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Introduction 
1. Motivation 
 
Fossil fuels are considered to be the main source of energy for the modern society [1-3]. 
The most prominent resources used to harvest the ever-increasing energy demand of the 
modern society are I: Natural Gas (NG), II: Petroleum, and III: Coal [4-6]. In general, 
during the combustion process of fossil fuels, hydrocarbons are oxidized while water and 
carbon dioxide (CO2) are emitted. Moreover, due to the higher hydrogen to carbon ratio 
for NG significantly less CO2 is emitted when compared to the combustion of petroleum 
and coal [7]. Surprisingly, up to a few decades ago, the tremendous effects of greenhouse 
gasses e.g. CO2, methane (CH4) and nitrous oxide (N2O) on the atmosphere was not 
recognized. As a consequence, the concentration of these harmful gasses in the 
atmosphere increased dramatically. Figure 1 shows the significant increase in the 
concentration of CO2 following the industrial revolution from approximately 280ppm to 
400ppm [8]. The ever-growing concerns regarding the worldwide climate change has 
resulted in the desire to reduce and eventually eliminate the emission of greenhouse 
gasses into the atmosphere.  
 

 
Figure 1: The evolution in the CO2, CH4 and N2O concentration are shown for the past 1000 years. For 
this first time in history, following the industrial revolution, the CO2 concentration exceeded the 300ppm 
threshold. Printed with permission from IPCC. Climate Change 2001: The Scientific Basis. Contribution 
of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change, 
Figure 2(a). Cambridge University Press [8]. 
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Therefore, the development of renewable energy sources with high energy densities has 
been the focus of various research groups that seek to reduce the primary source of 
greenhouse emissions [9-11]. More specifically, aiming to decrease the devastating 
impact of the main contributors to the greenhouse effect namely, CO2 and CH4, it is of 
paramount importance to develop catalytic reactions that are able to convert these gasses 
into environmentally friendly fuels or feedstock for other reactions. One reaction that has 
received a substantial attention is the Dry Methane Reforming (DMR) process [12-14]. 
This reaction is exceptionally attractive since it converts a mixture of CO2 and CH4 into 
hydrogen (H2) and carbon dioxide (CO), and is regarded as a promising candidate in the 
field of environmentally friendly fuels (eq. 1). The DMR process is highly endothermic 
(DH0 (25°C) = +247 kJmol-1) and proceeds at relatively high temperatures (T>650°C). The 
resulting gas-mixture from the DMR reaction can be used as feedstock for various other 
reactions e.g. Fisher Tropsch (FT) process, ammonia synthesis, and hydrogenation 
reactions. For example, since the H2/CO ratio of the DMR reaction is close to unity, it is 
regarded as an ideal feedstock for the FT reaction [14-15]. The FT reaction involves the 
conversion of H2 and CO, also known as syngas, to synthetic liquid fuels [16-17].  
However, the DMR reaction is very sensitive to the reaction environment and the used 
gas composition. For instance, when the DMR reaction temperature is too low, side 
reactions such as the reverse water-gas-shift reaction, steam reforming of methane, 
methane decomposition and CO disproportion can occur which reduce the catalytic 
activity and lifetime of the catalyst (2-5) [15,18-19]. 
 

(1) CH4 + CO2 «  2H2 +2CO  DH0 (25°C) = +247 kJmol-1  Dry methane reforming 
(2) H2 + CO2 « H2O + CO   DH0 (25°C) = +46 kJmol-1   Reverse water-gas-shift reaction 
(3) H2O + CH4 « 3H2 + CO   DH0 (25°C) = +206 kJmol-1  Steam reforming of methane 
(4) CH4 « 2H2 + C   DH0 (25°C) = +75 kJmol-1  Methane decomposition 
(5) 2CO « C + CO2   DH0 (25°C) = -171 kJmol-1  CO disproportion 

 
Methane reforming reactions are typically operated at elevated temperatures (650-1000 
°C) to ensure high syngas yields, while hampering the coke formation [20-21]. Moreover, 
in the low temperature regime (T<650°C) the DMR catalyst is rapidly deactivated due to 
coke deposition on the catalytic active phase.  
 
Within this context noble-metal based DMR catalysts have the highest activity towards 
the DMR reaction and maintain a long lifetime. However, due to their scarcity, a large-
scale industrial application is not feasible [22]. As a consequence, many studies have 
endeavored to develop transition metal-based DMR catalyst with high activity, 
selectivity, and stability [19, 23-24]. Ni-based catalyst are known to possess the highest 
activity towards the DMR reaction if compared to other 3d transition metals-based 
systems [25-26]. In addition, Ni-based catalysts are promising candidates due to their 
abundance and high selectivity [27]. Nevertheless, their most notorious/prominent 
drawback is deactivation due to the coking process, which limits the scale up to industrial 
applications. To circumvent this disadvantage many studies attempted to I: synthesize 
and develop bimetallic catalysts [28-30], II: use various support materials [31-32], and 
III: decrease particle size of the active phase [33]. Among these strategies the 
development of highly active bimetallic DMR catalyst have been very successful with 
NiCo as the most studied system [26]. Various studies focused on increasing the catalytic 
activity and preventing the coke deposition on the active phase, whereas the exact 
catalytic role and structure of each metal was usually not investigated. While the high 
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methane reforming activity is directly related to the presence of Ni, the exact role of Co 
remains debatable [30,34-35]. 

 
A challenge associated with the synthesis of Ni-based DMR catalysts is the ability to 
obtain catalysts with high DMR activity, selectivity and resistivity. Firstly, the introduction 
of a second metal e.g. cobalt and iron, is known to have a promoting role on the catalytic 
activity of the Ni-based catalyst. Secondly, the activity of DMR catalyst can be increased 
by decreasing the particle size, which ultimately results in a higher surface area and thus 
a larger number of available catalytic active sites. Finally, the lifetime of the catalyst can 
be maintained by supporting the catalytic active phase on various oxide materials. The 
most frequent used support materials for methane reforming catalysts are Al2O3, SiO2, 
MgO, and TiO2.  
 
The mechanism of the DMR process has been extensively studied by many research 
groups in the last few decades [36-38]. The mechanist that is generally accepted for 
monometallic Ni/Co and bimetallic NiCo catalysts has been proposed by Takanabe et al. 
[38]. In this study a combination of in-operando X-ray Absorption Spectroscopy (XAS) 
and DFT calculations were used to reveal the DMR mechanism on catalyst surfaces. It 
was suggested that strongly bound O species which originate from the activation of CO2 
on a pure Co surface cause site occupation. This results in the gradually oxidation of the 
metallic Co particle and eventual leads to deactivation. On the other hand, as a result of 
the weak oxophilicity of pure Ni catalysts, accumulation of O on the catalysts surface is 
not preferred. Further, due to the low O coverage the formed carbonaceous species are 
not removed from the catalyst surface which ultimately leads to carbon deposition on 
the Ni active sites. Finally, it was illustrated that the bimetallic NiCo catalyst has a 
balanced kinetics for both CO2 and CH4 activation which prevents oxidation of the metals 
and deactivation due to carbon deposition. 
 
In the last decade in-situ X-ray spectroscopy experiments such as XAS, X-ray Emission 
Spectroscopy (XES) and X-ray diffraction (XRD), have made a significant progress by the 
development of the required setups that facilitate probing different types of catalysts 
under operating conditions [39-43]. These developments allowed the simultaneous 
elucidation of changes in the electronic state of the catalyst particles under operating 
conditions. However, precious knowledge regarding the changes in the morphology of 
the DMR catalyst during the reaction is largely missing due to the limitations of the 
current state of the experimental setups. By studying the changes in the morphology, 
combined with elemental distributions in the catalyst active phase under catalyst 
activation and operating conditions information regarding the role of the present 
elements on the catalysis can be revealed. Within this context Scanning Transmission X-
ray Spectroscopy (STXM) offers the opportunity to probe the changes in the electronic 
structure and visualizes the variations in the morphology of the catalytic active phase 
[44-46]. The combination of this spectromicroscopic technique with the required gas-
phase setup offers the opportunity to elucidate the role of various elements on the DMR 
catalysis.  
 
By using element specific X-ray based techniques it is possible to follow the changes 
occurring during the DMR process. By this approach we aim to understand how the 
electronic structure and morphology of the catalyst are altered under activation and 
subsequent DMR conditions. By correlating the data for the monometallic and bimetallic 
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DMR catalysts we will be able to assign the role of the promotor and follow the changes 
in the oxidation state of the 3d metals while also searching for intermediate species under 
reaction conditions. Finally, these findings will allow the development of DMR catalyst 
with improved activity, selectivity and coke resistance.   
 
 
 
 

1.1 X-ray Spectroscopy 
 
X-ray spectroscopy is a powerful tool to obtain insight into the chemical, electronic and 
geometric structure of various materials including heterogeneous catalysts. In general, 
the most notable advantage of X-ray based spectroscopic techniques is their element 
selectivity which allows studying materials under the required conditions. Furthermore, 
these measurements provide valuable information about the sample characteristics e.g. 
electronic structure, oxidation state, coordination, morphology, geometry, and the nature 
of species under the selected reaction conditions. 
 
X-rays with an energy of a few up to tens of KeV are mainly absorbed through the 
photoelectric effect. In the first part of this process, a core electron is excited if the energy 
of the incident X-rays is equal or larger than the core electron binding energy (Figure 2). 
In the event of X-ray absorption, a core electron is promoted to an unoccupied orbital or 
the continuum (energy higher than the fermi level) whereby a core-hole is generated in 
the excited atom. The formed core-hole is very instable and can decay via both radiant 
and non-radiant relaxation pathways [47-48]. The combination of XAS and XES can be 
used to study this reaction mechanism in detail [49]. As will be explained in the next 
sections, XAS and XES yield valuable information about the unoccupied- and occupied 
orbitals, respectively [50]. Furthermore, when considering heterogeneous catalysts, their 
catalytic properties are mainly determined by the electronic state of the Valence Electrons 
(VE) [51-54]. In general, heterogeneous catalysts contain one or multiple transition metals 
where the partially filled valence band can be studied in detail by XAS and XES. 
 
In this thesis both X-ray absorption and X-ray emission spectroscopies are used to 
elucidate the properties of the transition metals in the catalyst active phase. These 
techniques will be described in detail in sections 1.2 (XAS) and 1.7 (XES). 
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Figure 2: Schematic illustration shows the event of X-ray absorption when the energy of the incident 
photon is equal or higher that the excitation energy and thus promotes a core electron to higher energies. 
 
 
 
 

1.2 X-ray Absorption Spectroscopy 
 
In the event of X-ray absorption, following the absorption of an X-ray photon an electron 
is excited to the bound empty density of states (XAS), or to a continuum when the photon 
energy is higher than the bound energy states (XPS). In general, XAS allows determining 
the electronic structure and local geometry of the sample of interest [55-58]. Nowadays, 
this technique is regularly being used in the field of bio-(chemistry), chemistry, 
semiconductors, earth science and physics to acquire information about the various 
properties of the sample of interest. This method is extremely sensitive to subtle 
fluctuations in the oxidation and degree of hybridization of metal and ligand orbitals, 
implying that its very suitable for in-situ and operando experiments [59-62]. Furthermore, 
changes in the local symmetry, ligand sphere, and coordination chemistry are directly 
reflected in the XAS spectra [50]. The recent developments in the in-situ XAS setups has 
opened the possibility to study the changes in transition metal oxidation state under 
operating conditions. In this method the absorption cross section is measured as a 
function of the incident energy and provides information regarding the dipole-allowed 
transitions which arise from the core-levels to the unoccupied orbitals and into the 
continuum [63-65].  
 
However, the main challenge associated with a XAS experiment is related to the 
absorption coefficient (μ) which is directly related to the probability of X-ray absorption 
by matter. This probability is described by the Lambert-Beer law, eq. 6 [66-67], whereby: 
I0 is the incident intensity, I correspond to the transmitted intensity through the sample, 
μ is the absorption coefficient and d represents the sample thickness. 
 

(6) I(E) = I0(E)e(-μ(E)d) 
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For most X-ray energies the absorption coefficient is directly related to the energy. This 
value can be described by eq. 7 and depends on the sample density (ρ), atomic mass (A), 
atomic number (Z), and X-ray Energy (E). 
 

(7) 𝛍 = 𝛒𝐙𝟒

𝐀𝐄𝟑
 

 
Eq. 7 shows that the absorption coefficient is highly dependent on the atomic number 
and mass, thus suggesting that small deviations can result in values that differ order of 
magnitudes. In addition, the absorption coefficient decreases when the X-ray energy 
increases. This strong correlation allows for distinction between elements in a sample. 
 
As aforementioned, during the XAS process a core electron is excited into the unoccupied 
molecular/atomic orbitals with energies higher than the Fermi Energy (EF), (Figure 3a). 
When the incident X-ray energy is tuned to be equal to the core-electron binding energy, 
a sharp rise in absorption is observed which results in an absorption peak in the XAS 
spectrum. 
 

  
Figure 3: a) During the XAS measurement an electron from a core-state is excited to the unoccupied 
orbitals which have an energy larger than the fermi energy. The resulting core-hole can be filled with 
aby emission of an electron from the occupied orbitals. b) XES emission involves filling of the core hole 
by an electron from the higher orbitals which is associated with the emission of a photon. 

 
A typical XAS spectrum can be divided into two spectral regions, as illustrated in Figure 
4. The first region is the so-called X-ray Absorption Near Edge Structure (XANES) region 
[68-69]. The XANES region originates from the excitation of a core electron to the valence 
and conduction bands [70]. In addition, if hard X-ray absorption experiments on 
transition metals with partially filled 3-d orbitals are considered, then the XANES region 
is further split up in the pre-edge and rising-edge regions. These regions provide 
information about the electronic structure and symmetry of the system [71]. The pre-edge 
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features arises from the weak dipole-forbidden and quadrupole allowed transitions of the 
1s electrons into the valence 3d orbitals. The near-edge or rising-edge region covers the 
rising-edge, white-line and ~+50 eV above the white-line peak position. The second 
region involves core excitations to the continuum and is called the Extended X-ray 
Absorption Fine Structure (EXAFS) region [70]. This region comprises the area with an 
energy >50 eV above the main-edge and its origin is described by the process where a 
core electron is excited by X-ray photons with energies higher than the core potential 
barrier. The EXAFS region contains valuable information regarding the coordination 
numbers and ligand to metal bond distances [71]. Further, the resulting photoelectron 
can be represented by an outgoing wave in this process. The next stage involves 
scattering of the outgoing wave with neighbor (ligand)-atoms which results in either 
destructive or constructive interference with the ingoing waves. The resulting interference 
pattern provides information about the local geometry of the atom and is the origin of 
the observed fine structure in the EXAFS region.   
 
The EXAFS region can be described by the EXAFS fine structure function χ (eq. 8) as, 
 

(8) 	𝛘(𝚬) = 𝛍	(𝚬).𝛍𝟏(𝜠)
𝜟𝛍𝟎(𝜠)

 

 
Where μ (E) is the measured absorption coefficient, μ1 (E) is the absorption coefficient of 
the isolated atom and Δ	μ0(E) represents the rise in absorption μ(E) at the threshold energy 
E0.     
 
Since EXAFS is described in terms of waves (ingoing and outgoing) which are generated 
following the absorption process, it is advantageous to convert the X-ray energy into the 
wavenumber of the photo-electron (k) by, 
 

(9) 	𝐤 = 4𝟐𝒎	(𝑬.𝑬𝟎)
		ħ𝟐

  

 
where m is the electron mass and E0 is the absorption energy edge. The various 
frequencies appearing in χ correspond to different neighbour coordination shells which 
are described by the EXAFS equation, 
 

 (10) 	𝛘	(𝐤) = ∑ 𝑵𝒋𝒇𝒋(𝒌)𝒆
?𝟐𝒌𝟐𝝈𝒋

𝟐

𝒌𝑹𝒋
𝟐 𝐬𝐢𝐧[𝟐𝒌𝑹𝒋 +𝜹𝒋	(𝒌)] 

 
where f(k) and δ(k) are the scattering properties of the neighboring atoms, N represents 
the number of neighbor atoms, R is the distance to the neighbor atom and σ2 is the 
disorder in the neighbor distance. 
  
The state-of the art high resolution XAS beamlines in combination with high-brilliance 
third generation synchrotron facilities allow us to study the fine structures in both the 
XANES and EXAFS by offering the possibility to select incident energy from wide energy 
range. 	
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Figure 4: The obtained XAS spectrum can be divided into two parts. The XANES region provides 
information about the species and oxidation state of the element while the EXAFS region gives valuable 
information about the local geometry of the sample e.g. distance to neighbor atom and which type atoms 
are in the proximity.  
 
 
 
 

1.3 XAS detection modes 
 
The XAS spectrum is directly correlated to the probability of a core electron excitation to 
empty orbitals by varying the excitation energy. In general, an absorption spectrum is 
collected either in the: I: Transmission mode, II: Total Fluorescence Yield (TFY) mode, or 
III: Total Electron Yield (TEY) mode [72]. 
  
In the transmission mode, the X-ray beam is focused on the sample of interest and the 
transmission signal is detected. Hereby, the intensity of the beam before (I0) and after (I) 
the sample are measured to obtain the transmitted intensity as shown in Figure 5. Upon 
the X-ray transmission process the beam is attenuated to a certain extent according to the 
Lambert-Beer law, eq. 6. According to this equation, a specimen with a relatively large 
thickness suffers from a higher attenuation and subsequent lower transmission intensity. 
For instance, X-rays with an energy smaller than 1 KeV have an attenuation length of <1 
μm, suggesting that for soft X-ray (50-2000 eV) based experiments the sample has to be 
extremely thin.  As a consequence, the transmission of soft X-rays through a relatively 
thick particle (>1μm) is saturated and the peaks are significantly suppressed and 
broadened [73]. On the contrary, for hard X-rays (3500-20000 eV) these effects are 
generally ignored due to their relatively longer attenuation length and thus results in a 
higher transmission signal.   
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Figure 5: Illustration showing the three different measuring modes used during XAS measurements. For 
the transmission mode, first the intensity before the sample (I0) is determined. In this mode the 
transmission through the sample is measured by the detector whereby the obtained transmission signal 
is converted to absorption by the Lambert-Beer law. For the total electron yield mode (TEY) the I0 before 
the sample is determined, and the emitted/scattered electrons the sample are detected by the detector. 
Finally, for the total fluorescence yield (TFY) mode the fluorescence of the sample after interacting with 
X-rays is detected. 

 
Next, in the TFY mode XAS spectra are measured by detecting the scattered photons from 
the sample [74-75]. In this process, following the absorption of X-rays by the core 
electron, core-holes are created. Subsequently, electrons from higher orbitals emit and 
fill the formed hole. More specifically, following the emission process a fluorescence 
photon is emitted/scattered. In this mode photons with broad energy spectrum are 
detected which originate from all possible radiative channels. Nevertheless, despite the 
undesired re-absorption effects a significant advantage of the TFY relative to the 
transmission mode is its smaller sensitivity towards saturation effects which leads to 
distorted XAS spectra. 
    
Finally, in the case of the TEY mode the total number of electrons (photo, Auger and 
secondary electrons) ejected from the sample as a result of X-ray absorption are measured 
[76-77]. The number of ejected electrons is proportional to the excitation energy and it 
is relatively straightforward to detect the ejected electrons. However, specimens with 
large bandgap or insulators can inhibit the TEY measurement. Also, samples with a large 
bandgap hinder the flow of charge and hence reduce the signal intensity. Consequently, 
samples with this property experience the so-called charging phenomenon and are not 
suitable for TEY measurements. Finally, the ejection of electrons from the sample obliges 
the use of conductive samples to prevent any unwanted effects due to the sample 
charging.   
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1.4 Core-hole state 
 
The formation of a core-hole during a XAS experiments occurs as a result of the excitation 
of an electron from a core level to empty density of states e.g. valance orbitals or to the 
continuum [78-79]. The firsts stage in this process involves the promotion of a core 
electron into the empty density of states below the ionization threshold or Fermi level by 
absorption of an X-ray photon. The core-hole is very unstable and has a finite lifetime 
which is in the order of a couple of femtoseconds and decays via a relaxation process. 
This process is described by the Heisenberg uncertainty principle, eq. 11 [80].  
 

(11)    ∆𝛘	. ∆𝛒	 = 	𝐡/𝟒𝛑	 
 

Next, the formed core-hole can be filled via two different decay pathways, I: X-ray 
fluorescence (radiative decay), II: Auger electron emission (non-radiative decay) [81-82]. 
In the fluorescence pathway an electron from the valence shell relaxes and fills the core-
hole and a photon is emitted. However, in the case of Auger decay an electron from the 
higher shell fills the core-hole and the excess energy associated within this process causes 
the excitation of another electron to higher orbitals. As illustrated in Figure 6, Auger and 
fluorescence yields modes are dependent on the atomic number [83]. In the case of 
Auger decay pathway, the decay probability decreases with increasing atomic number. 
This implies that light elements are more prone to the creation of Auger electrons. On 
the contrary, the fluorescence decay pathway is dominant for the heavier elements.   
 

 
 

Figure 6: The probabilities of Auger and fluorescence decay as a function of the atomic number [83]. In 
this scheme it is shown that with increasing atomic number the Auger emission probability decreases 
while fluorescence probability increase.  
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1.5 Synchrotron radiation facility 
 
The ability to perform XAS and XES measurements demands the use of synchrotron 
radiation facility’s that are capable of providing: I: high flux, II: very monochromatic 
beam and III: high brightness [84-86]. In addition, the flux originating from a synchrotron 
radiation facility is orders of magnitude higher than in house instruments. Further, XAS 
and XES are both resonant based techniques which demand the use of synchrotron 
radiation. Resonant implies that the excitation energy (Eex) has exactly the same value as 
the difference between the ground state and the higher level. The probability for a 
resonant radiation is orders of magnitude lower if compared to non-radiative decay 
process. In addition, since the spectra are measured in a small energy region, the use of 
third generation synchrotron radiation facility’s that provide a high flux and brilliance is 
required. 
 
The development, improvement and upgrade of synchrotrons has facilitated performing 
challenging experiments that were previously not possible. Figure 7 shows a schematic 
presentation of a synchrotron radiation facility and depicts the components that are 
involved. A synchrotron consists of the following parts [87]: 
 
 
I: Electron gun 
II: Linear accelerator 
III: Booster Synchrotron 
IV: Storage ring 
V: Bending magnets 
VI: Insertion devices 
VII: optics and experimental hutch 
VIII: Beamline 
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Figure 7: a) All components of a synchrotron radiation facility are illustrated.  
 
The first stage of producing X-rays from a synchrotron involves the emission of electrons 
from the electron gun. The produced electrons are subsequently accelerated to the speed 
of light in the linear accelerator. Next, the electrons are transferred to the booster ring 
which allows further acceleration. The electrons are later injected into the storage ring 
which is a largest part of the synchrotron and has a circular shape. The electrons are 
stored under vacuum environment and allows the storage for many hours. The storage 
ring also contains many bending magnets and insertion devices (series of alternating 
magnets e.g. wigglers and undulators) that can produce X-rays each time an electron 
passes through them, see Figure 8 [88]. The produced X-rays are directed through optics 
in the experimental hutch to select the desired X-ray properties that are required for the 
experiment taking place in the beamline. In this work the Swiss Light Source 
(Switzerland) and Soleil (France) synchrotron radiation facilities were used to perform the 
in-situ STXM experiments. 
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Figure 8: In a synchrotron radiation facility the electrons are guided to travel through bending magnets, 
wigglers and undulators in the storage ring. When electrons are passed through the magnetic field with 
opposite magnetic poles (green and orange), X-rays are generated.  
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1.6 Scanning Transmission X-ray Microscopy 
 
STXM is a soft X-ray based technique that combines spectroscopy with microscopy and 
covers the absorption edges of elements with an energy ranging from 100-2500 eV [89-
91]. In addition, this technique provides information on the morphology and electronic 
properties of a sample [92]. The intense absorption peak that dominate the soft X-ray 
region are dipole allowed 2p to 3d transitions [52,93].  
 
In this thesis the L-edges of Ni, Co and Fe in the respective NiO/γ-Al2O3, NiCoO/γ-Al2O3 
and NiFeO/γ-Al2O3 are studied by STXM. These experiments are carried out at the state-
of-the-art beamlines at high-brilliance third generation synchrotron facilities. 
Nevertheless, one of the requirements for the STXM experiment is a thin specimen 
whereby the X-ray is attenuated by less than 80% and therefore the experiments are 
carried out under high vacuum (~10-5 bar).  
 
The optical elements in a STXM microscope which are installed in a specially designed 
STXM measurement chamber are illustrated in Figure 9. The high spatial resolution (~30 
nm) is achieved by the resolution of the used Fresnel Zone Plates (FZP). The FZP is made 
of circular diffractive grating which allows focusing the incident X-rays to a single point 
on the sample. These delicate plates are made of hundred’s small concentric golden rings 
which are supported on silicon nitride which is X-ray transparent. In recent years there 
have been many attempts by various research groups to increase the spatial resolution of 
the zone plate by for instance decreasing the outermost zone thickness by means of 
controlling the lithographic fabrication process [94-96]. During the interaction between 
the incident X-rays and the FZP, the light is constructively diffracted by all the concentric 
rings at the diffraction limited spot. 
 

 
Figure 9: During STXM experiment incident X-rays are focused by the zone plate to the surface of the 
specimen. All the orders of light except for the first order are blocked by the Order Sorting Aperture 
(OSA) before reaching the focal point on the sample. In addition to the transmission mode, TFY and TEY 
detectors are also optional. The state-of-the-art sample stage allows raster scanning the sample in two 
dimensions.  
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The next optical element is called the Order Sorting Aperture (OSA) which is positioned 
just before the sample position (Figure 9). To prevent image artefacts the OSA filters the 
1st order light and blocks all the remaining. On the sample plate the stage moves in two 
dimension (X and Y) and the transmission signal is measured on a selected number of 
points on the X and Y axis. In addition, the stage is mobile in the Z-axis along the 
propagation of X-rays and this movement is needed to find the focal point for the selected 
X-ray energy. In the transmission mode the particle is selected based on I. the dimensions, 
II. thickness, III. elemental distribution, and IV. Shape. Depending on both the spatial 
resolution of STXM and the energy of the X-rays, particles are generally selected in the 
range of 0.2 to 5 μm. The sample is raster scanner through the focal point while a Photo 
Multiplier Tube (PMT) detector situated to the back of the sample stage detects the 
transmitted photons. The STXM data is acquired and analyzed by aXiss2000 software 
(http://unicorn.mcmaster.ca/aXis2000.html). 

The STXM data are processed by collecting the transmitted X-ray signal from all the 
selected points and converting the data in the STXM software to a 2D image. Besides, 
imaging mode also the so-called stacking mode can be used during STXM measurements 
that provides additional information regarding the presence of different chemical species 
in a sample. In the stack mode the transmission is acquired from incident energy range 
covering a few eV`s before the rising edge, the main edges and up to ~+20 eV in the 
post-edge region. The resulting images stack is firstly aligned and then converted into an 
Optical Density (OD) map. Next, the so called spectral elemental maps are processed by 
subtracting the pre-edge image from the image obtained at the edge of the element of 
interest. The resulting elemental maps contain essential information regarding the 
elemental distributions, morphology of the catalyst particles under ambient, in-situ and 
operando conditions. Finally, Red, Green, and Blue (RGB) elemental distributions maps 
are created by aligning the images of two or three different elements or species of interest.  
 
The STXM experiments in this thesis were performed at HERMES beamline at SOLEIL 
synchrotron radiation facility and the PolLux beamline at the Swiss Light Source at the 
Paul Scherrer Institute (SLS-PSI) by using nanoreactors supplied by NanoInsight b.v. Table 
1 summarizes some of the important parameters for both beamlines.  
 
 

 HERMES PolLux 
Energy range (eV) 70-2500 250-1600 
Spectral resolution >5000 >3000 
Polarization Circular and linear Circular and linear 
Spatial resolution (nm) 25 20 

  

Table 1: Most important parameters of the HERMES (SOLEIL) and PolLux (SLS) beamlines. 
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The schematic layout of the HERMES beamline including the energy source, collimating 
mirror, apertures, monochromator, grating 1, entrance slit, grating 2, exit slit, zone plate 
and sample is depicted in Figure 10. 
 
 

 
 
Figure 10: Schematic representation of the spectro-microscopy HERMES beamline at Soleil synchrotron.  
 
In addition, the optical elements in the STXM chamber at HERMES beamline and the 
recently developed gas-phase setup at the MPI-CEC are shown in Figure 11a and b, 
respectively. More specifically, the used gas-phase setup has four mass flow controllers 
that allows the mixing of up to three gasses with the desired concentrations. After 
producing the mixture, the gasses are first passed through gas inlet pipe before reaching 
the nanoreactor which contains the sample. 
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Figure 11: a) Image of the HERMES STXM chamber with all the optical components. b) Gas-phase setup 
that was used to perform the in-situ STXM experiments.  
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Figure 12a-c shows the used nanoreactor in this study [97-99]. This nanoreactor is made 
of silicon nitride (SiNx) and has an integrated microchannel which is on the surface of a 
silicon (Si) support. The inert SiNx enables performing experiments under extreme 
industrially relevant conditions. The dimensions of the microchannel are in the order of 
4.6 mm (length), 0.3 mm (width), and 4.5 µm (height). To prevent bulging and 
deformations for experiments at high pressures micropillars supports are incorporated 
inside the channel. In addition, the selected nanoreactor allows heating the sample up 
to 750 °C by a microheater spiral made of a thin film of molybdenum incorporated on 
the top-side of the center of the microchannel. The microheater is equipped with four 
electrical contacts to regulate and read the actual temperature of the heater area. The 
nanoreactor also has 41 circular SiNx windows with a diameter of 6 µm and ~18 nm 
thickness which are etched between the windings of the microheater spiral. The presence 
of the windows on these locations allows for sufficient transmission of X-ray signal. In 
principal an equal number of windows is integrated on the bottom part of the 
microchannel and aligned to the windows on the top. The nanoreactor also contains 
inlet/outlet which is used to I. load the nanoparticles into the channel and II. for the 
pressurization of the microchannel by flowing the gasses. Moreover, for the sample 
loading step, the catalytic nanoparticles are suspended in ethanol and stepwise drop-
casted on the reactor inlet. 

 

 
 
Figure 12: a) Image of the silicon nitride nanoreactor used in this project. b) microscopic image of the 
microchannel located in the nanoreactor. c) Image of the mounted nanoreactor on the gas-phase holder 
[97-99]. 
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1.7 X-ray Emission Spectroscopy 
 
In 1882 Henry Rowland developed X-ray Emission Spectroscopy (XES) in the optical 
wavelength range by using concave grating to focus light [100-101]. Until the late 1940`s 
this technique was in continuous development to study the valence band properties in 
the X-ray region by probing the fluorescence channels. For heterogeneous catalysts, XES 
is primarily used to study the electronic structure of the occupied orbitals to obtain 
information about the electronic structure of the catalytic active sites [102]. The XES is a 
second order process that is described by an X-ray absorption event followed by decay 
of the resulting core-hole [103-104]. Furthermore, in case of 3d transition metals, the X-
ray emission decay channels are split into 3 types of non-resonant emissions including 
the kα (1s2p), kβ (1s3p), and valence to core (VtC) emission [105-109]. The first step in 
the XES process includes the absorption of a photon by a core-electron in the ground 
state 1s23dn which is directly followed by the formation of a core-hole. The electronic 
structure of the intermediate state for a K-edge absorption is 1s13dn+1. As shown in Figure 
3b and Figure 13, following the X-ray absorption event the second and third steps in an 
XES event involves the decay of the core by an electron from the 2p (kα) or 3p (kβ) orbitals 
and emission of a photon. The energy difference between the core level and final state is 
directly related to the energy of the emitted photon and acts a fingerprint for the 
properties of the sample. Further, the kα decay intensity is approximately an order of 
magnitude higher if compared to kβ. If the energy of the emitted photon is equal to the 
incident photon energy, the corresponding reaction is called (non) Resonant Elastic X-
ray Scattering (REXS). On contrast to REXS, if the incident and emitted photon energy are 
not equivalent then this process is denoted as Resonant Inelastic X-ray Scattering (RIXS).  

 
Figure 13: XES spectrum displaying the Kα transition together with the enlarged region for the Kβ and 
VtC transition. On the right side the MO diagram shows the origin of the corresponding transitions [109].  
 
 
The most important advantage of using a second order process is the ability to probe the 
unoccupied orbitals in XAS while simultaneously the occupied orbitals are projected in 
XES. To date, RIXS remains one of the most powerful characterization techniques to 
obtain information about the electronic structure of solids e.g. heterogeneous catalysts, 
semiconductors under in-situ and operando reaction conditions [110].  
Despite the advantage of RIXS, the emission signal intensity is extremely low and 
therefore demands the use of high brilliance synchrotron radiation source in combination 
with highly sensitive detectors. In this study we have used 1s3p RIXS to elucidate different 
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types of bimetallic methane reforming catalyst under operando conditions. In fact, this is 
the first RIXS study that endeavored to study methane reforming catalysts under in-situ 
conditions.   
 
 
 
 

1.8 1s3p Resonant Inelastic X-ray Spectroscopy 
 
The RIXS process can be theoretically described by the Kramers-Heisenberg equation 
(eq. 12) [83]. In this equation |n> represents the intermediate state which can be reached 
from the ground state |g> through the transition operator T1. The intermediate states |n> 
in RIXS are the final states in conventional K-edge spectroscopy. In addition, while W 
represents the photon energy, Eg and Ef are the final and ground state energies. 
 

 
 
During the RIXS process, the energy of the incident and emitted photon are not equivalent 
and the energy loss is the difference between these two events. Moreover, both Hard X-
rays (> 4500 eV) and Soft X-rays (<1500 eV) are used at various RIXS beamlines in 
synchrotrons worldwide. In this thesis 1s3p RIXS (hard X-rays RIXS spectroscopy) was 
used to study bimetallic and monometallic methane reforming catalysts (Chapter 3).  
In a 1s3p RIXS measurement the excitation energy is tuned to match the binding energy 
of the 1s core electron and the 3pà1s transition is measured by a crystal analyser 
whereby both the incident energy (Ω) as well as the emitted energy (ω) can be tuned. The 
measured intensity is proportional to F(W,w) (equation 12) and is plotted vs a 2D grid.  
 
The in-situ RIXS experiment in this studied were performed at the Taiwan beamline 
BL12XU at the SPring-8 synchrotron facility [111]. Figure 14 shows an image from the 
Taiwan Beamline. This beamline consists of mainly two parts. Part one is located outside 
the hutch and includes a diamond monochromator (DM) which provides a 
monochromatic beam in the energy range of 8-32 KeV. Part two is the central part of the 
beamline, it includes the experimental hutch and is used for RIXS experiments. This part 
contains the double crystal monochromator (DCM), collimating mirror (CM), high 
resolution monochromator (HRM), retarding plate (RP) and a focusing mirror (FM). 
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Figure 14: Image of the Taiwan Beamline BL12XU at Spring-8 synchrotron radiation facility. 
 
In addition, Figure 15 shows a detailed image of the inelastic X-ray spectrometer 
components. 

  
Figure 15: Overview of the inelastic spectrometer setup of BL12XU at SPring-8 synchrotron facility. 
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1.9 Transmission Electron Microscopy (TEM) 
 
Heterogeneous catalysts are usually made of mono/bimetallic particles in the nano/micro 
meter range which are evenly dispersed on a support material e.g. Al2O3, SiO2, MgO, 
BaO, TiO2 [112]. The size of the catalytic particles directly influences crucial paraments 
such as activity, selectivity and stability. Therefore, the determination of the exact size of 
the particles is of paramount importance in the field of catalysis. One standard 
characterization technique with the ability to uncover the morphology and particle size 
of heterogeneous catalyst is Transmission Electron Microscopy (TEM) [113-114]. TEM 
has been one of the foremost important characterization techniques in science and 
industry. A TEM uses a high voltage electron beam to generate a 2D image. The electron 
beam is generated by using an electron gun (emission source) which is made of tungsten 
or lanthanum hexabromide. By connecting this emission source to a high voltage (100-
400 kV) electrons will be emitted. The whole TEM setup is maintained under high 
vacuum to make sure the mean free path is optimal. As a result, the electrons can travel 
through the vacuum and reach the specimen. The electron beam is subsequently passed 
through condenser lenses and aperture to make sure the electron-beam is properly 
focused on the specimen. Finally, upon transmission of the electron beam through the 
specimen the transmission signal is detected. In a TEM image the lighter areas correspond 
to thinner regions where a relatively higher number of electrons pass through the sample.  
 
The advantage of this TEM if compared to other techniques lies in the ability to [115]: 
 
I: Yield high quality and detailed images 
II: Achieve magnifications over one million times 
III: Provide detailed information about the morphology of the specimen 
IV: Provides information on the elements in the specimen  
V: Provide insight into the size and crystallinity  
VI: Is easy to operate 
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Figure 16: The Hitachi HD-2700 spherical aberration corrected scanning transmission electron 
microscope (STEM) was utilised in this study to get information about the morphology of the catalyst. 
 
On the other hand, there are also some limitations of using TEM e.g.: 
 
I: Expensive 
II: Specimens are required to be electron transparent 
III: Magnetic specimens are difficult to measure due to charging effects 
IV: Sample preparation requires some time 
V: Operation of the microscope requires training 
VI: particle in the range of a few nm is extremely challenging to visualise 
 
Moreover, for metallic nanoparticles with a size of a few/below a nanometer, on strongly 
scattering crystalline supports it is extremely challenging to distinguish the properties of 
the particles. This issue is overcome by using spherical aberration corrected Scanning 
Transmission Electron Microscope (STEM) to visualize these small nanoparticles [116]. 
In contrast to TEM, STEM uses a finer focused electron beam to image the sample. Figure 
16b shows the STEM microscopy used in this study. Further, information about the 
elemental composition of heterogeneous catalyst are obtained by Energy Dispersive X-
ray (EDX) measurements [117]. The combination of STEM-EDX is the STXM counterpart 
that is based on a different energy source. EDX allows to perform elemental mapping on 
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the sample of interest. In an EDX experiment the sample is illuminated with a focused 
electron beam. In this process the energy of the electron beam has to be larger than the 
binding energy of the inner-shell electron (Figure 17a,b). Following the excitation 
process, the core electron is ejected from the atoms and leave behind an instable core 
hole with an extremely finite lifetime in the order of ~10-15. Subsequently, the core hole 
decays by the relaxation of higher shell electrons (Figure 17c). In this process a 
characteristic X-ray photon is generated, which has an energy equal to the difference of 
the energy of the shells (Figure 17d). This energy difference is unique to each 
element/species and reveals the electronic structure, elemental distributions, and 
concentrations of the presence species. For the experiments described in this thesis the 
EDX measurements were recorded with an EDAX Octane T Ultra W 200 mm2 SDD that 
was connected to the Hitachi HD-2700 Microscope. 
 
 

 
Figure 17: Illustration of a STEM-EDX a) An electron beam with an energy larger than the binding energy 
of the inner shell electron is absorbed. b) The inner-shell electron is ejected and a core-hole is generated. 
c) The core-hole is filled by electrons from higher shells. d) X-rays are emitted with an energy equal to 
the energy difference between the two shells. 
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1.10 Scope of the PhD thesis 
 
The scope of this PhD thesis is to unravel the promoting role of Co and Fe in the NiCoO/γ-
Al2O3 and NiFeO/γ-Al2O3 DMR catalysts. Within this context, the knowledge about the 
morphology and electronic structure of the samples during the activation/reduction step 
and under DMR conditions allows the development of DMR catalysts with improved 
selectivity, activity and stability. Therefore, the main focus of this thesis will be on 
understanding how the morphology and electronic structure of DMR catalysts are altered 
under reaction conditions. The synthesis and characterization of heterogeneous catalysts 
and in particular DMR catalysts is very challenging and requires extensive research and 
multiple beamtimes to achieve the presented results in this thesis. In Chapter 2, in-situ 
STXM results for the NiCoO/γ-Al2O3 DMR catalyst under relevant reaction conditions are 
presented. These data illustrate that STXM not only provides insight into the electronic 
structure, but also reveals the changes in the morphology of the catalytic particles during 
activation/reduction and under DMR reaction conditions. This approach allows us to 
obtain crucial information regarding the morphology of NiCoO/γ-Al2O3 particles which 
has not been previously reported in literature. However, as in Chapter 2 a direct 
comparison between various aspects of NiCoO/γ-Al2O3 and the monometallic NiO/γ-
Al2O3 was not considered, Chapter 3 focuses on this missing knowledge by a 
combination of in-situ Kβ XES and Kβ-detected HERFD XAS. These results highlight the 
promoting effect of Co on the catalytic activity of a NiCoO/γ-Al2O3 catalyst. Further, 
based on X-ray spectroscopy data additional information regarding the crystal structure 
of the samples is obtained. In Chapter 4, the in-situ STXM results for the bimetallic 
NiFeO/γ-Al2O3, NiCoO/γ-Al2O3 and monometallic NiO/γ-Al2O3 DMR catalysts are 
presented and discussed in detail. These data provide valuable information regarding the 
changes in the electronic structure and morphology of the particles under reaction 
conditions. Finally, by a combination of TPR and X-ray spectromicroscopy data the role 
of Co and Fe on the reducibility of Ni oxides is unraveled. 
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In-situ X-ray Microscopy reveals particle dynamics in 
a NiCo dry methane reforming catalyst under 
operating conditions 
 
 
In this Chapter, we report the synthesis of a g-Al2O3-supported NiCo catalyst for dry 
methane reforming (DMR) reaction and study the catalyst using in-situ Scanning 
Transmission X-Ray Microscopy (STXM) during the reduction (activation step) and under 
reaction conditions. During the reduction process, the NiCo alloy particles undergo 
elemental segregation with Co migrating toward the center of the catalyst particles and 
nickel forming a shell on the outer surfaces. In addition, L3-edge XAS spectra showed that 
through the reduction both Ni and Co are converted into their metallic state. Under DMR 
conditions, the segregated structure is maintained, thus hinting at the importance of this 
structure to optimal catalytic function. Finally, the formation of Ni-rich branches on the 
surface of the particles is observed during DMR, suggesting that the loss of Ni from the 
shell may play a role in the reduced stability and hence catalyst deactivation. These 
findings provide insight into the morphological and electronic structural changes that 
occur in a NiCo based catalyst during DMR. Further, this study emphasizes the need to 
study catalysts under operating conditions in order to elucidate material dynamics during 
the reaction.  
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2. Introduction 
 
The emission of greenhouse gasses associated with the combustion of fossil fuels is 
believed to be the main cause of global warming [1-2]. Lowering the concentration of 
these gasses is therefore a matter of outmost importance. An attractive approach would 
be the development of environmental friendly processes capable of reusing these gasses 
as feedstock for industrial processes. In this context, a reaction that has received much 
attention is the Dry Methane Reforming (DMR) [3-5]. In this reaction two major 
greenhouse gasses, methane (CH4) and carbon dioxide (CO2), are converted into 
hydrogen (H2) and carbon monoxide (CO), otherwise known as syngas. The DMR 
reaction (eq. 1) together with the side reactions (eq. 2-5) proceeding under non-ideal 
conditions are reported below [6-8]:  

 
Eq. 1 CH4 + CO2 «  2H2 +2CO  DH0 (25°C) = +247 kJmol-1 

Eq. 2 H2 + CO2 « H2O + CO   DH0 (25°C) = +41 kJmol-1 
Eq. 3 H2O + CH4 « 3H2 + CO  DH0 (25°C) = +206 kJmol-1 
Eq. 4 CH4 « 2H2 + C   DH0 (25°C) = +75 kJmol-1 
Eq. 5 2CO « C + CO2   DH0 (25°C) = -171 kJmol-1 

 
In the literature, various classes of materials, including noble metals, spinels, 
hydrotalcites, and supported base metals are reported as catalysts for the DMR process 
[9-11]. Among these catalysts noble metals show the highest activity and stability towards 
this reaction, but are economically not attractive [12]. In recent years, various studies 
focused on the development of late 3d transition metal-based systems as an alternative 
to costly noble metals for DMR catalysis [9-11,13]. Within this context, nickel (Ni)-based 
catalysts are promising candidates due to their relative high activity and earth abundance. 
Nevertheless, the major drawback of monometallic Ni-based catalysts when compared 
to noble metal-based catalysts is their lower activity and higher susceptibility to 
deactivation due to coke formation via either methane cracking or the reverse Boudouard 
reaction [14-19]. In order to increase catalyst activity and stability researchers have 
implemented various approaches including: I) depositing the catalytic active phase on 
different support materials [20-21], II) reducing the catalyst particle size [22-23], and III) 
developing bimetallic catalysts based on transition metals [24-25]. This last approach has 
been the most successful in increasing the catalyst activity, stability, and selectivity. 
Among 3d transition metals, the addition of cobalt (Co) to Ni-based DMR catalysts results 
in the highest increase in activity. This has been ascribed to the optimal catalytic 
performance of the Ni/Co alloy [26-27]. Within this context, Zhang et al. investigated 
NiCo catalyst samples with various Ni and Co loadings and established that a lower Co 
concentration results in an increased catalytic activity and stability, and prevents the coke 
formation side reaction to a large extent [28]. An operando X-ray absorption 
spectroscopy (XAS) study by Takanabe et al. revealed that Co increases the adsorption 
capacity of CO2, which eventually leads to carbon elimination from the catalyst surface 
[29]. Further, in the same study the presence of a homogenous NiCo alloy was directly 
correlated to the DMR activity. This finding was supported by a combined in-situ 
Transmission Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS) 
study by Bonifacio and co-workers, which revealed that NiCo core-shell particles tend 
to form a homogeneous alloy at high temperatures (600 °C) [30].  In addition, an ex-situ 
TEM and in-situ XPS study by Carenco et al., revealed that the morphology of NiCo 
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particles under reducing conditions and low temperatures (270 °C) rearrange into a 
structure consisting of NiCo alloy shell and a nickel-rich core [31].  From these studies 
and many other reported in literature [31-35], the formation of a NiCo alloy seems to 
play a crucial role in optimizing the DMR activity. However, none of these studies were 
performed at optimal operating temperatures for DMR (>750 °C). The differences 
between the particle morphology at low and high temperatures [30-31], suggest that it is 
necessary to follow the electronic structure and elemental distributions of Co and Ni 
during both the reductive activation step and under DMR conditions.  
 
In general, the scarce information regarding the role of transition metals in methane 
reforming catalysis is mainly due to the lack of experimental techniques capable of 
simultaneously probing the changes in the electronic structure and visualizing the 
morphology of the active phase under operating condition. Within this context, STXM is 
a promising technique whereby soft X-ray spectroscopy is combined with 2D 
microscopy. Furthermore, recently it has been reported that by employing Micro Electro 
Mechanical System (MEMS)-based nanoreactors [36-38], in combination with a 
specifically designed in-situ gas-phase setup, the changes in the particle morphology and 
electronic structure of catalytic active phase can be probed under operating conditions 
[39]. Herein, we present a synthetic method for a bimetallic alumina-supported NiCo 
DMR catalyst, followed by in-situ STXM data collection during the catalyst 
activation/reduction and under DMR operating conditions. To the best of our knowledge, 
this is the first in-situ STXM study of a bimetallic DMR catalyst. These data are crucial for 
the understanding of the catalytic dynamics involved in the reforming of methane and 
thus fundamental to the development of catalysts with superior properties.      
 
 

2.1 Experimental 
2.1.1 Catalyst synthesis 
For the synthesis, cobalt (II) acetate tetrahydrate (>98%, Sigma Aldrich), nickel(II) acetate 
tetrahydrate (99.998%, Sigma Aldrich), ammonium oxalate monohydrate (98%, Alfa 
Aesar), Methanol (99%, Alfa Aesar), 1-Hexanol (99%, Alfa Aesar), n-hexane 99% gamma 
alumina catalyst support (surface area 200 m2/g, Alfa Aesar), were employed. 
 
The NiCoOx/gAl2O3 catalyst was synthesized according to the modified reverse micellar 
method [40-41]. The advantage of this synthesis method is that it enables the production 
of bimetallic catalyst with controlled size and elemental ratios from the late transition 
metals. Other methods are mainly focused to synthesize small particles to increase the 
activity [22-23,42], and limit coke formation [43-44]. In contrast, for STXM experiments 
we are limited by the resolution of STXM and therefore large particles are desired. By 
using this method, we managed to produced highly active and stable particles while 
having the ideal size for STXM experiments. The first step in the production of the 
bimetallic catalyst involved preparing four different mixtures. Herein, 2.3 g ammonium 
oxalate monohydrate, 2.0 g nickel acetate tetrahydrate, 0.71 g cobalt acetate tetrahydrate 
were separately dissolved in 15 mL water and stirred for 15 minutes to obtain three 
different solutions. The fourth mixture was prepared by mixing and stirring 0.9 g 
cetyltrimethylammonium bromide, 9 mL hexanol and 12.6 mL hexane for 20 minutes. 
This mixture was divided into three equal parts, each of these was then added to the first 
3 mixtures and stirred for another 20 minutes. In the last stage, all solutions were added 



 39 

together and stirred for 48 hours to obtain the bimetallic catalyst. The produced catalyst 
was purified by centrifuging at 5500 rpm for 5 minutes and washed with a mixture of 30 
mL methanol and 30 mL chloroform. This procedure was followed by centrifugation at 
5500 rpm for 10 minutes and drying at 50 °C for 12 hours. To deposit the bimetallic 
catalyst on a support, 2.5 mL water was added to the prepared catalyst and 0.8 g of g-
Al2O3 was added to the solution. This was then stirred for 20 minutes and dried at 90 °C 
for 12 hours. The final phase of this process included calcining the supported catalyst at 
400 °C for 10 hours in ambient air. This simple method allows the production of a wide 
variety of catalyst by selecting the desired metal acetates. In addition, the size of the 
active phase can be tuned by varying the amount of water and metal acetates used in 
this process. Figure S1 shows the complete synthesis route used in this study to produce 
the NiCoO/g-Al2O3 catalyst.  
 
 
2.1.2 Scanning Transmission Electron Microscopy (STEM) experiments  
For the STEM measurements a polymer coated Cu TEM grid was immersed in the dry 
catalyst powder. The morphology and elemental distribution of the catalyst was imaged 
by using the Hitachi HD-2700 spherical aberration corrected STEM. Images were 
acquired with an acceleration voltage of 200kV. In addition, Energy Dispersive X-ray 
(EDX) spectra were recorded with an EDAX Octane T Ultra W 200 mm2 SDD attached 
to the STEM Microscope. 
 
 
2.1.3 Activity measurements 
During the activity measurements, the bed temperature was recorded with a K-type 
thermocouple positioned in the inner tube. The effluent gas was analyzed using an 
Agilent 3000 Micro-GC equipped with PLOT-Q and Molsieve 5A PLOT columns and a 
TCD for quantification. The gases employed for the activity measurements were: 10% H2 
diluted in N2 (purity 99.999 %), CH4 (purity 99.995 %), CO2 (purity 99.995 %), N2 (purity 
99.999 %). 
 
 
2.1.4 Temperature Programmed Reduction (TPR) measurements  
The TPR profile was recorded in a quartz cell filled with 81.9 mg of the calcined catalysts. 
The sample was heated up to 850°C with a rate of 6 °C/min in a continuous flow of 4.6% 
H2 in Ar (purity 99.99), adding up to a total volume of 84.1 mL/min. The H2 consumption 
was determined by using a thermal conductivity analyzer (Hydros® 100, Rosemount). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 40 

2.2 Results 
2.2.1 STEM 
STEM images of the calcined sample displayed the formation of large agglomerates 
consisting of coalesced nanoparticles in the range of 5-20 nm (Figure 1a and S2). In 
addition, Energy Dispersive X-ray spectroscopy (EDX) data showed the distribution of Co 
(violet)- and Ni (green) oxides (Figure 1b-d) on the alumina support (yellow). Moreover, 
it is shown that both Ni and Co are not homogeneously distributed through the large 
agglomerates and specific domains with mainly a NiO character are also encountered as 
determined from X-ray Diffraction (XRD) (Figure S3). Furthermore, the metal loadings in 
atomic % for the NiCoOx/g-Al2O3 catalyst were predetermined from the bulk EDX 
analysis and corresponded to 56.4 (oxygen), 1.1 (cobalt), 9.2 (nickel), and 33.3 
(aluminium). In addition, the Ni:Co ratio in this sample was close to 9:1 (Figure S4). 
 

 
Figure 1: a) Bright field STEM image of the calcined (400 °C) catalyst. b,c,d,e) STEM-EDX elemental 
mapping images of respectively Co, O, Ni and Al indicated with violet, blue, green and yellow. c) The 
measured oxygen signal originating from the metal oxides and the alumina. 
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2.2.2 TPR and Catalytic activity tests 
Prior to the in-situ STXM experiment the TPR profile and the catalytic activity for the 
NiCoO/g-Al2O3 DMR catalyst were measured (Figure S5). The TPR profile shows the 
presence of two clear reduction peaks and suggests the reduction of metal-oxides in the 
temperature range of 250-500 °C. The first peak at 265 °C is assigned to the reduction of 
Co3+ species to Co2+ whereas the main peak at 325 °C is assigned to the reduction of Ni2+ 
and Co2+ to their metallic states [45-48]. Further, these data indicate that full reduction 
of the metal oxides into the metallic state already occurs at temperatures lower than 500 
°C. Next, the DMR activity of the NiCoO/g-Al2O3 catalyst was investigated on a lab scale 
via a fixed-bed reactor by loading 50 mg of the catalyst particles that were sieved down 
to <200 μm. In the first stage of the experiment, the catalyst was activated by performing 
a reduction treatment under 10% H2 in N2 at 850 °C. The catalyst was then cooled down 
to 800 °C and, after switching to the DMR gas mixture (7% CH4 & 9.5% CO2 in N2), the 
DMR activity was measured on stream for 2 hours (Figure 2). The degrees of conversion 
after 2 hours stabilized at 86% and 77% for CH4 and CO2, respectively. In addition, the 
corresponding yields for H2 and CO were ~78% and ~80%, respectively. The activity of 
the NiCoO/g-Al2O3 DMR catalyst in terms of CH4 conversion is of the same order of 
magnitude as that exhibited by bimetallic NiCo catalysts in literature (75-90%), which 
was found to exceed that of monometallic Ni or Co DRM catalysts (<70%) [21,30-31]. 
These findings hint to the synergistic effect between the Ni and Co in the bimetallic NiCo 
DMR catalyst. Further, Figure S6 shows the activity measurements results after exposing 
the catalyst to DMR conditions for 15 hours. 
 
 

 
Figure 2: Activity measurements for the NiCoO/g-Al2O3 DMR catalyst. Conversion/Yield fractions during 
the DMR experiment at 800 °C under 7% CH4 and 9.5% CO2 in N2 and a flow rate of 490 mL/min. Prior 
to the DMR activity measurements the catalyst was treated for 30 minutes under 10% H2 in N2 with a 
flowrate of 100 mL/min. 
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2.2.3 In-situ STXM 
For the in-situ STXM experiment, the X-ray transmission signal of a selected particle at 
both Ni (in green) and Co (in violet) was acquired for: I. the freshly calcined sample, II. 
during reduction with 5% H2 in Ar, and III. through the DMR process under 7% CH4 & 
9.5% CO2 in N2, Figure S7. Further, Figure SI. 8 illustrates that multiple particles were 
investigated to confirm the reproducibility of the in-situ STXM results. The average lateral 
dimensions and thicknesses of the selected calcined catalyst particles were in the order 
of 0.4-1.2 μm and 200-300 nm, respectively. The spectral elemental images were 
obtained by subtracting the pre-edge spectral elemental map from the that obtained at 
the L3-edge maximum. The elemental composition maps are presented in Figure 3, and 
the corresponding Co and Ni L3-edge XAS spectra are shown in Figure 4. For the sake of 
comparison, L3-edge XAS spectra of the metallic Ni- and Co oxides are also included in 
Figure 4. 
 
In general, the elemental composition maps for the freshly calcined sample (Figure 3a) 
shows a rather inhomogeneous distribution of Ni and Co on the g-Al2O3 support. This 
observation is further supported by the individual elemental composition maps of Co and 
Ni acquired for the same calcined particle (Figure SI. 9). There are, however, some Ni-
rich regions in the calcined catalyst, consistent with the corresponding STEM-EDX data 
(Figure 1). Based on a comparison with reference spectra the formation of Co3O4 (2xCo3+ 
Oh and 1xCo2+ Td) and NiO (Ni2+ Oh) species, as a result of the calcination process, is 
confirmed as reported in other studies [24,49].  
 
 

 
Figure 3: a) Elemental composition maps showing the distribution of Ni (in green) and Co (in violet) for:  
a) the freshly calcined particles, b) following the reduction step at 500 °C under 5% H2 in Ar, where the 
Ni and Co oxides are reduced, and c) at 750 °C and under 5%H2 in Ar flow where the Ni and Co Al2O4 

are fully reduced. This last Image confirms the elemental segregation within the large agglomerates 
during (full) reduction. 
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Figure 4: a) Co L3-edge spectrum of the NiCoO/g-Al2O3 sample collected under operating conditions. The 
L3-edge of calcined catalyst has the same shape and energy position when compared to Co3O4. Under 
reducing conditions at 500 °C Co3O4-like compound is converted into metallic Co. b) The collection of 
Ni L3-edge spectra of the fresh catalyst has the same shape and energy position if compared to NiO. 
Under DMR conditions both the Ni and Co stay reduced. 
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Next, the catalyst was activated by heating the sample stepwise from 25 to 750 °C under 
continuous 5% H2 in Ar flow, the corresponding Co and Ni L3-edges are shown in Figures 
4, S10 and 11. At 250 °C the Ni L-edge remains essentially unaffected, indicating Ni2+ is 
still present. However, the Co L-edge have changed quite significantly both in the 
multiplet structure and in the average energy. The observed changes are consistent with 
the reduction of the Co3+ Oh sites to most probably octahedrally coordinated Co2+ oxide. 
These results are in agreement with the TPR data (Figure S5), and with literature studies, 
where the partial reduction of Co3O4 was found to occur at a relatively lower temperature 
compared with the Ni site [50-51]. The most prominent changes in the L-edge spectra 
are observed at 500 °C. At this temperature the shift in both Co and Ni L-edges together 
with the resulting spectral shape indicate the full reduction of the metal oxides to their 
metallic state. This data is again consistent with the measured TPR profiles (see Figure 
S5). Further, as displayed in Figure 3b, the elemental composition maps collected at 500 
°C show a change in the morphology and elemental distribution for the NiCo particle. In 
addition, this figure clearly shows the formation of voids within the particle, which may 
be a result of restructuring upon loss of oxygen from the lattice [52-53].  
 
In the second phase of the reduction process, the temperature was increased to 750 °C. 
While effectively no changes in either the Co or Ni L-edges are observed (Figure 4), the 
elemental composition maps in Figure 3c display a rather dramatic change in the 
morphology of the active phase with Co migrating inward and a Ni-rich shell forming on 
the surface of the large agglomerate. The elemental composition maps shown in Figure 
3 and SI. 12 demonstrate that in this step the formed structure consists of two parts; I. the 
surface, made of only nickel II. the core, consisting of both Co and Ni. This behaviour 
demonstrates the increase in surface mobility of Ni and Co at high temperature and under 
5% H2 in Ar flow. While previous studies have suggested that alloy formation between 
Ni and Co is key to optimizing DMR activity and stability [29,32,54-55], instead here we 
show that elemental segregation to form a Ni-rich surface is involved in the activation of 
the catalyst. We note that previous in situ XPS studies by Wu et al. in a related NiCo 
catalyst indicated that Co migrates inward during the reduction of NiCo and that at the 
completion of reduction, the surface of the nanoparticle is a 50:50 mixture of Co and Ni 
[32]. However, we note that their experiments are performed well below atmospheric 
pressure (1x10-7 Bar) and it may be that at such reduced pressures full conversion does 
not occur. Further, while XPS is a surface sensitive measurement, it can only indirectly 
infer particle morphology, in contrast to the present STXM study which directly probes 
the structure. Hence, these results emphasize the importance of spectromicroscopy for 
identifying morphological changes in nanoparticle composition during the activation of 
the catalyst. The results also bring into question whether an alloyed surface is required 
for optimal catalysis. Interestingly, we note that while STXM shows a Ni rich outer shell 
on the particle, the inner part of the particle may be an alloy. 
 
Finally, under DMR reaction conditions, we focused on another NiCo particle with much 
smaller dimensions in order to precisely follow the morphological changes. Herein, 
elemental composition maps and L-edge XAS spectra were obtained during the DMR 
reaction at 750 °C under 7% CH4 & 9.5% CO2 in N2 at I) 1 minute and II) 120 minutes 
exposure time. The data collected after 1 minute exposure to the DMR conditions clearly 
indicate that the segregated structure is preserved (Figure 5 b) and that both Ni and Co 
remained reduced based on the L-edge spectra (Figure 4). A close inspection of Figure 
5b reveals that in certain locations on the surface of the large NiCo particle, which are 
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shown with red arrows, the Ni concentration has increased. After 120 minutes under 
DMR conditions, while the Ni and Co are still reduced as seen from the L-edges, 
however, the formation of Ni-rich branches at the surface of the particle is observed 
(Figure 5c). In this process, the unexpected formation of Ni-rich branches may be 
associated with the growth of filamentous carbon on the surface of the catalytically active 
sites [56-57]. This result is consistent with that of Takanabe et al. where it was 
demonstrated that carbonaceous species are removed at a slower rate on pure Ni surfaces 
which ultimately leads to deactivation due to carbon deposition [29].  
 

 
 

Figure 5: a) The image confirms the elemental segregation within the large agglomerates during 
reduction. Finally, in b and c the elemental composition maps were obtained following the DMR process 
after 1 minute and 120 minutes exposure time show the formation of Ni branches at the surface of the 
particle. 
 
 

2.3 Conclusion 
In summary, we have successfully developed a modified route for the controlled 
synthesis of a NiCo catalyst with high activity and stability towards the DMR reaction. 
In-situ STXM measurements show that while in the calcined form the particles exhibit an 
inhomogeneous distribution of Ni and Co, during the reductive activation step at 750 °C 
(5% H2 in Ar) a clear elemental segregation is observed; with Co migrating toward the 
center of the agglomerated nanoparticles and Ni forming a shell on the outer surface of 
the particle. The segregated structure is preserved during DMR, suggesting that Ni is the 
primary active site, while the more readily oxidized Co may serve as an electron donor 
to Ni during catalysis. 
 
The dynamics of the particle morphology highlights a mechanism by which the 
synergistic interaction between the metals is optimized in order to maximize catalytic 
activity and minimize coking [58]. These studies highlight the ability of in-situ STXM to 
monitor the evolution of particle morphology and electronic structure under operating 
conditions. The presented methods provide promising means to evaluate not only the 
catalytic mechanisms, but also deactivation processes. We thus believe that in the future, 
in-situ STXM will provide important contributions toward knowledge-based catalytic 
design. 
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2.4.1 Catalyst loading 
The NiCoOx/g-Al2O3 dry methane reforming catalyst was synthesized according to the 
newly developed reverse micellar method. For loading the nanoparticles into the 
nanoreactor an ethanol suspension containing the catalyst was prepared and sonicated 
for 1 minute. Next, with the aid of a dispensing pipette, 1 µL of this suspension was added 
to the inlet of the nanoreactor. Due to capillary forces the suspension entered and filled 
the microchannel. Afterwards the nanoreactor was placed on a hotplate and heated up 
to 40 °C for 1 hour. This allowed to remove/evaporate all the ethanol leaving the 
nanoparticles into the microchannel. An optical microscope was then employed to verify 
the presence of the nanoparticle on the SiNx windows of the nanoreactor. The loading 
procedure was repeated until the desired number of particles was found on the windows. 
 
 
2.4.2 Sample imaging  
Scanning Transmission X-ray Microscopy experiments for particles 1 and 3 were 
performed at the Hermes beamline at SOLEIL synchrotron radiation facility [1], while 
particle 2 was investigated at the PolLux beamline of the Paul Scherrer Institute [2]. The 
spatial resolution of the used zone plates were 35 nm. 
During the STXM measurements, the sample is raster-scanned in two dimensions and the 
transmission from a selected number of points on either dimension is converted to their 
respective Optical Density (OD) maps. The resulting 2D image contains information 
regarding the elemental distribution, oxidation state and the local coordination. In the 
stack mode, a series of the spectral elemental composition maps are collected from a 
selected energy range, including the pre-edge, edge and post-edge regions.  
As an example, to generate the elemental composition maps for each calcined particle 
the Co and Ni L-edges were measured as shown in Figure SI. 9. The Ni L-edges illustrate 
that there are some regions containing a higher Ni concentration (shown in red) than 
others. In addition, by investigating the Co L-edge, we observe that Co is not evenly 
distributed though the particles and it appears that there are some Co-deficient regions. 
Next, to determine the relative distributions of the elements, spectral images of different 
Ni and Co in the same particle or selected regions were aligned and overlaid to obtain 
the Red, Green, and Blue (RGB) maps. To obtain the RGB maps we have to specify which 
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element corresponds to red, green and blue. In addition, since only two elements (Ni and 
Co) were probed during this study blue and red were assigned to Co, while green was 
used for Ni. The proximity of Co to Ni (in green) yields the white color. Thus, the light 
(white) areas in Figure SI. 8h correspond to the areas with an equal concentration of both 
elements. 
Furthermore, during the STXM measurements we only probed the Ni and Co L-edges, 
whereas due to the low absorption cross section of Al K-edge and the thin alumina 
support, these were not measured. For the in-situ STXM measurements surface 
micromachined nanoreactors were employed [3-5]. The in-situ sample was loaded into 
the nanoreactors by drop casting the catalyst suspension on the inlet of the nanoreactors, 
whereas the ex situ reference samples were directly drop-casted from a suspension on 
thin Si3N4 membranes. 

 
 
2.4.3 Data processing 
The acquired data were processed by using the aXis2000 software package 
(http://unicorn.mcmaster.ca/aXis2000.html) and OriginPro 9.0. 
 
 
2.4.4 Nanoreactor 
The nanoreactors employed for the in-situ measurements were similar those employed 
in [3-5] and were produced by NanoInsight. These are silicon-based miniaturized 
chemical reactors realized by means of microfabrication techniques as described in [6]. 
The nanoreactor is shown in Figure SI. 13, it consists of a silicon-rich silicon nitride (SiNx) 
microchannel integrated on the surface of a silicon (Si) rectangular support. The 
microchannel has a length of 4.6 mm, a width of 0.3 mm, and a height of only 4.5 µm. 
To prevent deformation under pressurization and to increase its strength the top and 
bottom part of the microchannel are connected together by an array of micropillars. 
Thanks to this structure pressures up to 9 bar can be reached. A microheater spiral made 
of a thin film of molybdenum (Mo) is integrated on the top-side of the central part of the 
microchannel. The microheater is equipped with four contacts to allow its powering 
while enabling the accurate reading of the temperature of the heated area. A maximum 
temperature of 750 °C can be reached by flowing a current through the microheater. An 
array of 41 circular windows each having a diameter of 6 µm, is integrated between the 
windings of the microheater spiral. The same number of windows is integrated on the 
bottom part of the microchannel and aligned to the top ones. The windows are made of 
SiNx and have a thickness of only 18 nm making them highly transparent to X-rays. The 
Si support is removed in a square area of 1 mm x 1 mm making the central part of the 
microchannel and the microheater suspended. This configuration provides the thermal 
isolation needed for the functioning of the microheater while allowing the transmission 
of soft X-rays. Finally, the Si support is also removed in two small square-shaped areas 
located in correspondence of the ends of the microchannel. This way inlet/outlet 
apertures are achieved and employed for flowing the liquid containing the nanoparticles 
and for the pressurization of the microchannel by means of gasses.  
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Experimental details 
2.4.5 STXM holder  
Custom-made holders were designed and produced by NanoInsight to interface the 
nanoreactor and to allow its mounting on the piezo-stage of the Pollux-PSI and of the 
HERMES-Soleil STXM chambers. Each of the holders is provided with a housing slot and 
a retaining lid for the mounting and fixing of the nanoreactor. To allow transparency both 
the holder and the lid are provided with holes in correspondence of the central part of 
the microchannel. The holder integrates two gas channels ending in the housing slot in 
correspondence of the inlet/outlet apertures of the nanoreactor are present. Here a leak-
tight connection is achieved by means of O-rings. The holders are equipped with four 
spring-loaded probe-needles connecting to the four contact-pads of the microheater. For 
the experiments, the gas channels of the holder were connected to PEEK tubing. A gas 
feedthrough flange was employed to connect to the PEEK tubing from the external side 
of the STXM chamber. In a similar way, electrical wires were soldered to the probe-
needles and brought to the external side of the STXM chamber by using a flange provided 
with electric feedthroughs.  
 
 
2.4.6 Pressurization of the nanoreactor  
A custom-made gas mixing and pressurization system designed and produced by 
NanoInsight was employed to flow the employed gas mixtures into the nanoreactor. The 
system makes use of mass flow meters and a backward pressure controller to mix up to 
four different gasses. A forward pressure controller is employed to withdraw the gas 
mixture from the mixing section and to inject it into the inlet of the nanoreactor with the 
desired pressure. During the in situ experiments the gas mixtures were flown into the 
nanoreactor by pressurizing the inlet at 2 bar for the DMR mixture, and at 3 bar or 6 bar 
for the 5% H2 in Ar mixture. At the same time vacuum was applied at the outlet of the 
nanoreactor by means of a scroll pump. In this configuration the pressure in the central 
part of the microchannel (reaction zone) is the average of the pressures at the inlet and 
the outlet of the nanoreactor. This is due to the fact the that the design of the 
microchannel is symmetric and that this has a very low flow conductivity compared the 
that of the tubing. The outlet pressure was measured with a pressure gauge installed at 
the exit of the tubing connected at the outlet of the nanoreactor. This pressure changed 
with the pressure applied at the inlet of the nanoreactor and with the composition of the 
gas mixture. In any case, during the in situ experiments the outlet pressure was always 
lower than 10 mbar. Therefore, the pressure in the reaction zone of the nanoreactor can 
be considered simply as the half of that applied at the inlet, that is 1 bar for the DMR 
mixture, and at 1,5 bar or 3 bar for the 5% H2 in Ar mixture 
 
 
2.4.7 Powering and temperature measurement 
The temperature in the reaction zone of the nanoreactor was increased by flowing a 
current through the Mo microheater. This was done while monitoring its electrical 
resistance, which provided a measure of the average temperature. For this purpose, a 
Keithley 2611 source meter was employed in a four-wire sensing configuration. For each 
temperature, the current was increased stepwise until the corresponding resistance was 
reached. The nanoreactors employed during the experiments were calibrated on a 
hotplate beforehand to generate a resistance-temperature table.  
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Figure S1 

 
Figure S1): Synthesis pathway to produce NiCoO/g-Al2O3 catalyst involving the reverse micellar 
method.  
 
 

Figure S2 

 
Figure S2: a, b) Overview STEM image of the calcined NiCoO/g-Al2O3 catalyst prior to the activation 
step. Both images illustrate that the catalyst is composed of small nanoparticles that have coalesced 
large agglomerates with a cubic structure. 
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Figure S3 

 
Figure S3): XRD profile for the fresh, reduced and spent NiCoO/g-Al2O3 DMR catalyst. The green squares 
and orange triangles indicate that the calcined catalyst contains NiO and Co3O4 as active species. After 
exposure to DMR conditions the formation of coke is confirmed by the peak at approximately 26 ° (black 
square). 
 
 

Figure S4 
 

 
Figure S4): EDX analysis on the NiCoO/g-Al2O3 catalyst the metal concentration in this sample. 
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Figure S5 

   
Figure S5): TPR profile of the NiCoO/gAl2O3 catalyst measured from 30 °C to 800 °C. This profile 
indicates that at temperatures higher ~550 °C both Ni and Co are fully reduced the metallic. 
 
 

Figure S6 
 

 
Figure S6): Activity measurements for the NiCoO/g-Al2O3 DMR catalyst. Conversion/Yield fractions 
during the DMR experiment at 800 °C under 7% CH4 and 9.5% CO2 in N2 and a flow rate of 490 mL/min. 
The degrees of conversion after 15 h were stabilized at 80% and 70% for CH4 and CO2, respectively. 
The corresponding yields for H2 and CO were ~70% and ~73%, respectively. 
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Figure S7 

 
Figure S7: Schematic illustration of the in-situ STXM experiment. In the first stage of the experiment the 
calcined sample is measured at RT and vacuum. The next step involves heating the sample under reducing 
conditions. In the last step the sample is exposed to DMR conditions for 1 minute and 2 hours. 
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Figure S8 
 

 
 

Figure S8: a) Elemental composition maps of three different NiCoO particles which show the distribution 
of Ni (in green) and Co (in violet) for:  a,d,g) the freshly calcined particles, bc,h) following the reduction 
step at 500 °C under 5% H2 in Ar, where the Ni and Co oxides are reduced, c,f,i) at 750 °C and under 
5%H2 in Ar flow where the Ni and Co Al2O4 are fully reduced, and j,k) after exposure to DMR conditions 
for 1 minute and 120 minutes respectively.  
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Figure S9 

  
Figure S9: Elemental composition maps of the calcined NiCo particle showing that Co and Ni are mixed 
through the particles. However, there are some areas with high Ni content while other regions are Co 
deficient. 
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Figure S10 
 

 
Figure S10: Ni L3-edge spectra measurements on the calcined NiCoO/g-Al2O3 sample and during the 
reduction/activation process. At temperatures higher than 500 °C the Ni gets fully reduced into metallic 
Ni. 
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Figure S11 
 

 
 

Figure S11: Co L3-edge spectra measurements on the calcined NiCoO/g-Al2O3 sample and during the 
reduction/activation process. At temperatures higher than 350 °C the Co gets fully reduced into metallic 
Co. 
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Figure S12 

 
Figure S12: Elemental composition maps of the reduced (750 °C) NiCo particles showing that Co and Ni 
are mixed through the particles. 

 
Figure S13 
 

 
Figure S13: (a) Surface micromachined nanoreactor used in for the in-situ STXM experiments. (b) Optical 
microscope image of the central part of the nanoreactor showing the microchannel, the microheater, 
and the X-ray transparent windows. 
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In situ X-ray emission and high-resolution X-ray 
absorption spectroscopy applied to Ni-based Bimetallic 
Dry Methane Reforming Catalysts 
 
 
 
In Chapter 2 the bimetallic NiCoO/g-Al2O3 Dry Methane Reforming (DMR) catalysts was 
studied by in-situ STXM to reveal the changes in the electronic structure and morphology 
during the activation/reduction and DMR reaction conditions. However, a direct 
comparison with the monometallic NiO/g-Al2O3 catalyst was not made. This is interesting 
and important since it allows us to unravel the role of cobalt in the bimetallic NiCoO/g-
Al2O3 catalyst. 
As a result, in this chapter the promoting effect of cobalt on the catalytic activity of a 
NiCoO Dry Methane Reforming (DMR) catalyst was studied by a combination of in-situ 
Kβ X-ray Emission Spectroscopy (XES) and Kβ-detected High Energy Resolution 
Fluorescence Detected X-ray absorption spectroscopy (HERFD XAS). Following the 
calcination process, Ni XES and Kβ-detected HERFD XAS data revealed that the NiO 
coordination in the NiCoO catalyst has a higher degree of symmetry and is different than 
that of pure NiO/g-Al2O3. Following the reductive activation, it was found that the 
NiCoO/g-Al2O3 catalyst required a relatively higher temperature compared to the 
monometallic NiO/g-Al2O3 catalyst. This finding suggests that Co is hampering the 
reduction of Ni in the NiCoO catalyst by modulation of its electronic structure. It has also 
been previously shown that the addition of Co enhances the DMR activity. Further, the 
Kβ XES spectrum of the partly reduced catalysts at 450 °C reveals that the Ni sites in the 
NiCoO catalyst are electronically different from the NiO catalyst. The in-situ X-ray 
spectroscopic study demonstrates that reduced metallic Co and Ni are the primary 
species present after reduction and are preserved under DMR conditions. However, the 
NiCo catalyst appears to always be somewhat more oxidized than the Ni-only species, 
suggesting that the presence of cobalt modulates the Ni electronic structure. The 
electronic structural modulations resulting from the presence of Co may be the key to the 
increased activity of the NiCo catalyst relative to the Ni-only catalyst. This study 
emphasizes the potential of in-situ X-ray spectroscopy experiments for probing the 
electronic structure of catalytic materials during activation and under operating 
conditions.    
 
 
 
 
 
In situ X-ray emission and high-resolution X-ray absorption spectroscopy applied to Ni-
based Bimetallic Dry Methane Reforming Catalysts 

 
Abbas Beheshti Askari, Mustafa al Samarai, Nozomu Hiraoka, Hirofumi Ishii, Lukas 
Tillmann, Martin Muhler, and Serena DeBeer. Submitted RCS Nanoscale, 2020. 
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3. Introduction 
 
The development of catalysts that enable environmentally friendly means for the 
production of fuels is currently a subject of intense research.[1-3] These efforts are 
motivated not only by the depletion of fossil fuels, but also the emission of greenhouse 
gases, which are known to have a devastating impact on the environment.[4-6] One 
reaction that has been receiving increasing attention due to its high potential for 
converting CH4 and CO2 to syngas (H2 and CO) (reaction 1) is the Dry Methane 
Reforming (DMR) process.[7-8]  
 

(1) CH
4
 + CO

2
 «  2H

2
 +2CO DH0 (25°C) = +247 kJmol-1   (Dry Methane Reforming) 

 
In addition, various undesired side reactions (reactions 2-5) can occur during the DMR 
reaction that eventually lead to carbon deposition on the active phase. 
 

(2) H
2
 + CO

2
 « H

2
O + CO  DH0 (25°C) = +41 kJmol-1   (Reverse water-gas-shift reaction) 

(3) H
2
O + CH

4
 « 3H

2
 + CO  DH0 (25°C) = +206 kJmol-1  (Steam reforming of methane) 

(4) CH
4
 « 2H

2
 + C   DH0 (25°C) = +75 kJmol-1  (Methane decomposition) 

(5) 2CO « C + CO
2
   DH0 (25°C) = -171 kJmol-1  (CO disproportion) 

 
Due to the carbon deposition side reactions, the active sites are gradually blocked, 
leading to catalyst deactivation.[9] In the literature, numerous studies aimed at 
preventing coke formation on the DMR catalysts have been reported in which the catalyst 
structure, reaction temperature and the DMR gas-mixture ratios during the operating 
conditions have been varied.[10-13] Presently, the best strategy to reduce carbon 
deposition on DMR catalysts is based on operating at high temperatures (> 700 °C) and 
selected CO2:CH4 ratios e.g. 1:1. Among the various classes of DMR catalysts, the highest 
DMR activity, selectivity, and stabilities are achieved by noble-metals based systems.[14] 
However, due to their scarcity, they are not considered as sustainable candidates for the 
large scale industrial DMR catalysis.[15] Alternatively, nickel-based catalysts with 
comparable activities have been pursued. However, a major disadvantage for the Ni-
based catalyst is their relatively high carbon deposition rate when compared to noble-
metals based catalysts.[16-17] Various approaches have been reported in literature 
which aim to reduce coke formation on the Ni-based catalysts. Chang and co-workers 
illustrated that the activation of CO2 is promoted by supporting the active phase on basic 
supports/promotors of alkali metals e.g. CaO, K2O and MgO.[18-19] Separate studies 
have shown that alloying Ni-based catalysts with other metals, such as Co, Fe, Mo, Mn, 
Sn, Ce and Cu, increases the catalytic activity, selectivity and coke resistivity as 
compared to monometallic Ni catalysts.[20-22] Furthermore, Zhang et al. reported that 
the synthesis of bimetallic catalysts results in a decreased Ni domain size, which results 
in a lower sensitivity to coking.[22] It was also found that among 3d transition metals, 
Co most efficiently promotes the DMR activity of Ni-based catalysts.[23-24] 
However, to date the synergistic interaction between Co and Ni in optimizing DMR 
activity is not fully understood. In a previous study, we utilized in-situ Scanning 
Transmission X-ray Microscopy (STXM) to follow the changes in the morphology and 
electronic structure of multiple NiCoO/g-Al2O3 DMR catalyst particles during activation 
and under DMR reaction conditions.[24] It was found that through the activation step, 
Co and Ni oxides were gradually reduced by heating the catalyst under 5% H2 in Ar. 
Further, the formation of a segregated structure with a Ni-rich shell was observed. This 
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structure was also conserved after exposure to DMR conditions, thus hinting at the 
significance of the segregated structure for the DMR catalysis. Despite these findings, no 
direct comparison to the monometallic Ni-based methane reforming catalyst and the 
effect of Co on both the reduction of Ni site and the DMR activity was made.  
 
In the present study, both the Ni and Co species in NiCoO/g-Al2O3 and NiO/g-Al2O3 DMR 
catalysts are investigated under the reduction/activation and DMR operating conditions 
by using hard X-ray spectroscopies. Specifically, we utilize a combination of Ni K-Beta 
X-ray emission spectroscopy (XES) and Ni and Co K-Beta detected High Energy 
Resolution Fluorescence Detected X-ray absorption spectroscopy (HERFD XAS) in order 
to obtain insight in the local geometric and electronic structural changes that occur at 
both the Ni and the Co sites.[25-33] In addition, Scanning Transmission Electron 
Microscopy-Energy Dispersive X-ray spectroscopy (STEM-EDX), Temperature 
Programmed Reduction (TPR) and activity measurements were performed to elucidate 
the differences in the morphology, reducibility and activity of both catalysts. Taken 
together, these data allow us to draw structure-function correlations and to better 
understand the role of Co in optimizing NiO-based catalysts for DMR.  
 
 

3.1 Experimental section 
3.1.1 NiO/g-Al2O3 Catalyst synthesis 
For the synthesis of the NiCoO/g-Al2O3 and NiO/g-Al2O3 catalyst, the following chemicals 
were used without any purification: cobalt(II) acetate tetrahydrate (>98%, Sigma Aldrich), 
nickel(II) acetate tetrahydrate (99.998%, Sigma Aldrich), ammonium oxalate 
monohydrate 98% (Alfa Aesar), methanol 99% (Alfa Aesar), 1-hexanol 99% (Alfa Aesar), 
n-hexane 99%, and g-alumina support (Alfa Aesar).  
 
The NiCoO/g-Al2O3 catalyst was synthesized according to a previously reported 
protocol.[24,34] The NiO/g-Al2O3 catalyst was prepared by an adaptation of the reverse 
micellar method.[35] In this approach, two different aqueous mixtures were prepared by 
dissolving 2.3 g ammonium oxalate monohydrate and 3 g nickel acetate tetrahydrate in 
15 mL demineralized water and stirring for 15 minutes. A third mixture was prepared by 
mixing 0.9 g cetyltrimethylammonium bromide, 9 mL hexanol and 12.6 mL hexane and 
stirring for 20 minutes. This mixture was split into two equal portions and consequently 
added to the aqueous solutions and stirred for additional 20 minutes. Next, the resulting 
three solutions were mixed and stirred for additional 48 hours. The sample was purified 
by centrifuging the mixture at 5500 rpm for 5 minutes and washed with a mixture of 30 
mL methanol and 30 mL chloroform. This procedure was followed by centrifugation at 
5500 rpm for 15 minutes and drying at 50 °C for hours. Finally, to deposit the catalyst on 
the g-Al2O3 support, a mixture of the prepared sample and 2.5 mL demineralized water 
was mixed under stirring with 0.8 g of the support and dried at 90 °C for 12 hours. Drying 
was performed by transferring the sample to a quartz boat positioned in a tubular quartz 
tube of an electrical furnace. To convert the metal acetates to their respective oxides, the 
samples were calcined at 400 °C for 10 hours under dynamic air flow. A gas stream of 
60 mL min-1 synthetic air (20% O2 in He) was applied while heating the oven with a rate 
of 2 K min-1 up to the final temperature of 400 °C. After calcining the sample for 10 hours, 
the temperature was reduced to room temperature at a rate of 2 K min-1. 
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3.1.2 STEM-EDX 
The STEM measurements for the NiO/g-Al2O3 and NiCoO/g-Al2O3 catalyst were 
performed by depositing small quantity of the respective catalyst powder on a polymer 
coated Cu TEM grid. The Hitachi HD-2700 spherical aberration corrected Scanning 
Transmission Electron Microscope (STEM) was used to get information about the 
morphology of the catalyst. EDX measurements were recorded with an EDAX Octane T 
Ultra W 200 mm2 SDD that was connected to the Hitachi HD-2700 Microscope. 
 
 
3.1.3 TPR 
In an earlier study, the details of the TPR experimental setup and the reduction profile for 
the NiCoO/g-Al2O3 catalyst were reported.[24] Additionally, the TPR profile of the NiO/g-
Al2O3 was measured by filling a quartz cell with 64 mg of the calcined catalysts. In this 
experiment, the temperature was increased to 850 °C, with a temperature ramp of 6 °C 
min-1 in a flow of 4.6% H2 in Ar, 84.1 mL min-1 total. The H2 consumption was measured 
by a thermal conductivity detector (Hydros, Rosemount). 
 
 
3.1.4 DMR activity tests 
The DMR activity for the NiCoO/g-Al2O3 sample was reported in an earlier 
publication.[24] The experimental setup for measuring the activity of the NiO/g-Al2O3 
DMR catalysts has been described in detail elsewhere by Tillmann et al. [24,36], Figure 
S1. Based on both the obtained data from STXM study [24], on the NiCoO/g-Al2O3 
catalyst and the limitation of the hard X-ray reactor, additional DMR catalytic activity 
data were collected at 750 °C, 600 °C, 500 °C, and 450 °C.  
 
 
3.1.5 Synchrotron based experiments 
In-situ XES and HERFD data for the NiCoO/g-Al2O3 and NiO/g-Al2O3 catalyst were 
obtained at the Taiwan beamline BL12XU at the SPring-8 synchrotron facility (8 GeV, 99 
mA).[37] The beamline has four main optical elements, a high heat-load Si (111) double-
crystal pre-monochromator, a four-bounce channel-cut Si (220) monochromator, a 
cylindrical Si collimating mirror and a toroidal Pt-coated focusing mirror. A Pt-coated 
mirror was used to focus the beam both vertically and horizontally to ∼80 (V) × 120 (H) 
um2 at the sample position. The incident energy was calibrated with references to the 
first inflection points of Ni and Co foils at 8333eV and 7709 eV, respectively. A crystal 
spectrometer aligned in a Rowland geometry was utilized to detect the fluorescence from 
the sample. The Ni Kβ (1s3p) emission spectra using a 1 m radius spherically bent Si 
(551) analyzer. For the Co Kβ measurements, a Ge (444) analyzer was used.  A He-filled 
path was used between the sample and spectrometer to reduce signal attenuation and 
emitted X-rays. The signal selected by the spectrometer crystals was collected using an 
energy-resolving Si detector. A set of four Ni Kβ XES spectra were collected in the 
emission energy region of 8220 to 8335 eV using an incident energy of 8450 eV. The Co 
Kβ emission was collected from 7615 to 7700 eV energy range using a 7800 eV 
excitation energy (Figures S2-S3). All XES spectra were normalized to the energy 
maximum of the Kβ1,3 peak. Co and Ni XES data were calibrated by setting the Kβ 
maximum of Co3O4 and NiO to 7649.1 and 8264.8 eV, [37] respectively.  
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The HERFD spectra were measured by setting the spectrometer to the maximum of the 
Kβ1,3 XES peak. For Co and Ni HERFD data, four sets of scans in the region from 7700 to 
7900 eV and 8320 to 8450 eV where selected, respectively. This protocol was repeated 
for each step of the in-situ experiment. 
 
To validate the quality of the collected data, radiation damage studies were conducted 
by measuring multiple XES and HERFD spectra during 3h exposure. To avoid beam 
damage, filters were inserted before the sample to attenuate the incident beam until no 
observable damage in the pre-edge or edge region was observed.   
 
 
3.1.6 Sample preparation 
The sample preparation step involved placing a pressed pellet of the catalysts powders 
in the sample holder shown in Figure S4a. Next, the holder was fixed inside the heating 
stage and afterwards the reactor was sealed. Figure S4c shows how the incident window 
is covered with Kapton take to prevent gas leakage. 
 
 
3.1.7 Data collection 
First, the Kβ XES and HERFD of the freshly calcined samples were measured. Then, the 
catalyst activation was followed by measured the XES and HERFD XAS by reducing the 
samples under 5% H2 in Ar flow and gradually increasing the temperature from 25 °C to 
600 °C, Figure S5. The selected temperature range is based on the limits of the reactor 
and is within the operating regime of the catalyst.  Finally, for the DMR reaction the 
temperature was kept at 600 °C under the flow of the DMR gas mixture (7% CH4 & 9.5% 
CO2 diluted in N2).   
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3.2 Results 
3.2.1 STEM 
The STEM data in Figure 1a show the formation of small coalesced nanoparticles for the 
calcined NiCoO/g-Al2O3 sample, as previously demonstrated.[24] The elemental 
distributions for the Ni (green) and oxygen (blue) for the NiCoO sample are shown in 
Figure 1b-c. Based on the Co-EDX image (in Figure 1d) and the Ni-EDX image (1b), rather 
unequal distributions for Ni and Co on the g-Al2O3 support are seen. These observations 
are also consistent with STEM-EDX and STXM results from an earlier study which 
demonstrated the existence of Ni-rich domains and a variable distribution of Co through 
the NiCoO/g-Al2O3 particle.[24] These data also suggest a similar morphology for both 
NiO/g-Al2O3 and NiCoO/g-Al2O3 samples (Figure 1a,e). 
The STEM-EDX images for the NiO/g-Al2O3 sample indicates rather homogeneous 
distributions for nickel (green) and oxygen (blue) on the support (Figure 1f-g). 
 

 
Figure 1: (STEM)-EDX images of the; a-d NiCoO/g-Al2O3 and e-g) NiO/g-Al2O3 samples after the 
calcination step at 400 °C. b,f) nickel (green); c,g) oxygen (blue); d) cobalt (purple). 
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3.2.2 TPR 
To follow the reduction and conversion of the oxides to the metallic active phase, TPR 
profiles were obtained for the NiO/g-Al2O3 (Figure 2) and NiCoO/g-Al2O3 [24] DMR 
catalysts. For the NiCoO sample, there are two prominent reduction peaks. There is a 
relatively small peak at 265 °C which is assigned to the reduction of Co3+ species to Co2+ 
[38-39] followed by the main reduction peak at 325 °C where both Ni2+ and Co2+ are 
reduced to their metallic states.[40-41] This result is consistent with in-situ Ni and Co L-
edges spectra for this catalyst.[24] However, from the TPR profile of the NiO catalyst in 
Figure 2, a single peak reduction is observed at 317 °C which corresponds to the 
reduction of Ni2+ to the metallic nickel.[42-43] By comparing the TPR profiles for both 
samples, it appears that the reduction of Ni2+ in the NiO sample initiates at a relatively 
lower temperature. These data suggest that due to the presence of cobalt in the NiCoO 
catalyst the reduction temperature is modulated and therefore Ni2+ is reduced at relatively 
higher temperature as compared to the monometallic NiO catalyst.  

 
Figure 2: H2 TPR profile of the NiO/g-Al2O3 catalyst. 
 
 
3.2.3 DMR activity experiments 
Prior to the DMR activity measurements, the catalysts were activated by reducing the 
oxides at 850 °C for 20 minutes under 10% H2 in N2. The DMR activities of the NiCoO/g-
Al2O3 [24], and NiO/g-Al2O3 catalysts (Figure 3) were obtained at 800 °C under dynamic 
flow of the DMR gas mixture (7% CH4 & 9.5% CO2 diluted in N2). The conversion values 
for NiO and NiCoO systems vary substantially with NiCoO at ~90% [24], and NiO at 
only ~50%. The initial activity of the NiCoO catalyst is similar to other recently reported 
highly active DMR catalyst systems.[44-45] Table S1 summarizes the stabilized 
conversion/yield values for the NiCoO and NiO catalysts under DMR conditions for 15 
hours. These data suggest that following the DMR experiment, the activity of both 
catalysts has stabilized and thus suggests a high resistivity against coke formation.  
 



 73 

 
Figure 3: Activity profile of the NiO/g-Al2O3 DMR catalysts for 15 hours under methane reforming 
conditions. Prior to the DMR activity measurements, the catalyst was activated for 20 minutes under 
10% H2 in N2 with a flow rate of 100 mL min-1. The DMR experiment was performed at 800 °C under 
7% CH4 and 9.5% CO2 in N2 and a flow rate of 490 mL min-1. DMR activity profiles for the NiCoO/g-
Al2O3 catalysts has been measured in our previous study.[24]   
 
The DMR activity data shows that the presence of cobalt in the NiCoO DMR catalysts 
has a promoting effect on the catalytic activity, resulting in an almost two-fold higher 
conversion when compared to the monometallic NiO catalyst. In addition, to understand 
the effect of temperature on the catalytic activity of the NiCoO catalyst additional DMR 
activity tests at 750 °C, 600 °C, 500 °C and 450 °C under a continuous flow of DMR gas 
mixture (7% CH4, 9.5 % CO2 in N2) for 35 hours were performed (Figure S6). This data 
shows that decreasing the DMR reaction temperature dramatically reduces the achieved 
conversion which may be enhanced by the increase in the rate of coke deposition on the 
active phase.[46] Nonetheless the activity data for the NiCoO catalyst collected at 600 
°C shows modest DMR activity, indicating that the X-ray spectroscopic data correspond 
to an operating catalyst.   
 
 
3.2.4 Ni Kβ XES of NiCoO/g-Al2O3 vs NiO/g-Al2O3 
Figure 4 shows the Ni Kβ mainline XES spectra (Ni 3p to 1s) for both the NiO/g-Al2O3 
and NiCoO/g-Al2O3 catalysts in their calcined form, during the reductive activation step, 
and during the DMR reaction. The black and grey spectra correspond to the Ni XES for 
the freshly calcined NiO and NiCoO samples, respectively. The spectra exhibit subtle 
differences with the Kβ1,3 maxima occurring at 8264.5 eV and 8264.4 eV, for the NiO 
and NiCoO, respectively. Both calcined samples also exhibit a Kβ’ feature at ~8253.1 
eV, which is typical for a triplet (S=1) Ni2+ oxide species (Figure S7).[47] The slight 
differences in the mainline position could reflect modulations in site symmetry and/or 
covalency of the Ni site [33,48]. 
The samples were activated by flowing 5% H2 in Ar gas and by gradually increasing the 
temperature from 25 °C to 600 °C. The selected temperature range for the reduction is 
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based on the previously collected TPR data (Figure 2), which revealed a full reduction of 
the active phase at T<500 °C. To follow the reduction of the Ni sites and make a 
correlation with the TPR data, XES spectra were measured in a selected temperature 
range. First, following the reduction of the metal oxides at 150 °C and 300 °C, the Ni XES 
peak for the NiO sample shifts by -0.05 and -0.78 eV, respectively to lower emission 
energies and the Kβ’ peak at 8253 eV has largely vanished (Figure 4 and table S2). Next, 
by increasing the temperature to 450 °C and 600 °C, the Ni XES Kβ1,3 peak position for 
NiO shifts to lower emission energies, which indicated the full reduction of NiO-Al2O4 
at T> 400 °C (Figure 2).[49] This is consistent with in situ STXM data for the NiCoO 
sample which showed that full reduction occurs at 500 °C.[24] Finally, due to the 
reduction of NiO-Al2O4 sites to metallic Ni at 600 °C, the Ni Kβ1,3 emission peak shifts 
by ~ -1 eV relative to the emission spectrum for the calcined sample to 8263.48 eV.  
 

 
Figure 4: Ni Kβ XES spectra of the NiO/g-Al2O3 and NiCoO/g-Al2O3 samples obtained under ambient, 
reductive activation, and DMR conditions.   
 
Figure 4 shows that the Ni Kβ1,3 XES peak for the NiCoO sample at 150 °C and 300 °C 
shifts by -0.30 eV and -1.12 eV, respectively, relative to the emission spectrum of the 
calcined sample. Based on a previous study, the full reduction of Co ions in NiCoO is 
proposed to proceed by a two-step process whereby first Co3+ (Oh) is reduced to Co2+ and 
its electronic and spin configurations changes from a 3d6, S=2 to 3d7, S= 3/2. 
Subsequently at elevated temperatures the remaining Co2+ (Td) and Co2+ (Oh) are fully 
reduced to metallic Co.[24] Following the reduction at T≤ 300 °C the XES spectra of the 
NiO vs. the NiCoO samples have different spectral shape and peak positions (Figure 4 
and S8-9). At 450 °C the shift in the emission spectra of NiCoO is reversed and moves 
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towards higher emission energies. Further, by increasing the reduction temperature to 
450 °C the Ni XES peak position for the NiO is shifted by additional -0.53 eV to lower 
energies with respect to the NiCoO spectrum and its Kβ’ peak intensity is slightly higher, 
thus suggesting the formation of distinct Ni species (Figure S10). To understand the origin 
of this behavior and test if the sample at 300 °C is simply a mixture of both the oxide 
phase and reduced Ni, the emission spectra for the calcined and reduced NiO sample at 
450 °C were averaged in different ratios (Figure S11). The Kβ spectrum of the reduced 
NiCo catalyst at 450 °C is clearly different from any of other spectra presented in Figure 
S11, indicating that this is not simply a partially converted species, but rather that the 
NiCoO sample has a Ni site that is electronically distinct from the Ni only catalyst. 
Further, upon full reduction of the Ni ions in NiCoO at 600 °C the Kβ1,3 XES peak position 
for the sample at 600 °C is shifted by -0.45 eV relative to the calcined sample. This energy 
shift is smaller when compared to the NiO case and thus suggests a different reduction 
mechanism for the Ni ions in NiCoO. Further, the Kβ1,3 XES peak position for the fully 
reduced monometallic catalyst is shifted by ~-0.5 eV relative to the bimetallic catalyst at 
600 °C (Figure S12 and Table S2). These results confirm that the fully reduced NiO and 
NiCoO are not identical at 600 °C. 
Finally, the XES spectra collected under dynamic flow of DMR gas mixture at 600 °C for 
both NiCoO and NiO indicate that a dominantly metallic Ni phase remains during the 
course of catalysis (Figure 4). This observation is further supported by the XES data 
analysis in Figures S13 and S14. However, it is important to note that even during the 
DMR reaction the spectra of both catalysts remain somewhat different from each other, 
with the NiCoO catalyst appearing slightly more oxidized than the NiO catalyst at all 
stages. The changes that occur in the Ni local geometric and electronic structure may be 
key to understanding the increased activity of the NiCo catalyst relative to the Ni-only 
catalyst.  
 
 
3.2.5 Ni Kβ HERFD of NiCoO/g-Al2O3 vs NiO/g-Al2O3 
The Ni Kβ-detected HERFD XAS spectra for the calcined NiCoO/g-Al2O3 and NiO/g-
Al2O3, during the reductive activation, and under DMR conditions are shown in Figure 
5. The Ni K-edge HERFD spectra for the calcined NiO and NiCoO samples are different 
in terms of their spectral shapes and their K-edge peak positions is at 8350.37 eV and 
8350.40 eV, respectively. The pre-edge of the NiO catalyst has a higher intensity than 
the NiCoO catalyst, which suggests that the former has a more distorted local structure 
(Figure S15).[50] In addition, HERFD indicates the nature of Ni in both calcined catalyst 
as Ni2+.[51] Ni HERFD XAS data acquired during the catalyst activation in the 
temperature range from 150 °C to 600 °C are shown in Figure S16-19. Due to the induced 
reduction of the Ni at 150 °C, the K-edge peak positions for both catalysts equally shift 
by -0.3 eV relative to the spectra for the calcined samples (Figure 5). In contrast to the 
NiCoO case, following the reductive activation at 300 °C the pre-edge feature of the NiO 
sample diminishes and its K-edge peak position shifts to lower energies indicating a 
further reduction of the Ni and consistent with loss of oxygen from the crystal structure.  
The most striking difference during the catalyst activation step is the full reduction of the 
Ni ions in the NiO catalyst at just below 300 °C, while for the NiCoO catalyst the full 
conversion to the metallic state just occurs at just below 450 °C (Figure 5). We note that 
a one-to-one comparison to the TPR temperatures is limited by the 150 °C temperature 
steps that were taken for the XAS measurements.  
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Figure 5: Ni Kβ-detected HERFD XAS spectra of NiO/g-Al2O3 and NiCoO/g-Al2O3 collected for the freshly 
calcined samples, during the reduction/activation step, and under DMR conditions. 
 
To test if the more oxidized appearance of the Ni K-edge HERFD in the NiCoO catalyst 
(at 300 °C) is simply a result of incomplete conversion, a similar data analysis as in the 
case of XES spectra was performed by mixing the HERFD spectra of the calcined NiO 
and reduced sample at 450 °C (Figure S20). This analysis reveals that the EXAFS region 
of the spectrum for the reduced NiCoO samples at 450 °C and any of the obtained mixed 
spectra are not superimposable with the NiCoO catalyst at 300 °C. Therefore, we propose 
that this species in NiCoO is very likely a distinct Ni species, which results from the 
presence of Co in the catalyst. In addition, the overlaid HERFD spectra for the NiO and 
NiCoO samples at 450 °C indicate a different electronic structure (Figure S18).  The 
HERFD spectra for reduced NiO and NiCoO at 600 °C remain distinct from each other. 
While both catalysts appear to be comprised of dominantly reduced metallic Ni, the 
NiCo catalysts shows a slightly larger contribution of oxidized Ni (Figure S19). Finally, 
HERFD data were continuously collected during exposure to DMR conditions and 
revealed the high stability of Ni in its metallic state under the DMR conditions (Figure 5 
and S21-22). 
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3.2.6 Co Kβ HERFD of NiCoO/g-Al2O3 
Co Kβ HERFD spectra for the NiCoO/g-Al2O3 catalyst in the calcined form, activated 
form, and under the DMR conditions are presented in Figure 6. Based on the HERFD 
spectrum and previous Co L-edge XAS data [24], the Co species in the freshly calcined 
sample is consistent with Co3O4.[52] At 150 °C, the reduction of Co3+ (Oh) sites to most 
probably Co2+ oxide initiates, and the Co K-edge HERFD white line position dramatically 
shifts from 7729.8 eV to 7726.96 eV (DE=2.8 eV). In the following step, Co HERFD data 
collected at 300 °C shows an additional shift of +1.6 eV to higher energies which is 
assigned to the reduction of the remaining Co2+ species to metallic cobalt. Following the 
full reduction to metallic Co at 450 °C and 600 °C, the Co HERFD spectrum white line 
peak position is shifted from 7730 eV to 7726.5 eV (Figure S23). Finally, upon exposing 
the NiCo catalyst to DMR conditions for 8 h the HERFD spectra remain unchanged and 
confirms the stability of metallic Co under the DMR conditions.   
 

   
 

Figure 6): Co Kβ detected HERFD spectra of the NiCoO/g-Al2O3 sample measured under ambient, 
reduction activation (5% H2 in Ar), and DMR (7% CH4 and 9.5% CO2 diluted in N2) conditions. 
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3.3 Conclusion  
We studied the structural and electronic properties of NiO/g-Al2O3 and NiCoO/g-Al2O3 
DMR catalysts in the calcined and reduced states and in-situ under DMR conditions. 
DMR activity measurements revealed a significantly higher activity for the bimetallic 
NiCoO catalyst compared to the pure NiO catalyst. In-situ XES spectroscopy for the 
calcined DMR catalysts showed subtle differences in the Ni Kβ mainline spectral shape 
and positions, which are attributed to differences in site symmetry and/or covalency of 
the Ni sites upon addition of Co. Further, during the course of the reduction/activation of 
the catalyst, and also during the DMR reaction, the NiCoO catalyst appears to be slightly 
more oxidized when compared to the NiO catalyst. Kβ-detected HERFD XAS data 
revealed that the structure of the NiCoO/g-Al2O3 catalyst is less distorted (based on the 
pre-edge intensities) relative to the NiO/g-Al2O3 catalyst. In addition, Co in NiCoO was 
identified as being structural analogous to Co3O4. Based on both Ni Kβ XES and HERFD 
spectra, it was shown that due to the presence of Co in the NiCoO sample, the Ni ions 
under reductive activation conditions are reduced at relatively higher temperatures as 
compared to the NiO catalyst. Following the reduction of the NiCoO catalyst at 300 °C, 
a Ni species with a distinct geometric and electronic structure is formed. At 600 °C, both 
catalysts are activated and the metal oxides are largely reduced to the metallic phase. 
Both catalysts remain unchanged during DMR, but distinct differences remain between 
the Ni-only and the NiCo catalyst, which provide experimental evidence that the 
presence of Co modulates the Ni geometric and electronic structure.  
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Figure S1 
 

 
 
Figure S1: Flow scheme of the reactor used for the DMR activity measurements. 
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Figure S2 

 
Figure S2: Reference Ni XES spectra of Ni foil. 

 
Figure S3 

 
Figure S3: Reference Co XES spectra of Co foil. 
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Figure S4 
 

 
Figure S4: A) The sample powder is pressed into a pellet that is located in the sample holder. The heating 
stage allows heating up to 600°C. B) image showing that interior of the used reactor. C) Operational 
reactor setup used in this experiment. During this process the Incident X-ray beam enters the reactor 
from the window covered with Kapton tape and the scattered emission is measured from the 90° angle. 
 
 

Figure S5 

 
Figure S5: Schematic illustration of the hard X-ray experiments. In the first stage of the experiment the 
calcined samples were measured at 25 °C under air. The next step involves heating the sample under 
reducing conditions. In the last step the sample is exposed to DMR conditions. 
 

Table S1 
Table S1: Stabilized conversion/yield values for the NiCoO/g-Al2O3 and NiO/g-Al2O3 DMR catalysts. 
 

 NiCoO/g-Al2O3 NiO/g-Al2O3 

CH4 Conversion (%) 79 46 

CO2 Conversion (%) 71 43 

H2 Yield (%) 70 39 

CO Yield (%) 73 44 

H2O Yield (%) 9 5 
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Figure S6 
 

 
Figure S6: Conversion/Yield values of the NiCoO catalyst during the DMR experiment at 750 °C, 600 °C, 
500 °C and 450 °C with 7% CH4, 9.5 % CO2 in N2 and a flow rate of 490 mL/min. 
 

Figure S7 

 
Figure S7: Overlay of the XES spectra for the NiO and NiCoO calcined catalysts. 
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Table S2  
Table S2: Kβ1,3 peak position for both NiO/g-Al2O3 and NiCoO/g-Al2O3 catalysts measured under 
activation and DMR conditions. 
 

 NiO/g-Al2O3 NiCoO/g-Al2O3 

Calcined 8264.50 eV 8264.44 eV 

Reduced at 150 °C 8264.45 eV 8264.14 eV 

Reduced at 300 °C 8263.72 eV 8263.32 eV 

Reduced at 450 °C 8263.57 eV 8264.10 eV 

Reduced 600 °C 8263.48 eV 8263.99 eV 

DMR 5 hours 8263.40 eV 8263.68 eV 

 
Figure S8 

 

 
Figure S8: Overlay of the XES spectra for the NiO and NiCoO catalyst after being reduced at 150 °C. 
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Figure S9 

 
Figure S9: Overlay of the XES spectra for the NiO and NiCoO catalyst after being reduced at 300 °C. 

 
Figure S10 

 
Figure S10: Overlay of the XES spectra for the NiO and NiCoO catalyst after being reduced at 450 °C. 
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Figure S11 

  
Figure S11: A combination of NiO XES spectra showing the calcined NiO (dark blue), the fully reduced 
NiO (dark green) and NiCoO (light green) at 450°C. Furthermore, several average spectra were obtained 
by mixing the spectra of the calcined and reduced NiO sample at 450 °C. 
 

Figure S12 

 
Figure S12: Overlay of the XES spectra for the NiO and NiCoO catalyst after being reduced at 600 °C. 
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Figure S13 

 
Figure S13: Overlay of the XES spectra for the NiO and NiCoO catalyst after being exposed to DMR 
conditions for 5 hours. 
 
Figure S14 

 
Figure S14: Overlay of the XES spectra for the NiO and NiCoO catalyst after being exposed to DMR 
conditions for 25 and 15 hours respectively. 
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Figure S15 

  
Figure S15: Overlay of the HERFD spectra for the NiO and NiCoO calcined catalysts. 
 

Figure S16 

  
Figure S16: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being reduced at 150 
°C. 
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Figure S17 

 
Figure S17: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being reduced at 300 
°C. 

 
Figure S18 

 
Figure S18: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being reduced at 450 
°C. 
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Figure S19 

 
Figure S19: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being reduced at 600 
°C. 
 

Figure S20 

  
Figure S20: A combination of NiO HERFD spectra showing the calcined NiO (dark blue), the fully 
reduced NiO and NiCoO at 450 °C. 
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Figure S21 

 
Figure S21: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being exposed to DMR 
conditions for 3 hours. 

 
Figure S22 

 
Figure S22: Overlay of the HERFD spectra for the NiO and NiCoO catalyst after being exposed to DMR 
conditions for 23 and 13 hours respectively. 
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Figure S23 

 
Figure S23: Overlay of the NiCoO HERFD spectra for the catalyst reduced at 450 and 600 °C. 
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The promoting effect of Co vs. Fe on the activation and 
catalytic activity of supported Ni-based bimetallic dry 
methane reforming catalysts 
 
 
 
In this Chapter a spectromicroscopy study on three Dry Methane Reforming (DMR) 
catalysts (NiCoO/g-Al2O3, NiFeO/g-Al2O3 and NiO/g-Al2O3) are presented. The changes 
in the particle morphology and the electronic structure of the metal sites are followed 
during the reductive activation step and under operating conditions. Catalytic tests 
indicate that the DMR activity of the NiCoO/g-Al2O3 is notably higher than the NiFeO/g-
Al2O3 catalysts. Temperature programmed reduction (TPR) data shows that doping with 
either Fe (NiFeO/g-Al2O3) or Co (NiFeO/g-Al2O3) has an opposite effect on the reducibility 
of the Ni-site during the catalyst activation. Interestingly, Fe promotes the reduction of 
Ni oxides at low temperatures when compared to the pure NiO/g-Al2O3 catalyst, while 
Co inhibits reduction. Earlier in-situ Scanning Transmission X-ray Microscopy (STXM) 
studies displayed the formation of a segregated structure with a Ni-rich surface for the 
NiCoO/g-Al2O3 particles under activation conditions. It was also shown that during the 
DMR reaction, the segregated structure for the NiCoO/g-Al2O3 is maintained. In this study 
we used in-situ STXM to study the NiFeO/g-Al2O3 and follow the changes in the 
morphology and the structure under activation and DMR reaction conditions. The 
obtained results are used to understand the lower DMR activity for NiFeO/g-Al2O3 
catalyst relative to the NiCoO/g-Al2O3. Based on the obtained data the formation of a 
rather distinct spherical structures is confirmed for the NiFeO/g-Al2O3 under both 
activation and during DMR reaction conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The promoting effect of Co vs. Fe on the activation and catalytic activity of supported 
Ni-based bimetallic dry methane reforming catalysts 
 
Abbas Beheshti Askari, Mustafa al Samarai, Bruno Morana, Lukas Tillmann, Norbert 
Pfänder, Benjamin Watts, Martin Muhler, and Serena DeBeer. In preparation 
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4. Introduction 
 
The DMR process is one of the promising reactions for the production of environmentally 
friendly fuels. During this reaction two major greenhouse gasses i.e. carbon dioxide (CO2) 
and methane (CH4) are simultaneously converted into hydrogen (H2) and carbon 
monoxide (CO), eq.1 [1-4]. The resulting gas mixture is known as syngas, has a H2:CO 
ratio of close to unity and serves as feedstock for many industrial applications [5-7]. 
 

(1) CH4 + CO2 «  2H2 +2CO  
 
In literature, different types of heterogeneous catalyst are reported for the DMR process, 
including noble metals, spinels, hydrotalcites, and supported base-metals [5, 8-9]. The 
high abundance and activity of Ni-based DMR catalysts makes these the prime 
candidates for the synthesis of syngas. However, the primary drawback when compared 
to noble metal-based catalysts is their higher susceptibility for deactivation by coke-
formation on the catalytic active phase [10-11]. Furthermore, the addition of transition 
metals promotors e.g. Co, Fe, Mo, Mn and Cu to Ni-based DMR catalysts has been shown 
to improve the catalysts activity and stability [12-14]. Within this context, the NiCo 
bimetallic catalyst has been extensively studied due to its high DMR activity and low 
carbon deposition rate. In an earlier in-situ STXM study, the changes in the electronic 
structure, active phase distribution, coordination and oxidation state during the catalyst 
activation and the DMR reaction in a NiCoO/g-Al2O3 catalyst was studied [15]. It was 
revealed that during the catalyst activation, the NiCo catalyst transformed into a 
segregated structure which maintained under DMR conditions. Further, the formation 
and growth of Ni-rich branches on the surface of the catalyst particles under the DMR 
reaction was shown. In addition to the NiCo system, the bimetallic NiFe catalyst also 
shows a high activity and stability towards the DMR reaction. For example, Kim et al. 
reported a lower activity for the monometallic Ni and Fe catalyst when compared to the 
bimetallic Ni4Fe1 alloy [16]. In the same study, the combination of operando X-ray 
Absorption Spectroscopy (XAS), X-Ray Diffraction (XRD), and Density Functional Theory 
(DFT) data revealed the partial oxidation of the Fe to FeO under reforming conditions 
which results in a Ni-rich NiFe alloy. Nevertheless, there are contradicting reports 
regarding the promoting effect of Fe in literature [16-18]. For instance, in a study by 
Zhang et al. it was shown that among the various Ni-M alloys (M= Co, Fe, Cu and Mn), 
only Co had a promoting effect on the catalytic activity [13]. On the contrary, NiFe alloy 
showed a high carbon deposition rate and a relatively lower activity. By understanding 
how the electronic structure and morphology of the NiFe catalyst is modified during the 
activation/reduction stage and under the DMR conditions, catalysts with improved 
activity, selectivity, and stability can be realized. Additionally, this will allow us to reveal 
to role of Fe in the bimetallic NiFe catalyst.  
 
In the current study, we compare the properties of three DMR catalyst (NiO/g-Al2O3 [19], 
NiCoO/g-Al2O3 and NiFeO/g-Al2O3) through the activation and subsequent DMR 
process. In order to allow for a facile comparison between the NiCoO/g-Al2O3 [15], and 
NiFeO/g-Al2O3 DMR catalysts, the experiments on the NiCoO catalyst were repeated in 
parallel with the NiFeO. Further, the NiFeO/g-Al2O3 was synthesized according the 
reverse micellar method [15,19-21]. We aim to assess the changes in particle 
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morphology and electronic structure to understand the effect of the second metal on the 
Ni-site. 
 
To gain insight into the morphology, particle size and elemental distribution, Scanning 
Transmission Electron Microscopy (STEM)-Energy Dispersive X-ray Spectroscopy (EDX) 
experiments were performed. Also, DMR activity experiments were conducted prior to 
the spectroscopy measurements to compare the activities of the monometallic NiO/g-
Al2O3 catalysts with the bimetallic NiFeO/g-Al2O3 and NiCoO/g-Al2O3. In addition, TPR 
measurements were performed to study the reduction profiles of Ni, Fe and Co oxides 
and their full conversion into their metallic species. Finally, in-situ STXM was used to 
study the electronic structure and morphology of the NiFeO/g-Al2O3, NiCoO/g-Al2O3 and 

NiO/g-Al2O3 catalyst under activation/reduction and DMR conditions.   
 
 

4.1 Experimental section 
4.1.1 Catalyst Synthesis 
The synthesis of NiO/g-Al2O3 and NiCoO/g-Al2O3 DMR catalysts have been described 
elsewhere [15,19]. 
For the synthesis of the NiFeO/gAl2O3 catalyst the following chemicals were used without 
any purifications: iron(II) acetate (>99.99%, Sigma Aldrich), nickel(II) acetate tetrahydrate 
(99.998%, Sigma Aldrich), ammonium oxalate monohydrate (98%, Alfa Aesar), 
Methanol (99%, Alfa Aesar), 1-Hexanol (99%, Alfa Aesar), n-hexane (99% gamma 
alumina catalyst support, Alfa Aesar).  
 
The NiFeO/g-Al2O3 catalyst was synthesized according to the modified reverse micellar 
method [15,19-21]. In the first step of the synthesis of NiFeO/g-Al2O3 catalyst three 
different mixtures are prepared by individually dissolving: I) 2.3 g ammonium oxalate 
monohydrate, II) 2.0 g nickel acetate tetrahydrate, and III) 0.71 g iron acetate in 15 mL 
water and stirred for 15 minutes. Next, a fourth mixture was obtained by mixing and 
stirring of 0.9 g cetyltrimethylammonium bromide, 9 mL hexanol, and 12.6 mL hexane 
for 20 minutes. Further, the fourth mixture was divided into three equal parts which were 
added to mixtures 1-3 and stirred for additional 20 minutes. Finally, to obtain the 
bimetallic sample/particles all three mixtures were added together and stirred for 48 
hours. The bimetallic catalyst was purified by centrifuging the mixture at 5500 rpm for 5 
minutes and washed with a mixture of 30 mL methanol and 30 mL chloroform. This 
procedure was followed by centrifugation at 5500 rpm and drying at 50 °C for 12 hours.  
 
The bimetallic particles were supported on the g-Al2O3 by mixing the dried nanoparticles 
with 0.8 g of g-Al2O3 support and 2.5 mL demineralized water. The resulting mixture was 
stirred for 20 minutes and dried at 90 °C for 12 in a tubular quartz tube in an electrical 
furnace. To convert the metal acetates to their respective oxides, the sample was calcined 
by heating the catalyst for 10 hours at 400 °C under dynamic synthetic air flow.  
 
 
4.1.2 STEM-EDX 
The experimental setup for the STEM-EDX measurements performed on the NiCoO/g-
Al2O3 are reported in an earlier study [15]. Nevertheless, for the sake of reproducibility, 
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the experiments on the NiCoO/g-Al2O3 sample were repeated in this study. In this study 
the Hitachi HD-2700 spherical aberration corrected Scanning Transmission Electron 
Microscope (STEM) was used to gain insight into the morphology of the NiCoO/g-Al2O3 
and NiFeO/g-Al2O3 samples. In addition, Energy Dispersive X-ray (EDX) data were 
recorded with an EDAX Octane T Ultra W 200 mm2 SDD. The STEM-EDX measurements 
for the freshly calcined samples were performed by dispersing the respective catalyst 
powder on a polymer-coated Cu TEM grid.  
 
 
4.1.3 TPR 
Detailed TPR experimental setup and the TPR profiles for the NiCoO/g-Al2O3 and NiO/g-
Al2O3 catalysts were also reported in a previous study [15,19]. 
The TPR measurements for the NiFeO/g-Al2O3 were obtained by filling a quartz cell with 
61 mg of the calcined catalysts. For the TPR measurements the samples were heated with 
a rate of 6 °C/min to 850 °C while constantly flowing 84.1 mL/min of 4.6% H2 in Ar. The 
hydrogen consumption was determined by a thermal conductivity detector (Hydros, 
Rosemount). 
 
 
4.1.4 DMR activity tests 
The experimental setup for the DMR activity tests has been reported in our previous study 
[15,22].  
 
 
4.1.5 N2-Physisorption 
The specific surface area, pore volume, and pore diameter of NiFeO/g-Al2O3, NiCoO/g-
Al2O3 and NiO/g-Al2O3 was obtained by N2-physisorption using the NOVA 2000 
(quantachrome Instruments) setup.  
 
 
4.1.6 In-situ STXM 
In-situ STXM experiments for the NiFeO/g-Al2O3, NiCoO/g-Al2O3 and NiO/g-Al2O3 DMR 
catalysts were performed at the PolLux beamline at the Swiss Light Source (SLS) [23]. The 
spatial resolution of the used zone plates during the STXM measurements were 35 nm. 
During the in-situ STXM measurements the Ni, Co and Fe L-edges were selected, whereas 
due to the low absorption cross section of the Al K-edge and the thin alumina support it 
was not measured. For the in-situ STXM measurements MEMS-based nanoreactors were 
employed [15,24-26]. To load the nanoreactors a catalyst suspension in ethanol was 
drop-casted on the inlet of the nanoreactors. During the STXM measurement, the sample 
was raster-scanned in two dimensions and the transmission signal from a selected 
number of points on two dimensions was converted to their respective Optical Density 
(OD) maps. The resulting 2D image contains information regarding the elemental 
distribution, oxidation state and the local coordination. In the stack mode, a series of the 
spectral elemental composition maps are collected from a selected energy range, 
including the elements pre-edge, edge and post-edge regions. The acquired data were all 
processed by the aXis2000 software package (http://unicorn.mcmaster.ca/aXis2000.html). 
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4.2 Results 
4.2.1 STEM 
The STEM images for the calcined NiCoO/g-Al2O3, and NiFeO/g-Al2O3 samples are 
shown in Figures 1a and b, respectively. Darkfield TEM images revealed the formation 
of relatively large agglomerates of coalesced nanoparticles with an average size of ~20 
nm (Figures SI. 1-2). As displayed in Figures 1a and b, the oxygen (blue) signal which 
originates from the oxide particles and alumina support is rather evenly distributed for 
both samples.  For the NiCoO catalyst, both the nickel (green) and cobalt (violet) show a 
rather inhomogeneous dispersion throughout the sample and thus hint for variations in 
the Ni:Co ratios on the alumina support.  In contrast to the NiCoO sample, the Ni in the 
NiFeO is homogeneously distributed while iron (red) is mainly confined to specific 
regions of the particle.  
 

   
Figure 1: a) STEM-EDX images of the calcined NiCoO/g-Al2O3 DMR catalyst showing the morphology 
and elemental distributions in the sample. The Ni:Co ratio in this sample corresponds to 9:1, b) STEM-
EDX images of the freshly calcined NiFeO/g-Al2O3 DMR catalyst. The Ni:Fe ratio correspond to 8.7:0.16.  
In the STEM-EDX images Ni is shown in green, cobalt in violet, iron in red, oxygen in blue and aluminium 
in yellow. 



 100 

 
In addition, the TEM image in Figure SI. 2a also depicts the existence of irregular shaped 
structures on certain regions (highlighted in red) of the NiFeO agglomerates. These 
structures hint for relatively high concentrations of iron which were found to be confined 
to specific regions (Figure 1b). Finally, bulk EDX spectroscopy results revealed the cobalt 
and iron concentrations (Atomic %) in the NiCoO/g-Al2O3, and NiFeO/g-Al2O3 catalysts 
corresponds to 12% and 2%, respectively (Figure SI. 3). 
 
 
4.2.2 TPR  
The TPR profiles and DMR activities for the NiCoO/g-Al2O3 and NiO/g-Al2O3 catalysts 
are reported in an earlier study [15,19]. TPR data are used to study the reduction behavior 
of the metal oxides and conversion to their active/metallic states. The TPR profile of the 
NiCoO/g-Al2O3 catalyst (red profile) in Figure 2 shows two distinct reduction peaks at 
260 and 325 °C where the first peak at 260 °C is assigned to the reduction of Co3+ à 
Co2+ (in Co3O4) while the peak at 325 °C is ascribed to the reduction of Co2+ and Ni2+ 

oxides to their respective metallic species (Figure 2) [15,27-30]. For the NiFeO/g-Al2O3 
catalyst (blue profile), the TPR profile shows a rather different reduction behavior when 
compared to the NiCoO sample. The profile shows two reduction peaks at 314 and 344 
°C that are assigned to the reduction of Ni- and Fe oxides, respectively [31-33]. The TPR 
profiles also revealed that full reduction of the metal oxides in NiFeO and NiCoO occurs 
at 385 and 400 °C, respectively.  

  
Figure 2: TPR profiles for the NiO/g-Al2O3, NiCoO/g-Al2O3 and NiFeO/g-Al2O3 DMR catalysts indicated 
in black, red. and blue, respectively. The reduction profile for the NiFeO/g-Al2O3 sample shows the 
reduction at relatively lower temperatures when compared to NiCoO/g-Al2O3 sample.  
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Based on the different reduction temperatures for the NiFeO, NiCoO, and NiO we note 
that in contrast to the Co case, Fe is promoting the reduction of Ni oxides at relatively 
lower temperatures. These results are also in agreement with an earlier DMR study [34]. 
 
 
4.2.3 Activity tests 
For the activity experiments, the samples were firstly activated by reduction in a dynamic 
flow of 10% H2 in N2 at 850 °C. Next, the DMR activity of the activated catalysts was 
determined under flow of the DMR gas-mixture (7% CH4 & 9.5% CO2 in N2) at 800°C for 
15 hours. Figure 3 shows a lower initial conversion/yield values for the NiFeO/g-Al2O3 if 
compared to the NiCoO/g-Al2O3 sample (Chapter 2 Figure SI.6). In addition, the lower 
initial deactivation rate for the NiFeO suggests that it is less susceptible to coking and is 
more stable if compared to the NiCoO. The activity data reveal that the activities of both 
bimetallic NiCoO and NiFeO are superior to their monometallic counterparts (Chapter 3 
Figure 3, [19,35]). Further, the conversion/yield values for all three catalysts stabilize 
following the exposure to DMR conditions for 15 hours (Table SI. 1). These results suggest 
that the introduction of a late transition metal promotor to the Ni-based DMR catalyst 
improves the activity dramatically and indirectly suppresses the reaction pathways that 
lead to coke formation and catalyst deactivation.     
 

  
Figure 3: DMR activity data for the NiFeO/g-Al2O3 DMR catalysts. Preceding the activity tests the 
catalysts were activated by treating them for 30 minutes under 10% H2 in N2 with a flowrate of 100 
mL/min. The DMR experiments were performed for 15 hours at 800 °C under 7% CH4 and 9.5% CO2 in 
N2 and a flow rate of 490 mL/min. 
 

Next, nitrogen physisorption measurements for the NiCoO/g-Al2O3, NiFeO/g-Al2O3 and 
NiO/g-Al2O3 catalysts revealed a similar surface area, pore volume and pore diameter for 
the catalysts (Figure SI. 4 and Table SI. 2). 
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4.2.4 In situ STXM 
For the in-situ STXM experiments, STXM spectral elemental maps from relatively thin 
NiCoO/g-Al2O3 and NiFeO/g-Al2O3 DMR particles were collected for the I: freshly 
calcined, II: during reductive activation with 5% H2 in Ar, and III: under DMR reaction 
conditions 7% CH4, 9.5% CO2 in N2 gas-mixture (Figure 4). In addition, Figures SI. 5-20 
show the L3-edge spectral elemental maps for the: I) Ni and Co in the NiCoO/g-Al2O3, II) 
Ni, Fe for the NiFeO/g-Al2O3 and III) Ni in the NiO /g-Al2O3 particles during the various 
stages of the in-situ STXM experiment.  
 
The RGB composition maps for the freshly calcined NiCoO/g-Al2O3 and NiFeO/g-Al2O3, 
particles display a rather different elemental distribution as shown in Figures 4a,d 
respectively. In the case of the NiCoO particle, we note that the elemental distributions 
for nickel (in green) and cobalt (in violet) are not equal over the selected particles (Figure 
SI. 5). Based on these data there are Ni-rich domains and the Ni:Co ratios varies through 
the majority of the particle. In contrast, for the NiFeO sample the Fe (in red) concentration 
is the highest in the center whereas the higher Ni (in blue) ratio is encountered in the 
outer layer, Figure SI. 10. The STXM data for both calcined samples are also in agreement 
with the corresponding STEM-EDX results (Figure 1). 
 
 

 
Figure 4: RGB elemental composition maps of the NiCoO/g-Al2O3 and NiFeO/g-Al2O3 DMR catalyst 
showing the distribution of Ni, Co, or Fe: a, d) in the calcined particles; b, e) following the reduction step 
at 500 °C and under 5% H2 in Ar flow; c,f) after exposure to reducing conditions at 750 °C under 5% 
H2 in Ar flow.  
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Based on the comparison of the collected Co, Ni and Fe L3-edge XAS (black spectra in 
Figures 5 and 6) for the calcined samples with relevant oxides reference spectra, the 
formation of NiO (Ni2+ Oh), Co3O4 (1xCo2+ Td and 2xCo3+ Oh) for the NiCoO/g-Al2O3 
sample and NiO (Ni2+ Oh), α-Fe2O3 (hematite) species for the NiFeO/g-Al2O3 is confirmed 
[15, 36-38]. Next, to follow the changes in both the morphology and electronic structure 
under activation conditions the samples were reduced by gradually heating from 25 to 
750 °C under 5% H2 in Ar flow. Following the reduction at 500 °C a significant decrease 
in particle size for both NiCo and NiFe is evident which is associated with the removal 
of oxygen from the oxides and alumina support (Figure 4b,e). In addition, Figure SI. 17 
confirms a decrease in particle at 450 °C for the monometallic Ni-based catalysts. In 
agreement with the TPR data (Figure 2), the Ni and Co L-edge absorption spectra in Figure 
5 (shown in blue) confirm the full reduction of Ni and Co oxides in the NiCoO to their 
metallic species at 500 °C. On the contrary, following the reduction of NiFeO sample at 
500 °C the Ni is fully reduced whereas the Fe is only partially reduced (Figure 6). Further, 
by increasing the temperature to 750 °C, the Fe L-edge spectrum for the NiFe sample 
confirms the full reduction of the Fe into the metallic state (Figure 6). The L-edge spectra 
(green) in Figure 5 shows that by increasing the temperature to 750 °C the Ni and Co L3-
edges in the NiCo sample do not shift with respect to the blue spectra collected at 500 
°C. The RGB spectral elemental maps collected for the NiCo sample at 750 °C displays 
the formation of a segregated structure with a Ni-rich surface and NiCo alloy center 
(Figure 4c). This observation is consistent with our previous study (Chapter 2, [15]). In 
contrast to the NiCo, for NiFe catalyst, the nickel appears to prefer the formation of a 
spherical geometry while the iron has a not well-defined shape and is attached to the 
nickel particle and shows no sign of a segregated structure (Figure 4f).     
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Figure 5: a) Ni L3-edge XAS spectra of the NiCoO/g-Al2O3 particle collected under ambient, reducing, 
and DMR conditions. b) Co L3-edge XAS spectra of the NiCoO/g-Al2O3 particle collected under ambient, 
reducing and DMR conditions.  
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Figure 6: a) Ni L3-edge XAS spectra of the NiFeO/g-Al2O3 particle collected under ambient, reduction, 
and DMR conditions. b) Fe L3-edge XAS spectra of the NiFeO/g-Al2O3 particle collected under ambient, 
reducing, and DMR conditions.  
 
Finally, upon exposing the reduced NiCo DMR catalysts to DMR conditions (7% CH4, 
9.5% CO2 diluted in N2) the Ni and Co L3-edges remain analogous to the spectra of the 
fully reduced samples and confirms the presence and the significance of the metallic Co 
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and Ni for the DMR process (Figure 5-red). The RGB elemental composition maps for the 
NiCo particle under DMR conditions (Figure 7b) displays a rather less homogeneous Ni 
distribution for certain regions on the surface. This is in agreement with the results from 
our previous study which illustrated that following the DMR reaction, the Ni-rich outer 
shell has been fractured by forming Ni-rich branches. On the other hand, for the NiFeO 
the morphology of the particles and elemental distributions are altered after exposure to 
DMR conditions (Figure 7d and SI. 13). Moreover, based on the Ni and Fe L3-edges of 
the NiFeO sample it is evident that after exposure to the DMR conditions for 45 minutes, 
the Ni remains fully reduced whereas the Fe is slightly oxidized (Figure 6). This 
observation is consistent with the study of Kim et al. where it was shown that under 
reforming conditions the Fe partially oxidizes to FeO [16]. Finally, Figure SI. 20 reveals 
that the morphology of the NiO /g-Al2O3 particles also changes after exposure to DMR 
conditions. These data illustrate that the size of the Ni particles has increased which 
might be attributed to coke formation of the particle surface.  
 
We believe that the formation of Ni-rich branches for the NiCoO catalyst under DMR 
conditions is directly related to catalyst deactivation. This is consistent with the study of 
Takanabe et al. where is was shown that pure Ni surfaces suffer from coking due to the 
low oxophilicity of Ni [39].  
 

 
Figure 7: RGB elemental composition maps of the NiCoO/g-Al2O3 and NiFeO/g-Al2O3 DMR catalyst a,c) 
after being exposed to reduction conditions at 750 °C under 5%H2 in Ar flow. b,d) after exposing the 
NiCoO/g-Al2O3 and NiFeO/g-Al2O3 DMR catalyst to DMR conditions for 120 minutes and 45 minutes 
respectively. 
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4.3 Conclusions 
DMR activity data displayed a superior activity for the NiCoO/g-Al2O3 catalysts when 
compared to either the NiO/g-Al2O3 and NiFeO/g-Al2O3 catalysts. Both STEM-EDX and 
STXM elemental maps for the freshly calcined catalysts verified an inhomogeneous 
distribution of Ni, Co in NiCoO and Fe in NiFeO on the γ-Al2O3 support. In contrast, Ni 
in the NiFeO catalyst shows a rather homogeneous dispersion on the particles. TPR data 
illustrated that in contrast to the Co in the NiCoO, Fe in the NiFeO is promoting the 
reduction of Ni oxides at relatively lower temperatures. Further, for the NiCo catalyst, 
the formation of a segregated structure with Co migrating to the center of the particle and 
the formation of a nickel rich surface was evident under activation/reduction conditions. 
Based on the in-situ STXM spectral elemental maps, this structure was also largely 
conserved during DMR reaction. Interestingly, for the NiFe system the formation of the 
segregated structure during activation was not encountered. In-situ STXM data for the 
NiFe displayed the formation of spherical Ni and Fe particles during the 
activation/reduction process and was maintained under DMR conditions. 
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Figure SI. 1 

 
Figure SI. 1: a, b) Overview STEM image of the calcined NiCoO/g-Al2O3 DMR catalyst. Both images 
illustrate that the catalyst is made of small particles that have coalesced and formed large agglomerates. 
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Figure SI. 2 
 

 
Figure SI. 2: a) Overview STEM image of the calcined NiFeO/g-Al2O3 DMR catalyst. This highlighted 
areas on the surface of this sample illustrate that most likely iron is located on the outer surface of the 
particles. b) The synthesised particles tend to form large agglomerates after the synthesis step. 
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Figure SI. 3 
 

  
Figure SI. 3: a,b) Bulk EDX measurement for the NiCoO/g-Al2O3 and NiFeO/g-Al2O3 samples. These result 
show that the Ni:Co and Ni:Fe in the related samples corresponds to approx. 9.2:1.1 and 8.7:0.16.  
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Table SI. 1 
 NiO NiCoO NiFeO 

CH4 Conversion (%) 46 79 69 

CO2 Conversion (%) 44 71 64 

H2 Yield (%) 39 70 59 

CO Yield (%) 44 73 66 

H2O Yield (%) 5 9 9 
 
Table SI. 1: Conversion/Yield values for the NiO/g-Al2O3, NiCoO/g-Al2O3 and NiFeO/g-Al2O3 catalysts 
collected after exposure to DMR conditions for 15 hours. 

 
 
Figure SI. 4 

 
Figure SI. 4: Adsorption and Desorption isotherms for the a) NiO/g-Al2O3 b) NiCoO/g-Al2O3 and c) 
NiFeO/g-Al2O3 DMR catalysts. 
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Table SI. 2 
 
 NiO/γ-Al2O3 NiCoO/γ-Al2O3 NiFeO/γ-Al2O3 

Vm (cm3 (STP) g-1) 34.74 37.06 38.01 

As,BET (m2 g-1) 185.36 161.30 165.71 

C 109.6 121.29 117.33 

Total Pore Volume (cm3 g-1) 0.40 0.42 0.43 

Average pore diameter (nm) 10.51 10.50 10.40 
 
Table SI. 2: BET surface area and porosity data collected for the NiO/g-Al2O3, NiCoO/g-Al2O3 and 
NiFeO/g-Al2O3 DMR catalysts. 

 
Figure SI. 5 
 

 
Figure SI. 5: Spectral elemental maps of Ni and Co for the calcined NiCoO/g-Al2O3 particle. 
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Figure SI. 6 
 

 
Figure SI. 6: Spectral elemental maps of Ni and Co for the NiCoO/g-Al2O3 particle reduced at 500 °C. 

 
Figure SI. 7 
 

 
Figure SI. 7: Spectral elemental maps of Ni and Co for the NiCoO/g-Al2O3 particle reduced at 750 °C. 
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Figure SI. 8 
 

  
Figure SI. 8: Spectral elemental maps of Ni and Co for the NiCoO/g-Al2O3 particle after exposure to 
DMR condition for 1 minute. 

 
Figure SI. 9 

 
Figure SI. 9: Spectral elemental maps of Ni and Co for the NiCoO/g-Al2O3 particle after exposure to 
DMR condition for 120 minutes. 
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Figure SI. 10 

 
Figure SI. 10: Spectral elemental maps of Ni and Fe for the calcined NiFeO/g-Al2O3 particle. 

 
Figure SI. 11 

 

 
Figure SI. 11: Spectral elemental maps of Ni and Fe for the NiFeO/g-Al2O3 particle reduced at 500 °C. 
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Figure SI. 12 

 
Figure SI. 12: Spectral elemental maps of Ni and Fe for the NiFeO/g-Al2O3 particle reduced at 750 °C. 

 
Figure SI. 13 

 

 
Figure SI. 13: Spectral elemental maps of Ni and Fe for the NiFeO/g-Al2O3 particle after exposure to 
DMR condition for 45 minutes. 
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Figure SI. 14 

 
Figure SI. 14: Spectral elemental map of Ni for the calcined NiO/g-Al2O3 particle. 
 

Figure SI. 15 

 
Figure SI. 15: Spectral elemental map of Ni for the NiO/g-Al2O3 particle reduced at 150 °C. 

 
Figure SI. 16 

 
Figure SI. 16: Spectral elemental map of Ni for the NiO/g-Al2O3 particle reduced at 300 °C. 
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Figure SI. 17 

 
Figure SI. 17: Spectral elemental map of Ni for the NiO/g-Al2O3 particle reduced at 450 °C. 

 
Figure SI. 18 

 
Figure SI. 18: Spectral elemental map of Ni for the NiO/g-Al2O3 particle reduced at 750 °C. 

 

Figure SI 19 
 

 
Figure SI. 19: Spectral elemental map of Ni for the NiO/g-Al2O3 particle after exposure to DMR 
condition for 1 minute. 
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Figure SI 20 

 
Figure SI. 20: Spectral elemental map of Ni for the NiO/g-Al2O3 particle after exposure to DMR 
condition for 120 minutes. 
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Conclusions 
 
In literature various studies have already demonstrated the huge potential of Ni-based 
catalysts as promising candidates for the DMR process. Although there have been 
multiple attempts to unravel the role of transition metals on the DMR catalysts and 
identify the catalytic active sites, there are still inconsistencies regarding the electronic 
structure and particle morphology under reductive activation and DMR conditions. 
Further, a direct correlation between the elemental distribution, electronic structure and 
particle morphology is missing which is crucial in understanding the role of transition 
metals. Only a limited number of studies have endeavored to study the properties of 
DMR catalysts under reaction conditions. Therefore, in this PhD thesis the monometallic 
NiO/g-Al2O3 and bimetallic NiCoO/g-Al2O3, NiFeO/g-Al2O3 were studied by a 
combination of STEM-EDX, TPR, DMR activity tests, XRD, in-situ STXM, in-situ XES and 
HERFD XAS. 
 
With NiCoO being the most frequently studied bimetallic DMR catalyst we mainly used 
in-situ STXM in Chapter 2 to expose the electronic structure (of Ni and Co) and 
morphology of this catalysts. By means of the modified reverse micellar method, we were 
able to successfully synthesize the NiCoO/g-Al2O3 DMR catalysts. This method allowed 
the synthesis of catalysts with the desired elemental ratios and tailored particle size. In 
this chapter, STEM-EDX data illustrated that both nickel and cobalt are not 
homogeneously distributed through the sample. Next, TPR profiles highlighted the full 
reduction of Ni and Co oxides at 500 °C. Activity tests indicated a very high activity for 
the NiCoO catalysts which was found to be similar to previously reported systems. In-
situ STXM measurements showed that the calcined particles exhibit an inhomogeneous 
distribution of Ni and Co which is consistent with STEM-EDX data. Furthermore, under 
reductive activation at 500 °C, the formation of voids in the particles was evident. This 
was assigned to oxygen elimination from the crystal structure. During the reductive 
activation step at 750 °C a clear elemental segregation was observed; with Co migrating 
toward the center of the agglomerated nanoparticles and Ni forming a Ni-rich shell on 
the surface of the particle. The more significant finding was the conservation of the 
segregated structure under DMR conditions, thus suggesting that Ni is the primary active 
site, while the more readily oxidized Co may serve as an electron donor to Ni during 
catalysis. Finally, following the exposure to DMR conditions for 120 minutes Ni-rich 
branches at the surface of the particles were formed, hence leading to gradual catalyst 
deactivation. 
 
The experiments presented in Chapter 2 focused on understanding the changes in both 
the particle morphology, elemental distributions as well as electronic structure, of Ni and 
Co in NiCoO particles under reductive activation and DMR reaction conditions. 
However, a direct comparison with the monometallic NiO/g-Al2O3 catalyst was not 
made. Therefore, in Chapter 3 the structural and electronic properties of NiO/g-Al2O3 
and NiCoO/g-Al2O3 DMR catalysts were studied by using STEM-EDX, TPR, DMR activity 
tests, in-situ Kβ1,3 XES and HERFD XAS. Firstly, DMR activity tests revealed a significantly 
higher activity for the bimetallic NiCoO if compared to the monometallic NiO catalyst. 
Next, in-situ kβ-detected XES spectra for the calcined DMR catalysts showed subtle 
differences in the Ni Kβ mainline spectral shape and positions which were assigned to 
subtle variations in the Ni-site symmetry and/or covalency. More specifically, Ni in the 
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calcined samples was identified as a NiO-like compound with a distorted cubic structure, 
whereas Co in NiCoO was determined as a Co3O4. Based on both Ni Kβ XES and HERFD 
spectra it was shown that the presence of Co in the NiCoO sample increased the 
reduction temperature of the Ni-site under reductive activation conditions when 
compared to the monometallic NiO catalysts. Moreover, following the reduction of the 
NiCoO catalyst at 300 °C, intermediate Ni species with a distinct structure and electronic 
state ware formed. At 600 °C the metal oxides in both catalysts were fully reduced to the 
metallic phase. An important finding is the stability of both the metallic Co/Ni in the 
NiCoO and Ni in the NiO of the following the exposure to DMR conditions. These results 
are in agreement with data from Chapter 2 which revealed the significance of the metallic 
Ni and Co for the DMR reaction.  
 
In Chapter 4 the effect of Fe and Co on the activation of the Ni-site, catalyst activity, 
stability and catalyst morphology was presented. Hereby the changes in the electronic 
structure and morphology of monometallic (NiO) and bimetallic (NiCoO and NiFeO) 
DMR catalysts under reaction conditions was determined. Activity tests revealed that 
both NiCoO and NiFeO have superior activity when compared to the NiO. Furthermore, 
STEM-EDX and in-situ STXM experiments confirmed an inhomogeneous Ni and Co 
distribution in the NiCoO and Fe in the NiFeO catalyst particles. On the contrary, the Ni 
in the NiFeO was homogeneously distributed on the γ-Al2O3 support. 
In-situ STXM results reconfirmed the formation of a segregated structure in NiCoO with 
Co migrating to the center of the particle and consequently the formation of a Ni-rich 
surface under reduction conditions. STXM spectral elemental maps showed that the 
segregated structure was conserved during DMR reaction. However, after exposure to 
DMR conditions for 2 hours a higher Ni to Co ratios were observed on certain regions 
which finally lead to the formation of Ni-rich branches. On the contrary, for NiFeO 
sample the formation of a segregated structure was not observed under reduction 
conditions. In-situ STXM results for the NiFe showed the existence of spherical Ni and 
Fe particles during the reduction process. Further, this structure was maintained after 
exposure to DMR conditions for 45 minutes.  
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Outlook 
 
The results from this dissertation clearly illustrate that using a combination of X-ray 
spectroscopy and microscopy allows unraveling the properties of complex materials 
under different reaction conditions. In Chapter 2 the NiCoO/g-Al2O3 catalyst was studied 
with a Ni:Co ratio of 9:1. The synthesis of Ni- and Co oxide samples with different Ni:Co 
ratios is interesting to confirm the formation of a segregated structure. This will help to 
understand the effect of Co concentration on both the particle morphology as well as on 
the activation of the Ni-site during the catalyst activation step. In addition, DMR activity 
tests using the aforementioned samples can reveal the optimum Ni:Co ratio with the 
highest DMR activity. Also, studying the effect of various oxides as support material on 
the dispersion of the active phase and particle morphology during I. catalyst activation 
and II. under DMR conditions is very interesting. In addition, unravelling the effect of 
various support materials on the DMR catalytic activity and stability is crucial to develop 
more effective catalysts. 
Additional carbon K-edge STXM measurements on the NiCoO sample under DMR 
conditions with longer exposure periods is required to understand the carbon deposition 
on the active phase with greater details. The expected results will provide insight on the 
deactivation pathway and also show the areas where carbon is deposited. 
 
Due to the relatively limited available beamtime in Chapter 4 only one NiFeO particle 
was investigated by in-situ STXM. However, for reproducibility reasons it is crucial to 
probe multiple NiFeO particles. This allows us to confirm the formation of spherical 
particles under reduction/activation conditions. 
 
Besides in-situ STXM experiments, additional operando STEM experiments on a new 
developed setup are being conducted. These data guide us in understanding how the 
morphology of the particles are influenced by different reaction conditions. 
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