotron Radiation Lightsource (SSRL) 

[37].  The beamline is equipped with two double crystal monochromators, respectively Si (111) and Si 

(311). A collimating and a focusing Rh-coated mirrors are positioned before and after the 

monochromator.  The incident energy was selected using the Si (311) crystal during the measurements 

at the Co K-edge. After the monochromator, the beam is delivered to the Rh-coated focusing mirror 

and focused both vertically and horizontally to ∼ 140 (V) × 400 (H) µm2 at the sample position. XAS 

spectra were measured simultaneously in total fluorescence yield (TFY) mode using a photodiode. The 

sample, crystal analyzer and photon detector were arranged in a vertical Rowland geometry. The Co 

Kβ (1s3p) RIXS spectra were recorded at a scattering angle of 90⁰ in the horizontal plane using seven 

analyzer crystals [38]. The total energy resolution (ΔE/E) of the beamline and the spectrometer is ∼0.2 

eV. The intensity was normalized to the incident flux. The RIXS data are shown as a contour map in a 

plane of incident and transferred photon energies, where the vertical axis represents the energy 

difference between the incident and emitted energies (energy-loss). The variations of the color on the 

plot correspond to the difference in the scattered intensities. 

 

The RIXS 2D maps were recorded in the excitation range of 7704-7715 eV with steps of 0.2 eV, and 55 

to 82 eV for the RIXS energy loss, with steps of 0.25 eV. The TFY XAS was also recorded with a 

photodiode. Radiation damage studies were performed at ambient conditions by measuring four XAS 

spectra to check for any shifts in the edge jump energy, and the pre-edge intensity and its energy shift. 

Additionally, RIXS spectra were measured to reconfirm the results obtained with XAS. For all spectra 

there was no change in the measured spectra for a 3 h experiment, confirming the absence of 

radiation damage. 
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3.2.3. Catalytic Activity Testing 

 

The HDS reaction of thiophene was performed using thiophene saturated H2 flow in a single-pass 

tubular down-flow fixed-bed reactor at the reaction conditions of 320oC. Figure 3.2 shows a schematic 

summary of the performed catalytic studies. Prior to the reaction, the catalyst was reduced and 

sulfided for 6 h at 450oC at a heating rate of 5oC/min under 10 mol% H2S/H2 gas mixture and a flow 

rate of 1 mL/min. The initial activity test (the first pulse) was performed under a thiophene saturated 

H2 flow (10mL/min) at temperature of 320°C. The sample was then stabilized by using a thiophene 

saturated H2 with flow rate of 10 mL/min at 320°C.  Following a stabilization step, the catalytic activity 

of the samples was measured under similar conditions. The gaseous products were analyzed online 

on a mass spectrometer (MS) through a sampling and a flame ionization detector (FID). 

 
Figure 3.2: Schematic presentation showing the conditions used during catalytic thiophene desulfurization 

activity tests of the freshly sulfided CoMoS/Al2O3 and CoNiMoS/Al2O3 catalyst materials, during subsequent 

steps of the thiophene HDS reaction. 

 

3.3 Results and Discussion 

3.3.1 Catalytic Activity Testing 

Prior to the sulfurization experiment, the potential of the CoMoS/Al2O3 and CoNiMoS/Al2O3 under 

study towards the desulfurization of thiophene was compared. Figure 3.3 shows the normalized 

conversions of thiophene by the CoNiMoS/Al2O3 (A) and CoMoS/Al2O3 (B) during three subsequent 

HDS steps. An initial conversion of 27% was observed for the double promoted catalyst (A), and 60% 

for the single promoted catalyst (B). Due to the higher ratio of promoters to molybdenum in 

CoNiMoS/Al2O3, an increase in formation of bulk cobalt- and nickel sulfide phases is expected, 

resulting in a reduced catalytic activity. The lower conversions observed for CoNiMoS/Al2O3 can be 

explained by a decrease in the number of promoter atoms on the edges of MoS2 slabs. In addition, as 

shown in Figure 3.3, an increase in the conversion rate was observed for the subsequent thiophene 

pulses. This increase is due to the correlation between the dispersion, degree of sulfidation of active 
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phase, and the HDS activity. Note that, due to the thiophene treatment steps, the degree of sulfidation 

and dispersion of the active phase is increased.  

                

Figure 3.3: The normalized conversion of thiophene by the ϒ-Al2O3 supported CoMoS/Al2O3 (green), and 

CoNiMoS/Al2O3 (red) catalysts during three different desulfurization steps. For these catalytic tests (10%) 

thiophene saturated H2 flow was used.  

 

3.3.2 XAS Analysis: Fit Models and Methodology 

The XAS data were normalized and analyzed for composition according to two sequential fitting 

procedures. In step one, a model to fit the EXAFS region of the freshly calcined and those of the 

samples at 400 ⁰C (both CoMo/Al2O3 and CoNiMo/Al2O3) was used. The model contained the following 

features:  

I. A pre-edge baseline that transitions into a spline after the edge; 

II. A cumulative pseudo-Voigt function to account for the 1s-4p edge jump; and 

III. Calculated paths modeling the back-scattering of the Co-S and Co-O bonds to fit the EXAFS of the 

fresh (freshly calcined oxide) and of the 400⁰C (fully sulfided) forms. 

We assumed an octahedral geometry for the oxide and a square-pyramidal for the sulfide, but as 

discussed below, the spectra above 7750 eV are relatively insensitive to a specific geometry.  The 

dominant paths for energies higher than 7750 eV was recognized as either the Co-O and Co-S bonds. 

Thus, we note that this region of the spectrum is not sensitive to a specific geometry, but instead to 

the presence or absence of Co-O and Co-S bonds.  

The fitting of this model was performed simultaneously with an evolving k3-weighted k-space. This 

evolving k-space data is useful because its form is modified according to the changing spline and the 

value of E0, as the fitting progresses evolves. The main purpose of this step is to define a good spline 
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and pre-edge background and to evaluate the edge intensity (for normalization purposes). However, 

in this step, the fit of the pre-edge features was ignored.  

We attempted 100 fits in each case using the methodology implemented in Blueprint XAS to reduce 

bias and to explore uncertainty of all fit parameters. We then selected the best fits on the basis of 

their sum of square errors (SSE) in both energy and k-space. “SSE” is a network performance function 

and measures the performance according to the sum of squared errors.  

The average of the results are shown in Figures 3.4 (for CoMo/Al2O3) and 3.5 (for CoNiMo/Al2O3) and 

their respective fit parameters are summarized in Table 3.1.  

 

Table 3.1. List of relevant parameters obtained from the fits in step one for the freshly calcined CoMo/Al2O3 

and CoNiMo/Al2O3 and the corresponding data obtained at 400⁰C.  

Data set E0 
Bond distance 

Co-O/Co-S 

Debye-Waller 

Co-O/Co-S 

Debye-Waller   

Co-O-O/ Co-S-S 

CoMo/Al2O3-Freshly Calcined 7716.1 ± 0.1 1.98 ± 0.003 0.01 ± 0.001 0.003 ± 0.001 

CoMo/Al2O3-400°C 7713.0 ± 3.4 2.18 ± 0.029 0.01 ± 0.001 0.002 ± 0.001 

CoNiMo/Al2O3-Freshly Calcined 7716.6 ± 0.3 1.96 ± 0.050 0.01 ± 0.002 0.005 ± 0.001 

CoNiMo/Al2O3-400°C 7713.4 ± 4.7 2.18 ± 0.038 0.01 ± 0.002 0.003 ± 0.008 

 

 

Figure 3.4: Average of fits to the data and corresponding components (normalized by the obtained edge 

intensity) for A) the freshly calcined sample of CoMo/Al2O3 and B) the data measured at 400⁰C. The 

corresponding average on the evolving k-space for A) and B) are shown in C) and D), respectively.  
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Figure 3.5: Average of fits to the data and corresponding components (normalized by the obtained edge 

intensity) for A) the freshly calcined oxide sample of CoNiMo/Al2O3 and b) the data measured at 400⁰C. The 

corresponding average on the evolving k-space for A) and B) are shown in C) and D), respectively. 

We note that while the trends in E0 and bond-distance are consistent for CoMo/Al2O3 and 

CoNiMo/Al2O3 (depending on the type of bond), the absolute values are harder to establish from this 

analysis, as these two variables are strongly correlated (Figure 3.6). A good model that fits the near-

edge region also can provide better estimates on the absolute E0 values, and a better estimate on 

bond distances would require longer EXAFS regions. However, our main goal from this analysis is to 

collect a good collection of splines and corresponding edge intensities that we could use in the next 

step. 

Then, in step two, another fitting model was used to assess the chemical composition and the 

evolution of the pre-edge areas for both CoMo/Al2O3 and CoNiMo/Al2O3 at every step of the heating 

during the in-situ sulfurization process. In Figure 3.6 an example of the described model for the data 

collected at 70⁰C is shown.  
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Figure 3.6. Representative fit showing the model implemented to analyze the XANES data of CoMo/Al2O3 and 

CoNiMo/Al2O3 as a function of temperature and under the exposure with 10% H2S/H2. For composition 

analysis, the experimental spectra of the freshly calcined (oxides) and those measured at 400 ⁰C (assumed to 

be sulfides) are used as references above 7750 eV. The pre-edge is analyzed empirically by the inclusion of 

four peaks (two in the pre-edge and two more near the edge).    

 

This model included the following features:  

I. To evaluate the pre-edge areas, we included two pre-edge pseudo-Voigt peaks plus two 

additional peaks to model the near-edge region;   

II. The composition was established as the linear combination of the XANES spectra of the 

freshly calcined sample and the sulfided sample at 400⁰C. This linear combination was set 

active only above 7725 eV with the use of a unit step function in order to allow the pre-edge 

area to be evaluated empirically. Because the start of the EXAFS region is mostly sensitive to 

one path, this linear combination can be also envisaged in terms of the amount of Co-S or 

Co-O bonds, independent to variations in the pre-edge, which should be more sensitive to 

electronic effects. 

III. For normalization, the intensity of the two components (the freshly calcined oxide and the 

final sulfided sample at 400⁰C) are not known a priori and are dependent on the results of 

step one. Thus, an arbitrary intensity of 1x104 (the same for both references) is initially 

assumed for these components.   

IV. Each data set is then fit using this model based on the same methodology than in step one. 

Moreover, the best fits obtained for each data set were combined with the results obtained 

in the previous stage to create a grid where all the combinations of edge intensities and 

splines of both references are used to normalize the data and the pre-edge intensity, to 

recalculate compositions (based on actual intensities) and to reconstruct (based on the found 

compositions) backgrounds to subtract from the data sets.  
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Figures 3.7 and 3.8 show the average results from this procedure, whereas Figure 3.9 (and Tables A3.1 

and A3.2) list the resulting normalized pre-edge area (first two pseudo-Voigt peaks). From Figures 3.7A 

and 3.8A we note the presence of isosbestic points, which confirm that this region involves only two 

species (the replacement of Co-O bonds by Co-S ones). This is not the case in the pre-edge (Figures 

3.7B and 3.8B and Figure 3.9) and the changes on this region suggest a more complex evolution of 

species. A detailed analysis in this region is complicated because the features of all the possible species 

involved absorb in the same small energy region. Figure 3.10 shows the compositions expressed as 

the percentage of the spectrum on the freshly calcined sample and on the sample at 400 ⁰C obtained 

by XANES (Figure 3.10 A and C) and RIXS (Figure 3.10 B and D) for CoMo/Al2O3 and CoNiMo/Al2O3.  

 

3.3.3 XANES and EXAFS Results 

The cobalt K-edge spectrum of freshly calcined CoMo/Al2O3 and CoNiMo/Al2O3 samples is 

characterized by an intense main edge (1s�4p) and a weak pre-edge feature with a main peak at 7709 

eV followed by a weak shoulder at 7711.4 eV. This finding is similar to the previously reported Co3O4 

reference in Chapter 2 [37]. Exposing both samples to the gas mixture at room temperature results in 

a significant shift of the main edge to lower energies implying a partial reduction of cobalt species 

accompanied in a decrease in the intensity of the pre-edge feature. In addition, the pre-edge intensity 

drops dramatically and the spectral shape is modified for both catalysts.   

Next, upon heating the catalysts to higher temperatures, the main edge is shifted to lower energies, 

indicating a further reduction. However, in contrast to the first step, the pre-edge intensity increases 

and reaches the maximum intensity at 400⁰C. The increase in pre-edge intensity is assigned to a 

reduction in symmetry of Co3+ Oh and Co2+ Oh in the cobalt oxide species to a Co2+ at C4v symmetry for 

the fully sulfided catalyst sample. This process is achieved by a gradual exchange of sulfur ligands with 

oxygen ligands yielding a square pyramidal cobalt sulfide species [40-43]. In this case, the crystal field 

split the 3d orbitals partly belonging to the same irreducible representation of the point group as 

metal 4p orbitals, leading to a partial mixing and hybridization [44,45]. The increase in the pre-edge 

intensity is ascribed to the increase in the degree of the 3d4p mixing/hybridization character of the 

orbitals. 
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Figure 3.7: A) Normalized Co K-edge XANES spectra for the CoMo/Al2O3 catalyst at various temperatures and 

under an atmosphere of 10% H2S/H2 reflecting the composition results from fits in stage two and the splines 

and edge intensity obtained in stage one to normalize and reconstruct the baseline subtracted to each data 

set. B) Inset of A) around the pre-edge region.    

 

In the performed composition analysis (listed in Tables A3.1 and A3.2), the CoMo/Al2O3 sample shows 

a relatively higher rate of sulfidation compared with the CoNiMo/Al2O3 sample (Figure 3.10). The 

CoMo/Al2O3 sample shows the complete sulfidation at 190⁰C, whereas the CoNiMo/Al2O3 sample is 

only fully sulfided at 400⁰C. Furthermore, these results are confirmed by the increase in the integrated 

pre-edge intensities and the analysis of the EXAFS region during the sulfurization process. The EXAFS 

analysis of Co-S and Co-O bonds illustrates the considerable impact that the flow of the 10% H2S/H2 

gas-mixture has on the sulfurization process and on the formation of Co-S bonds (Figure A3.1). At 

room temperature approximately 45% and 50% of the total bonds are converted to Co-S bonds for 

CoMo/Al2O3 and CoNiMo/Al2O3 samples, respectively. This increase is attributed to gradual ligand 

substitution and conversion of cobalt ions at Oh sites in case of the oxide precursor to the (C4V) square 

pyramidal cobalt in symmetry for the fully sulfided sample.  The results in Figure A3.1 suggest a 50% 

conversion rate to the sulfide phase of 80⁰C for CoNiMo/Al2O3, and 110⁰C for CoMo/Al2O3. A more 

detailed alternative option is to explore this with the analysis of the experimental RIXS data, which is 

described in the next section.  
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Figure 3.8: A) Normalized Co K-edge XANES spectra for the CoNiMo/Al2O3 catalyst at various temperatures 

and under an atmosphere of 10% H2S/H2 reflecting the composition results from fits in stage two and the 

splines and edge intensity obtained in stage one to normalize and reconstruct the baseline subtracted to each 

data set. B) Inset of A) around the pre-edge region.  

 

Figure 3.9: Resulting pre-edge intensity areas of the Co K-edge XANES spectra of the CoMo/Al2O3 (A) and 

CoNiMo/Al2O3 (B) catalyst as a function of temperature.  

In Figure 3.9 the normalized intensity of the pre-edge of CoNiMo/Al2O3 shows first an increase for 

T<200 ⁰C while for higher temperatures surprisingly the trend is reversed and the intensity is reduced. 

Additional analysis with RIXS is needed to unfold this scenario. A summary of the obtained RIXS 

component analysis for CoMo/Al2O3 and CoNiMo/Al2O3 is shown in Figure 3.10B, and 3.10D, 

respectively. In addition, the related standard deviations are shown in Figure A3.2. 
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Figure 3.10: The phase conversion of cobalt species during the in-situ sulfurization of CoMo/Al2O3 obtained by 

XANES (A) and RIXS (B). The CoNiMo/Al2O3 phase analysis by XANES (C) and RIXS (D) shows the presence of 

stable intermediates until the fully sulfided phase is obtained. In this figure the oxide phase is indicated in 

red, while the fully sulfided phase is shown in green. The intermediate cobalt oxysulfide species are indicated 

by the blue and yellow. 

 

To get more insights into the actual species involved in the in-situ sulfurization reaction of CoMo/Al2O3 

and CoNiMo/Al2O3, we propose here the measurement of the 1s3p-RIXS data and the follow up 

analysis to establish relative compositions.  We show the obtained results using this method in the 

next section. The procedure used to analyze the RIXS data is explained in the next section. 

 

3.3.4 RIXS Analysis 

Co 1s3p RIXS data reflect the effective number of unpaired 3d electrons and is sensitive to the metal 

spin state. A series of RIXS planes were recorded during the in-situ sulfurization of CoMo/Al2O3 and 

CoNiMo/Al2O3. The data are summarized in Figure 3.11 for CoMo/Al2O3 and in Figure 3.12 for 

CoNiMo/Al2O3.  
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Figure 3.11: The experimental Co 1s3p RIXS data of CoMo/Al2O3. In a first step the freshly calcined was 

measured (A) followed by gradual sulfidation by heating the sample under a dynamic 10% H2S/H2 gas mixture 

flow to 25⁰C (B), 70⁰C (C), 110⁰C (D), 150⁰C (E), and 400⁰C (F). 

Both figures reveal similar spectral changes during the in-situ sulfurization reaction. More specifically, 

the recorded RIXS 2D planes show two distinct features:  

I. gradual conversion of two distinct pre-edge features for the case of oxide sample to a single emission 

feature in the case of sulfided sample;  

II. due to reduction of cobalt in the active phase, the main edge shifts to lower absorption energies.  
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Figure 3.12: The experimental Co 1s3p RIXS data of CoNiMo/Al2O3. In a first step the freshly calcined precursor 

was measured (A) followed by gradual sulfidation by heating the sample under a dynamic 10% H2S/H2 gas 

mixture flow to 25⁰C (B), 70⁰C (C), 110⁰C (D), 150⁰C (E), and 400⁰C (F). 

For every 2D plane the emission slice at the pre-edge peak position was plotted and displayed in 

Figures 3.13 and 3.14. For both catalyst samples the oxide precursor has a distinctive resonance peaks 

at 7650.7 eV (peak 1) and 7647.45 eV (peak 2) specific for divalent cobalt species [38]. Subsequently, 

in the following steps, as the sample is exposed to the gas-mixture, the RIXS spectra are affected and 

the resonance emission intensity ratios of two peaks is reversed (IP2> IP1) with peak 1 at 7650.65 eV 

and peak 2 at 7648.15 eV. This change can be ascribed to partial sulfidation of cobalt oxide species 

leading to the modification in the symmetry of Co2+ ions.   

The RIXS spectra were fitted according to a procedure that involved a linear combination of the RIXS 

data on the freshly calcined sample (assumed to be in its oxide form) and the sample at 400 ⁰C for 

each temperature in addition to a small offset value to account for the counts on the tails of other 
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emission processes. Initially, to fit the RIXS data, the combination of only two components were used 

to analyze the spectra. However, this proved to be impossible as additional peaks were observed in 

the experimental spectra during the in-situ reaction. Therefore additional empirical peaks were added 

to the model and collectively denoted as “intermediate species”. However, we imposed an important 

constraint to these empirical peaks: the broadening, shape energy position and relative intensities 

were forced to be the same in all spectral series (for all temperatures) by holistically fitting all spectra. 

We attempted 100 fits in each stage of the in-situ reaction using the methodology implemented in 

Blueprint XAS to explore uncertainty of all fit parameters. We then selected the best fits on the basis 

of the lowest SSE. 

Figure 3.13 shows the obtained fitted and normalized RIXS spectra for the CoMo/Al2O3 sample. In this 

Figure the original spectra (black) are shown in combination with the freshly calcined component (red) 

and freshly sulfided component (green). In addition, the obtained phase concentrations are illustrated 

in Figure 3.10 B and D. The numerical values and their related standard deviations are listed in Tables 

A3.3 and A3.4 and plotted in Figure A3.2. 

In case of the CoMo/Al2O3 sample the data analysis revealed the presence of a single intermediate 

species (in blue) for the lower temperatures (T<150⁰C) steps of the in-situ reaction. Due to its spectral 

shape, this species exhibits a lower effective spin character (in comparison to the typical high spin 

spectrum observed for the oxide form) and thus, we can assume a species consisting of mostly Co-S 

bonds. A reduced effective spin results from a strong covalency in the Co-S bond within a high-spin 

complex; or else, by the formation of a low-spin complex.   

Next, by heating the sample, peak 1 which is an indication of the oxide species decreases dramatically 

in intensity and eventually disappears at 230⁰C, while peak 2 increases further in intensity and 

eventually shifts to 7649 eV. The sulfidation process can be understood as a gradual transition of 

cobalt in octahedral sites to Co2+ in square pyramidal (C4V) symmetry for the fully sulfided sample at 

400⁰C. Specifically, for the final species at this temperature, we favor a high-spin state with reduced 

exchange via covalency (rather than a low-spin species).  
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Figure 3.13: Series of Cobalt 1s3p RIXS spectra (black) obtained during the in-situ sulfurization of CoMo/Al2O3. 

The character of the freshly calcined oxide sample is identified as 100% oxide (red) while the sulfided sample 

at 400⁰C shows a 100% sulfided character (green). De RIXS slices were obtained by exciting the sample at the 

pre-edge peak energy. As a consequence of the fitting process the presence of an intermediate species (blue) 

was identified predominantly for the lower temperatures (T<150⁰C). At T>200⁰C the intermediate species is 

absent and a 95% conversion to the sulfide phase is achieved. 

 

Furthermore, the corresponding analysis of the CoNiMo/Al2O3 RIXS data allows for a possible 

explanation regarding the behavior observed for the evolution of the pre-edge intensity in the XAS 

spectrum for T>230⁰C (Figure 3.9B). The fitting of the CoNiMo/Al2O3 RIXS data was only possible by 

the inclusion of two intermediate species (blue and purple) which remain present during the in-situ 

reaction for T<400⁰C. 



72 

                        

 

Figure 3.14: Series of Cobalt 1s3p RIXS spectra (black) obtained during the in-situ sulfurization of 

CoNiMo/Al2O3. The character of the freshly calcined sample is identified as 100% oxide (red) while the sulfided 

sample at 400⁰C shows a 100% sulfided character (green). De RIXS slices were obtained by exciting the sample 

at the pre-edge peak energy. In contrast to the CoMo/Al2O3 case, the fitting process revealed the presence of 

two intermediate species shown in blue and purple that remain present during the entire reaction. At 25⁰C 

approximately 80% of the oxide phase is converted to either the intermediate species. In Figure 3.8D the 

purple intermediate is plotted in yellow. 

Interestingly, the shape of one of the species has a predominantly oxide character (blue/A) while the 

second has a rather sulfide character (purple/B) (Figure 3.14). Also the CoNiMo/Al2O3 sample is 

obviously more sensitive toward sulfidation as 60% (vs. 30% for CoMo/Al2O3) of the oxide species is 

converted to either the sulfide or intermediate species under dynamic flow of the gas mixture at 25⁰C. 

The obtained standard deviations of CoMo/Al2O3 and CoNiMo/Al2O3 RIXS data are summarized in 

Figure A3.2. 
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In addition, the lifetime of both intermediate species depend on the operating temperature, as 

intermediate A has a more pronounced presence at lower temperature, while the concentration of 

species B remains constant for temperatures close to 400⁰C. Finally, in contrast to the CoMo/Al2O3 

sample, the intermediate species of CoNiMo/Al2O3 sample are more stable and are converted to the 

sulfided phase at the final temperature of 400⁰C. This can be due to the higher sulfidation affinity 

upon the presence of nickel.  

The present study also suggests that in contrast to the limitations of the analysis on the XANES data, 

the RIXS data revealed the presence of an intermediate species at lower temperatures (T<150⁰C). 

From these data it is evident that the CoNiMo/Al2O3 sample is more reactive towards the gas-mixture 

and the phase concentration drops dramatically to 20% at 25 ⁰C, compared with 65% for the 

CoMo/Al2O3 sample. These data can also be compared with the CoNiMo/Al2O3 reduction reaction 

covered in Chapter 4. During the reduction reaction with H2 the sample showed negligible change in 

the oxidation state and the RIXS spectral features were also not modified.  Based on the results of 

both in-situ reactions we can distinguish the importance of H2S presence on the sulfurization and 

reduction behavior of CoNiMo/Al2O3. The reactivity is especially evident for the lower temperature 

regime where the changes are more pronounced. These results clearly show the reduced sulfurization 

rate of cobalt in the presence of nickel for the CoNiMo/Al2O3 sample. In addition, we also note the 

presence of persisting stable intermediate species for the nickel promoted catalyst material.  

A comparison of the data obtained by XANES and RIXS for CoMo/Al2O3 and CoNiMo/Al2O3 is illustrated 

in Figures 3.10A, B and 3.10C, D, respectively. In this Figure we note the gradual conversion of cobalt 

oxides (in red) to the fully sulfided species (in green) via oxysulfide intermediates (in blue and yellow). 

This Figure summarizes the results obtained by XANES and RIXS measurements and highlights the 

additional abilities of RIXS to unravel the electronic structure of the species involved in the in-situ 

reaction. Although the XANES and RIXS data shown in Figure 3.10 were analyzed in separate steps and 

procedures, they clearly appeared to be analogous. The results obtained from both techniques 

displayed a similar trend in the concentrations of the cobalt species present during each subsequent 

step of the in-situ reaction. However, while the XANES only identified the concentrations of the oxide 

and sulfide components, the RIXS allowed us to additionally identify the presence of intermediate 

species. In Figure 3.8B the RIXS analysis of CoMo/Al2O3 shows the presence of a single intermediate 

species (in blue) at the lower temperature range (T<150⁰C), while the XANES analysis shown in Figure 

3.8A accounted these fraction (intermediates) as sulfides. More interestingly, the CoNiMo/Al2O3 RIXS 

analysis shown in Figure 3.8D indicated the presence of two intermediate species, which previously 

were identified with XANES (Figure 3.8C) as either oxide (in blue) or sulfide (in yellow). 

 

3.4 Conclusions 

The purpose of this study was to determine the structure of cobalt species in CoMo/Al2O3 and 

CoNiMo/Al2O3 catalyst materials before and after a sulfidation reaction. Here we demonstrated the 

advantage of high resolution hard X-ray RIXS measurements to study heterogeneous catalysts under 

in-situ conditions. The results of this study indicate that the oxide precursor is a compound with low-

spin Co3+ in Oh and high-spin Co2+ in Oh sites (Figures 3.13, 3.14, and 3.15). Analysis of the fitted data 

suggested that an intermediate species (i.e., cobalt oxy-sulfide) is formed during the sulfidation 
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process before the complete sulfided state is formed at 400 ⁰C, with most likely the square pyramidal 

symmetry of cobalt dominating the fully sulfided sample. The reactivity of this promoter seems 

correlated with the single unpaired electron of this low-spin Co2+ compound.  

 

Figure 3.15: Representation of the proposed species involved during the in-situ sulfurization of the freshly 

calcined CoMo/Al2O3 and CoNiMo/Al2O3. The oxide precursor was identified as octahedral Co2+ and Co3+. Prior 

to the complete sulfided state, the so-called cobalt oxy-sulfide intermediate species are formed. However, at 

400⁰C there are two possible reaction pathways that results in either the catalytic active Co2+ (C4v) sulfide 

species or the bulk Co2+ (Oh) sulfide species. 

 

During the gradual sulfurization of cobalt in the CoMo/Al2O3 and CoNiMo/Al2O3 sample an increase in 

the pre-edge intensity was observed. The increase is due to the conversion of cobalt species to the 

lower C4V symmetry for the fully sulfided compound. Furthermore, due to the sulfurization process 

the cobalt was reduced and the Co K main edge was also shifted to lower absorption energies. 

In general, the EXAFS data analysis showed the gradual ligand exchange during the process of 

sulfurization. The relative concentration percentages of Co-O and Co-S were determined by fitting the 

EXAFS data as the linear combination of components at the two extremes. The analysis showed a 

higher tendency towards sulfurization of cobalt in the case of CoMo/Al2O3. In addition, the gradual 

change in the composition was obtained for the subsequent steps of the in-situ reaction.   

This Co 1s3p RIXS study has shown a gradual transition of the cobalt oxide in the active phase to the 

fully sulfided species. One of the major findings is that the single promoted CoMo/Al2O3 sample has a 

higher tendency for the sulfurization reaction and achieves a >90% conversion to the sulfide phase at 

190 ⁰C, compared with 400 ⁰C for the CoNiMo/Al2O3 sample. By analyzing the fits, the existence of a 

single intermediate species for T≤ 150 ⁰C with a sulfide-like character was detected for the CoMo/Al2O3 

sample. However, in the case of CoNiMo/Al2O3 two intermediates were identified that eventually 

converted to the fully sulfided phase at 400 ⁰C.  The RIXS data confirmed the previously obtained 

results by XANES and EXAFS analysis of the two samples.  A summary of the proposed cobalt species 
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involved during the in-situ sulfurization of CoMo/Al2O3 and CoNiMo/Al2O3 hydrodesulfurization 

catalyst is shown in Figure 3.15. 

The catalytic thiophene desulfurization experiments showed a relatively low initial conversion rate for 

the unpromoted molybdenum sulfide (MoS2) catalyst. However, the single promoted CoMoS/Al2O3 

catalyst had a higher thiophene desulfurization rate (60%), while the double promoted CoNiMoS/Al2O3 

catalyst showed an intermediate desulfurization rate of 27%. The relatively higher thiophene 

conversion rate confirms the promoting effect of both cobalt and nickel. On the other hand, the 

relatively lower conversion rate for the CoNiMoS/Al2O3 sample is believed to be due to the higher 

promoters to molybdenum ratios, hence an increase in formation of bulk cobalt- and nickel sulfide 

phases is expected for this sample.  

The findings from this study make several additions to the current literature. First, we have 

determined the evolution in the electronic structure of cobalt species in the precursor and active 

species during the sulfurization reaction. The knowledge about the precursor oxide and sulfided active 

sample can be used to improve the synthesis method and produce better catalyst materials. Also due 

to state-of-art hard X-ray beamlines full RIXS maps can be recorded within 2 h, which allow their 

application for other in-situ chemical reactions. This study shows how the electronic structure of 

cobalt species in a CoMo/Al2O3 and CoNiMo/Al2O3 model system was determined using a combination 

of XANES, EXAFS and 1s3p RIXS spectroscopy. Changes in the nature of the species can be simulated 

and understood with multiplet calculations.   

The purpose of the current study was to determine the structure of the cobalt species in CoMo/Al2O3 

and CoNiMo/Al2O3 catalysts before and after sulfidation. Here we have demonstrated the advantage 

of high resolution hard X-ray RIXS measurements to study catalytic samples under in-situ conditions. 

The results of this study indicate that the oxide precursor has a high-spin Co2+ and low-spin Co3+ in 

octahedral sites. An interesting finding is the square pyramidal symmetry of cobalt in the fully sulfided 

sample. We ascribe the reactivity of this promoter to the single unpaired electron of this low-spin Co2+ 

compound. 
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Appendix 3 

Table A3.1: Obtained pre-edge intensities and compositions for CoMo/Al2O3 as a function of temperature and 

under and atmosphere of 10% H2S/H2, expressed in terms of the relative amounts of the spectrum of the 

freshly calcined sample and the one collected at 400⁰C and in terms of Co-O and Co-S bonds. 

Data set 
Pre-edge 

Area 

% Fresh % 400°C % Co-O 

bonds 

% Co-S 

bonds 

Fresh Oxide 0.099 ± 0.001 100 0 100 0 

25°C 0.128 ± 0.050 64.3 ± 0.9 35.7 ± 0.9 54.6 ± 0.1 45.4 ± 0.1 

70°C 0.166 ± 0.001 59.1 ± 0.5 40.9 ± 0.5 49.1 ± 0.1 50.9 ± 0.1 

150°C 0.313 ± 0.005 16.5 ± 0.3 83.5 ± 0.3 11.6 ± 0.1 88.3 ± 0.1 

190°C 0.350 ± 0.007 <0.1 >99.9 <0.1 >99.9 

230°C 0.350 ± 0.007 <0.1 >99.9 <0.1 >99.9 

270°C 0.350 ± 0.007 <0.1 >99.9 <0.1 >99.9 

310°C 0.340 ± 0.007 0.2 ± 0.1 99.8 ± 0.1 <0.1 >99.9 

400°C 0.396 ± 0.008 0 100 0 100* 

 

Table A3.2: Obtained pre-edge intensities and compositions for CoNiMo/Al2O3 as a function of temperature 

and under and atmosphere of 10% H2S/H2, expressed in terms of the relative amounts of the spectrum of 

the freshly calcined sample and the one collected at 400⁰C and in terms of Co-O and Co-S bonds.  

Data set 
Pre-edge 

Area 

% Fresh % 400°C % Co-O 

bonds 

% Co-S 

bonds 

Freshly calcined 0.128 ± 0.005 100 0 100 0 

25°C 0.186 ± 0.004 59.9 ± 1.0 40.1 ± 1.0 49.9 ± 0.1 50.1 ± 0.1 

70°C 0.254 ± 0.005 41.6 ± 1.0 58.5 ± 1.0 32.2 ± 0.1 67.8 ± 0.1 

110°C 0.344 ± 0.019 27.4 ± 0.8 72.6 ± 0.8 20.1 ± 0.1 79.9 ± 0.1 

150°C 0.365 ± 0.008 14.5 ± 0.5 85.5 ± 0.5 10.2 ± 0.1 89.8 ± 0.1 

190°C 0.392 ± 0.010 6.0 ± 0.2 94.0 ± 0.2 4.1 ± 0.1 95.9 ± 0.1 

230°C 0.339 ± 0.009 3.0 ± 0.1 97.0 ± 0.1 2.1 ± 0.1 97.9 ± 0.1 

270°C 0.323 ± 0.008 2.1 ± 0.1 97.9 ± 0.1 1.4 ± 0.1 98.6 ± 0.1 

310°C 0.354 ± 0.013 2.6 ± 0.1 97.4 ± 0.1 1.8 ± 0.1 98.2 ± 0.1 

350°C 0.348 ± 0.020 1.7 ± 0.1 98.3 ± 0.1 1.2 ± 0.1 98.8 ± 0.1 

400°C 0.384 ± 0.010 0 100 0 100* 

 

 

Table A3.3 and A3.4 list a summary of the chemical composition of various species during the in-situ 

sulfurization of CoMo/Al2O3 and CoNiMo/Al2O3 catalyst, respectively. These results were obtained by 

RIXS analysis of both samples. 
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Table A3.3: A summary of the chemical compositions for CoMo/Al2O3 as a function of temperature and under 

and atmosphere of 10% H2S/H2, expressed in terms of the relative amounts of the spectrum of the freshly 

calcined sample and the one collected at 400 ⁰C. In addition, also the concentration and the respective 

standard deviation of the intermediate species is listed. 

  Oxide   Sulfide   
Intermediate 
Species 

  

      Avg      Std     Avg     Std                  Avg               Std 

     Freshly calcined 1 0 0 0 0 0 

25 0.6758 0.0539 0.0507 0.0743 0.2735 0.0785 

70 0.609 0.0624 0.0564 0.0758 0.3346 0.0775 

150 0.1298 0.0176 0.8685 0.0181 0.0017 0.0027 

190 0.0454 0.0068 0.9544 0.0069 1.74E-04 8.28E-04 

230 0.0257 0.0045 0.9449 0.0124 0.0295 0.0125 

270 7.24E-04 0.0012 0.9993 0.0012 0 0 

310 0.0324 0.0049 0.9676 0.0049 0 0 

400 0 0 1 0 0 0 

 

Table A3.4: A summary of the chemical compositions for CoNiMo/Al2O3 as a function of temperature and 

under and atmosphere of 10% H2S/H2, expressed in terms of the relative amounts of the spectrum of the 

freshly calcined sample and the data collected at 400 ⁰C.  

  Fresh     Interm. 1(%)    Interm. 2(%)    400⁰C(%)   

 Average  Std  Average          Std       Average  Std    Average  Std 

Freshly Calcined 100 0 0 0 0 0 0 0 

25 21.46 1.3 50.57 11.31 16.56 15.73 11.42 5.11 

70 1.12 1.31 48.18 10.68 29.32 15 21.38 5.46 

110 11.05 1.08 28.82 6.15 23.8 8.77 36.33 3.74 

150 8.95 1.46 6.21 2.38 38.51 6.23 46.34 6.24 

190 4.5 1.74 1.97 2.21 44.58 7.77 48.94 7.75 

230 4.21 1.43 2.3 1.8 38.67 6.32 54.82 6.41 

270 6.07 1.89 0.32 1.29 43.23 8.08 50.39 8.22 

310 2.11 1.64 1.46 7.38 39.4 7.23 57.04 8.58 

350 3.94 1.63 0.65 3.03 36.99 6.48 58.42 7.26 

400 0 0 0 0 0 0 100 0 
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Figure A3.1: Composition expressed in terms of amount of the fresh sample spectrum and the data collected 
at 400⁰C and in terms of Co-O and Co-S bonds as a function of temperature for CoMo/Al2O3 (A) and 
CoNiMo/Al2O3 (B). 

 

Figure A3.2: The evolution in the composition of various species during the sulfurization process shown in 

Figure 3.11 and 3.12 of CoMo/Al2O3 (A) and CoNiMo/Al2O3 (B), respectively. 
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                                                                                                                  Chapter 4 

Reduction of Al2O3-supported CoNiMo Oxide: An In-Situ Co 1s3p 

and Ni 1s2p RIXS Study 

 

The reduction of cobalt and nickel in alumina-supported CoNiMo oxide sample with H2 gas was 

investigated by a combination of X-ray Absorption Near edge Spectroscopy (XANES), Extended X-ray 

Absorption Fine Structure (EXAFS), and Resonant Inelastic X-ray Scattering (RIXS) techniques. Unlike 

the high reactivity towards a 10% H2S/H2 gas mixture reported in Chapter 3, in the presence of pure 

H2 the cobalt main edge was not shifted to lower energies. This is an indication of the main edge 

sensitivity towards ligand exchange and to a less extent towards modifications in the metal valance 

state. However, during the reduction of CoNiMo/Al2O3 the pre-edge peak does shift to higher 

absorption energies with a concurrent increase in its intensity. This indicates that the cobalt symmetry 

is most likely changed from octahedral to square pyramidal (C4V), while the average valence remains 

constant. This is attributed to a reduction in the symmetry of the cobalt species and subsequently a 

higher degree of 3d4p mixing. However, in the case of nickel no significant changes have been 

observed for the symmetry nor for the oxidation state. The EXAFS analysis revealed a slight increase 

in the Co-O bond distance, while the Ni-O bond was not modified.   

                 

 

 

 

Based on: ‘Reduction of Al2O3-supported CoNiMo Oxide Sample: An In-Situ Co 1s3p and Ni 1s2p 

RIXS Study’, Mustafa al Samarai, Christa van Oversteeg, Mario Delgado-Jaime, Tsu-Chien Weng, 

Dimosthenes Sokaras, Bert M. Weckhuysen, Frank M.F. de Groot, in preparation. 
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4.1 Introduction 

Due to the more stringent environmental regulations in the developed countries for transportation 

fuels, more efforts have been focused in recent years to develop more efficient hydrotreating catalysts 

[1,2]. 

In the last decade, alumina-supported Co and Ni promoted molybdenum sulfide catalysts 

(CoNiMoS/Al2O3) are more frequently used for hydrotreating reactions [3]. Previous studies suggested 

the enhanced activities to arise from the combination of the CoMo selectivity towards the 

hydrodesulfurization (HDS) and the NiMo for hydrodenitrogenation (HDN) and hydrogenation of 

aromatic compounds. However, contradictory results have  been  reported  in  the  literature,  where 

the trimetallic CoNiMo active phase is suggested to exhibit  either  an  increase  or a  decrease  in  

activity  with  respect  to  model  compounds [4–8].    

For instance, our own catalytic tests in Figure 3.3 of Chapter 3 showed that the trimetallic 

CoNiMo/Al2O3 catalysts were less active than their analogous bimetallic CoMo/Al2O3 for thiophene 

HDS. In addition, the NiMo/Al2O3 is also reported to have a higher efficiency for benzene 

hydrogenation reaction [8]. Homma et al. explained the reduced HDS activity by the formation of a 

mixed Co–Ni bulk sulfide phase, which reduces the relative concentrations of the promoted catalytic 

active sites. Despite this proposal, there is still no general agreement regarding the structure of the 

active phase of the catalyst nor about the details of the promotional effect of cobalt. In contrast to 

the large number of studies regarding the bimetallic CoMo and NiMo systems [9], there are a limited 

number of studies about the trimetallic CoNiMo/Al2O3 [10,11].  

Although the pre-sulfidation steps of the synthesis procedures influences the catalytic activity and 

selectivity of the CoNiMo/Al2O3 catalyst there are only a selected number of reports on the oxide 

precursors. In this study we aim to gain more knowledge on the electronic structure and symmetry of 

cobalt and nickel in the active phase of this catalyst precursor. In our previous study, described in 

Chapter 3, the structure of the cobalt in the freshly calcined CoNiMo/Al2O3 was found to contain Co3+ 

and Co2+ oxide species at octahedral sites [12]. In this Chapter, we aim to study the modifications in 

the oxidation state, symmetry, and spin state of cobalt and nickel by means of X-ray absorption 

spectroscopy (XAS) and resonant inelastic X-ray spectroscopy (RIXS) during the reduction treatment. 

A typical X-ray absorption spectrum is usually divided into two regimes: XANES and EXAFS. Although 

both have the same physical origin, this distinction is convenient for the interpretation. XANES is 

strongly sensitive to formal oxidation state and coordination chemistry (e.g., octahedral and 

tetrahedral coordination) of the absorbing atom. The edge position and shape is sensitive to the 

formal valence state, ligand type, and coordination environment, while specifically the pre-edge 

region of the K-edge is sensitive towards changes in the valence state and symmetry of the probed 

ion. The normalized intensities and positions of the K pre-edge spectral features, which arises from 

resonant excitations into the lowest unoccupied electronic states, are sensitive towards the oxidation 

state, site symmetry and the crystal field splitting. Thus XANES can be used as a fingerprint to identify 

the existence of various species from the same ion. A common application of XANES is to use the shift 

of the edge position to determine the valence state. On the other hand, EXAFS is used to determine 

the bond distances, coordination numbers, and ligands of the absorbing ion. 
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In contrast, RIXS circumvents the K-edge lifetime broadening by effectively replacing the core-hole 

lifetime by the final state lifetime. A ligand field approach including multiplet interactions can account 

for the RIXS spectral features at the K pre-edge. In addition, RIXS also separates the K pre-edge 

absorption features from the main edge. This allows for a more detailed look at the pre-edge spectral 

shape than in conventional XAS and thus allowing a better comparison with theoretical models. The 

constant incident energy slice along the energy loss of the scattered X-rays contains information on 

the metal spin state and thus complements the chemical information in the K pre-edge absorption 

features along the incident energy. In the sulfurization study, described in Chapter 3, for the Co 1s3p 

RIXS of CoMo/Al2O3 and CoNiMo/Al2O3 we have identified two distinct features at 7709 eV incident 

energy with two Energy Loss (EL) features at 58 and 61.5 eV, related to the exchange splitting in the 

3p5 3d7 final state [13]. These emissions were described as emissions from a Co2+ Oh and Co3+ Oh, 

respectively. In addition there was also a weaker non-local peak at 7712 eV incident energy originating 

from the interaction of a Co3+ with a neighboring Co3+ (Oh). Based on this knowledge, we will study the 

reduction behavior of cobalt and nickel oxides in the freshly calcined CoNiMo/Al2O3 sample. 

 

4.2 Experimental  

4.2.1 Sample Preparation 
 

The CoNiMo/Al2O3 catalyst material was synthesized by incipient wetness impregnation of the ϒ-

alumina support (BASF Al-4184, surface area of 157 m2/g and pore volume of 0.75 mL/g) with a 

solution of metal salts. Aqueous solutions of ammonium heptamolybdate hexahydrate (AHM, (NH4)6 

Mo7O24 · 6 H2O ,Sigma Aldrich, ≥99,0%), cobalt nitrate hexahydrate (Co(NO3)2 · 6 H2O, Acros Organics, 

99+%) and nickel nitrate hexahydrate (Ni(NO3)2 · 6 H2O, Sigma-Aldrich, 99.999%) for CoNiMo/Al2O3 

were co-impregnated to obtain weight loadings of 14 wt% for molybdenum and 5 wt% for both cobalt 

and nickel. Subsequently, the sample was dried at 60°C for 16 h then at 120°C for 1 h. To convert the 

impregnated metal precursors to their respective metal oxides, the sample was calcined at 450°C for 

16 h. All drying and calcination steps were performed under a 75%N2/O2 flow (1 mL/min). A pellet was 

made by pressing the sample from the powder and loaded on the sample holder [12, 14, 15].   

 
The reactor was assembled and sealed and the incident window was covered with kapton foil to 

decrease the photon flux and prevent radiation damage, and leakage of the toxic gas mixture. The 

reactor includes connections for both gas inlet and outlet. The inlet line is connected with a mass-flow 

controller that regulates the type and amount of gas that passes through the reactor. On the outlet 

side there are bubbler airlocks that can be used to trap the toxic gas mixture. First, the oxide 

precursors were measured under ambient conditions, followed by in-situ reduction under a dynamic 

flow of the 99.99% H2 gas mixture and by slow heating the samples to 450 oC. 

 

4.2.2 X-ray Experiments 

The spectra were recorded on the beamline 6-2 at the Stanford Synchrotron Radiation Lightsource 

(SSRL) [17]. The beamline is equipped with Si (111) and Si (311) liquid nitrogen cooled double crystal 

monochromators. Collimating and focusing Rh-coated mirrors are positioned before and after the 

monochromator, respectively. The incident energy was selected using the Si (311) reflection during 
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the measurements at the Co K-edge. After the monochromator, the beam is delivered to the Rh-

coated mirror and focused both vertically and horizontally to ∼ 140 (V) × 400 (H) µm2 at the sample 

position. XANES spectra were measured simultaneously in total fluorescence yield (TFY) mode using a 

photodiode. The sample, crystal analyzer and photon detector were arranged in a vertical Rowland 

geometry. The Co Kβ (1s3p) RIXS spectra were recorded at a scattering angle of 90⁰ in the horizontal 

plane using the seven analyzer crystals which are placed on intersecting Rowland circles of 1 m of 

diameter [14]. In addition, the Ni Kα (1s2p) RIXS was measured with the same setup. The total energy 

resolution (ΔE/E) of the beamline and the spectrometer is ∼0.2 eV. The intensity was normalized to 

the incident flux. The RIXS data are shown as a contour map in a plane of incident and transferred 

photon energies, where the vertical axis represents the energy difference between the incident and 

emitted energies (energy-loss). The variations of the color on the plot correspond to the different 

scattering intensities. 

 

The Co 1s3p RIXS 2D maps were obtained in the excitation range of 7704-7715 eV with steps of 0.2 

eV, and 55 to 82 eV for the RIXS energy loss, with steps of 0.25 eV. The Ni 1s2p RIXS maps were 

recorded in the excitation range of 8228-8338 eV with steps of 0.3 eV, and 848-862 eV for the RIXS 

energy loss, with steps of 0.3 eV. The TFY XANES was also recorded with a photodiode. Radiation 

damage studies were performed at ambient conditions by measuring four XANES spectra to check for 

any shifts in the edge jump energy, and the pre-edge intensity and energy shift. Additionally, RIXS 

spectra were measured to reconfirm the results obtained with XANES. For all the spectra there was 

no change in the measured spectra for a three hours experiment, confirming the absence of radiation 

damage. 

 

 

4.3 Results and Discussion 

A series of XANES and RIXS spectra were measured at the Co- and Ni K-edge to study their respective 

reduction behavior of these complexes in the active phase. In the first step, the freshly calcined 

CoNiMo/Al2O3 was measured under air atmosphere. In the subsequent steps the sample was heated 

to temperatures up to 450 ⁰C under a dynamic flow of H2 to study the reduction properties of the 

sample.  

 

4.3.1 Co XANES and EXAFS Experiments 

The Co K-edge XANES spectra of the in-situ reduction reaction are shown in Figure 4.1. In this figure, 

the spectra have been normalized using the edge jump of the EXAFS region. The full spectra are 

recognized with a single pre-edge feature, while the main edge resembles a typical cobalt oxide. There 

is also an additional weak feature at 7711.7 eV originating from Co3+ non-local transition. During the 

reduction reaction the pre-edge intensity gradually increases, while the main edge and EXAFS region 

show negligible modifications in the spectral shapes. 
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Figure 4.1: Co K-edge XANES spectra of the freshly calcined CoNiMo/Al2O3 during the reduction with H2. 

Then, in the next stage of the data analysis, the raw XANES spectra shown in Figure 4.1 were 

normalized and analyzed for composition according to the following fit procedure. In the model the 

XANES of the two extremes, the freshly calcined sample and the partially reduced sample at 450 ⁰C, 

were used as two reference components to determine the composition during various stages of the 

in-situ reaction. The model contained the following features:  

I. To evaluate the pre-edge areas, two pre-edge pseudo-Voigt peaks and one additional peak to 

model the near-edge region were included;   

II. Calculated paths modeling the back-scattering of the Co-O bonds to fit the EXAFS of the freshly 

calcined (oxide) and of the 450⁰C reduced forms; and 

III. The composition was established as the linear combination of the XANES spectra of the freshly 

calcined sample and the partly reduced sample at 450 ⁰C.  

The fitting of this model was performed simultaneously with an evolving k3-weighted k-space. This 

evolving k-space data is useful because its form is modified according to the changing spline and the 

value of E0, as the fitting progresses evolves. The main purpose of this step one is to define a good 

spline and pre-edge background and to evaluate the edge intensity (for normalization purposes).  

We attempted 75 fits in each case using the methodology implemented in Blueprint XAS to reduce 

bias and to explore uncertainty of all fit parameters. We then selected the best fits on the basis of 
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their sum of square errors (SSE) in both energy and k-space. SSE is a network performance function 

and measures performance according to the sum of squared errors.  

 

Figure 4.2: A) Normalized Co K-edge XANES spectra of CoNiMo/Al2O3 at various temperatures and under 

dynamic flow of H2. B) Inset of A) around the pre-edge region.  

Figure 4.2 shows the average that results from this procedure, whereas Figures 4.3A, B, C, and D show 

the evolution of the pre-edge peak position, the resulting normalized pre-edge intensity (the 

integrated area of the first two pseudo-Voigt peaks), the main edge position (E0), and the variation in 

Co-O bond length during the in-situ reduction reaction. From Figure 4.2 we also note the existence of 

isobestic points, which confirm that this region only involves two species.   

The pre-edge part (1s�3d4p) of the freshly calcined sample is identified with a main absorption 

feature at 7709 eV with mainly a Co2+ at octahedral sites character. In addition, there is also a weak 

feature at 7711.4 eV, which is assigned to the non-local transition on a neighboring Co3+ in an 

octahedral site [12]. However, the intensity of this non-local transition is weaker in comparison with 

the pure Co3O4 reference compound.  The main edge (1s�4p) shows also spectral features of a mixed-

valent Co2+/Co3+ oxide. Due to heating the sample to 450⁰C under dynamic hydrogen flow a partial 

reduction of cobalt is expected [20].  
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Figure 4.3: The evolution in the position of the pre-edge and edge versus the temperature is shown in Figures 

A and B, respectively. C) Resulting pre-edge intensity follows an increasing trend, which is described as 

conversion of Co3+ species at octahedral symmetry to Co2+ complexes at square pyramidal (C4V) sites. In D the 

Co-O bond distance is illustrated, showing an increase in the bond distance from 2.0 Å for the freshly calcined 

sample to 2.04 Å for the sample treated at 450⁰C.    

Following the described in-situ reduction, the cobalt pre-edge peak position is shifted from 7708.9 eV 

for the freshly calcined sample to 7709.2 eV for the sample treated at 450⁰C (Figure 4.2B and 4.3A). 

This behavior is also parallel with a gradual increase in the normalized intensity of the pre-edge (Figure 

4.2B and 4.3B). As a consequence of modification in the cobalt symmetry the degree of 3d4p 

hybridization increases and the pre-edge intensity becomes higher. However, the cobalt main edge 

position (E0) remains unchanged during the reduction process (Figure 4.3C). Also, the EXAFS 

oscillations show only a negligible increase in the Co-O bond distance (Figure 4.3D). Hence, the 

presence of hydrogen at elevated temperatures has little influence on the Co-O bond distance. The 
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conversion to square pyramidal (C4V) symmetry is in-line with a reduction in site symmetry. The 

resulting crystal field-splitting of the 3d orbitals partly belong to the same irreducible representation 

as the cobalt 4p orbitals. The states can therefore mix and transition from 1s to 3d4p hybridized mixed 

states and becomes partly dipole allowed. Furthermore, during the reduction reaction, the intensity 

of the pre-edge feature at 7711.4 eV, which is assigned to a Co3+ non-local transition, is reduced. This 

is an additional indication of the reduction of Co3+ at octahedral sites to Co2+ species in square 

pyramidal symmetry. In Table A4.1 a summary of the variation in the pre-edge intensity and position, 

and the main edge (E0) position for the reduction reaction of CoNiMo/Al2O3 as a function of 

temperature and under and dynamic H2 flow is shown. In addition, also the obtained respective 

standard deviations are listed in Table A4.1. 

 

4.3.2 Co RIXS Analysis 

Figure 4.4 shows an overview of the cobalt 1s3p RIXS 2D plane measured for the freshly calcined 

sample and the sample at 450⁰C. The data show two distinct features in the pre-edge for 7709.0 eV 

incident energy with RIXS emission peaks at 7650.95 eV (58.05 eV EL) and 7647.8 eV (61 eV EL), 

referred as feature A and B, respectively. The present finding also supports a previous study which 

concluded that peak A is mainly due to a Co2+, whereas peak B has a combination of both Co2+ and Co3+ 

[12, 13]. In addition, the weak Co3+ non-local peak is also seen at an incident energy of 7711.9 eV and 

at an emission energy of 7651.4 eV (corresponding to 60.5 eV of energy loss). 

 

Figure 4.4: The experimental Co 1s3p RIXS of the CoNiMo/Al2O3 precursor sample. In the first step the freshly 

calcined sample (A) was measured, followed by gradual reduction by heating the sample under dynamic flow 

of H2 gas at 450⁰C (B). 
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During the in-situ reduction there is no considerable change in the spectral shape of the pre-edge 

region. However, after reducing the sample at 450 ⁰C the relative intensity of peak B decreases with 

respect to the intensity of peak A. This effect is ascribed as the reduction of Co3+ ions at octahedral 

sites to Co2+ species with square pyramidal symmetry. To study the composition of species during the 

various steps of the in-situ reaction, the slice at the pre-edge peak position were selected and fitted. 

Then the data at each temperature were simultaneously fitted and analyzed in Blueprint XAS 

methodology using a model consisting of a linear combination of the RIXS spectra collected at the 

freshly calcined sample (oxide) and the reduced form at 450 ⁰C. The results are summarized in Figure 

4.5A and B.  

                 

 

Figure 4.5: A) The normalized Co 1s3p RIXS spectra of CoNiMo/Al2O3 sample obtained by fitting the in-situ 

data with Blueprint XAS method. In B the relative concentration as of the freshly calcined sample (in red) and 

the sample treated at 450⁰C is shown. 

The normalized RIXS spectra in Figure 4.5 were obtained by integration of the peak areas that were 

previously used to fit the experimental data. The data in Figure 4.5B specify the proportion of the 

CoNiMo/Al2O3 freshly calcined component (red) and the 450 ⁰C treated component (green) in each of 

the experimental spectra (black). The freshly calcined sample has a 100% oxide character, while due 

to the gradual reduction of cobalt in the active phase, the experimental spectra slowly adapt the 

character of the partially reduced sample. The corresponding composition analysis is shown in Figure 

4.5B. The Figure suggests that the reduction process for the temperatures lower than 150 ⁰C is slow 

and only a maximum conversion rate of 10% is achieved. However, by further heating the sample the 

reduction process is accelerated and a 50% conversion is obtained at approximately 225 ⁰C. The 
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overall trend in the normalized RIXS spectra is an increase in the relative intensity of peak A, and a 

decrease in the intensity of peak B.  

 

4.3.3 Ni XANES and EXAFS Analysis 

The nickel data were analyzed according to the same procedure used for the cobalt analysis. Figure 

4.6A presents the normalized Ni K-edge X-ray absorption spectra of CoNiMo/Al2O3 during a series of 

reduction steps, as measured using partial fluorescence yield. Each spectrum was normalized and 

processed according to the procedure described in earlier study [16, 17]. In this case the only available 

unoccupied states are of eg character with the t2g6 eg
2 electron configuration. 

In Figure 4.6 the normalized spectra of the Ni K-edge and pre-edge are illustrated. The normalized 

RIXS spectra are obtained by integrating the areas of the Pseudo-Voigt peaks used to fit the RIXS 

spectra. Also, the evolution in the absorption energy of the XANES pre-edge peak and the main edge 

(denoted as E0) are plotted respectively in Figures 4.7A and C. The respective data are also listed in 

Table A4.2. The freshly calcined sample has a single pre-edge peak at 8332.1 eV that is typical for a 

Ni2+-oxide compound at octahedral symmetry, considering that the only available unoccupied states 

are of eg character with the t2g6 eg
2 electron configuration.  

 

Figure 4.6: A) Normalized Ni K-edge XANES spectra for the CoNiMo/Al2O3 precursor at various temperatures 

and under a dynamic flow of H2. B) Inset of A) around the pre-edge region. 
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In the next steps, under a dynamic flow of hydrogen the sample was heated to 450 ⁰C. In the case of 

nickel the reduction reaction seems not to influence the main edge position nor the Ni-O bond 

distance. However, the pre-edge position is slightly shifted to lower absorption energies, while the 

intensity of the pre-edge is unaltered during the whole reaction. It is also assumed that nickel retains 

its octahedral symmetry and that the reducing conditions do not modify the Ni-O bond distance 

(Figure 4.7). 

          

Figure 4.7: In A and C the position of the Ni pre-edge and edge, respectively is illustrated. B) The intensity of 

the pre-edge remains constant during the in-situ reaction, indication of unaltered octahedral symmetry of 

nickel complexes. The evolution in the Ni-O bond is visualized in D and shows a reduction in the distance due 

to interaction with the hydrogen as a function of the reduction temperature.  
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In the literature there are many Temperature Programmed Reduction (TPR) studies considering the 

reduction behavior of γ-Al2O3 supported NiO [18]. Typically, a Ni/γ-Al2O3 TPR is characterized by two 

reduction peaks, with a low temperature peak at 390 ⁰C and a high temperature peak at 500 ⁰C (Figure 

4.8).  

 

Various XRD and XPS studies concluded that NiO has a relatively strong interaction with γ-Al2O3 

compared with other oxide supports and that the nickel species mainly occurs in the form of NiAl2O4 

with the spinel structure.  This compound is stable and consequently difficult to be reduced to metallic 

Ni(0) species at temperatures below 610 ⁰C.  

 

                                         
Figure 4.8: H2 TPR data of various oxide supported-Nickel catalysts. The Al2O3-supported catalyst has two 
distinctive TPR peaks at 390⁰C and 500⁰C.  

 

4.3.4 Ni RIXS Results 

Figure 4.9 shows the full 1s2p RIXS 2D plane of nickel for freshly calcined sample (A) and for the 

reduced one at 450⁰C (B).  

The two measured RIXS emissions are typically expected features for nickel oxide compounds with an 

octahedral symmetry. The energy-loss spectra of this high-spin Ni2+ compound exhibit two peaks due 

to multiplet effects [12]. These features arise from (2p,3d) and (3d,3d) Coulomb and exchange 

interactions and are best simulated with multiplet calculations.  The pre-edge peak at 8332 eV incident 

energy involves an excitation to the 1s13d (t2g
6

eg
3) final state, that due to multiplet effect results in two 

distinct RIXS features at energy-loss of ≈854.3 eV and ≈ 857 eV. In addition, the main edge part of the 

RIXS planes shows a reduction of the main edge (1s�4p) upon heating the sample under reducing 

conditions.   
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Figure 4.9: Ni 1s2p RIXS plane of the CoNiMo/Al2O3 precursor sample. In the first step the fresh oxide precursor 

was measure (A) followed by gradual reduction by heating the sample under dynamic H2 gas flow to 450⁰C 

(B). The pre-edge has mainly a single RIXS feature at 854.3 eV and a weaker shoulder 856.5 eV for 8332 eV 

incident energy. Upon reduction at 450⁰C the described spectral features remain unaltered. 

 
4.4 Conclusions 
 
We have demonstrated the potential of 1s3p and 1s2p RIXS spectroscopy for the characterization of 

cobalt and nickel species in CoNiMo/Al2O3 catalyst materials. 

 

The oxide precursor was identified as octahedrally coordinated Co2+, Co3+, and Ni2+ oxides. Upon 

reducing CoNiMo/Al2O3 both the cobalt and nickel main edges in the XANES spectra were relatively 

unchanged during the partial reduction of the active phase species. However, the cobalt pre-edge is 

slightly shifted to higher absorption energies with a concurrent increase in the intensity. This can be 

described as a reduction in the symmetry of the cobalt species and subsequently a higher degree of 

3d4p mixing. Specifically, it is assumed that upon heating the sample under H2 flow, Co3+ (Oh) species 

are reduced to Co2+ oxides. However, the final species were not fully reduced and the formation of a 

square pyramidal catalytic active Co2+ (C4v) oxide species is proposed. We also note that the obtained 

C4V symmetry is identical to the previously investigated cobalt species in the active phase of the fully 

sulfided catalyst. 

On the contrary, both the nickel pre-edge position and the related intensity remains unchanged. In 

addition, the EXAFS analysis revealed a slight increase in the Co-O bond distance, while the Ni-O bond 

was essentially not modified. The RIXS analysis, however, showed no changes in the spectral shape of 
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both cobalt and nickel. There is only a slight decrease in the intensity of the second RIXS energy-loss 

feature of Co 1s3p at 61 eV. Also, the fitted Co 1s3p RIXS spectra showed an increasing rate of 

reduction for T≥ 150⁰C. Figure 4.9 summarizes the proposed cobalt species involved during the in-situ 

reduction of a freshly calcined CoNiMo/Al2O3 catalyst material.  

 

On the contrary, nickel species remained octahedrally coordinated during the experiment and the 

structure was not modified. More harsh conditions are required to reduce both the cobalt and nickel 

oxide species. This study showed how an in-situ reaction can be investigated based on a combination 

of various X-ray spectroscopy techniques. 

 

 

 
Figure 4.9: Representation of the proposed species involved during the in-situ reduction of a freshly calcined 

CoNiMo/Al2O3 catalyst material. The oxide precursor was identified as an octahedral coordinated Co2+ and 

Co3+ oxide. However, the final species were not fully reduced and the formation of a square pyramidal catalytic 

active Co2+ (C4v) oxide species is proposed. 
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Appendix 4 

Table A4.1: A summary of variation in the Co K pre-edge intensity and position, and the main edge (E0) position 

for the reduction reaction of CoNiMo/Al2O3 oxide as a function of temperature and under and dynamic H2 

flow. Also the respective standard deviations are included. 

  Pre-edge Int.                    STD 
                     
Pre-edge             STD            Edge (E0)       STD 

Freshly Calcined 0.064  0.006 7708.91 0.056 7718.09 0.126 

25⁰C 0.067                               0.004 7708.89 0.021 7717.42 0.276 

50⁰C 0.079 0.003 7708.97 0.023 7717.17           1.002 

95⁰C 0.089                               0.014 7708.99 0.020 7719.79           2.436 

140⁰C 0.093 0.008 7708.96 0.016 7717.49 0.451 

200⁰C 0.099 0.003 7709.07 0.005 7717.82 0.348 

270⁰C 0.121 0.005 7709.18 0.011 7717.61           2.161 

450⁰C 0.118 0.004 7709.16 0.016 7717.63 0.918 

 

 

 
Table A4.2: A summary of variation in the Ni K pre-edge intensity and position, and the main edge (E0) position 

for the reduction reaction of CoNiMo/Al2O3 oxide as a function of temperature and under and dynamic H2 

flow. In addition also the respective standard deviations are listed. 

  Pre-edge Int.        STD     Pre-edge        STD           E0        STD 

Freshly Calcined 0.064 0.008 8332.08 0.004 8343.16 2.506 

25⁰C 0.055 0.004 8331.92 0.004 8343.56 1.614 

50⁰C 0.058 0.004 8331.93 0.003 8340.82 0.013 

95⁰C 0.057 0.001 8331.9 0 8343.09 0.986 

200⁰C 0.062 0.002 8332.06 0.003 8342.49 1.749 

270⁰C 0.061 0.002 8331.89 0.003 8343.1 0.807 

450⁰C 0.056 0.003 8331.85 0 8343.57 0.017 
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Figure A4.1: Full collection of Ni 1s2p RIXS 2D planes obtained during the in-situ reduction of the freshly 
calcined CoNiMo/Al2O3 with H2. 

 

 

 

 

 



100 

Co 1s3p RIXS 2D planes:

 

Figure A4.2: Co 1s3p RIXS 2D planes of the freshly calcined CoNiMo/Al2O3 during the in-situ reduction with 
H2. The modifications in the obtained maps are negligible. 
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                                                                                                                           Chapter 5 

 

Oxidation of a CoNiMoS/Al2O3 Hydrodesulfurization Catalyst as 

Studied with 1s3p Resonant Inelastic X-ray Scattering  
 

The oxidation sensitivity of an Al2O3-supported cobalt- and nickel-doped molybdenum sulfide 

(CoNiMoS) hydrodesulfurization (HDS) catalyst is studied using Co 1s3p Resonant Inelastic X-ray 

scattering (RIXS). The effect of the gas flow conditions on the kinetics of the oxidation reaction was 

tested. The results confirmed that cobalt in the active CoNiMoS sample is mainly a low spin Co2+ 

species likely in C4V symmetry. Upon oxidation, first the intermediate Co2+ (Oh) oxysulfide species are 

formed, while at T=400⁰C cobalt is fully oxidized to Co2+ Oh oxide (CoO). The results of this study, 

confirmed the previously obtained results from the sulfurization study described in Chapter 3 which 

indicated that cobalt in the fresh sulfided catalyst is likely a low-spin Co2+ sulfide, which is then due to 

the oxidation of the C4V sites oxidized and is transformed to a high-spin CoS-like intermediate 

compound with Oh symmetry. Interestingly, the detected intermediate species is identical to the 

previously mentioned intermediates formed during the sulfurization of the freshly calcined samples. 

 

          
 
 
 
 
Based on: ‘Sensitivity of a CoNiMoS/Al2O3 Hydrodesulfurization Catalyst as Studied with 1s3p 
Resonant Inelastic X-ray Scattering’ Mustafa al Samarai, Christa H.M. van Oversteeg, Mario U. 
Delgado-Jaime, Patric Zimmerman, Yitao Cui, Hirofumi Ishii, Nozumo Hiraoka, Ku-Ding Tsuei, Eelco 
Vogt, Bert M. Weckhuysen, Frank M.F. de Groot, in preparation. 
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5.1 Introduction  

 

In recent years, there has been a growing interest in the understanding of hydrodesulfurization (HDS) 

catalysis. Strict environmental regulations have been introduced regarding to the increased 

production of fuels with ultra-low-sulfur levels (<10 ppm) [1-4].  Also due to the use of heavy oil 

reserves with high sulfur content, the strict diesel emission regulations are becoming difficult to 

maintain. During the HDS hydrotreating reaction, sulfur is cleaved from the hydrocarbons by a catalyst 

material and converted into H2S [5-7]. HDS catalyst materials are generally composed of the bimetal 

sulfides CoMoS, NiMoS, or trimetallic CoNiMoS supported on various oxide supports, including 

alumina and silica. Preparing and developing catalysts with higher activity and stability can improve 

the HDS process and is thus especially important for the petrochemical industry.  

The structure and electronic properties of HDS catalysts have been a matter of debate for many years. 

Schuit and Gates [8] proposed the so-called monolayer model, followed by the intercalation model by 

Verhoeve and Stuiver [9]. Alternatively, Delmon et al. proposed the contact synergy model based on 

the assumption of intimate contact between MoS2 and Co9S8 [10]. The nowadays widely accepted 

model is the so-called CoMoS model proposed by TopsØe et al. consisting of cobalt or nickel decorated 

MoS2 slabs [11]. The described models all propose a detailed description of the catalyst material based 

on assumptions and ideal model systems. However, these studies do not elucidate in detail the exact 

electronic properties nor the local structure of the active sites.  

  

Any change in the catalytic activity of the main metal or the promoter element is driven by variations 

in the electronic structure of their respective valence shells. The potential of valence orbitals to form 

chemical bonds and consequently to participate in the catalytic reaction depends on their electron 

occupation and energies. A CoNiMoS/Al2O3 hydrodesulfurization catalyst is known to be deactivated 

upon exposure to air. This is believed to be mainly due to the oxidation of the elements in the active 

phase [12]. Although considerable research has been devoted to studying the crystal structure of the 

catalyst active phase [13-16], less attention has been paid to studying the electronic properties, 

symmetry, and spin state of the promoter atoms. Previous studies have been mainly concentrated on 

Transmission Electron Microscopy (TEM) analysis of ideal CoMoS systems, which undoubtedly is not 

fully representative of the alumina-supported CoMoS catalyst [17-19].  However, due the 

development of various synchrotron related techniques in recent years has led to the hope of better 

understanding the various aspects of the catalysis [20]. An emerging technique based on the 

combination of X-ray Absorption Spectroscopy (XAS), X-ray Emission Spectroscopy (XES), and RIXS, has 

the potential to unravel the details of the involved electronic transitions [21].  

 

A typical 3d metal K-edge X-ray absorption spectrum (XAS) has a pre-edge feature, which is related to 

the quadrupole transition from the 3dN ground state to the 1s13dN+1 final state. The pre-edge intensity 

is affected by the extent of mixing and hybridization of the 3d and 4p states. From this we can learn 

about the modifications in the symmetry of the active site. Also, the element selectivity is an important 

property of X-ray spectroscopy techniques, making them important candidates for performing in-situ 

experiments. XAS probes only the unoccupied electron states and gives information about the 

oxidation state and the local structure around the measured element. On the contrary, a major 

limitation of the K edge XAS studies is that the fine details of the absorption spectrum are broadened 

due to the 1s core-hole lifetime broadening equivalent to ∼1.5 eV. RIXS is powerful in elucidating the 
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electronic structure, providing information on the electron energies, local geometry, spin and charge 

states.   

Figure 5.1 illustrates the electronic transitions involved in recording a Kα (1s2p) and a Kβ (1s3p) RIXS 

process. In this process, first a 1s core electron (hν1) is excited into the unoccupied density of states, 

where we take the 1s3d quadrupole pre-edge as an example. Next, a 3p electron (hν2) is emitted to 

fill the core-hole in the 1s level. The overall energy transferred to the system, also called the energy 

loss (EL), is obtained by subtracting the energy of the scattered photon (hν2) from the energy of the 

excitation photon (hν1). The resolution of a XANES spectrum can effectively be improved by plotting 

the High Energy Resolution Fluorescence Detection (HERFD) spectrum, which is obtained by selecting 

a single energy from a given emission feature in a RIXS energy loss plane. This is obtained by plotting 

the diagonal of an energy loss RIXS 2D plane. 

 

Figure 5.1: Schematic of the electronic transitions involved in Co-Kα (green) and Co-Kβ (blue) RIXS process.  

 

Due to the large penetration depth of hard X-rays, RIXS probes the bulk properties of the sample and 

is compatible with reactions under extreme conditions. Hard X-ray spectroscopies can provide unique 

insights into the electronic and geometric structure, combined with element, symmetry, and spin 

sensitivity. Some cases are especially interesting, for example where the spin state or the symmetry 

of the transition metal ion is modified during in-situ chemical or catalytic reactions by modifying the 

active phase.  

This chapter reports the results obtained by three different X-ray spectroscopies, namely RIXS, XES, 

and XAS. The purpose of this study is twofold: first, to unravel the electronic properties of the 

promoters in the fresh sulfided sample, which is crucial to understanding the catalytic background and 

second, to better understand the deactivation process by measuring the stepwise oxidation of cobalt 

under in-situ conditions. 
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5.2. Experimental 
 

5.2.1 X-ray Spectroscopy 

 

The experiments were performed at the Taiwan beamline BL12XU at SPring-8 synchrotron facilities 

[22].The optical system consists of four major elements, a high heat-load Si (111) double-crystal pre-

monochromator, a cylindrical collimating mirror, a channel-cut high-resolution monochromator, and 

a toroidal focusing mirror. The incident energy was selected using the Si (400) reflection during the 

measurements at the Co K-edge. After the monochromator, the beam is delivered to the Pt-coated 

focusing mirror and focused both vertically and horizontally to ∼ 80 (V) × 120 (H) µm2 at the sample 

position. XAS spectra were measured simultaneously in total fluorescence yield (TFY) mode using a 

photodiode. The sample, crystal analyzer and a photon detector were arranged in a horizontal 

Rowland geometry. The Co Kβ (1s3p) RIXS spectra were recorded at a scattering angle of 90⁰ in the 

horizontal plane using a 1-m radius spherically bent Ge (444) analyzer. The total energy resolution 

(ΔE/E) of the beamline and the spectrometer is ∼0.4 eV. The intensity was normalized to the incident 

flux. The RIXS data are shown as a contour map in a plane of incident and transferred photon energies, 

where the vertical axis represents the energy difference between the incident and emitted energies 

(energy loss). The variations of the color on the plot correspond to the different scattering intensities.  

5.2.2 Sample Preparation 

 

The CoNiMoS/Al2O3 catalyst was synthesized by incipient wetness impregnation of the ϒ-Al2O3 support 

(BASF Al-4184, surface area of 157 m2/g, pore volume of 0.75 mL/g) with a solution of metal salts. 

Aqueous solutions of ammonium heptamolybdate hexahydrate (AHM, (NH4)6Mo7O24 · 6 H2O ,Sigma 

Aldrich, ≥99,0%), cobalt nitrate hexahydrate (Co(NO3)2 · 6 H2O, Acros Organics, 99+%) and nickel 

nitrate hexahydrate (Ni(NO3)2 · 6 H2O, Sigma-Aldrich, 99.999%) were co-impregnated to obtain weight 

loadings of 14 wt% for molybdenum and 5 wt% for both cobalt and nickel. Subsequently, the sample 

was dried at 60°C for 16 h then at 120°C for 1 h. To convert the impregnated metal precursors to their 

respective metal oxides, the sample was calcined at 450°C for 16h. All drying and calcination steps 

were performed under a 75% N2/O2 flow (1 mL/min).  

The sample was activated by sulfurizing the sample. The sample was heated to 450°C with a ramp of 

10°C/min while flowing with a 10% H2S/H2 mixture (1 mL/min). The sample was kept at 450°C for 5 h. 

The sulfided samples were kept in glovebox to prevent deactivation. A pellet of the CoNiMoS/Al2O3 

sample was made from the powder inside the glovebox to prevent sample oxidation. Figure 5.2 shows 

the pellet loaded in the sample holder.  

The reactor was assembled and sealed inside the glovebox, while the incident window was covered 

with kapton foil and carbon tape to decrease the photon flux and prevent radiation damage [24-27]. 

The reactor includes connections for gas inlet and outlet. The inlet line is connected with a mass-flow 

controller that regulates the type and amount of gas that passes through the reactor. As discussed in 

Figure 5.3, the setup also includes also bubbler airlocks on the outlet side that can be used to trap 

toxic gases.  
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Figure 5.2: Overview of the sample holder with the sample pellet in the middle. The holder is placed in 

between the heating stage. The inside of the reactor is gold-coated to minimize alternative reactions and to 

avoid spurious signals from the steel. 

 

Figure 5.3: Schematic overview of the sealed RIXS reactor showing the position of the incident X-rays, and the 

scattered photons. The incident window was sealed with kapton foil. The reactor includes both a gas inlet 

(connected to a mass-flow controller) and outlet (to the exhaust) connections. In addition, the temperature 

is regulated by connecting the upper part of the reactor to a temperature controller. 

To prevent deactivation of the active phase during the first step of the in-situ experiment, the sample 

was kept under argon atmosphere and subsequently the first step of the in-situ reaction was 

measured under inert conditions. In the subsequent steps, the sample was exposed to a dynamic air 

flow and gradually heated to 400 oC. The experimental plan of the performed in-situ reaction with 

dynamic air is shown in Figure 5.4. For the excitation energy (E1), energy steps of 0.2 eV was selected 

while for the emitted/scattered energy (E2) an energy range with respect to the E1 (E2= E1-95 to E1-55) 

was recorded. During the subsequent heating treatment steps a ramp of 10⁰C/min, and a dwell time 

of 70 minutes were selected. 
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Figure 5.4: Schematic of the in-situ oxidation reaction used with the dynamic air flow conditions. The 

combined RIXS, non-resonant XES, and XANES data were collected in 6h, while the subsequent heat-treatment 

steps were carried out in 1h. 

 

5.2.3 Multiplet Calculations 

In our previous study described in Chapter 2, a comprehensive study was performed to understand 

the electronic properties and symmetry of cobalt in sulfide (i.e. CoS and CoS2) and oxide compounds 

(i.e. Co3O4 and CoO) [28].  The obtained results served as reference data to determine the nature of 

cobalt species involved during various steps of the in-situ reaction. The experimental results showed 

that Co3+ 1s3p RIXS in Co3O4 has an intense non-local feature in the pre-edge region. In addition, the 

resonant 3p final state is dominated by the two exchange-split peaks of the tetrahedral Co2+ site, 

similar as is found for CoO. In contrast to the oxides, the 3p final state of CoS and CoS2 exclusively have 

a single asymmetric RIXS peak affected by the large screening of the 3p3d exchange interaction. 

Interestingly, while CoS has a single pre-edge peak in the Co 1s3p RIXS plane, CoS2 however was found 

to possess additionally an intense non-local feature. It was concluded that although CoS2 is often 

indicated as Co2+(S2)2-, a substantial sulfur-mediated cobalt-cobalt bonding, similar to low-spin Co3+ in 

Co3O4. The experimental results were also simulated and confirmed with multiplet calculations that 

revealed the partial screening of the 3p3d exchange interaction and the presence of non-local 

transitions in cobalt compounds. 

5.3. Results and Discussion 

5.3.1 In-situ Oxidation  

In Figure 5.5 the RIXS 2D map of Co Kβ of the freshly sulfided CoNiMoS/Al2O3 catalyst at 25⁰C is shown. 

In principle, measuring a RIXS 2D plane is performed by recording a collection of the vertical emission 

slices, (at ΔE=0.4 eV) at a certain selected incident energy range. In other words, while the sample is 

excited with a certain excitation energy, the detector measures the emitted inelastic X-rays, scattered 

at a specific angle related to the selected transition. Because the energy resolution is limited to 0.4 

eV, it makes sense to measure slices with an energy difference equal to this energy resolution. By 
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interpolation of the obtained emission slices a RIXS plane is generated. The obtained RIXS 2D plane is 

similar to the previously obtained CoS reference with a single pre-edge feature at 7709.6 eV and 60 

eV energy-loss as shown in Figure 2.5A [28]. 

 
Figure 5.5: Resonant inelastic X-ray scattering (RIXS) 2D map of freshly sulfided CoNiMoS/Al2O3 catalyst, 

where the final state energy stands for the difference between the incident and emitted photon energies. 

 

In the second stage of the experiment, the sample was exposed to flowing air at room temperature. 

Prior to each of the RIXS experiments, a XES spectrum measurement was collected, followed by two 

XAS measurements to determine the pre-edge peak energy. At the selected pre-edge peak position 

(7709.6 eV), five consecutive RIXS measurements were performed to increase the signal-to-noise 

ratio, as well as to check for possible radiation damage on the sample. In the following steps, the 

sample was heated to 50⁰C, 80⁰C, 120⁰C, 200⁰C, and 400⁰C, at a heating rate of 10⁰C/min in a dynamic 

air flow and left at the target temperature for 1 h. The sample was allowed to cool down to 30⁰C prior 

to measurements. This procedure was repeated for the subsequent steps during the in-situ reaction. 

The obtained RIXS cross sections at the pre-edge peak position energy are plotted in Figure 5.6.  

 

To unravel the existence of different phases during the course of the in-situ reaction the phase 

conversion coefficients elucidated from the RIXS spectra were obtained by fitting a linear combination 

of references using BlueprintXAS. A Similar procedure as described in Chapter 4 was applied to analyze 

the RIXS spectra. 

The Co Kβ RIXS spectrum of the fresh sulfided sample (black) shows a single RIXS emission peak at 

7649.5 eV, similar to the results obtained for the CoS reference sample, having a single feature for the 

pre-edge region. However, as the sample was exposed to air at room temperature (purple) the 

emission is shifted towards higher RIXS emission energies (or lower energy-loss). The peak shifts 

approximately by 0.5 eV compared to the fresh sample. This is an indication of the promoter sensitivity 
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to the presence of oxygen, leading to oxidation of the promoter. There is also a sudden increase in the 

peak intensity by exposing the sample to air at room temperature. However, by gradually heating the 

sample to 400⁰C the trend is reversed and the peak intensity is reduced. Another interesting feature 

is the formation of a shoulder at 7652 eV emission energy while the intensity is increased by heating 

the sample to higher temperatures. 

 

           

Figure 5.6: Co 1s3p RIXS cross sections at the pre-edge peak position of the CoNiMoS/Al2O3 catalyst during the 

in-situ oxidation reaction. The spectra were analyzed and fitted by the “BlueprintXAS” methodology described 

in Chapter 4. 

 

At 200⁰C this shoulder at 7651.65 eV (orange) is separated from the main RIXS peak at 7649.9 eV, 

whereas at 400⁰C (red) the trend continuous and the main RIXS peak is split into two separate 

features. The resulted spectrum is similar to the CoO reference, while the ratios between the two 

emission features are different. In fact, this figure confirms the previously obtained results from the 

sulfurization study described in Chapter 3 which indicated  that cobalt in the fresh sulfided catalyst is 

likely a low-spin Co2+ sulfide, which is then due to the oxidation of the C4V sites oxidized to a high-spin 

CoS-like intermediate compound with Oh symmetry. Interestingly, the detected intermediate species 

is identical to the previously mentioned intermediates formed during the sulfurization of the freshly 

calcined samples. Finally, at 400⁰C this octahedral intermediate compound is fully oxidized to 

octahedral CoO-like species. 
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Figure 5.7: Phase conversion of cobalt species during the in-situ oxidation reaction of CoNiMoS/Al2O3 catalyst 

sample under dynamic air flow. The sulfide phase is the dominant (red) for the fresh sample. Due to exposure 

of the sample to dynamic air flow and by heating to 400⁰C the sulfide phase is converted via a high-spin Co2+ 

intermediate species (green) to the final oxide phase (gray). 

 

The phase concentration values, shown in Figure 5.7, were determined by fitting and analysis of the 

RIXS spectra. The fresh sample is assumed to be a pure sulfide phase of low-spin Co2+ at C4V symmetry 

(one of the references), indicated by the red column. However, the aforementioned increase in the 

RIXS intensity for the peak at 7649.9 eV refers to the presence of a cobalt oxysulfide intermediate 

phase with a partial high-spin Co2+ character in octahedral symmetry (green). This intermediate phase 

has been modelled in our linear combination fitting analysis with empirical peaks. The decrease of 

peak intensity for the higher temperatures and the formation of a second RIXS feature is attributed to 

conversion of the intermediate species and the remaining sulfides to the final cobalt oxide species 

(gray).  

In summary, this process can be described by a gradual conversion of the sulfide phase with the square 

pyramidal symmetry into the octahedrally coordinated intermediate species and finally at 400⁰C to 

the octahedral CoO-like species. 
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5.3.2 In-situ Non-resonant X-ray Emission Spectroscopy 

The direct fluorescence emission is also called the non-resonant X-ray Emission Spectroscopy (XES). 

The difference between RIXS and XES spectra is that in XES the core electron is excited to high-energy 

in an X-ray photoemission (XPS) process, in contrast to the resonant excitation in RIXS [32-33]. 

The XPS process is strongly screened and has a number of peaks, implying different intermediate 

states and different (and broader) XES spectra. In addition the non-resonant XES intensity is given by 

the number of atoms in a certain state/symmetry, whereas RIXS is affected by matrix elements and 

dipole-quadrupole mixing.  

               

Figure 5.8: Non-resonant XES of CoNiMoS/Al2O3 during the in-situ reaction obtained by measuring the 

emission at 7725 eV incident energy. Due to oxidation of cobalt sulfide species the emission peak maximum 

is shifted from 7649.8 eV for the fresh sample to 7650.25 eV for the intermediate states, while at 450⁰C it 

appears at 7651.5 eV. 

As shown in Figure 5.8 the fresh sample (black) has two prominent features, with the main emission 

peak at 7649.8 eV and a lower fluorescence peak at 7640.8 eV. Upon exposing the sample to 

dynamic air flow, the main fluorescence peak is shifted to 7650.3 eV suggesting a modification in the 
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sample chemical environment.  Furthermore, by heating the sample to 400⁰C cobalt in 

CoNiMoS/Al2O3 catalyst is oxidized and the emission peak is further shifted to 7651.5 eV. In general a 

similar behavior as for the RIXS spectra can be observed, though less clearly resolved due to the 

additional broadening in the case of non-resonant emission. 

 

5.3.3 In-situ XANES Measurements  

In addition to the XES spectra, the XAS spectra of the CoNiMoS/Al2O3 catalyst were also recorded 

during the in-situ oxidation reaction (Figure 5.9). For the fresh sulfided catalyst a HERFD line scan over 

the pre-edge peak was extracted from the Co Kβ RIXS plane. Considering the Co edge, the general 

trend is a shift towards higher absorption energies, which is due to cobalt oxidation. In contrast to the 

shift to higher energies for the main edge, the pre-edge however, follows a reverse trend. Particularly, 

there is a small shift towards lower absorption energies, accompanied by a decrease in the intensity. 

Because the sample was exposed to air at 25⁰C, the pre-edge intensity is reduced and shifted to lower 

energies, while the edge is shifted to higher energies. At this step a partial oxidation of cobalt is 

expected. This behavior is a measure for the sensitivity of the CoNiMoS/Al2O3 catalyst towards 

oxidation, leading to deactivation. 

 

Figure 5.11: TFY XANES spectra of the pre-edge and edge region of CoNiMoS/Al2O3 recorded during the in-

situ oxidation experiment. The inset shows the magnified pre-edge. 
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By heating the sample to 50, 80, and 120⁰C, this trend continues for both the edge and pre-edge, 

though less pronounced than for the first step. Next, by heating the sample to 200⁰C a large decrease 

in the pre-edge peak intensity is observed, whereas the edge is shifted by 1.2 eV to higher energies. 

This is due oxidation and partial ligand exchange and formation of cobalt oxysulfide species. In the 

final step, the sample was heated to 400⁰C and the edge was shifted by 2.5 eV.  The decrease in the 

intensity of the XANES pre-edge is due to ligand exchange of sulfur with oxygen leading to formation 

of octahedral Co2+ species. The site symmetry is changed from square pyramidal (C4V) to octahedral 

while maintaining the Co2+ state. 

 

5.4 Conclusions 

The aim of this study was to determine the oxidation sensitivity of cobalt in CoNiMoS/Al2O3 towards 

oxidation in the presence of air. From the analysis of the XANES, XES and especially the RIXS data we 

have shown that the Co2+ species in the sulfide phase has significant pd-mixing indicating a breaking 

of its inversion symmetry, likely a square pyramidal (C4V) symmetry. Also an octahedral bulk sulfide 

phase is present in the fresh sample. 

During the first stages of the in-situ oxidation reactions the symmetry of Co2+ is converted to 

octahedral, while maintaining its divalent nature. The quantitative analysis of the RIXS data shows the 

relative amounts of fresh sulfide, final oxide, and intermediate cobalt oxysulfide as a function of 

temperature (Figure 5.7).  Upon heating the catalyst to T=400⁰C cobalt is fully oxidized to Co2+ Oh oxide 

(CoO).  

 

Figure 5.10: Species involved in the in-situ oxidation of CoNiMoS/Al2O3. As proposed earlier in Chapter 3 the 

freshly sulfided sample contains square-pyramidal (C4v) Co2+ species. Upon exposing the sample to dynamic 

air flow an intermediate species is formed. However, the final species is a fully oxidized CoO-like compound 

with Co2+ at Oh sites. 

Figure 5.10 illustrates the proposed mechanisms involved in the in-situ oxidation reaction. The 

proposed intermediate species is formed immediately upon exposing the sample at room 

temperature to a dynamic air flow. 
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This study also demonstrated the advantages of RIXS in comparison with non-resonant XES and 

conventional XANES techniques. In RIXS, due to effectively replacing the final state lifetime, spectral 

features become sharper. This is because it is the lifetime of the final state, which determines the 

broadening and in case of non-resonant XES the final state lifetime is relatively shorter than the final 

state lifetime of a RIXS process. This lifetime broadening effect is reflected in the lower broadening in 

the measured RIXS spectra, allowing us to determine the variations in the phase concentrations shown 

in Figure 5.7.   
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Appendix 5 

 

Figure A5.1: The phase conversion of cobalt species during the in-situ oxidation of freshly sulfided 

CoNiMoS/Al2O3 obtained by RIXS data fitting. In this figure the oxide phase is indicated in red, while the fully 

sulfided phase is shown in black. The intermediate cobalt oxysulfide species are indicated by green. 
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                                                                                                    Chapter 6 
 
 

Unraveling the Redox Behavior of a CoMoS/Al2O3 
Hydrodesulfurization Catalyst: A Scanning Transmission X‑‑‑‑ray 

Microscopy Study in the Tender X‑‑‑‑ray Range 
 
 
 
 
We visualize the elemental zoning in an 

alumina-supported cobalt molybdenum 

sulfide (CoMoS/Al2O3) catalyst with 

scanning transmission X-ray microscopy 

(STXM). We use the Canadian Light 

Source beamline 10ID-1`s unique 

combination of soft X-ray and tender X-

ray STXM to determine the spatial 

variation of Co, Al, Mo, and S species. 

The results clearly show the correlation 

between cobalt and molybdenum and 

the anti-correlation between cobalt and 

aluminium, confirming that Co is closely 

associated with the Al2O3-supported 

MoS2 phase. The tender X-ray STXM 

images show that the fresh catalyst particle exposed to air at room temperature contains a 50 nm ring 

of molybdenum oxide encapsulating the Al2O3-supported MoS2 phase. After reduction at 200 °C with 

H2, this oxide rim disappears and a uniform MoS2 distribution is found. Upon oxidation at 400 °C, the 

sulfur disappears from the catalyst sample and Mo is oxidized from a Mo4+ sulfide to a mainly 

tetrahedral Mo6+ oxide, while Co keeps its divalent nature and changes from a Co2+ sulfide to an 

octahedral Co2+ oxide. The results are in agreement with the previously obtained results of in-situ 

oxidation study reported in Chapter 5, where the formation of octahedral Co2+ oxide (CoO) upon 

oxidation was observed.  

 
 
 
 
 
 
Based on : ‘Unraveling the Redox Behavior of a CoMoS Hydrodesulfurization Catalyst: A Scanning 

Transmission X‑‑‑‑ray Microscopy Study in the Tender X‑‑‑‑ray Range’, Mustafa Al Samarai, Florian 

Meirer, Chithra Karunakaran, Jian Wang, Eelco T. C. Vogt, Henny W. Zandbergen, Thomas Weber, Bert 

M. Weckhuysen , and Frank M. F. de Groot, J. Phys. Chem. C, 2015, 119, 2530–2536. 



122 

6.1     Introduction 
 
Hydrodesulfurization (HDS) catalysts are receiving continuous attention because of their important 

role in removing sulfur from sulfur-containing hydrocarbon molecules present in crude oil. For the 

past decades these catalysts have been applied in the oil refining industry for this vital role. Because 

of stringent environmental regulations in the United States and Europe, where the sulfur content in 

transportation fuels, especially diesel fuels, must be lowered to below 10 ppm, more effective catalyst 

materials must be developed that efficiently lower the sulfur content to the desired levels [1,2]. Similar 

catalyst systems also play an important role in other catalytic reactions, such as hydrodenitrogenation 

and hydrodeoxygenation. In this Chapter the classic Al2O3-supported Co-promoted molybdenum 

sulfides HDS catalysts is studied [3-6].  

 

In the HDS reaction, sulfur is cleaved from organic molecules, such as thiophenes and 

(di)benzothiophenes. There is a debate in the literature concerning the nature of the active sites in 

CoMo- and NiMo-based HDS catalysts. As discussed in Chapter 1, scientists agree that molybdenum 

sulfide (MoS2) slabs are a main constituent of the active phase, but promotion by nickel or cobalt is 

required to obtain catalyst with higher activity. However, the role and location of the promoter atoms 

is still a subject of debate [7, 12]. One of the leading theories places the promoter atoms at the outer 

edge of the MoS2 slabs, where they help create specific conditions beneficial to hydrogenation 

(electronic structure) or direct desulfurization (sulfur defects). Furthermore, besides the CoMoS 

phase, several reports also indicate the presence of cobalt as Co9S8 or as cobalt ion doped in the Al2O3 

support (Co: Al2O3) (Figure 1.1).  

 
Although the proximity of promoter and molybdenum structures is confirmed by extended X-ray 

absorption fine structure (EXAFS) analysis, also presence of bulk clusters of cobalt sulfides (Co9S8) are 

reported in the literature. 

 

It is thus of interest to study the local distribution of the constituents as well as their local chemistry, 

coordination, and oxidation state. Although oxidation of the catalyst material by air does not normally 

occur under industrial conditions, it may occur under laboratory conditions (e.g., sample transfer). 

 

The X-ray absorption near-edge structure (XANES) is specific for the chemical nature. The Al and S K-

edge can be described as transitions from the 1s core state to empty states of p-character, and the 

Mo and Co L3 edges as transitions from the 2p3/2 core state to empty states of mainly 3d-character. 

The Al, S, and Mo edges can be well described with a single-particle transition, while the Co edge is 

strongly affected by multiplet effects [13,14]. Scanning Transmission X-ray Microscopy (STXM) offers 

the ability to measure X-ray absorption Near Edge Spectroscopy (XANES) spectra at a spatial resolution 

of ∼25 nm.  In this work, the variations in the oxidation state, and the electronic structure of the 

elements in the active phase of the freshly sulfided CoMoS/Al2O3 will be studied during a series of 

reduction and oxidation reactions. In addition the relative dispersion of Al, Co, Mo, and S will be 

visualized by 2D spectral elemental maps. In Chapter 5 the oxidation reaction of CoNiMoS/Al2O3 was 

studied with Co 1s3p Resonant Inelastic X-ray Scattering (RIXS) technique which is a bulk sensitive 

technique. However, in this Chapter we will use X-rays in the soft and tender range to acquire both 

spectroscopic and microscopic information at a single-particle level. One other aim of this chapter is 

to compare the data obtained by two different techniques to better understand the reaction 
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mechanisms and unravel the nature of the presence of different species during various stages of in-

situ reactions. 

 
6.2    Experimental  
 

6.2.1  Materials and In-situ Conditions 

 

A co-impregnated CoMo/Al2O3 (6 atm. wt % Co, 12 atm. wt % Mo) sample was prepared by incipient 

wetness impregnation of ϒ-Al2O3 powder (BASF Al-4184; surface area of 250 m2/g; pore volume of 0.70 

mL/g) with a solution of ammonium heptamolybdate hexahydrate ((NH4)6Mo7O24·6H2O, Sigma-

Aldrich, 99.98% trace metals basis) and cobalt nitrate hexahydrate (Co(NO3)2·6H2O, Sigma-Aldrich, 

99.999%). Subsequently, the sample was dried under static air at 60°C for 16 h. To convert the 

impregnated cobalt nitrate and ammonium heptamolybdate to their respective metal oxides the 

sample was calcined in air at 450°C for 16 h. The sample was sulfurized with a 10% H2S/H2 mixture gas. 

Here, the sample was heated to 450°C and kept at this temperature for 4 h. For the in-situ reduction, 

99.998% pure H2 gas (Linde Canada) and compressed air 99.99% (Linde Canada) was used. Between 

the consecutive oxidation and reduction steps of the in-situ reaction, helium (99.999%, HiQ, Linde 

Canada) was flowed through the reactor for 30 min.  

 

6.2.2  STXM Experiments  

 

The described STXM experiment was carried out at the SpectroMicroscopy (SM) beamline 10ID-1 of 

the Canadian Light Source (CLS). The beamline provides linear polarized light between 130 and 2650 

eV.  

 

Figure 6.1: (A) Schematic of the energy ranges for various STXM beamlines, (B) Photon flux as a function of 

energy at the STXM exit slits for first, third, fifth, and seventh order light using linear horizontal polarization 

(CLS-SM beamline manual). 

As summarized in Figure 6.1A, the 10ID-1 (SM) beamline provides the widest energy range among 

other STXM beamlines, covering also the tender X-ray energies.  
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Using Fresnel zone plates, monochromatic soft X-rays are used with a probe size of 25 nm. The 

nanoreactor is illustrated in Figure 6.2. It consists of two parts and the sample is located in the center 

of the reactor. Samples were dispersed in propanol and a droplet was diposited on the lower part (on 

the heater) of the silicon nitride nanoreactor. The nanoreactor consists of a reactor chamber of ∼500 

×500 × 50 μm3, which was supplied with gases by micrometer-sized gas channels and fitted with a 

resistive Pt heater element, allowing heating up to 400 °C. Next, after drying the samples in air, the 

two parts of the reactor where aligned and glued (sodium silicate) together and placed inside the 

holder.  

Prior to the measurement, the STXM chamber was evacuated for 10 min and subsequently filled with 

helium to obtain 1/6 atmospheric pressure. A polarized X-ray beam was obtained using a 1.5 m long 

75 mm period Apple II type undulator. The X-ray beam was focused to ∼25 nm spot on the sample 

using a Fresnel zone plate (ZP). The X-ray beam was passed through an order sorting aperture (OSA), 

which allows only the first order light to pass through the 50 µm pinhole (Figure 6.2B).  

 

The sample is raster-scanned with synchronized detection of transmitted X-rays to create elemental 

maps. We have measured the Co L3 edge at 780 eV, the Al K edge at 1560 eV, the S K edge at 2471 eV, 

and the Mo L3 edge at 2522.5 eV. The energy resolution of the beamline is E/ΔE = 3000-10000, and 

the flux at Co L3 edge (780 eV) is >106 ph/s. At the Mo L3 edge (2520 eV), the flux dramatically decreases 

to approximately 103 ph/s. As a consequence of a double layered silicon nitride nanoreactor the 

observed photon flux is lower than the reported values in Figure 6.1B.  

 

 
 

Figure 6.2: Schematic of the Scanning Transmission X-ray Microscopy (STXM) setup. (A) the monochromatic 

X-rays are focused by the zone plate to 25 nm resolution on the sample spot, (B) the order sorting aperture 

filters the zeroth order light, (C) the in-situ reactor holder include a gas inlet and outlet controlling the desired 

atmosphere, while there are four electronic pins connected to the nano-reactor as shown in Figure 6.2(F) that 

can control the temperature during the in-situ reaction, (D) the piezoelectric stage allows to raster scan the 

sample in x and y direction, (E) scintillator with multiplier tube serves as the X-ray detector and is situated at 

the back of the holder (C). In Figure 6.2F a zoomed in image of the silicon nitride nano-reactor is shown, 

whereas in (G) an X-ray transmission image scan of the heater part of the nano-reactor is depicted. 

For the measurements of the Co L3 edge at 780 eV, a relatively thin catalyst particle is required, 

whereas at the Mo L3 edge at 2500 eV, a thicker particle is more suitable for sufficient absorption. This 

made it difficult to find convenient nanoparticles and structures that are positioned well inside the 

nanoreactor. 

The transmission through the 20 nm Si3N4 windows, the 50 μm 1 bar gas atmosphere, and a 100−5000 

nm thick sample allows for excellent in-situ STXM-XAS experiments. [15] It is noted that the 
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nanoreactor contains 5× 5 μm2 areas that have a window thickness of 10 nm, but at the Co L3 edge 

(780 eV) and especially at the S K edge and Mo L3 edges (∼2500 eV), the STXM experiments are also 

possible through the 200 nm thick nanoreactor walls. The plan of the in-situ reaction is shown in detail 

in Figure 6.3. 

  

 
 

 6.3: Schematic showing the consecutive steps during the in-situ STXM measurements. The time needed for 

each stage (ST) is 2 h. The sample is first measured in its initial state (fresh) after exposure to air under helium 

flow (ST1). Following this, the reactor was flowed with 1 mL/min of H2 gas and heated in the first stage to 200 

°C (ST2) and subsequently to 400°C with a ramp of 20°C/min (ST3). After the reduction step, the sample was 

cooled under helium flow (ST4). The sample was then purged with air (1 mL/min) and heated to 200°C (ST5) 

and 400°C (ST6). After the sample was cooled to room temperature and flushed with helium, the sample was 

again heated under H2 flow where the last stack was recorded (ST7). 

 

The CoMoS/Al2O3 catalyst was first measured in the state as it was introduced in the beamline. Then, 

three reaction steps were performed: (1) the reduction to create a uniform CoMoS sample with H2, 

(2) the oxidation with air, and (3) a second reduction with H2. All reactions were performed to a 

temperature up to 400 °C, as shown in Figure 6.3. This nanoreactor has been used previously for the 

measurement of other catalytic reactions under in-situ STXM conditions [16−18]. Throughout the 

experiment, we have measured a number of catalyst particles that were present inside the 

nanoreactor. In this study, we focus on one nanoparticle that has a size of approximately 9 × 5 μm. 

Catalyst Particles that are smaller are problematic in the sense that the molybdenum L3 and S K edges 

had a low signal-to-noise ratio and could not be used. The catalyst particles or aggregates with a larger 

size had problems due to saturation effects. The 9 × 5 μm (x, y) catalyst particle that was used in this 

study had the “ideal size” to allow the measurements of the cobalt L3 edge at 780 eV and also the Mo 

L3 edge at ∼2500 eV.  

 

The nanoreactor possesses temperature gradients over its internal structure, with higher 

temperatures at the center of the heater inside the nanoreactor [18,19]. We have used the calibration 

curves for the temperature gradient to set the required temperature at the position of the 

nanoparticle of interest. The other nanoparticles inside the nanoreactor were at a (slightly) different 

temperature during the treatments. All measurements shown in this study were measured in their 

completely reduced state or completely oxidized state. We have checked for a number of other 

catalyst particles that this complete reduction respectively oxidation was reached. The spectral shapes 

of the S K edge and the Mo L3 edge did not change over time, confirming that under the conditions 

used, the X-ray beam did not influence the electronic structure (valence) of the system. XANES spectra 

and chemical maps were obtained from STXM image sequence (stack) scans. [20]  
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For this study, the S K edge and Mo L3 edge combined image stacks were recorded from 2460 to 2560 

eV with an energy step of 0.2 eV around the XANES peaks and energy steps between 0.5 and 1.0 eV in 

the pre-edge and the continuum. The stacks for Co and Al were collected at the energy range of 

775−785 eV and 1550−1600 eV, respectively. The energy has been calibrated with references from 

the literature for MoS2 and CoO. We did not apply any background correction. To map the 10 μm 

CoMoS/Al2O3 catalyst particle, we use a stack dimension of 15 × 10 μm that was raster scanned with 

75 × 50 points, implying a pixel−pixel distance of 200 nm. The image pixel size was 25 nm, and dwell 

time was 2 ms per pixel. 

 

The X-ray beam was focused on the sample plane using a Fresnel zone plate (ZP), where the beam is 

selected using an order-sorting aperture (OSA) with a 50 mm pinhole. The OSA allows only first-order 

diffracted light to pass. Sequences of spectral elemental images (stacks) were measured by recording 

images over a range of photon energies. Data analysis was performed using aXis2000. After the image 

sequence of a stack was aligned, spectra of the catalyst particle were extracted. In addition, stacks 

were fit to reference spectra of the components using linear regression. The gases were dosed with 

mass flow controllers (Bronkhorst). During the in-situ STXM experiments a flow of 1 mL/min was used 

for all the utilized gases. 

 
At the Mo L3 edge (2500 eV), approximately 10% of the X-rays are transmitted, whereas at the Co L3 

edge (780 eV), only 0.01% is transmitted. That a signal is measurable is only due to the fact that the 

beamline intensity at 780 eV is very high (1011 ph/s), which allows one to lose 99.99% of the intensity 

and still measure a detectable signal. At 2500 eV the beamline intensity is much lower, (104 ph/s), but 

now 90% of the intensity is transmitted. Elemental maps can be generated from the raster-scanned 

XANES spectra. From these maps the distribution of the measured elements can be obtained and 

elemental maps can be generated. The images are obtained by subtracting the pre-edge image from 

the image recorded at the respective energies as indicated in Table 6.1. 

 

Table 6.1: Molybdenum, sulfur, aluminum, and cobalt (pre-) edge energies at which the spectral images 
have been measured. 

 Pre-edge energy 
(eV) 

edge energy (eV) 

Mo L3 edge (freshly sulfided sample, ST3) 2520.0 2529.5 

Mo L3 edge (oxidized sample, ST6) 2516.0 2522.5 

S K edge 2462.5 2470.4 

Al K edge 1560.0 1570.3 

Co L3 edge 776.5 778.5 

 
6.3     Results 

  
6.3.1     XANES Spectra 
 

Under a flow of H2, the CoMoS/Al2O3 catalyst was heated to 400°C, where XANES spectra from the S 

K- (2470 eV) and Mo L3 edge (2520 eV) have been measured. Because of the close proximity of their 

excitation energies, both edges were simultaneously measured in a single stack. This makes the 
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imaging easier as the resulting spectral elemental maps are directly aligned. The XANES spectra shown 

below have been added from the entire catalyst nanoparticle. Because of the low flux at the Mo L3 

and S K edges, the data quality of smaller regions was not good. As far as the data quality allowed, we 

could not detect any spatial difference in the spectral line shape. 

                                   
Figure 6.4: S K edge spectrum of the CoMoS/Al2O3 sample (top) collected after the reducing step at 400⁰C (ST3) 

and its comparison with reference spectra, from bottom to top, CoS, CoS2, Co9S8, and MoS2 the data being 

digitized from the literature [10,22]. 

 

The S K edge spectra of the reduced CoMoS/Al2O3 sample collected after the reduction step (ST3) and 

that of CoS, CoS2, Co9S8, and MoS2 reference samples [9,22] are shown in Figure 6.4.  Given the data 

quality and the similarity of the cobalt and molybdenum sulfide spectra, it is not possible to arrive at 

a firm conclusion regarding the nature of sulfur species in the CoMoS/Al2O3 sample. The best 

simulation of the CoMoS spectrum is from a combination of CoS/CoS2 and MoS2 spectra, but the 

presence of Co9S8 cannot be ruled out. 

 

The Mo L3 absorption at 2522.9 eV is equivalent to the MoS2 reference spectrum as shown in Figure 

6.5. Following the STXM measurement, the sample was cooled to room temperature and kept under 
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a dynamic helium flow. Then, under a flow of air, the temperature in the STXM cell was gradually 

increased to 200 and 400°C and in-situ stacks were recorded to study the sulfurized and oxidized phase 

of the sample. At 400°C the Mo L3 edge is shifted toward higher energy (2528.2 and 2529.5 eV) and 

the spectral shape has also changed in agreement with the oxidation from Mo4+  to Mo6+ [10, 23−25]. 

The double-peak structure is due to crystal field splitting, where in case of octahedral Mo6+ species 

such as MoO3, the first peak has more intensity and in tetrahedral species such as MoO4 2− the second 

peak has more intensity. Bare et al. showed the gradual change from tetrahedral to octahedral species 

[24]. 

 

                       
 
Figure 6.5: (A) Mo L3 edge of the sulfided state after reduction treatment at 400⁰C (ST3) of the CoMoS/Al2O3 

catalyst (black) and after the oxidation step ST6 (red) at 200°C. The spectra are compared with reference 

spectra for MoS2 (dotted, blue) and MoO3 (Mo6+) species (dotted, green), which are digitized from the 

literature [9, 10]. 

 

In Figure 6.6 it can be seen that the second peak has more intensity, and we conclude that the spectra 

measured in the CoMoS/Al2O3 contain molybdenum in majority a tetrahedral surrounding. The 

splitting between the two peaks is approximately 1.5 eV, which also indicates a tetrahedral crystal 

field surrounding [25]. 

 

In Figure 6.6, the Co L3 spectrum of the CoMoS/Al2O3 sample is given in the sulfided ST3 phase and in 

the oxide ST7 phase. The CoMoS spectrum in the oxide phase is equivalent to that of CoO [12,26]. This 

indicates that cobalt is reduced to divalent cobalt and no Co3+ can be detected. Trivalent cobalt would 

show as extra intensity at the high-energy side, as shown for the Co3O4 reference spectrum (Figure 

6.6).  

 

The Al K edge of the CoMoS/Al2O3 catalyst is shown in Figure 6.7. The recorded spectrum is identical 

to published reference spectra of ϒ-Al2O3, which has been included in Figure 6.7 [11,27]. We observed 
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no change in the Al K edge throughout the experiment indicating that there is no detectable change 

in the aluminum coordination and valence. 
 

                             
 

Figure 6.6: Co L3 edges of sulfided CoMoS/Al2O3 after the reduction treatment at 200⁰C (ST3) (top, green) and 

the spectrum after oxidation at stage ST7 (middle, black) in comparison with reference spectra of CoO (blue) 

and Co3O4 (red, dashed), which are digitized from the literature [12]. 

 

                             
Figure 6.7: Al K edge (black, vertical offset) of the CoMoS/Al2O3 sample and the ϒ-Al2O3 reference, which is 

digitized from the literature (red) [27]. 
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6.3.2    In-situ STXM Maps 

 

The spectral elemental maps of molybdenum and sulfur are shown in Figure 6.8. We have considered 

the quantification of the element maps to quantitative thickness or mass absorption but came to the 

conclusion that there are too many uncertainties to yield a reliable result. The unknowns are (1) the 

ratio between Co-doped MoS2 and Al2O3 at every pixel and (2) the exact nature and density of Co-

doped MoS2. As a result, the (column averaged) density at every pixel is unknown, implying that we 

cannot calculate the mass absorption and the thickness. To be more precise, the attenuation 

coefficient μ = X1*μ1 + X2*μ2, with x the amount and μ the attenuation coefficient for Al2O3 and MoS2, 

respectively, and all four parameters are unknown. As a result, we decided to show only the optical 

density (OD). In addition, we have chosen the ratio Mo/(Mo + S) to create a number between zero 

(only sulfur, no molybdenum) and the OD-ratio (only molybdenum, no sulfur). Such analysis does not 

provide quantitative information on the amount of S and Mo, but only information on the spatial 

variation of the relative amounts.  

 

Figure 6.8 is divided in six vertical panels indicating the six different phases of the in-situ reaction. 

Here, the top panel corresponds to the initial situation (fresh sulfided CoMoS/Al2O3 sample) before 

the reduction step, showing from left to right the Mo L3 edge, the S K edge, and the ratio map of 

Mo/(Mo + S) to the right. From the figure we can conclude that after reducing the sample at stage ST2 

and ST3 both the molybdenum and sulfur regain their high dispersion over the entire catalyst particle. 

This is believed to be due to the surface mobility of the sulfides under hydrogen atmosphere and 

elevated temperatures.  

 

By looking at the ratio map of the fresh sample, we can distinguish Mo/(Mo + S) ratios close to 1.0 

near the outer surface. In other words, the outside edge of the catalyst particle contains essentially 

no sulfur, indicating that this region of the sample has been oxidized to molybdenum oxide under 

ambient conditions. It can be concluded that the CoMoS/Al2O3 sample is sensitive to oxidation upon 

exposing it to air. Even though the sample was kept at the room temperature and exposed for only a 

short time, an oxide rim can be seen.  The second and third panel show the situation after the 

reduction at 200 and 400°C, respectively. Both molybdenum and sulfur are dispersed over the whole 

catalyst particle. The sulfur-poor rim around the catalyst particle has disappeared.  

 

However, after the oxidation at 200°C and following this at 400°C, the Mo/(Mo+ S) ratio is almost 

equal to 1.0 over the whole catalyst particle (Figure 6.8). There is no sulfur absorption detected, as is 

evident from the sulfur spectral elemental map. From this we can conclude that the sulfur in the 

sample is replaced by oxygen by raising the temperature to 200 °C. In the final step of the in-situ 

reaction the catalyst was exposed to a second reduction step with temperature up to 400 °C. The 

result is shown in the panels P−R of Figure 6.8. Due to the absence of sulfur absorption, the Mo/(Mo 

+ S) ratio remains around 1.0 over the whole catalyst particle.  
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Figure 6.8: STXM spectral elemental maps of the Mo L3 edge in the left column (images A, D, G, J, M, and P) 

and the S K edge in the middle column (images B, E, H, K, N, and Q) of the CoMoS/Al2O3 catalyst. The right 

column shows the Mo/(Mo + S) ratio, where red indicates 1.0 (pure Mo) and blue−green relates to ∼∼∼∼0.33 

(MoS2). The panels show the spectral maps during different stages of the in situ reaction, ST1 to ST7, as 

indicated on the right (cf. figure 6.4). The scale bar indicates 2 μm. 

 
 

Figure 6.9 shows the elemental maps of Al, Mo, and Co after the oxidation stage (ST7 in Figure 6.3), 

where all maps include the OD values obtained after subtracting the value of the pre-edge from the 

respective edge values. In other words, we analyzed only the spatial variations of the relative 

occurrence. As indicated above we did not have enough information to normalize the intensities on 

an absolute scale. The images were obtained by first aligning the two spectral elemental maps 
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followed by creating a mask over the particle. The mask was created based on an applied threshold of 

5% of maximum intensity of the absorption. From Figure 6.9 the ratios of Co/(Co + Al) and Mo/(Mo + 

Al) are the lowest in the Al-rich region in the left-center. 

 

 
 
Figure 6.9: STXM spectral images of the Al K edge, Mo L3 edge, and Co L3 edge of the CoMoS/Al2O3 catalyst at 

stage ST7. The scale bar values indicate the maximum OD values. The ratio maps of Mo/(Mo + Al), Co/(Co + 

Mo), and Co/(Co + Al) are shown in the bottom row. For the ratio maps, areas in white have the ratio close to 

1.0, whereas those in dark blue have a ratio close to 0.0. The scale bar indicates 2 μm. 

 

 

The obtained maps show a variation in the distribution of the (Co)Mo-oxide phase over the 

CoMoS/Al2O3 catalyst on a micrometer range. In addition, there are indications of a Co-rich and Mo-

rich rim around the catalyst sample. The bottom left part of the catalyst particle has the highest Al 

intensity and the lowest Co intensity, as is directly evidenced by the Co/(Co + Al) ratio map. The Co/(Co 

+ Mo) ratio also varies over the sample, where the cobalt content is lower in the center of the sample, 

in the region where the ϒ-Al2O3 phase dominates. 

 
6.4      Discussion 
 

6.4.1     Implications of the XANES Analysis 
 
The XANES analysis gives a clear picture of the behavior of the CoMoS/Al2O3 catalyst during reduction 

and oxidation. In the sulfided state, cobalt is divalent and molybdenum appears in the Mo4+ form, with 

a spectral shape identical to that of MoS2. From the S K edge, we cannot distinguish if the spectral 

shape is dominated by CoS, CoS2, Co9S8, or MoS2. The Mo L3 edge indicates the presence of MoS2, but 

regarding the cobalt phase we cannot make a conclusion based on the XANES data. It is also possible 

that cobalt appears in the form of CoMoS, CoAl2O4, and bulk Co9S8 phases, which is expected for the 

freshly sulfided catalyst at stage ST2 and ST3. 

 

After oxidation, the aluminum spectral shape resembles that of the ϒ- Al2O3 reference compound. In 

other words, the aluminum state was not affected under all conditions. Cobalt is changed from a 

sulfide to an oxide, as evidenced by the sharp Co L3 edge features. The valence of cobalt remains the 

same though; essentially, divalent cobalt-sulfide is changed into CoO, or in any case into an octahedral 
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high-spin Co2+ oxide. At the same time molybdenum changes its valence from Mo4+ into Mo6+. The fine 

structure of the Mo L3 edge indicates that the fully oxidized molybdenum species is not MoO3, but 

rather a tetrahedral Mo6+ oxide species. 

 

6.4.2     Distribution of the Elements in a Catalyst Particle 

 
The initial sulfided CoMoS/Al2O3 sample contains an oxide rim around the sample. This rim disappears 

under H2 reduction and the obtained sample presents a homogeneous CoMoS phase. Under oxidation 

the sulfide phase is turned into a homogeneous oxide phase. We note that because of the very low 

flux at 2500 eV, the data quality did not allow the study of spatial variations in the chemical 

information. The comparison of the Al, Co, and Mo maps indicates that Co and Mo appear to be 

correlated. The distribution of Co and Mo is in anti-phase with the distribution of Al. In other words, 

where there is much alumina there is little CoMoS and vice versa. These observations indicate that 

the CoMoS distribution is rather homogeneous at the micron scale with minor variations in the thicker 

parts (bottom left) of the alumina support. Cobalt and molybdenum are very well mixed into a 

homogeneous phase with only a minor increase of cobalt and molybdenum towards the outside of 

the particle. 

 

6.5      Conclusions 
 
The sequence of reduction with H2, oxidation with air, and regeneration with H2 of a single CoMoS/ 

Al2O3 HDS catalyst particle was measured with in-situ STXM at the Co L3, Al K, S K, and Mo L3 edge. For 

the first time, the tender X-ray edges of molybdenum and sulfur were measured with STXM under in-

situ reduction and oxidation conditions. By exposing the sample to air at room temperature the 

sulfurized phase on the surface of the particle was oxidized, where a 50 nm oxide ring surrounded the 

catalyst particle. Under oxidation conditions MoS2 species were converted into a tetrahedral Mo6+ 

oxide species, while cobalt remained divalent.   

Sulfur has reacted with oxygen to form sulfur oxide species (SOx), and at 200 °C, the sample was fully 

oxidized, and the Mo/(Mo + S) ratio was equal to 1.0. STXM enabled us to extract information about 

the oxidation state and distribution of the different elements under in-situ conditions. The intensity 

of the cobalt and molybdenum images are correlated, and they are anti-correlated with aluminum, 

showing the intrinsic combination of Co and Mo in their sulfide phase. This correlation remained after 

oxidation. The prospects of the STXM technique are its application to study the in-situ sulfurization of 

the oxide precursor of the CoMoS HDS catalyst. The most interesting process to study is the in-situ 

hydrodesulfurization process of the thiophene and its derivatives to investigate the promotional effect 

of cobalt upon its addition to MoS2. This knowledge is obtained by measuring changes in the oxidation 

state and the coordination of cobalt and molybdenum. 
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                                                                                                                                   Chapter 7 

 
Summary, Concluding Remarks and Future Outlook 

 

 
The classic hydrodesulfurization (HDS) catalyst is made of alumina-supported cobalt and nickel 

promoted MoS2 slabs. With the new regulations regarding the reduction of sulfur levels in 

transportation fuels to below 10 ppm, refineries are facing major challenges to meet the fuel sulfur 

specification along with the required reduction of aromatics contents. Limited insight has for a long 

time hampered a detailed understanding of the mechanisms underlying the catalytic activity and 

promoting mechanisms, simply because they are intimately connected with vacant sites at the edges 

of the MoS2 slabs. The current knowledge about the structure of this catalyst is obtained by bulk 

sensitive techniques (i.e. EXAFS) and from electron microscopy measurements in ideal CoMoS systems 

(CoMoS on Au (111) surface). Deeper insights in the composition, geometric and electronic structure 

of the active sites, stability, and deactivation behavior of real catalyst systems will result in further 

improvements in their activity and increase their lifetime. 

 

The scope of this dissertation was to elucidate a crucial part of the field of hydrodesulfurization 

catalysis, i.e. the morphology and electronic structure of alumina-supported CoMoS and CoNiMoS 

hydrodesulfurization catalysts by means of X-ray spectroscopy and microscopy. Part of the cobalt and 

nickel is believed to be decorating the edges of MoS2 active phase and act as promoter (e.g. in 

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)) while there are also studies pointing to 

the presence of inactive bulk sulfide phases (e.g. Co9S8 and Ni9S8). As a promoter cobalt is known to 

increase the desulfurization rate, while nickel is more selective towards hydrodenitrogenation (HDN) 

and hydrodearomatization (HDA) of the hydrocarbons. 

 

The new pieces of information presented in this thesis are obtained by a combination of bulk sensitive 

resonant inelastic X-ray scattering (RIXS) as well as by probing a single catalyst particle by soft and 

tender X-ray based scanning transmission X-ray microscopy (STXM) technique.  

 

 

More specifically, we aim to answer the following questions: 

 

1) What is the morphology and electronic structure of cobalt and nickel species in the freshly 

calcined CoMo/Al2O3 and CoNiMo/Al2O3? 

 

2) Which elemental steps are involved during the sulfurization of the freshly calcined 

CoMo/Al2O3 and CoNiMo/Al2O3? 

 

3) How is the presence of nickel affecting the sulfurization rate of cobalt in the freshly calcined 

CoNiMo/Al2O3 sample? 



138 

 

4) What is the correlation between the promoter ions and the molybdenum sulfide active 

species? 

 

5) What do we learn from the energy shifts in the K-edge XANES main edge position during series 

of in-situ reactions?  

 

6) How does the deactivation process of freshly sulfided CoMoS/Al2O3 and CoNiMoS/Al2O3 

catalysts proceeds in the presence of air? 

 

7) What are the abilities of RIXS and how can it be used to study catalytic reactions under in-situ 

conditions?  

 

 

7.1 Summary 

 
Many studies in the literature have been published regarding the morphology and electronic structure 

of CoMoS/Al2O3 and CoNiMoS/Al2O3. Although there have been numerous proposed structures for the 

active phase of the alumina-supported catalyst, with the CoMoS model being the widely accepted 

one, there is still debate regarding the actual structure. There has also been a considerable effort to 

unravel the actual origin of the promotional effect of cobalt and nickel on the hydrodesulfurization 

catalyst. There are only a limited number of X-ray spectroscopic studies regarding the structure cobalt 

in the cobalt oxides. Therefore, an extensive study that is presented in Chapter 2 was performed to 

study the symmetry, spin state, and oxidation states of the cobalt reference compounds. In this 

fundamental study, a combination of Co 1s3p RIXS and K-edge XAS was used to identify the cobalt 

compounds in the aforementioned reference samples. The spectra have been simulated with 

CTM4XAS multiplet calculations.  An in depth analysis of the RIXS 2D plane fitting revealed the origin 

of each of the observed features in cobalt oxides and sulfides. 

 

The analysis and simulations of the experimental data in Chapter 2 were used as reference to interpret 

the results of the preceding chapters regarding the in-situ studies of CoMoS/Al2O3 and CoNiMoS/Al2O3 

catalyst materials. Prior to the in-situ reactions, the synthesis of the required samples and their 

desulfurization activity was reported in Chapter 3. The bimetallic CoMoS/Al2O3 catalyst showed a 

higher activity towards thiophene desulfurization. Then, the sulfurization of the freshly calcined 

CoMo/Al2O3 and CoNiMo/Al2O3 was measured by means of Co 1s3p RIXS, XAS, EXAFS, and non-

resonant XES. It was found that the presence of nickel in the CoNiMo/Al2O3 reduces the rate of 

sulfurization of cobalt oxides species. Addition of nickel apparently facilitates the formation of stable 

intermediates that were eventually sulfided at 400⁰C. From the analysis of the RIXS data we proposed 

a divalent octahedrally coordinated cobalt oxysulfide for the intermediates. The XAS and EXAFS data 

were normalized and analyzed for composition according to two sequential fitting procedures 

implemented in Blueprint XAS. The shift in the XAS main edge as well as the increase in the pre-edge 

intensity was attributed to the conversion of Co2+/Co3+ oxides at octahedral sites to divalent cobalt 

sulfide species with square pyramidal symmetry. Besides this catalytic active phase, we also proposed 

the formation of octahedral CoS-like species we refer to as a bulk sulfide phase. 
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In order to measure the reducibility of cobalt and nickel in the freshly calcined CoNiMo/Al2O3, Chapter 

4 presents an extensive Co 1s3p RIXS, Ni 1s2p RIXS, XAS and EXAFS study that was performed by 

heating the sample under a flow of H2. From the analysis of XAS and EXAFS data the variations in the 

oxidation state, Co-O and Ni-O bond distances and site symmetry were determined. In general, it was 

found that the reduction reaction had a more significant effect on the state of the cobalt species. The 

Co pre-edge XAS of the freshly calcined CoNiMo/Al2O3 sample included a weak feature at 7711.4 eV, 

which in the Co3O4 reference compound is described as a non-local transition on a neighboring Co3+ 

site. However, in the catalyst materials the intensity is significantly weaker implying less Co near-

neighbors. Due to the reduction of Co3+ species to Co2+ species in square pyramidal (C4V) symmetry the 

non-local feature eventually disappeared at 450⁰C. While the Co main edge (E0) was not shifted during 

the reaction, the pre-edge position however was shifted by +0.3 eV and its intensity increased by a 

factor of two in agreement with the transition to tetrahedral symmetry. The nickel in the freshly 

calcined CoNiMo/Al2O3 was identified as a Ni2+ oxide species at octahedral sites. During the reduction 

reaction the Ni main edge and the pre-edge intensity were not modified. In addition, the dehydration 

of the cobalt and nickel oxide species was evident in the Co-O and Ni-O bond distances and main edge 

positions at T=100⁰C. From the Co K-edge XAS data obtained during the sulfurization in Chapter 3 and 

reduction in Chapter 4 we highlighted the sensitivity of the main edge position towards ligand 

exchange and variations in oxidation states of the present species.  

 

The nature of species involved in the freshly calcined CoMo/Al2O3 and CoNiMo/Al2O3 and the freshly 

sulfided CoMoS/Al2O3 and CoNiMoS/Al2O3 were elucidated in Chapters 3 and 4. The next step is to 

determine the oxidation sensitivity of the freshly sulfided catalysts that consequently leads to their 

deactivation. By means of hard X-ray based Co 1s3p RIXS, non-resonant XES and XAS the variations in 

the oxidation state, spin state, and symmetry of cobalt species in the freshly sulfided CoNiMoS/Al2O3 

catalyst was investigated in Chapter 5. Upon exposing the fresh sulfided sample to dynamic air flow 

at 25 ⁰C, the Co XAS main edge was shifted to higher energies and the pre-edge intensity was reduced. 

Next, by heating the sample to 400⁰C the aforementioned trend continued and cobalt was fully 

oxidized to Co2+ at octahedral symmetry by formation of a CoO-like species.  From the obtained results 

we can highlight two interesting observations: I) the variation in the pre-edge intensity and main edge 

(E0) position follows a reverse trend if compared with the sulfurization data presented in Chapter 3; 

II) upon oxidation of cobalt in the CoNiMoS/Al2O3 sample only a single cobalt species, namely a Co2+ 

oxide at Oh symmetry is formed, and the presence of Co3+ oxide species was excluded. In addition, the 

analysis of the experimentally obtained RIXS spectra revealed the formation of a single intermediate 

species, most-likely a cobalt oxysulfide compound with Co2+ at octahedral sites. We also wish to 

highlight that this intermediates is identical to the previously proposed intermediates for the 

sulfurization reaction. The intermediate compound is formed at 25⁰C and upon heating the sample to 

400⁰C is fully converted to the fully oxidized state. In addition, the non-resonant XES spectra follow a 

similar trend as for the RIXS spectra. However, due to the relatively larger lifetime broadenings of non-

resonant transitions, the measured spectra are less resolved.  

 

Analogous to the oxidation reaction reported in Chapter 5, the oxidation and reduction of the freshly 

sulfided CoMoS/Al2O3 catalyst was studied by in-situ scanning transmission X-ray microscopy (STXM) 

and presented in Chapter 6. Within this approach a combination of soft and tender X-ray based X-ray 

absorption spectroscopy and Microscopy were used to study the variations in the morphology, active 
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phase distribution, oxidation state, and correlation of elements in the active phase of the catalyst. 

With this approach the Co L3-, Al K-, S K-, and Mo L3 edge were measured during a sequence of 

reduction with H2, oxidation with air, and regeneration with H2.It was found that immediately upon 

exposing the fresh sulfided sample to air at 25 ⁰C, the surface of the alumina-supported catalyst 

particle was oxidized.  The resulting spectral elemental maps and the elemental ratio maps displayed 

the lowest concentration of the active phase through the thicker parts of the alumina particle, 

whereas the relatively thin areas contained higher concentrations. The spectral elemental maps also 

showed the correlation between cobalt and molybdenum and the anti-correlation between cobalt and 

aluminum, confirming that Co is closely associated with the MoS2 phase. Due to the mobility of the 

sulfided active phase at the reducing conditions, a redistribution of the active phase through the entire 

catalyst particle was obtained. However, after the oxidation treatment at 200 °C, the sulfur disappears 

from the entire catalyst particle and molybdenum is oxidized from a Mo4+ sulfide to a mainly 

tetrahedral Mo6+ oxide. In addition, similar to our previous results presented in Chapter 5, cobalt 

retains its divalent nature and is fully oxidized to a divalent cobalt oxide. 

 

7.2 Concluding Remarks 

 
During the course of this research a combination of spectroscopy and microscopy studies has been 

performed on the freshly calcined CoMoS/Al2O3 and CoNiMoS/Al2O3 and freshly sulfided CoMoS/Al2O3 

and CoNiMoS/Al2O3.  

 

7.2.1 RIXS Study of CoNiMoS/Al2O3 Catalyst Material 

 

Based on all the results obtained during the course of this PhD thesis, we will spent in the following 

section on discussing the changes in the nature of cobalt species during, I) the sulfurization of the 

freshly calcined CoNiMo/Al2O3, II) reduction of CoNiMo/Al2O3, III) oxidation of CoNiMoS/Al2O3 

reactions, and IV) similarities and corresponding in Co oxidation state and coordination environment. 

 

 

7.2.1.1 Sulfurization of CoNiMo/Al2O3 

 

During the sulfurization of the freshly calcined CoNiMo/Al2O3 sample we aimed to understand the 

following points: 

1. The identification of the cobalt oxide species in the freshly calcined CoNiMo/Al2O3. 

2. Unraveling the presence of intermediate species that are formed during the sulfurization reaction. 

3. Study the formation of fully sulfided cobalt species and their electronic structure. 

By a combination of Co 1s3p RIXS, XANES, and EXAFS study presented in Chapter 3, the structure of 

the cobalt oxide species in the freshly calcined species were identified as Co2+ and Co3+ oxides at 

octahedral sites. In addition the analysis of XANES and EXAFS data in Chapter 4 confirmed the 

existence of partly hydrated Co2+/Co3+ oxide species. Also the relatively low intensity observed for the 

non-local feature was attributed to the presence of nickel and molybdenum surrounding the Co-O-Co 

bonds. The phase conversion data obtained from the analysis of the XANES data showed a rather slow 
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rate of sulfurization of cobalt oxides species in CoNiMo/Al2O3. Surprisingly, a fully sulfided state was 

only achieved after treating the sample for 4h at 400⁰C. A strange behavior was observed during the 

evolution of the cobalt pre-edge intensity. At 200⁰C the increasing trend in the intensity of the pre-

edge was reversed. This mystery was unfolded by RIXS data analysis that provided evidence for the 

formation of two intermediate species during the course of the sulfurization reaction (Figure 3.10D). 

The XANES data analysis accounted one of the intermediates as a compound with mainly an oxide 

character (A), while the second intermediate was considered as a sulfide (B). Intermediate A was 

mainly present at T≤150 ⁰C, while intermediate B remained present until the fully sulfurized state of 

the catalyst was achieved at T=400 ⁰C.  

Cobalt in the fully sulfided active phase of the CoNiMoS/Al2O3 catalyst was determined to be a divalent 

cobalt with a square pyramidal (C4V) symmetry. In addition we also proposed the formation of bulk 

sulfide phase (CoS-like) with Co2+ at octahedral sites.  

 

7.2.1.2 Reduction of CoNiMo/Al2O3 

 

In addition to the direct sulfurization of the freshly calcined CoNiMo/Al2O3 material described in the 

previous paragraph, the freshly calcined sample is sometimes pre-reduced before performing the 

sulfurization step. We were interested in understanding the effect of the reduction on the properties 

of both the cobalt- and nickel oxide species by means of Co1s3p RIXS, Ni 1s2p RIXS, Co and Ni XANES, 

and EXAFS experiments. Take for example Figures 4.2 and 4.3 that are presented in Chapter 4. Here it 

can be observed that the reduction treatment is not affecting the Co main edge (E0) position, nor the 

Co-O bond distance. From these observations we concluded that there is no ligand exchange taking 

place, while the hydrogen molecules are also not influencing the Co-O bond distance. However, both 

the pre-edge peak position and the respective intensities are modified during the reduction process. 

This region is very sensitive towards modifications in the symmetry and oxidation state. The increase 

in the pre-edge intensity is best understood by assuming the gradual conversion of Co2+/Co3+ oxide 

species at octahedral symmetry to divalent square pyramidal cobalt oxide compound.  

 

If we consider the proposed structure of the fully sulfided cobalt species covered in the previous 

paragraph and the final reduced cobalt oxide species, we notice both of these proposed species 

acquire a square pyramidal (C4V) symmetry. We propose that upon reducing the cobalt oxide species 

in the active phase of the pre-calcined material an activated square pyramidal compound is formed 

that facilitates the succeeding sulfurization reaction. The nickel oxide species in the freshly calcined 

CoNiMo/Al2O3 material are assumed to be Ni2+ oxide (NiO-like) at octahedral sites. From both the 

XANES and RIXS spectra obtained during the reducing conditions showed no modifications in the 

properties of this compound. We ascribe this observation to the stability of nickel oxide species under 

the performed reaction conditions. 

 

7.2.1.3 Oxidation of the Freshly Sulfided CoNiMoS/Al2O3 

 

The oxidation sensitivity of cobalt sulfide in the freshly sulfided CoNiMoS/Al2O3 catalyst was studied 

by means of X-ray absorption, RIXS, and non-resonant X-ray emission spectroscopy. The oxidation 

reaction is the reversed counterpart of the sulfidation reaction. The previously proposed Co2+ sulfide 

at square pyramidal symmetry covered in Chapter 3 was confirmed by Co K edge XANES and Co 1s3p 
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RIXS of the fresh sulfided sample. The Co 1s3p RIXS spectra showed a gradual conversion of sulfide 

species to their respective oxides. The phase conversion results obtained by RIXS data analysis 

suggested the presence of a single intermediate species that is immediately formed by exposing the 

sample to dynamic air flow at 25⁰C. Similar to the previously performed in-situ reactions, the 

intermediate was proposed to be a divalent cobalt oxysulfide at octahedral site. Upon heating the 

sample to 120 ⁰C the relative concentration of the intermediate compound increases and finally at 

T≥200 ⁰C a gradual conversion to the fully oxidized phase is formed. 

 

However, unlike the cobalt oxides encountered for the freshly calcined CoNiMo/Al2O3, the oxidation 

reaction yields a single oxide compound, namely a Co2+ oxide (CoO-like) at octahedral symmetry. The 

obtained results were also confirmed by the STXM analysis of CoMoS/Al2O3 catalyst discussed in 

Chapter 6. 

 

7.2.2 Spectroscopy and Microscopic Analysis of CoMoS/Al2O3 

 

Combined spectroscopy and microscopy techniques have also been used to study the nature of the 

catalytic active sites within the CoMoS/Al2O3 catalyst material. Therefore the information obtained 

from the bulk sensitive hard X-ray RIXS was combined with STXM results, which is more sensitive 

towards variations in the local structure.  The bimetallic catalyst was studied during (1) sulfurization 

of its freshly calcined form and (2) reduction and oxidation of the freshly sulfided catalyst.  

 

7.2.2.1 Sulfurization of the Freshly Calcined CoMo/Al2O3 

 

Although there are various studies in the literature regarding the investigation of the alumina-

supported CoMoS hydrodesulfurization catalyst, the publications regarding the freshly calcined oxides 

are scarce. The sulfurization of the freshly calcined CoMo/Al2O3 material was studied with Co 1s3p 

RIXS, XAS, and EXAFS. The results obtained in this study were analogous to that of the CoNiMo/Al2O3 

and suggested the presence of octahedral Co2+ and Co3+ oxide species for the freshly calcined sample. 

In Chapter 3 and 4 we also refer to these oxides as hydrated oxides as during the loading of the sample 

pellet in the reactor the material was exposed to humidity from air. Next, upon sulfurization of the 

sample with 10% H2S/H2 mixture, the XAS and the EXAFS data analysis showed the gradual 

sulfurization of the cobalt species and the formation of Co-S bonds. In addition, the increase in the 

XAS pre-edge intensity was attributed to the gradual ligand exchange process and the formation of 

cobalt sulfide species with a square pyramidal (C4V) symmetry. As a consequence of the reduced 

symmetry and increase in mixing of 3d-4p orbitals the transition probability increases, resulting in a 

higher pre-edge intensity. The XANES analysis showed a relatively higher rate of sulfurization of the 

cobalt species at T=190 ⁰C compared to the CoNiMoS/Al2O3 material. The Co 1s3p RIXS revealed the 

existence of a single intermediate cobalt oxysulfide species for T≤70 ⁰C, which XANES previously 

accounted as a sulfide phase.  

 

The proposed mechanisms for the sulfurization, and reduction of the freshly calcined material and 

oxidation reaction of the freshly sulfided catalyst material for both CoMo/Al2O3 and CoNiMo/Al2O3 

systems is summarized in Figure 7.1. 
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Figure 7.1: A) Representation of the proposed species involved during the in-situ sulfurization and reduction 

of the freshly calcined CoMo/Al2O3 and CoNiMo/Al2O3. The oxide precursor was identified as octahedral 

coordinated Co2+ and Co3+. Prior to the complete sulfurized state, the so-called cobalt oxy-sulfide intermediate 

species are formed. However, at 400⁰C there are two possible reaction pathways that results in either the 

catalytic active Co2+ (C4v) sulfide species or the bulk Co2+ (Oh) sulfide species. However, in case of the reduction 

reaction the final species were not fully reduced and the formation of square pyramidal catalytic active Co2+ 

(C4v) oxide species is proposed. The oxidation of the freshly sulfided CoNiMoS/Al2O3 catalyst is proposed to 

proceed via an identical cobalt oxysulfide intermediate Co2+ species. However, the final species is a fully 

oxidized CoO-like compound with Co2+ at Oh sites. 

 

7.2.2.2 Reduction and Oxidation of CoMoS/Al2O3 

 

The combination of X-ray spectroscopy and microscopy was used to study the modifications in the 

oxidation state, correlation between the various elements, and the elemental distribution on a single 

CoMoS/Al2O3 catalyst particle. From the experimental XANES data the spectral elemental maps of 

elements were generated that yielded information regarding the spatial distribution of the relative 

amounts of the measured elements on the catalyst particle. The STXM elemental maps showed the 

highest concentrations of the active phase supported on the relatively thinner parts of the catalyst 

particle, whereas they were excluded from the thick parts. This knowledge can also be used to test 

the quality of the applied synthesis method. The cobalt and molybdenum elemental maps revealed 

the association and correlation of the catalyst (Mo) and promoter (Co) confirming the existence of the 
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so-called CoMoS structure. The Mo L3 edge XANES spectrum showed the presence of a MoS2-like 

compound for the freshly sulfided catalyst, with Mo4+ sulfide (MoS2-like) species at tetrahedral sites. 

Upon exposing the catalyst to air, a remarkable 50 nm oxidized rim was visualized surrounding the 

catalyst particle (Figure 7.2). Unfortunately, due to the similarity of S K edge in both the cobalt sulfides, 

and molybdenum sulfides spectra the nature of the sulfur species was not determined.  

Next, by heating the catalyst to 200⁰C and 400⁰C under a dynamic flow of hydrogen, the spectral 

elemental maps revealed the termination of the oxide rim caused by the redistribution of the sulfide 

phase. This was ascribed to the mobility of the sulfide species under the specified conditions. In this 

stage, the Mo/(Mo+S) elemental ratio maps showed the approximate Mo ratio of 33% for the reduced 

sample (Figure 6.8) that is indicative for the existence of a MoS2-like compound. 

Then, in the third phase of the in-situ reaction (at stage ST5 and ST6) the catalyst particle was subject 

to oxidation reaction with a dynamic air flow at 200⁰C and 400⁰C. 

 

 

Figure 7.2: STXM spectral elemental maps of the Mo L3 edge in the left column (images A, G, J) and the S K 

edge in the middle column (images B, H, K). The right column shows the Mo/(Mo + S) ratio, where red indicates 

1.0 (pure Mo) and blue−green relates to ∼∼∼∼0.33 (MoS2). The panels show the spectral maps for the fresh, 

reduced, and oxidized as indicated on the right. The scale bar indicates 2 μm. 

 

From the experimental S K-edge, and Mo L3 edge spectra the following conclusion can be deduced: 

I- Due to oxidation of sulfur species the S K-edge absorption is absent and the Mo/(Mo+S) ratio maps 

indicate the absence of sulfur from the entire catalyst particle (Mo/(Mo+S)=1); 

II- As a results of molybdenum sulfide oxidation, the Mo L3 edge XANES spectrum is shifted to higher 

energies. We proposed the conversion of Mo4+ sulfide (D4h) species to a mainly tetrahedral Mo6+ oxide 
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(MoO3). As a result of different crystal field splitting, the spectral shape also has adapted a doublet 

shape. 

III-The Co L3 edge XANES spectrum measured after the oxidation reaction indicated the formation of 

divalent cobalt oxide compound that resembled the typical spectrum of CoO reference sample. 

Interestingly, the formation of CoO-like species was previously also confirmed by Co 1s3p RIXS of the 

CoNiMoS/Al2O3 catalyst covered in Chapter 5.  

Finally, in the fourth phase a second reduction treatment was performed by heating the oxidized 

catalyst particle to 400⁰C. The aim was to test the reversibility of the result obtained during the third 

phase. However, as there was no modification in the peak position or the spectral shape of the 

measured spectra, it was concluded that the oxidation of the active phase is an irreversible process 

7.3 Future Outlook 

The results presented in this dissertation show a clear example of how a complex catalyst material is 

studied by means of X-ray spectroscopy and microscopy. We can apply the obtained knowledge and 

experience to study the properties of the Co(Ni)MoS/Al2O3 catalyst. In Chapter 3 the sulfurization of 

cobalt species was measured with Co 1s3p RIXS, XANES, and EXAFS. However, it is also very interesting 

to measure the evolution in the nickel species under similar reaction conditions. From catalysis point 

of view the promotional effect of both cobalt and nickel on the desulfurization rate of thiophene and 

its derivatives is a very interesting experiment. We will then have to consider the simultaneous 

measurement of Co 1s3p and Ni 1s2p RIXS 2D planes during the course of a desulfurization reaction. 

Experimentally, we can use the same setup presented in the previous Chapters and use a thiophene 

saturated hydrogen stream to flow through the reactor. On the outlet line of the RIXS reactor a gas 

chromatograph can be connected to analyze the catalytically converted hydrocarbons. 

In addition, by considering the formation of square pyramidal Co2+ oxide that was presented in 

Chapter 4, we can test the effect of a pre-reduction step on the sulfurization rate of the freshly 

calcined CoMo/Al2O3 and CoNiMo/Al2O3, as well as on the thiophene desulfurization activity of the 

resulting freshly sulfided CoMoS/Al2O3 and CoNiMoS/Al2O3 catalysts.  

Another problem is to resolve both the XANES and RIXS spectra of the cobalt sulfide species in the 

active phase of a freshly sulfided catalyst from the resulting full spectra that also includes that of the 

bulk sulfide phase. 

Concerning the future characterization studies, we believe that due to the recent developments of 

beamlines in the tender X-ray regime, including beamline 6-2 at SSRL, and the upgraded STXM 

beamline 10ID-1 (SM), it will become possible to measure the tender X-ray edges with higher 

resolutions. Therefore, a suggestion would be to explore the local modifications in molybdenum and 

sulfur species during the in-situ sulfurization of the freshly calcined CoMo/Al2O3 and CoNiMo/Al2O3 by 

simultaneous measuring the Mo L3 and S K-edge. However, a considerable challenge for the proposed 

reaction is to find a correct way to filter the H2S absorption from the total sulfur K edge spectrum.  

Due to the increasing interest in the study of the alumina-supported, cobalt- and nickel-promoted 

molybdenum sulfide catalyst in the field of hydrotreating catalysis we hope to see future studies 
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regarding the unfolding of the promotional role of cobalt a nickel in the hydrodesulfurization of 

thiophene and its derivative compounds. 
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                                                              Nederlandse Samenvatting                                                              

 

Het doel van dit proefschrift was om kennis te verwerven over de elektronische eigenschappen van 

kobalt en nikkel als promotor in molybdeen sulfide (MoS)-gebaseerde ontzwavelingskatalysatoren, 

meer specifiek de systemen CoMoS/Al2O3 en CoNiMoS/Al2O3. Door strengere regels in de Westerse 

landen rondom het verlagen van de zwavelconcentraties in brandstoffen, zoals diesel en benzine, 

wordt de laatste jaren veel onderzoek gedaan om de activiteit en de selectiviteit van de 

ontzwavelingskatalysatoren te verbeteren. De meest geaccepteerde structuur van MoS-gebaseerde 

ontzwaveling katalysatoren is de zogenaamde CoMoS structuur waarbij de actieve fase uit een-

dimensionele (1-D) molybdeen sulfide (MoS2) platen bestaat met de promotoren (in casu Co en/of Ni) 

geplaatst aan de randen van deze platen. Daarnaast zijn er ook aanwijzingen voor het bestaan van 

inactieve bulk metaalsulfides (bv. Co9S8 en Ni9S8). Alhoewel deze katalysatoren al meerdere decennia 

gebruikt worden in de industrie, worden de achterliggende mechanismen van het 

ontzwavelingsproces en de daarbij betrokken interacties tussen de verschillende chemische 

elementen in het katalysatormateriaal niet helemaal begrepen.  

 

Aangezien het ophelderen van de structuur van de actieve fase van de MoS2-gebaseerde 

ontzwavelingskatalysator mogelijk een verklaring geeft voor het eerder vermelde promotie effect van 

cobalt en/of nikkel, ligt de focus van dit proefschrift op het ophelderen van de moleculaire en 

electronische structuur van kobalt- en/of nikkel-gepromoteerde molybdeen oxides en sulfides. Om dit 

ambitieuze doel te bereiken maken we gebruik van een combinatie van Röntgen-spectroscopie en 

microscopie toegepast op een reeks van inzwavelings, reductie, en oxidatie reacties.  

 

Door de afwezigheid van relevante referentiematerialen in de literatuur werd eigenhandig een 

uitgebreide Röntgenabsorptie-spectroscopie (XAS) en resonant inelastische Röntgen vestrooiing 

(RIXS) uitgevoerd om de symmetrie, oxidatie-, en spin-toestand van kobalt verbindingen te bepalen. 

De verkregen resultaten worden beschreven in Hoofdstuk 2. In een volgende stap werden de 

verkregen experimentele data gesimuleerd door multiplet berekeningen. Deze theoretische 

benadering stelde ons in staat om de spectrale transities en bijhorende elektronische structuren van 

de modelverbindingen beter te begrijpen. Hierbij werd geconcludeerd dat Co3O4 een bimetallische 

verbinding is en uit Co2+ en Co3+ oxides bestaat met een octaëdrische symmetrie. CoO en CoS bleken 

beiden een divalente octaëder te zijn waarbij CoS een veel groter covalent karakter heeft. De 

verkregen resultaten werden verder gebruikt als referentiedata om de experimentele resultaten in de 

volgende hoofdstukken van dit proefschrift te kunnen interpreteren. 

 

De synthese en katalytische activiteit van vers ingezwavelde CoMoS/Al2O3 en CoNiMoS/Al2O3 

materialen worden uitgebreid behandeld in Hoofdstuk 3. De bimetallische CoMo/Al2O3 heeft een 

hogere thiofeen ontzwavelings-activiteit in vergelijking met de trimetallische CoNiMo/Al2O3 

katalysator. Vervolgens werd de inzwaveling van vers gecalcineerde CoMo/Al2O3 and CoNiMo/Al2O3 

met een 10% H2S/H2 gasmengsel onderzocht met kobalt 1s3p RIXS, XAS, EXAFS and niet-resonante 

Röntgen emissie spectroscopy (XES). Uit deze spectroscopische studie bleek dat de aanwezigheid van 

nikkel tot een vertraging leidt in inzwaveling van de kobalt  in de CoNiMo/Al2O3 katalysator. Daarbij 

werd geconstateerd dat ook door de aanwezigheid van nikkel in de actieve fase, twee stabiele kobalt 

oxysulfide “intermediaire” verbindingen gevormd worden, die pas bij 400 ⁰C volledig ingezwaveld 
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worden. Uit een gedetailleerde analyse van de RIXS spectra werd een octaëdrische Co2+ omringing 

vastgesteld voor de intermediate verbindingen waarbij er   één is met een oxide-achtig karakter en 

een tweede met een sulfide-achtig karakter.  Uit de verschuiving in de “main edge” van het 

Röntgenabsorptie spectrum werd een langzame omzetting van de octaëdrische Co2+/Co3+ oxides naar 

een volledig ingezwavelde Co2+ sulfide met een vlak pyramidale (C4V) structuur voorgesteld.  Verder 

vonden we bewijs voor de  vorming van bulk kobalt sulfides met Co2+ ionen in een octaëdrische 

omgeving.  

 

In Hoofdstuk 4 wordt de reductie van cobalt- en nikkeloxide verbindingen in een vers gecalcineerde 

katalysator materiaal beschreven. Hierbij werd met Co 1s3p, Ni 1s2p, XAS, and EXAFS technieken het 

monster onder een gasstroom van waterstof verhit naar 450⁰C. Daarbij werd gekeken naar 

veranderingen in de oxidatie toestand, de Co-O en Ni-O bindingsafstanden, en de symmetrie van 

kobalt en nikkel. Er kan geconcludeerd worden dat de reductie reactie weinig invloed heeft op  de 

oxidatie toestand van kobalt. De kobalt pre-edge van vers gecalcineerd CoNiMo/Al2O3 had een zwakke 

overgangspiek bij 7711,4 eV, die veroorzaakt wordt door een niet-lokale overgang met een naburige 

Co3+ ion. In dit geval is de absorptie intensiteit aanzienlijk zwakker dan de eerder beschreven Co3O4 

referentie verbinding. Door de reductie van Co3+ oxide verbindingen naar Co2+ oxide met een square 

pyramidal (C4V) op 450 ⁰C verdween deze niet-locale piek. Hoewel, de kobalt main edge (E0) positie 

redelijk onveranderd bleef, was de pre-edge met een toenemende intensiteit verschoven met +0.3 eV 

ten opzichte van de beginpositie.  

 

Nikkel in de vers gecalcineerde CoNiMo/Al2O3 is een Ni2+ oxide species in een octaëdrische omringing. 

Tijdens de reductiereactie bleven de Ni main edge en de pre-edge intensiteit overanderd. Echter, 

alleen de pre-edge piekpositie was verschoven met -0,25 eV. Aan de hand van de waargenome 

oscillaties in de Co-O en Ni-O binding afstanden lijden we af dat er waarschijnlijk sprake is van een 

dehydratatie van de kobalt en nikkel oxide oxides bij T= 100 ⁰C.  Uit de reeds verkregen Co K-edge 

Röntgenabsorptie resultaten van Hoofdstuk 3 en 4 bleek dat de main edge (E0)  gevoelig is voor 

variaties in de liganden uitwisseling alsook in variaties in de oxidatietoestanden.  

 

In Hoofdstuk 3 en 4 werden de eigenschappen van kobalt en nikkel verbindingen in de vers 

gecalcineerde CoMo/Al2O3 en CoNiMo/Al2O3 en de vers ingezwavelde CoMoS/Al2O3 en 

CoNiMoS/Al2O3 in detail onderzocht. In een volgende stap, zoals beschreven in Hoofdstuk 5, werd de 

oxidatie van de vers ingezwavelde katalysatoren bestudeerd. Hiervoor werd een combinatie van harde 

Röntgenstralen- gebaseerde Co 1s3p RIXS, niet-resonante XES en XAS gebruikt om de variaties in de 

oxidatie toestand, spin toestand, en de symmetrie van kobalt verbindingen in de vers gesulfideerde 

CoNiMoS/Al2O3 katalysator te onderzoeken. Als gevolg van het blootstellen van het vers ingezwavelde 

monster aan luchtzuurstof bij kamertemperatuur nam de intensiteit van de kobalt pre-edge toe, 

terwijl de main edge verschoof naar hogere absorptie energieën. Vervolgens door het verder verhitten 

van het monster naar een temperatuur van 400⁰C werd de bovengenoemde trend vervolgd en 

uiteindelijk leidde dit tot een volledige oxidatie van het kobalt tot een Co2+ oxide (CoO) verbinding met 

een octaëdrische Co omringing. Aan de hand van de verkregen resultaten kunnen we twee 

interessante waarnemingen benadrukken: I) de variatie in de pre-edge intensiteit en main edge (E0) 

positie volgen een omgekeerde trend in vergelijking met de resultaten van de inzwaveling reactie 

(Hoofdstuk 3), II) tijdens de oxidatie van kobalt in de vers ingezwavelde CoNiMoS/Al2O3 katalysator 

wordt slechts een enkel kobalt species gevormd, namelijk een Co2+ oxide met een octaëdrische 
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omringing. Verder wordt de vorming van Co3+ oxide verbindingen uitgesloten. Vervolgens uit de 

analyse van de RIXS data werd uit de vorming van een enkele intermediate verbinding een 

zogenaamde kobalt oxysulfide met Co2+ in octahedrale omringing gedetecteerd. Deze  intermediaire 

vorm wordt al bij 25 ⁰C gevormd wordt en als gevolg van een oxidatie behandeling bij 400 ⁰C vindt 

een volledige omzetting plaats naar de volledig geoxideerde vorm. Enerzijds volgen de spectra 

bekomen met beide technieken dezelfde trend, maar anderzijds door de hogere levensduur-

verbredingen van de niet-resonante overgangen zijn de verkregen spectra extra verbreed ten opzichte 

van de RIXS spectra.  

 

In Hoofdstuk 6 werden de oxidatie en reductie reacties vanuit een geheel ander perspectief 

bestudeerd, namelijk door naar de variaties in de lokale structuur van de verschillende verbindingen 

in de actieve fase van het katalysatormateriaal te kijken. Het hoofdstuk beschrijft een gedetailleerde 

studie van een reeks van reductie en oxidatie reacties van de vers ingezwavelde CoMoS/Al2O3 

katalysator door middel van in-situ Röntgenstraling absorptie micro-spectroscopie (STXM). Deze 

Röntgenmicroscopische aanpak maakt gebruik van een combinatie van zachte (soft) en half zachte 

(tender) Röntgen straling om de variaties in de morfologie, distributie, oxidatietoestand, en correlatie 

van de elementen in de actieve fase van de katalysator te bestuderen. Daarvoor werden de Co L3-, Al 

K-, S K- en Mo L3 edges gemeten tijdens: I) de reductie met waterstof, II) oxidatie met lucht zuurstof, 

en III) regeneratie met waterstof. Na het blootstellen van het vers ingezwavelde katalysatormateriaal 

aan lucht bij de kamer temperatuur werd het oppervlak van het alumina-gedragen katalysator 

geoxideerd. Deze observatie is gebaseerd op de aanwezigheid  van een 50 nm brede zwavel arme 

omringing in de Mo/(Mo+S) ratio map. 

 

De verkregen spectrale elementaire kaarten en Mo/(Mo+S) ratio maps toonden ook aan dat de relatief 

dikkere delen van het katalysatordeeltje de laagste concentratie van de actieve fase bevat, terwijl de 

grootste hoeveelheden zich in de relatief dunne gebieden bevinden. Uit de spectrale elementaire 

kaarten kon afgeleid worden dat er een correlatie bestaat tussen kobalt en molybdeen verbindingen. 

Dit alles bevestigt dat de distributie van kobalt nauw gekoppeld is aan die van de MoS2 fase. Anderzijds 

werd ook een anti-correlatie vastgesteld tussen kobalt en aluminium. Na de reductiebehandeling vindt 

een herverdeling plaats van zwavelverbindingen binnen het katalysatordeeltje. Dit kan worden 

toegeschreven aan de mobiliteit van de sulfide fase waarbij er een herverdeling van de actieve fase 

door het gehele katalysatordeeltje plaats kan plaatsvinden.  

 

Als gevolg van de oxidatiebehandeling bij 200°C worden alle elementen in de actieve fase van de 

ontzwavelingskatalysator geoxideerd. Hierbij verdwijnt zwavel uit het hele katalysatordeeltje en 

wordt Mo4+ sulfide geoxideerd naar een overwegend Mo6+ oxide in een tetraëdrische omringing. Uit 

de S K-edge en Mo L3 edge absorptie spectra kunnen de volgende conclusies getrokken worden: I) de 

S K-edge verdwijnt uit de absorptie spectrum, II) ook als gevolg van oxidatie is de Mo L3 edge 

verschoven naar hogere energieën, en tenslotte III) de structuur van de Mo L3 absorptie spectrum is 

veranderd. Bovendien, bevestigen deze spectroscopische resultaten ook de reductie en oxidatie 

resultaten, die eerder beschreven zijn in Hoofdstuk 4 en 5. Als gevolg van de oxidatie reactie wordt 

kobalt volledig geoxideerd tot een Co2+ oxide (CoO-achtige) verbinding in octaëdrische omringing. 
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List of Abbreviations 

 

HDS    Hydrodesulfurization  

HDN    Hydrodenitrogenation 

HDO    Hydrodeoxygenation 

XRD     X-ray Diffraction 

XANES    X-ray Absorption Near Edge Spectroscopy 

NEXAFS    Near Edge X-ray Absorption Fine Structure  

XAS    X-ray Absorption Spectroscopy 

HERFD-XAS  High Energy Resolution Fluorescence Detection-X-ray Absorption 

Spectroscopy 

EXAFS    Extended X-ray Absorption Fine Structure 

XES    X-ray Emission Spectroscopy 

XPS    X-ray Photoemission Spectroscopy 

RIXS    Resonant Inelastic X-ray Scattering  

RXES    Resonant X-ray Emission Spectroscopy 

NXES    Normal X-ray Emission Spectroscopy 

STXM    Scanning Transmission X-ray Microscopy 

TXM    Transmission X-ray Microscopy 

TFY    Total Fluorescence Yield 

TEY    Total Electron Yield 

TPD    Temperature Programmed Desorption 

TPR    Temperature Programmed Reduction 

OSA    Order Sorting Aperture 

ZP    Zone Plate 

TEM    Transmission Electron Microscope 

STEM    Scanning Transmission Electron Microscope 

EL    Energy Loss 

LS    Low-Spin 

HS    High-Spin 

AHM    Ammonium Hepta Molybdate 
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Wt %     Weight percent 

HWHM     Half Width Half Maximum 

DFT    Density Functional Theory  

CTM4XAS   Charge Transfer Multiplet Calculation 

DOS    Density of States  

BET    Brunauer-Emmet-Teller  

FT    Fourier Transform 
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