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Abstract
Catalysis is involved in about 90% of manmade chemicals. The development of novel or
improved catalysts requires fundamental understanding of the commanding steps of a
catalytic reaction. In simple terms, a catalytic transformation depends on the coupling be‐
tween catalyst electronic structure and reagents’ molecular orbitals. Herein, we report a
spectroscopic technique capable of determining the electronic structure of metal contain‐
ing catalysts under working conditions. The technique is called photon-in photon-out Xray spectroscopy and can be employed to characterize materials, unveil substrate
adsorption parameters, and follow changes in electronic structure during catalytic reac‐
tions.
Keywords: Photon-in photon-out X-ray spectroscopy, Electronic structure, Spectroscopy
under working conditions

1. Introduction
Catalysis is a fascinating field located at the edge of a multitude of disciplines and fields.
Spectroscopy dedicated to understanding catalytic phenomenon is among the most active
research areas in field. The ability to visualize a catalytic transformation in real time has lured
scientists due to the technical challenges and the potential for unprecedented understanding.
The importance in accessing fundamental understanding of catalysis was masterfully high‐
lighted in the 2007 report of the US Department of Energy, Basic Energy Sciences Workshop
[1]:[T]o realize the full potential of catalysis for energy applications, scientists must develop a profound
understanding of catalytic transformations so that they can design and build effective catalysts with
atom-by-atom precision and convert reactants to products with molecular precision. Moreover, they
must build tools to make real-time, spatially resolved measurements of operating catalysts. Ultimately,
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scientists must use these tools to achieve a fundamental understanding of catalytic processes occurring
in multiscale, multiphase environments. However, this is applicable for any kind of catalytic
system.
At its most fundamental level, catalysis is directly related to the electronic structure of the
valence shells because they control chemical bond formation/rupture [2]. Several spectros‐
copies can provide information on valence shells but only X-rays do it directly. Hard X-rays
are the epitome of spectroscopic probes because of their great penetration depth, and element
specificity, which enables studies of catalytic states under working conditions [3]. X-ray
photon-in photon-out core level spectroscopy is a powerful tool to understand catalytic
reactions because it enables us to map the entire electronic structure of the catalyst under
catalytic relevant conditions.
In this book chapter, we summarize our latest efforts in the use of synchrotron-based highresolution X-ray spectroscopy to study a plethora of academic and industrial relevant catalytic
systems. We will start by covering in a succinct manner the developments in the field that
allow for the understanding of catalysis in situ/operando and time-resolved, keeping the highenergy resolution and element specificity. This section includes an overview on techniques,
spectrometers, and experimental setups. After that we will describe the studies we carried out
to understand catalysis and materials. Our work spans over three fundamental aspects of
catalysis:
a.

Materials characterization

b.

Molecular adsorption

c.

Study of catalytic reactions under real working conditions (in situ).

Vast majority of the studies were carried out on a dispersive von Hamos-type spectrometer [4];
however, when a higher peak-to-background signal level was necessary the experiments were
carried out with a Johann-type spectrometer [5]. The studies were carried out both in homo‐
geneous and heterogeneous catalytic systems. The latest includes also studies on photocatal‐
ysis.
The future of this spectroscopy concerns its application at the X-ray free electron lasers (XFELs).
The advent of XFELs enabled scientist to achieve the goal of producing a movie of a catalytic
transformation. XFEL light sources are in its beginning but their effect on the field of timeresolved X-ray science will be deep and comprehensive because reactions can be followed not
only in situ but also in real time, this of course if the current limitations in respect to selective
triggering and sample stability are overcome. Quoting Sá & Szlachetko: in a cinematographic
analogy, we have the camera (von Hamos Spectrometer), the film (HEROS), the set (catalytic reactor),
the script (catalytic reaction) and the actors (catalyst and reagent molecules); what is missing is the
director to shout ‘action’ and direct the scenes (pulse shaping), and that the actors do not fall ill (sample
refreshment) [6]. The insights gathered from the high-resolution X-ray spectroscopy provide
deeper understanding of the systems and reactions, which can be used to improve or develop
novel catalysts with enhanced properties.
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2. Photon-in photon-out X-ray spectroscopy: principles and techniques
Unique properties of X-rays provide wide range of applications to study the catalytic materials,
not only in steady-state environment but also more importantly at in situ and material’s
operating conditions. Ability to probe metal-site of catalytic material enclosed in gas or liquid
environment is possible thanks to penetrating properties of X-rays. In the hard X-ray regime
of few keV range, the attenuation length of X-rays is in the order of few thousands of micro‐
metres for low Z materials (like carbon) to few micrometres in lead. Therefore, X-ray spectro‐
scopy provides the depth of probe extensively larger as compared, for example, to electronbased techniques. The second important aspect of X-ray application is the ability to probe both,
lowest unoccupied and highest occupied electronic states of an atom. By tuning the X-ray
energy close to ionization threshold, the interaction of incidence photon with core-electron
leads to electron excitation into unoccupied level above Fermi energy. The fine-tuning of
incidence X-ray energy, nowadays easily possible at any synchrotron source, allows thus for
precise scanning through the available excitation levels, and as a consequence provides
electronic picture of above Fermi electronic states. The photon–electron interaction leading to
the creation of the excited intermediate atomic state, decays radiatively to the final state by
electron transition from higher electronic level into the created core-hole. This decay channel
is accompanied by emission of an X-ray and may be used as probe of occupied electronic states.
Therefore, the combination of X-ray absorption process and following X-ray emission event
allow for obtaining the complete electronic picture, and hence chemical configuration, of
absorbing atom.
In the following, we will discuss the latest developments and trends in X-ray spectroscopy as
applied to study catalytic systems, ranging from steady-state measurements to real-timeresolved studies. The combination of X-ray absorption (XAS) and X-ray emission spectros‐
copies (XES) allowing for resonant X-ray emission spectroscopy (RXES) studies will be
presented along with examples of technical developments allowing to extend RXES method‐
ology into the time domain. Finally, the high-energy resolution off-resonant spectroscopy
(HEROS) will be described in detail. The advantages and disadvantages of HEROS approach
in in situ measurements will be illustrated further on with several practical examples.
2.1. Dispersive-type X-ray emission spectrometers
The high-energy resolution resonant and off-resonant X-ray emission spectroscopy relies on
measurements of incidence and emission X-ray energies and intensities. In order to obtain
meaningful X-ray emission data, the experimental resolution should be of the order of corehole lifetime of probed atomic species. Typically, the core broadening is in the order of subeV up to few eV for K- and L-shells in the X-ray energy range of few keV [7]. The high-energy
resolution of incidence X-rays is provided commonly at any synchrotron source by use of
double-crystal monochromators. For X-ray detection, dedicated X-ray spectrometers are being
developed, with different spectrometer geometries and arrangements depending on particular
needs and goals of experiments. In the present section we focus solely on dispersive-type
spectrometer because of its particular parameters and operating characteristics.
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In comparison to other spectrometer solutions employed at synchrotron beamlines [5, 8] that
use two-dimensional focusing,
the dispersive-type spectrometer employs
only one-dimen‐
‐
‐
sional focusing of X-rays. Dispersive-spectrometers are characterized by lower detection
efficiency in comparison to, for example, spectrometers working in Johann geometry. On the
other hand, the dispersive-spectrometer geometry allows for measurements of X-ray emission
spectra in dispersive-mode, which enables detection of X-ray emission in a wide range of
energies (few tens to few hundreds of eV) without any scanning elements during measure‐
ment. For the experiments ‐requesting short acquisition times, the dispersive-spectrometer
geometry may be thus regarded as optimal solution.

Figure 1. (Left) Schematic representation of von Hamos spectrometer geometry (Reprinted with permission from [4].
Copyright (2012), American Institute of Physics). (Right) Schematic view of the geometrical setup used in Johansson
geometry (Reprinted with permission from [9]. Copyright (2012), American Institute of Physics)

There are two common geometries allowing for spectrometer setup in dispersive mode:
Johannson-type [10] and von Hamos-type [11]. Schematic representation of von Hamos
geometry is shown in Figure 1 (left) [4]. In such arrangement, the X-ray fluorescence from the
sample is dispersed on cylindrically bent crystal. The dispersion axis and therefore energy
‐ of the crystal/detector along dispersion
range covered ‐by the setup is limited by the length
axis. One-dimensional bending of the crystal aims at increasing the efficiency of the setup, as
‐
compared to flat crystal geometry, by focusing the diffracted X-rays onto the detector plane.
The von Hamos setup provides good energy resolution being often below 1eV at relatively
large Bragg angles. The Bragg angle domain is changed by linear displacement of the crystal
and detector along dispersion axis, where the detector distance from the sample is always twice
that of the crystal. Because of linear motions of the crystal/detector, the von Hamos spectrom‐
eter allows for flexible arrangements around the sample environment. Moreover, because of
application of short curvature radiuses without loss on energy resolution, the spectrometer
requires relatively small space for operation. Finally, the spectrometer geometry can be easily
extended into multicrystal operation allowing for enhanced spectrometer efficiency or
measurements of multiple X-ray emission lines [12].
In Johannson geometry, schematically shown in Figure 1 (right), the X-ray fluorescence from
the sample is diffracted by cylindrically bent crystal; however, unlike in von Hamos geometry,
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the crystal curvature is positioned in dispersive axis. For Johannson geometry, the Bragg angle
planes are not parallel to the crystal surface and therefore the energy broadening at lower
Bragg angles is eliminated. Thanks to this, a wider Bragg angle range may be applied at highenergy resolution of the spectrometer. As a consequence, only few diffraction crystals are
necessary to operate the spectrometer over broad energy range. By operating the Johannson
spectrometer in the off-Rowland geometry the X-ray emission spectrum over certain band‐
width is measured, which is given by the detector length along dispersion axis. The drawback
of off-Rowland setup is that only small part of the crystal contributes to the X-ray diffraction
at one energy channel; however, this efficiency loss is somehow compensated by recording
entire X-ray emission spectrum without scanning components.
Both spectrometers, von Hamos and Johannson types, yield absolute energy resolution
significantly below the lifetime of characteristic emission lines, being crucial for detailed
analysis of spectral features. The provided dispersive type of detection can be exploited to
record time-resolved off-resonant, resonant and nonresonant X-ray emission studies. Because
of ability of performing quick acquisitions of X-ray emission spectra, the spectrometers may
be applied for in-situ spectroscopic studies of dynamic systems.
2.2. Kβ and valence-to-core RXES
The method of resonant emission X-ray scattering (RXES) is recognized as one of the most
sensitive measurement techniques that allows the detection of very small changes in the
electronic structure of studied element [13]. The method is based on X-ray scattering process
in which the core electron is excited to unoccupied electronic states above Fermi level, and
simultaneous detection of X-ray emission accompanied by atomic decay from intermediate to
final state. By the monitoring of X-ray intensity and X-ray emission shape analysis, the detailed
information on the electronic structure may be retrieved.
As an example, in Figure 2 we show the Kβ-RXES plane for TiO2 anatase recorded around Ti
K-absorption edge [18,21]. In the experiment, the incidence X-ray energy was tuned around
4968–4992eV range allowing probing by 1s electron the lowest unoccupied electronic states.
Simultaneously, the Kβ and valence-to-core decay channels were measured by means of
dispersive-type von Hamos spectrometer. The relatively large range of spectrometer crystal
along dispersive axis, allowed to probe both Kβ and valence-to-core transition at once, so that
only the incident beam energy had to be scanned to record the full RXES plane.
The measured RXES map exhibits several features depending on excitation and emission Xray energy. The first X-ray emission signal appears at incidence X-ray energy of around 4968
eV. This weak pre-edge feature corresponds to the 1s-3d-like excitation and extends up to the
excitation energy of 4974eV. The s→d types of electron excitations are quadrupole transitions
that are characterized by relatively small excitation probability as compared to dipole excita‐
tions, which are commonly examined by RXES. However, as shown with the help of theoretical
calculations, because of the strong d→p hybridization in TiO2 compound, the 1s→3d excitation
is characterized by a relatively high excitation probability. RXES measurements using transi‐
tions from higher electronic states (i.e., 3p→1s) proved to be extremely sensitive to determine
the nature of the lowest unoccupied 3d states of Ti. With the excitation of an electron from a
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1s shell to a 3d-localized state, excited electron interacts with the 3p electron, resulting in a
shift of 3p→1s emission line by 1.8 eV to lower energies due to the electron–electron interaction
effect. This effect can be seen in RXES plane in Figure J1 for lowest excitation energy of 4968eV.
However, if the 3d excitation state is delocalized, the electron–electron interaction is negligible
and shift of 3p→1s emission is thus not observed for pre-edge features at excitation energies
above 4970eV. The Kβ and valence-to-core RXES measurements give unique opportunity to
investigate simultaneously lowest unoccupied and highest occupied electronic states by X-ray
absorption and X-ray emission spectral projections (see for details [18, 21]). We shall discuss
shortly here the possibility of determining the absolute value of the energy band gap as well
as possibility to employ RIXS measurements in cases where the commonly used optical
methods are insufficient (i.e., in the case of “dark-samples” or samples containing so-called
color-centers). The results obtained to date suggest that determination of the absolute band
gap energy by Kβ-RIXS may be difficult due to interactions of the core excited electron with
3d valence electrons as well as because of the effects of core-hole shielding. Both processes can
induce a small, but not negligible, change to the electron levels before Ti atom decays to its
final state. However, the obtained Kβ-RIXS results based on comparison experimental RXES
spectra of rutile and anatase TiO2 structures suggest that the relative change in the band gap
energy can be determined and examined to a high precision.

Figure 2. Kβ-RXES plane of TiO2 anatase measured for Ti around K-absorption edge. The main detected spectroscopic
features are labeled on the RXES plane. On top, the nonresonant Kβ and valence-to-core X-ray emission spectrum is
shown, which was recorded for incidence X-ray energies above K-shell ionization threshold. (From [18] - Reproduced
by permission of The Royal Society of Chemistry)
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2.3. Time-resolved RXES
The use of X-ray spectroscopic methods for measuring a high time resolution data is limited
by several technical factors. RXES measurements, employing two-dimensional focusing
crystals, requires scanning of both incidence and emission X-ray energy. Therefore, the RXES
method, despite the exceptional sensitivity of the measurement, could be applied only in
experiments in which the sample was kept in a steady-state chemical equilibrium. The use of
dispersive-type spectrometer for RXES spectroscopy significantly reduces the measurement
time due to the dispersive type of detection of X-rays emitted from the sample. In such
experimental configuration, the measurement time is determined only by the speed of the
scanning incidence X-ray beam energy, which at present synchrotrons may be in the order of
a several seconds [42, 43]. The acquisition time is an important aspect in the study of irreversible
processes in which repeating the experiment at the same chemical conditions is very difficult
or sometimes even impossible, for example, because of the small amount of available sample.

Figure 3. a) Scheme showing RXES process in gold. b) Experimental setup employed for in situ RXES spectroscopy. c)
Series of RXES planes measured during the experiment (time-resolved RXES) together with schematic description of
data analysis using genetic algorithm. (Reprinted with permission from [43] Copyright (2014) American Chemical So‐
ciety)

As an example, we briefly discuss the aspect of time resolution in RIXS measurements by
employing dispersive spectrometer to study the local electronic structure of Au in the tem‐
perature-programmed reduction (TPR) of Au2O3 gold oxide. During the measurements, the
gold oxide Au2O3 was maintained under H2 atmosphere and at the same time heated contin‐
uously at a rate of about 5OC per minute in the range from 20OC to 300OC. Schematic description
of the experimental setup is shown in Figure 3, together with evolution of experimental time-
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resolved RXES spectra. RXES experiment, employing excitation from 2p3/2 to 5d and following
decay transition from 3d3/2 to 2p3/2 final state, showed a change in electronic valence configu‐
ration of Au from 5d86s0 to 5d106s1, corresponding to gold oxide Au2O3 reduction to the metallic
form Au0 at temperatures above 150OC. However, as stressed in [43], thanks to obtained time
resolution of RXES acquisition, the transitional forms of Au in the configuration of 5d106s0 and
corresponding to the formation of gold (I) oxide (i.e., Au2O) were registered. The result was
surprising, because the Au2O compound is unstable and is quickly reducing to a form of Au0.
On the basis of RIXS measurements and by using analysis based on genetic algorithm, it was
possible to determine the structure of 5d electronic states, as well as to determine the Au2O
crystallographic structure. The experimental results were examined with density functional
theory (DFT) calculations, confirming the two-stage reduction process of Au2O3. The applica‐
tion of the RXES technique with high temporal resolution has been the key to obtain the
described results. The time-resolved RXES enabled for the first time to investigate the structure
of the unstable gold (I) oxide.
2.4. High energy resolution off-resonant spectroscopy
In many synchrotron studies of chemical processes the experiments are artificially slowed
down in order to obtain good quality experimental data. The time limit, of the order of several
seconds, drawn by the need of scanning the incident X-ray energy, was still a major constraint
to study the electronic state of matter under working conditions as well as main restriction in
ability to follow individual reaction steps. The idea for solving these technical problems was
the application of off-resonant X-ray scattering, a process of photon–atom interaction for
excitation energies being set below an absorption threshold [14]. The concept of using offresonant X-ray scattering process dates back to 1982, when based on the Kramers-Heisenberg
theory, J. Tulkki and T. Åberg developed simplified differential equations describing the
interaction of photons with the atom [15]. In this theoretical study they found that for the
incidence X-ray beam energy tuned below the absorption edge of an atom, the shape of the Xray emission spectrum (XES) is proportional to the density of unoccupied electronic states, i.e.,
equivalent to X-ray absorption. However, the potential and possibilities of determining the
electronic structure from the X-ray emission spectra at off-resonant conditions has not been
extensively studied due to its very low cross section.

Figure 4. Schematic representation and energy level drawing for an off-resonant scattering process (left). On right we
plot HEROS-XES for the 3d5/2-2p3/2 transition of a Pt foil recorded at excitation energy of 11537eV. The reconstructed
HEROS-XAS spectrum using Kramers-Heisenberg formalism is also plotted and compared to conventional total fluo‐
rescence yield XAS. (Adapted from [61] - Reproduced by permission of The Royal Society of Chemistry)
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Correspondence of off-resonant scattering and X-ray absorption processes can be derived
starting with simplified cross-section formulas describing photon–atom interaction in vicinity
of ionization threshold. Within the Kramers-Heisenberg approach, the differential cross
sections for resonant X-ray scattering can be expressed as follows [15] (Eq. 1):
ds (w1 )
dw2

= 2p r02 ò

w2
w1

(w - w ) g (w - w ) dg
i

f

fi

i

dw

(wi + w - w1 )

2

Γ2
+ i2
4h

Γf

i

2h

(w

1

)
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dw

Γ 2f
4h2

where r02 is the classical electron radius. The energies of the initial and final states are repre‐
sented by ℏωi and ℏωf, whereas ℏω1 and ℏω2 are the incoming and outgoing photon energies,
respectively. The initial and final state broadenings are given by Γi and Γf. The gfi stands for
the oscillator strength of the X-ray transition from the final to initial vacancy state, and the
dgi/dω represents the oscillator strength distribution for electron excitation.
The second term in Eq. 1 ensures the energy conservation given by ω=ω1-ωf-ω2 and accounts
for the final state broadening (Γf). By neglecting the final state width, the second term of Eq.
1 can be replaced by the Dirac delta function (Eq. 2):
ds (w1 )
dw2

= 2p r02 ò

(

)

w2 wi - w f g fi (wi - w ) dgi / dw
d w1 - w f - w - w2 dw
w1 (w + w - w )2 + Γ 2 / 4 h 2
i
1
i

(

)

For the off-resonant excitations the oscillator strength distribution (dgi/dω) is directly propor‐
tional to the X-ray absorption spectrum (XAS). Therefore, the shape of the X-ray emission
spectrum (XES), which is proportional to the differential cross sections, can be described as
follows (Eq. 3):
XES ( E2 ) = ò

(

)

E2 Ei - E f ( Ei - E ) XAS ( E )
d E1 - E f - E - E2 dE
E1 ( E + E - E )2 + Γ 2 / 4
1
i
i

(

)

the above equation the constants were omitted and frequencies replaced by E according to ω=E/
ℏ. By keeping E1-Ef-E- E2=0, Eq. 3 can be represented analytically for XAS(E) solution (Eq. 4):

(

)

2

Ei - E f - E2 + Γi2 / 4
E1
XAS ( E ) =
XES ( E2 )
E2 Ei - E f Ei - E f + E1 - E2

(

)(

)

This simplified formula provides the XAS(E) function that can be analytically solved for any
measured XES(E2). We should note that Eq. 4 is valid only at condition where E1<<Ei, i.e., the
measured off-resonant spectrum is free of any resonant features. Typically, the detuning of
excitation energy should be as large as 5 x Γi. The final state broadening (Γf), the incoming beam
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energy distribution, and the resolution of the X-ray spectrometer are not considered in this
equation. Therefore, the derived HEROS-XAS curves will be broadened by these three
contributions.
By combining the aspects of off-resonant scattering, high energy and dispersion-type of
detection to the measurements of unoccupied electronic states a high energy resolution offresonant spectroscopy has been established. The proposed method does not require any
scanning optical elements during the measurement, and therefore allows for X-ray spectro‐
scopy measurements at timescales unattainable to XAS or RXES techniques [61, 64, 65, 16].
Figure 4 demonstrates the principle of HEROS. The Lα1 X-ray emission (3d5/2 - 2p3/2 transition)
of a Pt foil was recorded at a fixed incident X-ray beam energy tuned below the L3 absorption
edge. The off-resonant X-ray emission was recorded by means of von Hamos spectrometer
that allowed to cover over 60eV energy range at fixed optical arrangement. The corresponding
HEROS-XAS spectrum was reconstructed using the measured X-ray emission spectrum and
Eqs. 1–4. The HEROS-XAS spectrum (open circles) is compared to the X-ray absorption
spectrum (filled orange area) that was recorded by means of total fluorescence yield (TFY). We
should stress here, that the derived HEROS-XAS spectrum exhibited more detailed informa‐
tion than the conventional XAS spectrum, due to the removal of the initial state broadening.
The result implies that the HEROS-XES exhibits the same information as high-energy resolu‐
tion XAS. Moreover, the HEROS experiment is performed at a fixed optical arrangement,
meaning acquisition time resolution is simply controlled by experimental efficiency, not by
the speed of scanning the incident energy axis. Finally, as recently demonstrated, the HEROS
spectra are free of self-absorption effects [63]. Self-absorption belongs to one of the phenomena
disturbing the absorption measurements [17] and leads to a modification of the shape of the
measured absorption spectrum, visible in particular in the case of samples having high
concentrations of the studied element. There are several methods, both computational and
experimental, that allow minimizing the effects of self-absorption in the experimental spectra,
but until now there was no spectroscopic method allowing direct measurement of the XAS
spectra that does not contain the effect of self-absorption. No effect of self-absorption in the
HEROS measurement is explained by a fixed experimental geometry (i.e., no scanning optical
elements during measurements), allowing for the acquisition of spectra at fixed both incident
beam and emission energies. Therefore, the HEROS method could be used not only for
measurements requiring a high time resolution, but also in the experiments, where the exact
knowledge of the electronic structure is essential for the chemical speciation or theoretical
calculations.

3. Case studies
3.1. Materials’ characterization
Photocatalytic properties are intimately related to the electronic structure of the employed
semiconductors. They determine materials’ optical properties and to a large extent surface
reactivity. RXES measurements can determine the electronic structure of conduction band
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(XAS) and valence band (v2c-XES). To demonstrate RXES abilities, we determined the
electronic structure of N-doped TiO2 [18]. TiO2 is the most used photocatalyst, and N-doping
is often used to change its band gap in order for the material to absorb in the visible range.
In the case of photocatalysts, and more specifically on N-doped TiO2, the fundamental aspects
for a high-performing material are: decent overlap between N and O orbitals (synergy effect),
and dense and wide orbital levels in the conduction band (charge mobility). The first aspect
defines how well-mixed the doped system is, a key parameter toward achieving the desired
synergetic effect and visible light absorption. In the worst case scenario, the resultant material
is composed of a solid solution of two different materials, namely, TiO2 and TiN. The second
aspect refers to charge mobility, which in the case of TiO2 like any other semiconductor occurs
via charge particles carriers trapping and detrapping mechanism [19]. Therefore, charge
mobility depends on the number of available orbital levels (sub-bands) in the conduction and
valence band and spacing between them.

Figure 5. Schematic representation of combined theory and experimental approach for the design of improved doped
semiconductors. (Reproduced from elsewhere [18] with permission)

By combining RXES measured at Ti K-edge and FEFF calculations [20], we were able to
determine the electronic structure of conduction band (XAS) and valence band (valence-tocore X-ray emission spectroscopy (v2c-XES). Figure 5 represents schematically the procedure
to attain information about semiconductor electronic structure.
Figure 6 shows the effect of substitutional N-doping of TiO2. Starting with pristine TiO2, the
XAS (conduction band) is constituted primarily of Ti-d empty states. The two peaks in the
spectrum relates to the octahedral crystal field separation of the d-orbitals. The lowest energy
peak is associated to the t2g orbitals and the highest to eg orbitals. The valence band (v2c-XES)
is composed of O-2p and occupied Ti-d states. The valence edge is composed entirely of oxygen
orbitals. However, the states are well-hybridized, thus one cannot state that electrons excited
from valence edge are from oxygen. Rather, one can state that they were located in the oxygen
orbitals at the time of the excitation.

13

14

Advanced Catalytic Materials - Photocatalysis and Other Current Trends

Figure 6. Electronic band structure of TiO2 and TiN. (Top) Valence and conduction band electronic states extracted
from measured RIXS plane. (Below) Calculated Ti, O, and N DOS for TiO2, TiN, and TiO2-xNx, where x amounts to 2%
N-dopant level. (Reproduced from elsewhere [18] with permission)

The addition of N led to a shift of the valence edge to higher energy, i.e., reduction of semi‐
conductor band gap. The shift is due to the appearance of N-2p orbitals that are strongly
hybridized with O-2p orbitals. However, too much N-doping results in the formation of TiN
and consequent coloring in the sample, but according to the electronics of the materials, TiN
could not work as a sensitizer. Plus, it is known that TiN has no catalytic activity and thus
might decrease activity by blocking and/or reducing surface sites.
By confirming RXES measurements with FEFF calculations, we derived an elegant and costeffective strategy for the rational design of novel materials used in the conversion of solar
energy into chemical bonds. Together, one is able to map the material electronic structure with
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high precision, requiring a very limited amount of sample (experimental work) or none
(theory). The technique can be applied to other materials in all the forms they are normally
found, namely nanopowders, and thin-films forms [21].
3.2. Molecular adsorption
Reagents’ adsorption is the initial step of any catalytic reaction, and the interaction between
reactants and active site is governed by the electronic structure of the catalyst, which deter‐
mines adsorption strength and geometry [2]. Thus, modification of the active site electronic
structure alters reactant adsorption parameters. It is therefore crucial to attain information
about adsorption parameters, preferentially under relevant conditions. Surface science studies
and theoretical calculations provided over the years a platform to acquire information about
these parameters under model conditions, and idealized surfaces. However, this valuable
information is difficult to correlate with reactions carried out in liquid phase and/or pressure.
Catalytic hydrogenations with molecular H2 are unquestionably the workhorse of catalytic
organic synthesis. The synthetic capacity of catalytic hydrogenation is superbly condensed in
Rylander’s following quotation [22]: Catalytic hydrogenation is one of the most useful and versatile
tools available to the organic chemist. The scope of the reaction is very broad; most functional groups
can be made to undergo reduction, frequently in high yield, to any of several products. Multifunctional
molecules can often be reduced selectively at any of several functions. A high degree of stereochemical
control is possible with considerable predictability, and products free of contaminating reagents are
obtained easily. Most of the above comments apply to heterogeneous catalytic hydrogenations
over supported Group VIII metals [23].
Alternatively to molecular hydrogen, hydrogen donors such as isopropanol or formic acid can
be applied in transfer hydrogenations but they generate unwanted side products. Several
important inventions have been accomplished in the last 150 years, such as the application of
highly dispersed metals, e.g., nickel, in the hydrogenation of organic compounds [24], selective
semi-hydrogenation of C≡C-bonds in the presence of Pd-Pb/CaCO3 catalysts (Lindlar catalyst)
[25], and more recently asymmetric hydrogenations [26], pioneered by Knowles and Noyori
for which they received in 2001 the Nobel Prize in Chemistry. Catalytic hydrogenations can
be carried out in a variety of ways, namely liquid or gas phase, and in batch-wise or continuous
mode.
Hydrogenation reactions involving hydrogen dissociation on the metal surface have high
reaction probability on many surface sites: top, bridge, and step sites. For this reason, hydro‐
genation reactions are usually structure-insensitive in respect to hydrogen activation. How‐
ever, the reaction is considered structure-sensitive in respect to the hydrocarbon
hydrogenation. Crespo-Quesada et al. [27] reported that semi-hydrogenation of alkynes
occurred preferentially on terraces, whereas further hydrogenation to the alkane occurred at
the edges. Similarly, Schmidt et al. [28] revealed that in ethyl pyruvate enantioselective
hydrogenation the Pt(111)/Pt(100) ratio controlled reaction rate and enantiomeric excess.
Platinum group metals are highly active hydrogenation catalysts, operating at low tempera‐
tures and H2 pressures. However, their scarcity and high cost intensified the research devoted
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in finding alternative catalysts deprived of noble metals. One should be made aware that fine
chemical industries, such as the ones responsible for the production of vitamins and fragrance,
afford products of medium added value. Accordingly, the use of noble metals and/or sophis‐
ticated ligands is only justified when the turnover number is higher than 1000 or even 10,000
depending on the cost of the target product [29]. Nonprecious metal catalysts, especially those
based on nickel (e.g., Raney nickel [30], Urushibara nickel [31], CENTOPRIME [32] catalysts)
have also been developed as economical alternatives, but they are often less active, requiring
higher temperature and H2 pressure to attain comparable performance.
The chemoselective hydrogenation of C=C and C=O-bonds is extensively used in the prepa‐
ration of pharmaceuticals, fragrances, and vitamins precursors. Common substrates are
unsaturated ketones, aldehydes, or esters, which have to be hydrogenated selectively either at
the C=C or C=O bond depending on their end-use. Palladium and platinum are routinely used
to hydrogenate C=C bonds [33]; however, the systems lose their effectiveness when the
molecule contains several hydrogenable functionalities. Chemoselective hydrogenation of
unsaturated aldehyde, ketones, and esters has been catalyzed over a plethora of 3d transition
metal catalysts [34]. For example, Ni and Cu catalysts were found both active and selective in
the hydrogenation of C=O instead of C=C [35].
As aforementioned, platinum is routinely used in the chemoselective hydrogenation of C=C
and C=O-bonds. Recently, Manyar et al. [36] demonstrated that Pt supported on OMS-2
possesses different affinities in the chemoselective hydrogenation of C=C and C=O-bonds
depending on the substrate used. 5 wt% Pt/OMS-2 (Pt average particle diameter 2 nm)
supported on cryptomelane manganese oxide octahedral molecular sieve provides high
selectivity for the hydrogenation of both ketoisophorone and cinnamaldehyde. However, in
the case of ketoisophorone hydrogenation, 98% of the substrate was hydrogenated to
(6R)-2,2,6-trimethylcyclohexane-1,4-dione (levodione) at 100% conversion, i.e., the catalyst
selective reduced the C=C bond. Whereas in the case of cinnamaldehyde, 80% selectivity for
the reduction of the C=O bond forming cinnamyl alcohol at 100% conversion was found using
the same catalyst. The observed selectivity in the ketoisophorone hydrogenation contrasts with
the expected Pt behavior, which is commonly preferentially to hydrogenate C=O versus C=C
bonds. The expected selectivity was observed when the reaction was performed over 5 wt%
Pt/Al2O3 under the same reaction conditions. A possible explanation for the differences is
different adsorption geometry/strength of the substrates.
The change in the Pt electronic structure following the adsorption of an α, β-unsaturated
aldehyde and ketone was followed by in situ HR-XAS in the liquid phase and the adsorption
strength calculated with Density Functional Theory (DFT) [37]. Probably one of the most
important outcomes of the experiment is that adsorption of a molecule on Pt surface led to an
immediate change in XAS single, i.e., Pt electronic structure. The perceptual change relates to
molecule coverage, which in this case is below 10% (Fig. 7a). All the molecules produced a
Fermi level shift to higher energies, which suggests electronic density donation from Pt to the
adsorbed molecule. Larger energy shifts equates to stronger interactions, and consequently
higher adsorption energy. Thus, from the Fermi energy level shifts measured by Pt L3-edge
HR-XAS, one might interject that cinnamaldehyde has the strongest interaction with Pt
followed by H2 and then ketoisophorone (Fig. 7a).
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Figure 7. (a) Pt L3-edge HR-XAS spectra and 1st derivative (right insert) of Pt/OMS-2 interacting with H2, KIP (ketoiso‐
phorone), and CIN (cinnamaldehyde). The spectra were recorded in situ in 10 mol% methanol in water at 373 K. The
lines are from a least squares fitting procedure. (b) Correlation between the experimentally measure shifts in the HRXAS spectra (Ef) and the calculated adsorption energies via DFT for the Pt(111) (black) and Pt(211) (red) surfaces. (Re‐
produced from elsewhere [37] with permission)

The resulting shift in the Pt Fermi energy, measured at Pt L3-edge, due to adsorption of
molecules was found to be in good agreement with the molecule adsorption energy trends
calculated by DFT, which provided valuable insight into the reaction selectivity (Fig. 7b). It
should be mentioned that the experiments were carried out at 373 K and 10 bar pressure, i.e.,
catalyst working conditions. This was possible due to the development of a homemade cell
comprised of a stainless steel autoclave reactor with window comprising of a polyether ether
ketone (PEEK) insert [38]. The work confirmed that the combination of state-of-the-art
spectroscopy (HR-XAS) and theoretical calculations is a powerful and versatile tool to reveal
differences in adsorption behavior for reactants in the liquid phase under reaction conditions,
with unprecedented resolution and sensitivity.
Carbon monoxide is often used as chemical probe in spectroscopy because it is very sensitive
to the electronic structure of materials. Furthermore, CO is a key reagent in several reactions
such as Fischer-Tropsch, PROX, and catalytic converter catalysis. RXES can accurately resolve
the occupied and unoccupied d-density-of-states (DOS) of Pt after the adsorption of molecules,
including CO [39], under reaction conditions. RXES was found capable of differentiating
between the possible adsorption geometries of CO adsorbed on Pt, namely atop, bridged, and
faced-bridging [40], making it the ideal tool to determine the changes in adsorption geometry
caused by an external effect.
RXES measured at Pt L3-edge was used to determine the changes in CO oxidation over
platinum sites induced by a magnetic field [41]. CO molecules adsorbed on nonmagnetic Pt
nanoparticles supported on a carbon capped Co magnetic nanocore on atop position in the
absence of a magnetic field, as expected. Under magnetic field, part of the atop CO changed
to the bridged position (Fig. 8), which is a nonreactive state. This result indicates that catalytic
activity can be modified by the presence of a magnetic field even if the active site is not
magnetic. This opens other potential applications such as molecular displacement on auto-
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Figure 8. Pt L3M5 Δ-RXES due to the presence of a 50 mT magnetic field on Pt on Co with adsorbed CO (field OFF–field
ON). (Left) Experimental map differences measured in situ. (Right) Calculated map differences. (Reproduced from else‐
where [41] with permission)

poisoning reactions, characterized by poisoning of reagents, products, and/or trace contami‐
nates that cannot be removed or avoided. For example, hydrogen fuel cells are vulnerable to
CO poisoning because CO binds strongly to platinum averting hydrogen adsorption, deterring
commercial application. By changing adsorption from atop to bridge, CO adsorption strength
decreases by ca. 0.1 eV, enabling its removal at lower temperature.
3.3. Study of catalytic reactions under real working conditions (in situ)
Determination of metal oxidation states under relevant working conditions is crucial to
understanding catalytic behavior. Temperature-programmed reduction (TPR) is often used to
determine the temperature at which the catalyst reduces; however, it fails to determine the
oxidation state of the catalyst at this specific temperature. That information is normally
attained when a spectroscopic measurement is coupled with the TPR. The reduction behavior
of NiO [42] and Au2O3 [43] was determined using a novel approach, namely time-resolved
RXES or 4D RXES. The experimental concept of such experiment is depicted in Figure 9.

Figure 9. Experimental concept for time-resolved RXES measurements. (Reproduced from elsewhere [42] with permis‐
sion)

X-Ray Spectroscopy — The Driving Force to Understand and Develop Catalysis
http://dx.doi.org/10.5772/61940

Figure 10 shows the RXES map before and after reduction of nano-NiO. A shift in the main
signal to lower incidence energies after reduction was observed, coherent with the formation
of metallic nickel. From the RXES map one can excerpt information about unoccupied states
(XAS analysis) and occupied states (XES analysis). In order to determine reaction pathway,
the XAS absorption contribution of NiO and Ni metal was plotted as function of time. The
transition from oxide to metallic state was found to be very fast, consisting of single-step
reduction mechanism.

Figure 10. RXES map of the initial state (top) and the final state (bottom) of NiO nanoparticle reduction. (Reproduced
from elsewhere [42] with permission)

Similar analysis can be performed with XES signals that carry the inherent benefit, when
performed in a dispersive-type spectrometer, of high time resolution inaccessible to XAS
technique. However, the chemical sensitivity of XES depends on where the analysis is
performed. Since this is often unknown a priory, one needs to measure the full RXES map in
order to determine the optimal incidence energy to perform XES analysis. The subsequent
measurements can be performed only at this range, which decreases drastically the acquisition
time, i.e., improved time resolution without losing chemical information. Based on RXES maps,
emission analysis above the absorption edge, so-called non-resonant XES or simply XES, is less
sensitive to follow the chemical state of atom as compared to resonant XES measured at
incoming energies with high discriminating power, in this case at 8325.9 eV (NiO pre-edge)
and 8331.9 eV (NiO inflection point) incident beam energy (Fig. 11). This illustrates the
importance of knowing at which energy the XES data should be collected.
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Figure 11. Temporal evolution of XES signals for NiO (top) and Ni0 (bottom) at different incident energies. (Repro‐
duced from elsewhere [42] with permission)

Gold catalysis gained significant popularity after Haruta’s discovery that gold nanoparticles
are extremely active [44]. Activity of gold is often associated to its metallic phase but some
cases consider the involvement of gold in higher oxidations states [45]. The difficulty in
detecting gold in oxidations states between 0 and +3 resides in the fact that these intermediate
states are unstable and short-lived.

Figure 12. (a) Extracted RXES plane of Au2O from the time-resolved RXES data set compare d to theoretical calcula‐
tions (b). (c) Assessment between the extracted high-energy resolution X-ray absorption (HR-XAS) spectrum and the
matching theoretical predictions. The influence of the DOS of the different orbitals to the X-ray absorption spectrum is
plotted in the bottom panel. (Reproduced from elsewhere [46] with permission)
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We performed Au2O3 TPR coupled with time-resolved RXES to see if one could detected some
of these intermediate states. A short-lived Au2O compound was detected for the first time
under in situ conditions, permitting a better understanding of the reaction mechanism of
Au2O3 reduction [46]. Based on time-resolved RXES data analysis combined with genetic
algorithm methodology, we were able to determine the electronic and geometric structure of
the unstable Au2O transitional specie (Fig. 12). The data analysis revealed a larger value for
the lattice constant of the intermediary Au2O specie as compared to the theoretical predictions.
DFT calculations revealed that such structure may indeed be formed, and the expanded lattice
constant is justified by the termination of Au2O on the Au2O3 structure. The temporal evolution
of the species shows the characteristic behavior of a short-lived intermediate state, in this case
Au2O (Fig. 13).

Figure 13. Concentration changes of Au2O3, Au2O, and Au(0) during TPR of Au2O3. The data are plotted versus time
(bottom scale) and temperature (top scale). (Reproduced from elsewhere [46] with permission)

Excessive amounts of oxidants, in particular H2O2, can injure proteins and lipids resulting in
cell death. Oxidative stress has been connected to a multitude of pathophysiological condi‐
tions, such as Alzheimer’s and Parkinson’s diseases, aging, cancer, genetic damage, and tissue
damage in cardiac ischemic/reperfusion injury. In nature, enzymes called catalases conduct
the catalytic disproportionation of H2O2 to water and molecular oxygen.
Nitrogen-containing ligand such as imidazoles, is a class of single-site Mn catalase-like
complexes. Imidazoles and their derivatives with strong π-donating ability were found to
accelerate H2O2 disproportionation. The complexes display elevated activity in organic
solvents but exceptionally small reactivity or even none in water under physiological pH
values. The activity improved when a base was added as a promoter. We reported a novel
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manganese (II) complex with a pyridine substitute as a ligand (Fig. 14) [47]. The complex was
stable and showed catalase-like activity in neutral aqueous solution.

Figure 14. DIAMOND diagram showing the coordination environment of Mn(II) in [Mn(2-CH2OHpy)(SO4)(H2O)]n. (Re‐
produced from elsewhere [47] with permission)

The combination of RXES measured at Mn K-edge and theoretical calculations enables us to
propose a reaction mechanism (Fig. 15) in which the manganese complex is firstly oxidized
due to the loss of a bridge oxygen proton. This is followed by H2O2 coordination and proton
abstraction by the sulfate group mediated by water. Release of molecular oxygen and catalyst
regeneration entails the involvement of a second complex molecule. This affects catalytic
reaction rate because they become diffusion-limited. The projected mechanism was the first
effort in trying to understand single-site Mn complexes reactivity, and clearly more work needs
to be done to establish and understand Mn-catalase mimics’ reaction mechanism. Nonetheless,
based on findings two novel Mn complexes were synthetized, displaying catalytic activities
several orders of magnitude higher than the parent one [48].
The increase in the planet’s human population put strong pressure on the food supply chain
and energy requirements. Photocatalysis is at the forefront of technologies to produce solar
fuels. The first significant breakthrough in converting light into chemical energy was published
in 1972 by Fujishima and Honda, who reported the electrochemical photolysis of water assisted
by a semiconductor under UV-A radiation [49]. However, despite all the scientific advances,
it remains a significant challenge to construct a device capable of producing solar fuels, such
as hydrogen, at a scale and cost able to compete with fossil fuels. Moreover, developments
based on large band gap semiconductors’ (>3 eV), such as TiO2, are hampered by the fact that
it requires UV-A irradiation to induce charge separation. Nevertheless, TiO2 remains indis‐
putably the best photocatalyst to date [50]. Several efforts are being made to improve sunlight
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Figure 15. Proposed reaction mechanism for H2O2 disproportionation over [Mn(2-CH2OHpy)(SO4)(H2O)]n in water.
(Reproduced from elsewhere [47] with permission)

absorption, including band gap manipulation by doping with elements, such as N, C, and S
[51]. However, these are often counterproductive because they decrease the breadth of
reactions that can be photocatalyzed and overall performance.
A more promising strategy to circumvent TiO2 deficiency in absorbing visible light is to use
sensitizers capable of harvesting solar light and introducing hot electrons into the TiO2
conduction band (CB). O’Regan and Grätzel [52] developed dye-sensitized solar cells (DSSCs),
in which the dye component harvests sunlight and readily injects electrons (τinj < 1 ps) into the
TiO2 CB. The success of the dye system depends on fast electron injection and slow back
electron transfer. However, organic dyes have low stability, discrete absorption levels (narrowband), and small optical cross sections, thus requiring a high dye coverage, which diminishes
the space available for photocatalytic reactions. Besides, holes in oxidized dyes are unreactive,
which hinders hydrogen evolution since a sustainable process demands for equal consumption
of electrons and holes.
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Metallic nanoparticles (NPs) are interesting sensitizer candidates because of their large optical
cross sections related to the excitation of localized surface plasmons (LSP). Gold group metals
exhibit plasmonic resonances in the visible region, and their absorption can be easily tuned by
changing nanoparticles morphology (shape and size), enabling a good match with the solar
spectrum. Moreover, their d10 configuration bestows them chemical stability. Recently, the
excitation of Au and Ag LSP nanostructures was shown to improve charge transfer from
sensitizer to semiconductor [53], increase the photocurrents under solar irradiation [54], and
enhance photoinitiated catalytic oxidations [55]. The latest corroborates that the holes in these
structures are reactive and can take part of photo-oxidations.
Hallett-Tapley et al. [56] defended that the plasmon excitation could drive reactions via
thermal, electronic, and/or antenna processes. In the case of photocatalysis, the relevant
process is the electronic one, in which electrons and holes are allegedly formed upon plasmon
excitation [57]. In theory, plasmonic structures can be used directly in photocatalysts; however,
the electron–hole pair is short-lived (few femto-second), making it problematic to drive
chemical reactions. Interfacial reactions are relatively slow with kinetics in the milliseconds
range. To increase charge separation lifetime, the charges can be confined to spatially separated
sites where reactions take place. For example, charge separation lifetime can be dramatically
improved by coupling LSP structures with a semiconductor (analogous to DSSCs). Mubeen et
al. [58] prepared a proof-of-concept system conglomerating the findings on plasmonic
nanostructures, water reduction, and oxidation catalysts to produce simultaneously H2 and
O2 under visible light irradiation. This pioneering work demonstrated system’s potential but
highlighted the need for improvement.
Despite plasmonic nanostructures’ potential, until recently there was no spectroscopic
evidence that hot carriers are formed after photon absorption. Since this is essential for the
utilization of these structures in photocatalysis, we decided to investigate hot carriers forma‐
tion on plasmonic structures during illumination. The creation of electron–hole pairs due to
LSP excitation was measured by high-resolution X-ray absorption spectroscopy at the Au L3edge, which determines Au 5d unoccupied electronic states. LSP excitation led to an upward
shift of the ionization energy threshold by ca. 1.0 eV, and an increase of Au d-band hole
population, consistent with hot electrons formation, and their promotion to high-energy states
[59] (Fig. 16).
To evaluate if the hot electrons possess sufficient energy to be injected into TiO2 CB, we carried
out transient broadband mid-IR spectroscopy [19]. Free and trapped electrons in a semicon‐
ductor conduction band produce a broad mid-IR band. Upon excitation, a broad mid-IR band
appeared, confirming the presence of electrons in the TiO2 CB. The minimum in transmittance
was observed at t=0 ps for both systems, which is the best possible overlap between pump and
probe pulses, thus confirming fast injection into the TiO2 and consequently increase in electron
lifetime from few fs to 100s of ns. The result corroborates Furube et al. [60] speculated
mechanism and more importantly, it indorses that these NPs can drive photocatalytic reactions
under solar irradiation.

‐
‐
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a)

b)

Figure 16. HR-XAS experiments portraying variations in the Au DOS induced by continuous wave laser excitation of
plasmon resonance at 532 nm, with 100 mW power. (a) HR-XAS ground state spectrum of Au nanoparticles (open cir‐
cles black trace), FDMNES calculated spectra of the ground state (black trace Au 5d106s1) and excited states (red trace
5d106s07p1 and blue trace 5d96s17p1). (b) Difference spectra between the excited and ground state: experimental (open
circles black trace), and calculated assuming 2% excitation Au 5d106s17p0→ Au 5d106s07p1 (red trace); Au 5d106s17p0→
Au 5d96s07p1 (dashed blue trace). (Reproduced from elsewhere [59] with permission)

We hope that all the arguments mentioned so far demonstrate the capabilities of HR-XAS in
understanding catalytic reactivity. However, HR-XAS suffers from an important limitation,
namely its time resolution, which is at best of the order of tenths of seconds for ideal samples
with high metal concentration. The limitation starts from the fact that HR-XAS measurements
entail scanning of the incoming energy, which is restricted to the speed at which the mono‐
chromator can be moved. This makes it problematic to monitor a catalytic process in real time.
Ideally, the experiments should be carried out in continuous mode in which data collection is
carried out synchronously and uninterruptedly, enabling the identification of metastable
regimes and intermediate species. HEROS can provide element-specific information about the
unoccupied density of states [61], and due to the scanning free arrangement of von Hamos
spectrometer, HEROS spectra can be recorded on a shot-to-shot basis with extraordinary time
resolution (only depending on sample concentration and photon flux), while upholding
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spectral energy resolution [62]. Moreover, HEROS spectra are not perturbed by the selfabsorption process [63]. This makes HEROS a commanding tool to identify and quantify the
catalyst electronic changes during reaction and as it happens.

Figure 17. (a) Temporal evolution of the HEROS spectra during CO/O2 switches at 300 °C on 1.3 wt% Pt/Al2O3. (b)
Temporal evolution of the HEROS signals at 9426 and 9427 eV (whiteline region) during CO/O2 switches. (Reproduced
from elsewhere [64] with permission)

We performed an in situ time-resolved HEROS study with subsecond resolution providing
insight into the oxidation and reduction steps of a Pt catalyst during CO oxidation with 500
ms resolution [64]. Figure 17 displays a gentle oxidation step, comprised of two distinguishing
stages, namely dissociative adsorption of oxygen followed by partial oxidation of Pt subsur‐
face. By comparing the experimental spectra with theoretical calculations, we found that the
intermediate chemisorbed O on Pt is adsorbed on atop position, insinuating CO surface
poisoning or surface reconstruction. This indicates HEROS ability to perform chemical
speciation with subsecond time resolution, which opens exciting opportunities to follow
catalysis in real time. Since the HEROS spectra are collected in a single shot, the time resolution
can be further improved since it depends only on the number of incoming photons and element
concentration, which makes it particularly suited for experiments at the XFELs. Recently, it
was shown that experiments with 100 ms resolution could be achieved at the synchrotron [65].

4. Outlook and future trends in the field
Further developments in the field of X-ray spectroscopy applied to catalysis science are
nowadays focused in multiple aspects. Most importantly, improvements in the experimental
time resolution are necessary for deep insight knowledge of many chemical processes. For this,
a range of complementary X-ray sources is necessary due to timescale changes in the chemical
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environment of the atomic species that extend over a wide time range from femtoseconds up
to a few seconds. Therefore, a lot of expectation is associated with new, large-scale X-ray
facilities being under development worldwide. A new synchrotron sources, like MAXIV in
Sweden, are expected to deliver ultrabright X-ray pulses with pulse durations from tens of
picoseconds down to sub-picoseconds times. Recently developed fourth-generation X-ray
sources – X-ray free electrons lasers – pushed the time limit down to femto-second timescales.
The two operating XFELs (LCSL, USA and SACLA, Japan) as well as those under construction
(EuXFEL, Germany and SwissFEL, Switzerland) provide a unique opportunity to access
timescales of charge-transfers and the following bond-breaking and bond-making mechanism.
On the other hand, in order to fully explore capabilities of those new X-ray sources, further
developments on X-ray spectroscopy techniques is necessary together with progress on sample
delivery/treatments schemes for in situ investigations. Finally, further advancement and
evolution in the field of X-ray spectrometers and detectors will be crucial in order to fully
explore opportunities provided by the subpicoseconds and femtoseconds X-ray probes.
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