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Abstract

The aim of this chapter is to show some experimental
cases of X-ray absorption (XAS) application to the field
of catalysis where its use had a special relevance to
unravel key aspects of the catalyst preparation, character-
ization and reaction monitoring.

Another chapter of this book describes in detail the
theoretical foundations and main applications of XAS.
Therefore here, we will focus on showing the added
value of combining this powerful tool with other charac-
terization techniques, specifically with infrared Fourier
transform (IR-FT) absorption spectroscopy, to investigate
catalysts and catalytic reactions under real reaction condi-
tions. The complementary association with IR spectros-
copy yields highly relevant added chemical information to
the electronic and structural insights provided by XAS.

In the last years, distinctive setups have been designed
to combine several in situ methods. We will provide a brief
revision of setups equipped with combined XAS with IR
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spectroscopy for in situ/operando studies. Three selected
examples will be showed to demonstrate the great benefits
of multi-technique in situ/operando approaches to provide
essential outcomes.
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33.1 Introduction
Rational catalyst design based on understanding catalytic
reactions from a fundamental point is necessary to enable
the new creation of more efficient and sustainable catalytic
materials and processes.

To obtain such detailed information is necessary to under-
stand the interaction between reactants and catalysts, to dis-
criminate between spectator species and species actively
involved in the catalytic reaction, to recognize the active
sites, and to correlate catalyst performance with their local
structure and electronic properties. This entails that multifac-
eted information is required.

However, each spectroscopic technique has its own limi-
tations and sensitivity, and therefore, the employment of a
single technique will not provide all necessary chemical and
physical information about the catalytic system. It becomes
essential an intelligent combination of two or more spectro-
scopic techniques in order to provide complementary infor-
mation and must be carried out simultaneously to guarantee
absolutely identical environment (e.g., temperature, gasses,
pressure, etc.) and ensure the comparability of results.

Furthermore, this multi-technique characterization
approach must be coupled simultaneously with measurement
of catalytic activity and selectivity in order to critically assess
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the structure-activity relationships, thereby the study of cata-
lysts under working conditions where chemical and structural
transformation takes place. This is considered an operando
methodology [1].

But it is not only important to understand what happens
during reaction conditions. It is also crucial the control on
preparation of new materials and complex structures, with
new electronic and structural properties that enable the
improvement of the abovementioned catalytic processes.
For this reason, in order to establish a complete concept
scheme which would allow to predict and control the behav-
ior of nanostructures and real systems, it is necessary to study
the different physicochemical phenomena that catalyst
undergoes during its whole life, i.e., formation and activation
of the active centers, behavior under reaction conditions,
deactivation processes, regeneration modes, etc.

This type of characterization also requires temporal reso-
lution closed to turnover numbers (measure in
sub-millisecond or even sub-nanosecond region) in combi-
nation with fast online product analysis to allow transient
kinetic experiments and the use of step—/pulse-response tests
to differentiate spectator from active species.

Another important requirement is spatial resolution to
obtain insight not only at the macroscopic level but also at
the meso- and microscale, to obtain knowledge on the distri-
bution of the active species inside the reactor, in monoliths or
extrudates (real conditions for their industrial application) or
in the porous structure of the support material, and finally at
the nanoscopic level to visualize the active centers and the
spectator species [2].

Therefore, it is required to build cells that are simulta-
neously a catalytic reactor and a spectroscopic cell for various
techniques and that comply with all the aforementioned
requirements, which implies a great challenge in the design
of in situ cells, since the optimal conditions for performing
spectroscopy and catalytic measurements are not identical
and sometimes are contradictory.

Scientists have tried to smartly combine different tech-
niques to maximize the information obtained from the cata-
lyst and, consequently, to obtain a more detailed view of the
global system. Of particular interest in the field of heteroge-
neous catalysis is the combination of “bulk” techniques (e.g.,
XRD, EXAFS, XANES) and surface-sensitive techniques
(e.g., IR, Raman) together with the measurement of the
catalytic activity (mass spectrometry, chromatography, etc.)
[3]. X-ray absorption spectroscopy (XAS) has been exten-
sively used for in situ and operando studies since it is capable
to yield information on local and electronic structure on the
absorbing elements [4]. Since the first experiment performed
by Couves (1991), coupling XAS and XRD (X-ray diffrac-
tion) [5], different cells and experimental setups have been
constructed for in situ or operando investigations joining
XAS with complementary techniques [6—9]. Availability of

fiber-optical systems offers the possibility to simultaneously
use both Raman and UV-visible with XAS by focusing from
the outside of a quartz reactor onto the catalyst bed in a very
versatile way [3e—f, 7, 10]. In another chapter of this book,
some descriptive examples of these combinations are also
presented.

Here, we will try to show some examples of the XAS
technique where its proper combination with diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) (and
also DRIFTS/XRD) and MS techniques provided a comple-
mentary vision that allowed obtaining information regarding
the reaction mechanism and the activation process of the
active centers. This is a powerful combination since it covers
an important range of properties and phenomena of interest in
the solid-gas phase from the heterogeneous catalytic life
cycle [11]. Moreover, it allows at the same time:

— Bulk characterization of the active centers: structural,
morphological, and size characteristics together with elec-
tronic properties and their behavior at local order by
XANES (X-ray absorption near-edge structure) and
EXAFS (extended X-ray absorption fine structure), while
XRD provides long-range structural information.

— Catalyst surface characterization along with identification
of adsorbed species and their evolution by DRIFTS.

— Quantification and evolution of reaction products by MS.

Several configurations have been designed for this pur-
pose in the last years. As mentioned above, the combination
of different spectroscopies for operando investigation implies
to accomplish several requirements often in contrast with
each other. In this case, the possibilities to probe the sample
by different wavelengths (X-ray/IR), using high temperature,
high pressure, small dead volume, etc., are some of them.
Taking into account these requisites, the setups have adopted
different design solutions by either adapting commercial cells
or designing their own device. We will briefly present a
description of their evolution. Among all of them, two recent
solutions will be presented below due to their flexibility and
general purpose that provide the greatest potential and versa-
tility to date.

— Newton and co-workers carried out a pioneering work
[12] devoted to catalysis at ID24 beamline of the
European Synchrotron Radiation Facility (ESRF), using
a custom-built DRIFTS cell modifying the setup proposed
by McDougall [13]. The design of a flat top allowed
minimizing the dead volume of the cell providing a fast
response to gas switchings. However, temperature was
limited up to 400 °C, and the cell presented a gas feed
bypass in the catalytic bed. To solve this issue, a commer-
cial cell from SpectraTech was modified [14a], but the
problem was not completely sorted out, and on the
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contrary, dead volume increased compared to the
previous cell.

— A comparable setting was developed at Brookhaven
National Laboratory and mounted at X18 beamline [14b]
using a modified Praying Mantis™ diffuse reflection
accessory with an attached da Vinci arm and a Harrick
cell that was placed in the internal sample chamber of the
IR spectrometer. This system worked up to some higher
temperatures (500 °C) but still at ambient pressure.
Another similar attempt was also constructed at Argonne
National Laboratory with the added advantage of enabling
both transmission and fluorescence XAS measurements
[14c, d].

— These previous designs used samples in powder form.
Bando et al. [15a, b] employed a relatively simple cell
where a pelleted sample was placed in the center of a
cross-like chamber allowing to measure both X-ray and
IR in transmission geometries. The maximum allowed
temperature and pressure were 530 °C and 3 bars, respec-
tively, but with both large dead volume and bed bypass
problems.

— Later, Chiarello proposed a different design [15c]. This
new cell had a single window, in direct contact with the
sample, for both X-rays and IR radiation. This allowed
reducing the dead volume and working as a plug flow
reactor. This permits the rapid exchange of gases neces-
sary to carry out transient experiments. However, this
design presents some disadvantages: it is necessary to
drill a small hole (0.5 mm in diameter) in the CaF, IR
window for XAS spectra acquisition and to seal it with a
glue with a high thermal stability based on carbon. The
cell was used up to 500 °C, at ambient pressure, and it was
also tested combining XRD and IR at the same time [15d].

— Recently, Agostini et al. [16] presented a new design at
ID24 (ESRF) to perform operando measurements for
solid-gas reaction catalysts, recovering the idea proposed
by McDougall [13] but overcoming some limitations of
the previous mentioned versions. In particular, the cell
design was optimized to minimize dead volume, prevent
any bypass of the sample by gasses, and work at high
temperatures (up to 600 °C) and under pressure (7 bars) in
transmission mode. It allows to optimize radiation win-
dows for both IR and X-rays (using different window
materials and thickness), and it houses the sample in
powder form. These issues are essential to enable testing
different experimental conditions (e.g., variety of metal
loadings and supports, wide X-ray energy range, etc.). In
order to expand the range of possibilities, newly design
improvements allow now XAS measurements in fluores-
cence mode for highly dilute materials and/or heavy matri-
ces [17]. The flat top window makes also sample surface
accessible by other spectroscopies like UV-vis or Raman.

— Recently, Urakawa and co-workers proposed an
innovative approach combining XAS and XRD with IR
spectroscopy and using pelleted sample [18]. The flexibil-
ity of a modular IR interferometer allows to change the
relative position of the IR source and the IR radiation
detector, being possible to work in both transmission and
diffuse-reflection configurations. Transmission mode
using a pelleted material often results in higher data qual-
ity although sample preparation and handling could
involve difficulties to fulfil and, at the same time, the
different sample requirements for IR and XAS or XRD
techniques.

33.2 Examples

33.2.1 Study Case 1: XAS Combined with DRIFTS
and MS

In the field of heterogeneous catalysis, Pt-based metallic
systems are of great relevance since they are used in numer-
ous industrial processes due to their excellent reactivity. For
example, Pt-catalysts present unique properties for hydrogen
activation, being widely used in processes involving hydro-
genation reactions (e.g., of numerous organic substrates),
since they allow operating in milder conditions guaranteeing
high conversion and selectivity. In these processes, the homo-
lytic dissociation of the hydrogen molecule is the crucial step
which leads to the formation of different metal hydride spe-
cies on the platinum surface. These species directly partici-
pate in the hydrogenation route, and their type and quantity
greatly depend on the operating conditions.

Therefore, obtaining a realistic model of hydrogen adsorp-
tion on Pt nanoparticles, depending on the reaction condi-
tions, is highly relevant industrially, since it will allow the
correct choice of operating conditions and/or the design of
higher performance catalysts.

So far, there are lots of experimental and theoretical stud-
ies [19] on supported Pt nanoparticles subjected to hydroge-
nation conditions that give evidence that H, induces
electronic and morphological reconstructions of Pt sites
depending on a variety of parameters: nanoparticle support,
conditions of pressure and temperature, reactant composition,
and hydrogen coverage.

Nevertheless, it continues a topic of discussion the nature
of those Pt centers involved in the hydrogen adsorption, the
formed hydrides, and their relative concentration and reac-
tivity under different reaction conditions [20]. Therefore, to
understand and improve hydrogenation catalysis, it is neces-
sary an entire description of all surface Pt-hydride species and
their dynamic performance under different operating
conditions.
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In the example presented here [21], the authors have tried
to shed light on the problem by using a multi-technique
approach to analyze a Pt industrial catalyst (5 wt. %
Pt/Al,03) under different hydrogenation/dehydrogenation
conditions. They designed a series of operando synchronous
XAS/DRIFTS/MS experiments to investigate electronic and
structural properties of Pt-hydrides and the modifications that
take place under different reaction conditions at the Pt nano-
particles. The experiments were performed at BM23
beamline of ESRF, France, using the setup presented in
Fig. 33.1. They have also combined these results with inelas-
tic neutron scattering (INS) and high-resolution transmission
electron microscopy (HR-TEM) to obtain the whole picture.

The catalyst presents small Pt nanoparticles with an aver-
age size of 1.4 nm, with almost spherical shape and distrib-
uted homogeneously on the support.

Operando DRIFTS allowed to monitor linear Pt-hydride
formation during H, treatment and their subsequent evolution
during the following dehydrogenation step. However, IR
absorption bands related to n-fold coordinated Pt-hydrides
(appearing below 1000 cm™") could not be detected in this
case due to the presence, in that region, of intense bands
ascribed to the alumina framework vibrational modes that
saturate the signal of the detector. Therefore, it was necessary
to complement with INS measurements to obtain a complete
identification of the different types of Pt-hydrides. INS results
disclosed the presence of fluctuating n-fold (bridged, hollow
and fourfold) coordinated Pt-H species, even in catalyst with
low Pt loading.

In the DRIFTS spectra presented in Fig. 33.2, four absorp-
tion bands are detectable at: 2115, 2041, ~1990, and
~1740 cm™!, marked as I, II, III, and 1V, respectively. The
type 1 band is ascribed to a soft adsorbed linear hydride,
whereas the II and III bands are attributed to stronger linearly
adsorbed Pt-hydrides that differ from each other on the envi-
ronment around the hydride (it depends on the H, coverage
degree). Band 1V is related to adsorbed species at the inter-
face between the support and Pt nanoparticles. Along the
reduction step, these bands grew gradually in intensity until
reaching a steady state (spectrum 1 in Fig. 33.2¢).

The combined results showed that when hydrogen cover-
age was maximum (point 1 in Fig. 33.2b), Pt particles were
covered by linearly adsorbed species (type I hydride) and
n-fold coordinated hydrides (INS detected). When hydrogen
coverage decreased, the linear hydrides (IR band I) rapidly
disappeared, while n-fold coordinated hydrides (INS
detected) slowly evolved into linear species, causing the
transient intensity increase of bands II and III. Along the
dehydrogenation process, a relative intensity change between
bands II and III was also detected, and band III prevails at
longer times. Band IV remains almost unchanged along the
time until the end of the process when quickly disappeared as
bands II and III.

On another hand, XAS results point to significant changes
in the Pt nanoparticles during the dehydrogenation process.
Pt L;-edge XANES spectra (Fig. 33.3a) present modifica-
tions in the intensity and shape of the white line, indicative of
electronic effects induced by the adsorbate [19a, 22]; thus it,

XAS/DRIFT/cell

IR spectrometer

Fig. 33.1 (a) ID24-mounted XAS/DRIFTS/MS configuration, (b) mounting scheme, and (¢) schematic drawing of the DRIFTS cell mounted inside

the reflectance sphere
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Fig.33.2 Part (a): evolution of the signal corresponding to H, (m/Z = 2)
as detected by the mass spectrometer placed at the outlet of the reaction
cell. Part (b): 2D map showing the evolution of the DRIFT spectra as a
function of time for the Pt/Al,O; catalyst during dehydrogenation in He
flow (20 mL/min) at 120 °C, for the operando DRIFT/XAS/MS exper-
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accomplished in the presence of 10 mol % H, in He. The intensity
increases from blue to red. Part (¢): four FT-IR spectra selected at specific
times (1, 2, 3, and 4 in the 2D map shown in Part b). The spectra are
shown after subtraction of the spectrum of the catalyst before reduction, in
the 2150-1850 cm ™" range. (Reproduced from Ref. [21] with permission
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Fig. 33.3 Part (a): evolution of the normalized Pt L;-edge XANES
spectra of the Pt/Al,O3 catalyst during dehydrogenation in He flow
(20 mL/ min) at 120 °C, collected during the operando DRIFT/XAS/
MS experiment (Eq = 11,564 V). The inset shows a magnification of
the white-line region. Part (b): modulus of the Fourier transforms of the
K*-weighted EXAFS signals collected along with the XANES spectra

reported in Part a. The experimental signals (dotted) are overlapped to
the first shell fits (full line). Part (¢): the same as part b, for the imaginary
part of the Fourier transforms. Spectra 14 closely correspond to the
DRIFT spectra 1-4 in Fig. 33.1. Part (d): EXAFS data analysis results.
(Reproduced — adapted from Ref. [21] with permission from the Amer-
ican Chemical Society)



744

G. Agostini and A. Iglesias-Juez

chemisorbed hydrogen, withdraws electrons from the plati-
num atoms and leads to a reduced electron density in those
centers. Furthermore, in the EXAFS data (Fig. 33.3b, ¢), a
small intensity decrease of the first coordination shell in the
Fourier transforms and a shift toward shorter distances were
observed. A detailed data analysis (Fig. 33.3d) demonstrates
that platinum nanoparticles underwent a progressive recon-
struction during hydrogenation/dehydrogenation steps,
showing a good agreement with theoretical calculation [23].
The combination of all the acquired data show that linear
and n-fold coordinated platinum-hydrides are formed when
increasing hydrogen coverage, solvating gradually the Pt
clusters. At high hydrogen saturation, the platinum clusters
adopt a cuboctahedral shape. A decrease in the H, partial
pressure induces a reconstruction of the platinum particles
toward a biplanar shape covered mainly by linear hydrides.
Therefore, this work is an excellent example of how a
clever combination of XAS with other techniques, especially
DRIFTS, allows the complete examination of what happens
on the surface of the Pt nanoparticles. It is worth noting that
each technique, as a single measurement, cannot provide an
overview of the entire process; thus, XAS allows to follow
the morphology and electronic-structural changes of the Pt
nanoparticles, but it is unable to identify the surface Pt-H
species directly involved in the catalysis that were distin-
guished by combining with DRIFTS and INS since, in turn,

a) b)
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Fig. 33.4 Part (a): evolution of the signals corresponding to H, (m/Z =
2), toluene (m/Z = 91), and MCH (m/Z = 55), as detected by the mass
spectrometer placed at the outlet of the reaction cell. Part (b): 2D map
showing the evolution of the DRIFT spectra as a function of time for the
Pt/Al,O3 catalyst during hydrogenation of toluene to MCH at 120 °C.
The reduction step preceding the reaction was accomplished in the
presence of 10 mol % H, in He. The intensity increases from blue to
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each of these spectroscopies only tracks a fraction of surface
Pt-hydride species and cannot provide information on the
shape and structure of the platinum.

Even more important for the catalysis, in this work they
were able to follow the behavior of Pt-hydrides during the
catalytic hydrogenation of toluene to methylcyclohexane
(MCH), chosen as a model for catalytic hydrogenation of
substituted benzenes, applying the same XAS//DRIFTS/MS
approach described above. The DRIFTS data are showed in
Fig. 33.4b, c: bands I and II immediately disappear after
introducing the reactant mixture, while the intensity of band
III rapidly increases, and band IV remains almost unaltered.
At the same time, the MS results (Fig. 33.4a) indicate that
toluene conversion starts instantaneously and MCH evolves
parallel to the concomitant disappearance of the band
I. Toluene conversion proceeded at a constant rate for the
whole investigated time. Then, DRIFTS spectra stay constant
along the reaction time. The reverse behavior is detected
when toluene is removed from the reaction feed.

However, XAS data show that under these reaction con-
ditions, Pt nanoparticles are stable and do not present any
electronic or structural alteration during the reaction time as
no changes in XANES (Fig. 33.5a) and EXAFS (Fig. 33.5b, ¢)
spectra were observed.

These experiments revealed that the species directly
involved in the hydrogenation of toluene are the most weakly
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red. Part (¢): FT-IR spectra selected at specific times as indicated in the
2D map shown in Part (b). Spectrum 1, before the onset of the reaction;
spectrum 2, after 1 h reaction; and spectrum 3 after toluene elimination
from the feedstream. The spectra are shown after subtraction of the
spectrum of the catalyst before reduction, in the 2150-1850 cm™'
range. (Reproduced from Ref. [21] with permission from the American
Chemical Society)
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Fig. 33.5 Part (a): evolution of the normalized Pt L;-edge XANES
spectra of the Pt/Al,O5 catalyst during hydrogenation of toluene to
methylcyclohexane at 120 °C, collected during the operando DRIFT/
XAS/MS experiment (E, = 11,564 ¢V). The inset shows a magnifica-
tion of the white-line region. Part (b): modulus of the Fourier transforms
of the *-weighted EXAFS signals collected along with the XANES
spectra reported in Part a. Part (¢): the same as Part b, for the imaginary

adsorbed hydrides (type I species), while the other surface
Pt-hydrides do not intervene but keep the Pt nanoparticles
H-covered. This confers electronic and morphological stabil-
ity along the reaction, avoiding the appearance of the unde-
sirable deactivation processes, and therefore, they are also
key species in the process.

33.2.2 Study Case 2: XAS Combined with DRIFTS
and MS

Supported Pd nanoparticles are applied in numerous areas as
biomass conversion, water gas shift, coupling transforma-
tions in organic synthesis (e.g., Suzuki-Miyaura and
Mizoroki-Heck reactions), selective oxidations for fine chem-
ical production, and pollution abatement from automobile
exhaust. This noble metal displays a unique behavior in
oxidation processes, and this is the key aspect that supports
its use in all these catalytic applications [24].

This second example reveals the rich chemistry of palla-
dium nanoparticles by the synchronous use of XAS/DRIFTS/
MS [25]. This approach allowed to disclose a series of size-
dependent phenomena in the palladium response to the
dynamic conditions of reactive atmosphere. More specifi-
cally, the multi-technique study was applied to investigate
Pd-based three-way catalysts (TWCs). TWCs are a widely
used technology in gasoline vehicle exhausts for controlling
pollutant emissions. These systems convert simultaneously

part of the Fourier transforms. Spectra 1-3 closely correspond to the
DRIFT spectra 1-3 in Fig. 33.2 (i.e., spectrum 1 is collected before
introducing toluene in the reaction feed, spectrum 2 during the toluene
hydrogenation reaction, and spectrum 3 after removal of toluene from
the reaction feed). (Reproduced from Ref. [21] with permission from the
American Chemical Society)

three pollutants to harmless emissions — carbon monoxide
(CO), hydrocarbons (HC), and nitrogen oxides (NO,) — in the
presence of water and O, [24c]. During typical TWC opera-
tion, the gas atmosphere oscillates around the stoichiometric
point (exact balance of oxidant to reducing molecules) [24c,
26], and the active noble metal component must work under
alternating oxidizing and reducing periods (ca. 1-3 Hz fre-
quency). Therefore, Pd chemical state is one of the key
factors governing the catalytic behavior. Here, the authors
used different Pd/Al,O; catalysts as models to investigate the
nanoparticle size influence on the structural-redox-temporal
response of the supported Pd particles, and what interrelated
consequences has in their chemical activity.

Regarding CO oxidation, there has been an intense debate
about whether the most active phase, under oscillatory con-
ditions, is related to a surface layer of Pd oxide [27] or is a
metallic phase covered with chemisorbed oxygen [28]. For
this reason, they focused on the analysis of two model reac-
tions under cycling conditions (dynamic realistic situation)
for CO oxidation: with NO + O,, constituting the two main
oxidant species present in the exhaust gases, and with only
NO, in order to differentiate between competitive interaction
of both oxidant molecules and also shedding on the activation
of two of the key reactants, CO and NO.

A series of samples with increasing palladium loading
(1, 2, and 4 wt.%, labelled: 1PdA, 2PdA, and 4PdA, respec-
tively) was prepared for a time-resolved (sub-second) study
during reducing/oxidizing cycling conditions.
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Figure 33.6a displays a representative behavior of the
Fourier transform of the EXAFS spectra during cycling
CO/NO gas mixture. The coordination numbers (CN) for
the first Pd-Pd shell were obtained fixing Debye-Waller
(DW) factors. The evolution of the corresponding CNs extra-
cted from EXAFS fittings of the series of samples is shown in
Fig. 33.1. In all cases, Pd metal phase responded actively to
the nature of the gas mixture, showing that the CN increased
under CO atmosphere and dropped to the initial value during
NO exposure in a fully reversibly way. This performance was
quantified by estimation of the Pd dispersion (ratio of surface
atoms and total number of atoms) calculated from CNs and
applying Jentys [29] procedure. Cuboctahedral particle shape
and exclusive size effect (Fig. 33.6b) assumptions were con-
sidered. Particle size was estimated as ca. 1.5, 2.5, and 3.5 nm
for the 1, 2, and 4PdA samples, respectively. All Pd catalysts
present similar performance, but higher variations in the
dispersion were observed for bigger particles, which suffer
stronger morphological modification. A region displaying
smooth variation was observed at the middle-end part of the
CO feed. This behavior may be explained with the help of
XRD collected using the same conditions and sample envi-
ronment adopted in the XAS experiment. The data clearly
showed a transient variation in the d-spacing of the Bragg
reflections from Pd nanoparticles (Fig. 33.7): this phenome-
non is associated to palladium carbide phase formation dur-
ing CO gas exposure. Atomic carbon is obtained as product
of “Boudouard” reaction (2CO — CO,, + C,) that occurs at
high-coverage CO ad-layer. C atoms were introduced at
interstitial positions of the metal fcc structure [30]. A

a) b)

11

Pd-Pd CN

FT (magnitude)

Dispersion

0.3

maximum in C-content was found for the 2PdA sample.
This phase was somewhat unexpected, as it was not previ-
ously observed using stoichiometric CO-NO composition,
stressing the importance of studying systems under more
realistic dynamic conditions.

Complementary information was extracted by synchro-
nous DRIFTS measurements, providing parallel analysis of
the gas-solid interface, and mass spectrometry allowing to
follow the global activity/selectivity. Correction of DRIFTS
and MS signals under operando conditions was done nor-
malizing DRIFTS and MS observables using the structural
information obtained from EXAFS analysis, in order to inter-
pret chemical activity in terms of surface Pd sites.

DRIFTS results (Fig. 33.8) displayed that the ratio
between on-top (20502020 cm~') and bridge
(1925-1900 cm™") Pd(0) carbonyls varied a long time reveal-
ing the promotion of linearly bound CO over the bridged
concomitantly to the PdC, phase formation. This suggests
that the carbide phase is formed from CO dissociation and led
to carbon species storage in the Pd metal. In addition, that
phase was fully removed during the switch from CO to NO
feeds accompanied by the formation of a large amount of
NCO (2240 cm ™). This study was able to show a new NCO
formation route derived from withdrawal by molecular NO of
atomic carbon transiently stored within the Pd nanoparticles,
that is, a path where NO does not dissociate.

Thanks to the CNs extracted from EXAFS analysis, the
chemical response of the Pd/Al,O3 systems to the gas cycling
conditions was analyzed establishing a Pd size dependence of
all crucial chemical steps related to gas reactant adsorption,
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Fig. 33.6 (a) FT-EXAFS plots of the cycling behavior of a 2 wt.% Pd/Al,Oj catalyst and (b) Pd-Pd coordination number and dispersion of several
(1, 2, 4 wt.%) Pd/Al,O5 catalysts in a CO/NO atmosphere. (Adapted from Ref. [25] with permission from Elsevier)
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Fig. 33.8 DRIFTS band

intensity plots vs. time (raw and
normalized per Pd surface atom) co
of characteristic absorbed species
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during CO/NO cycling
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dissociation, and activation steps. The size effects on the

adsorption pathways of reactants were scarce and only linked
to NO (its adsorption was favored when increasing particle
size, although above 2.5 nm it was barely affected). Regard-
ing the evolution of products, for N, formation, N-N
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coupling was the limiting step of the reaction, and the recom-
bination is favored with the particle size of Pd, although
above 2.5 this sensitivity to size decreases. On another
hand, for CO, production, an important size sensitivity
ascribed to the CO desorption step was observed: desorption
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path is favored as Pd particle size decreases. Therefore, Pd
particle size growth was detrimental for CO, formation. This
finding was contrary to the assumptions made from measure-
ments under non-cycling conditions.

When both oxidant reactants were presented (NO+O,)
[25a] during gas cycling conditions, the Pd chemical
response was different and more complex. Factor analysis
(FA) of the XANES spectra acquired during time-resolved
cycling allowed to determine the number of Pd chemical
species and their evolution along the reaction. XANES spec-
tra corresponding to the pure chemical species and their
concentration profiles are presented in Fig. 33.9. As for
CO/NO experiment, two species, Pd(0) and Pd(II), were
observed during cycling. But for Pd particles smaller than
3 nm, the presence of a third species Pd(I) was detected. It
corresponds to a surface oxide layer with a characteristic
electronic structure, which preserves a certain metallic char-
acter. The appearance of this species in the 2PdA case
delayed Pd(0) formation during CO exposure relative to the
4PdA sample (EXAFS and XRD results also confirmed this
behavior). Interestingly, the previously detected Pd carbide
phase (PdC,) during CO/NO cycling case was completely
suppressed in the present conditions.

The differences in Pd oxidation state at surface and bulk
were completed with synchronous DRIFTS results. The weak
nature of Pd(I) carbonyls avoids their detection by DRIFTS
under the current conditions (the application of FA to
XANES data was key to identify this species). DRIFTS
spectra were dominated by on-top and bridge Pd(0) car-
bonyls, NCO on alumina, and CO, gas contributions. 2PdA
also displayed a signal characteristic of a Pd(0) nitrosyl
(ca. 1765 cm™") species [1, 2]. NCO species was greatly

Pd(II): PdO
Pd(I)
Pd(0)

Normalized absorbance (a.u.)

T T T
24360 24380 24400

Energy (eV)

T
24340

reduced with respect to the CO/NO case. The presence of
oxygen-adsorbed species during NO + O, atmosphere effec-
tively curtails the formation of PdC, species, and therefore,
the alternative pathway for NCO formation (previously
revealed) is inhibited in these conditions.

The biggest finding was that both Pd(I) and Pd(0) species
can exist at palladium surface, but their presence is highly
dependent on the Pd nanoparticle size. Both species are
active centers for CO elimination, but the results suggested
Pd(I) species present a higher activity and can be considered
the “active” surface Pd oxide layers for CO conversion.
Above 3 nm diameter size, the instability of the Pd(I) species
may be associated to a stronger interaction with the oxygen
molecule relative to particles with smaller size, and only Pd
(0) was detected as the active species for CO elimination at
the surface of palladium nanoparticles. These results pointed
the importance of adjusting and maintaining the Pd nano-
particles in a certain size to achieve more efficient catalysts in
the oxidation of CO under real operating conditions.

This example shows the important role of redox chemistry
processes in controlling catalytic activity and discloses a
significantly richer chemistry than may have been previously
assumed, such as size-dependent phenomena. In particular,
CO oxidation can involve a series of unexpected steps. The
study unveiled the role of Pd carbide phase, resulting from
CO dissociation, under CO/NO cycling conditions. It also
showed a novel route for NCO formation. When NO and O,
compete together, surface oxygen adsorption inhibits PdC,
formation. How strong the interaction of the oxygen mole-
cules with palladium nanoparticles is size-dependent and
determines the redox surface state. Pd(I) species were dem-
onstrated to be the active centers for CO oxidation, and also
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Fig. 33.9 XANES spectra (a) and concentration profiles (b) corresponding to pure chemical species (obtained by factor analysis) present during a
single CO/(NO+0O,) cycling treatment at 673 K. (Reproduced from Ref. [25] with permission from the American Chemical Society)
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their presence depends on Pd particle size. The experiments
uncover the size dependency of the Pd chemical activity
when dynamic redox situation. Combined operando use of
XAS/DRIFTS/MS revealed such physical-chemical perfor-
mance, valuable for practical use of Pd-TWC systems for
pollutant abatement.

33.2.3 Study Case 3: XAS Combined
with Transmission FT-IR and X-Ray
Diffraction

Metal-organic frameworks (MOFs) have burst onto the catal-
ysis landscape as a special type of materials due to several
special features: organic-inorganic hybrid nature, modular
assembly, a high surface area, crystalline, and readily
functionalized pore structures.

MOFs can present intrinsic catalytic activity or can be used
as hosts for the incorporation of metal nanoparticles or other
catalytic moieties. They can trigger photo- and electrocatalytic
reactions by using their optoelectronic properties and ligand-to-
metal charge transfer or can be used as catalyst precursors via
controlled decomposition. The possibility of targeted assembly
from rational preselected molecular building blocks or post-
synthetic modification of the MOF structure etc. offers a lot of
potential to construct new functional orientated porous mate-
rials. MOFs are of interest for different applications: storage of
gases (as H, and CO,); gas purification; gas separation; in
catalysis, as conducting solids; and as super-capacitors [31, 32].

In this example [18], simultaneous measurements of XAS,
transmission FT-IR, and XRD were combined to study the
behavior of metal-organic frameworks (MOFs) during ther-
mal treatment. This is an activation protocol generally used
with these systems, and, therefore, getting insights on the
formation of the active sites for catalytic reaction is of special
interest to understand the functionality of these materials and
visualize their potential applications.

In this case, working in transmission configuration with a
pellet form has advantages in terms of signal quality,
although it could involve difficulty in sample preparation
and handling. Here, the authors used a pellet formed via a
two-step process: firstly a NaCl disc is prepared using high
pressure, and then a small portion of the sample is deposited
on the top using low pressure [18]. In this way, the amount of
sample can be optimized for being used in transmission mode
for XAS and IR. The material used as support disc must meet
the transparency requirement for both X-ray and IR radiation
in the measurement range, and sometimes fulfilling this
demand can be tricky. In addition, XAS and IR spectros-
copies were also combined simultaneously with X-ray dif-
fraction providing more complete chemical, physical,
geometric, and electronic information.

These multi-probe experiments combining XAS/FTIR/
XRD were performed at BM31 (the Swiss-Norwegian
Beamlines, SNBL) of the ESRF, France, using the setup
presented in Fig. 33.10.

The studied material, Zr-BTC, is a Zr-based metal-organic
framework with a structure known as MOF-808 [33]. This
structure is correlated to that of zirconium terephthalate
Ui0-66, the most known Zr-based MOF, which shows out-
standing thermal stability (up to 550 °C) as well as a good
chemical stability in organic solvents and water [34]. For
MOF-808, Zr-BTC is built up from zirconium oxide octahe-
dral blocks (secondary building units with zirconium ions
disposed in octahedrons, called Zr6-SBU), connected by
12 bridging carboxylates: 6 BTC (benzene-1,3,5-tri-
carboxylate) ligands and 6 acetates anions [33]. This type
of MOFs presents remarkable properties for water absorption
and adsorption [33], and initially, the sample accommodates
in its porous structure a large H,O quantity (~10 wt.% esti-
mated from TGA analysis).

During the thermal treatment from room temperature
(RT) to 150 °C under He flow and then in isothermal condi-
tions at the same temperature, the sample was in situ
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Fig. 33.10 (a) Schematic drawing of the cell (top view) and IR light
and X-ray optical paths to perform the simultaneous XAS-XRD-IR
measurements. (b) Pellet sample holder; heating cartridges are inserted
in the holes. (¢) Picture of the XAS- XRD-IR. (Reproduced from
Ref. [18] with permission from John Wiley and Sons)
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characterized by using combined XAS/FTIR/XRD to gain
geometrical, electronic, and chemical information of the
Zr-BTC.

Figure 33.11 summarizes the structural and electronic
XRD and XAS results on the Zr-BTC during the thermal
treatment. The Zr K-edge XANES spectra (Fig. 33.11a) show
the intensity of the white-line decreases, while the absorption
edge shifts to lower energies upon the treatment, implying a
partial reduction of the Zr centers with a decrease in the
coordination number. On the other hand, the structural infor-
mation gained by EXAFS reflects a big change in the Zr near
local environment (Fig. 33.11b). In the FT of the EXAFS
signal, the initial two features at 1.8 and 3.3 A decreased with
a concomitant increase of the peaks at 1.6 and 2.8 A. These
two peaks are ascribed to Zr-O and Zr-Zr scattering paths,
respectively. The first oxygen coordination sphere (EXAFS
refining showed different independent Zr-O distances)
decreased from a total number of 8 to a smaller value. This
means that the cluster symmetry is reduced and the nature of
the Zr6 SBU unit changes from the initial synthesized form to
the dehydrated material [35]. Similar profiles of XANES and
FT-EXAFS spectra have been also observed for another
related Zr-MOF [35, 36]. Initially, the Zr6 SBU node in the
Zr-BTC presents six edges bridged by the linker-bound car-
boxylates (BTC as threefold symmetric linkers), with the

Fig. 33.11 XAS and XRD

remaining six edges occupied by mono-carboxylates (acetate
linkers). The structural complexity makes difficult to interpret
the observed changes, but the detailed analysis of the EXAFS
data suggests the changes are consistent with the removal of
the acetate ligands, which was firmly proven by the comple-
mentary information from IR shown later. This causes the
readjustment of the Zr coordination environment by decreas-
ing the Zr-Zr atomic distances. Therefore, the thermal treat-
ment causes the release of ligands which induces a chemical
transformation near the Zr atoms accompanied by a partial
change in their electronic structure.

XRD results (Fig. 33.11¢) showed only slight changes in
both the position and the intensity of some of the reflections,
which could indicate some alteration of the electron density
in the pores, in correlation with the reduction of the unit cell
volume detected by Rietveld refinement analysis.

Therefore, all these findings show that the thermal treat-
ment did not alter the framework structure, but it did caused
modifications of the Zr6-SBU chemical and structural
environment.

As previously mentioned, the complementary information
provided by the simultaneous acquisition of IR spectra allo-
wed to validate the conclusions drawn from the EXAFS
analysis and obtain chemical information on the activation
process. Figure 33.12 summarizes the IR data along the
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thermal treatment. Figure 33.12a corresponds to the ex situ
IR spectrum of the Zr-BTC before the treatment and presents
six broad bands in the characteristic frequency region. All
these bands underwent intensity changes and/or position
shifts as the temperature increased (Fig. 33.12b). During the
thermal process, the desorption of water was mainly pro-
duced as evidenced by the sharp decrease of the broad feature
around 3300 cm™' characteristic of adsorbed H,O with
hydrogen bonding interactions.

The bands related to vibration modes of the acetate ligand
on the Zr SBU thus are, at 1657 cm_l, assigned to the
asymmetric C-O stretching and, at ca. 1387 cm ™', corre-
spond to the combined C-C stretching and symmetric C-O
stretching modes and underwent firstly slightly modifications
(signal broadening or shift position) when water was extra-
cted from the structure and then, around 150 °C (point 2, in
Fig. 33.12b), more drastic changes with the disappearance of
the bands. These results point to a higher stability of the
acetate ligands than adsorbed water. Nevertheless, they can
be gradually removed at 150 °C. Moreover, a small peak
related to C-H bending vibration of acetate emerged at
ca. 1480 cm ' after water removal from the MOF structure
and later disappeared concomitantly with the band at
1657 cm™'. This implies that near the methyl group of the
acetate ligand, the polarity environment changes during H,O
elimination.

Fig. 33.12 (a) Ex situ
transmission IR spectrum of
Zr-BTC in air after the activation
treatment. (b) Intensity color maps
of the in situ transmission IR
spectra during the thermal
treatment (heat ramp from RT to
150 °C at 0.5 °C/min and then

a)

0.2

The bands ascribed to BTC linker at 1450, 1571, and
1622 cm ™' showed only minor changes upon water removal;
all bands red shifted due to stronger interactions between
Zr-SBU and BTC after thermal treatment.

Therefore, IR data (Fig. 33.12) indicate that after removal
of water within the pores, the acetate ligands were also
extracted, causing modifications of the SBU structure. This
is also supported by the XAS results (Fig. 33.11a, b) showing
that the extraction of acetate linkers shortens the atomic
distance between Zr cations causing a rearrangement of Zr
coordination environment. In addition, XAS data indicate
higher Zr electron density in these clustering units, caused
by the absence of coordinating oxygen from the acetate
linkers.

Drawing conclusions with such a detailed degree is only
possible by combining multiple techniques in one setup,
which allows a better understanding of the catalytic problem,
especially by adding IR spectroscopy which can yield highly
relevant chemical information to the electronic and structural
insights provided by XAS. The combined data show that a
targeted heat treatment allows modulating the electronic
properties of the Zr centers, offering the possibility of
obtaining different catalytic sites for distinct reactions; for
example, the inert atmosphere treatment at 150 °C for a long
enough time produces richer electronically Zr centers. This
information is crucial to understand the functionality of the
materials and to design new possible applications.

1657
1622
1571

1450
1387

1710

kept for 4 h). The last spectrum
(i.e., at the end of the thermal
treatment) was used as
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the band assignments from the
normal mode analysis.
(Reproduced from Ref. [18] with
permission from John Wiley and
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33.3 Summary

From a more general point of view, these examples clearly
reveal how the catalytic phenomena emerge from a fine
balance of electronic, geometric, and surface properties.
Knowing how to optimize all these characteristics is crucial
in designing ever-increasing performance catalysts, and for
this, the synchronous use of several complementary charac-
terization techniques is essential. This methodology repre-
sents a considerable advance since it allows untangling the
chemistry of catalytic materials, defining the mechanism of
catalytic reactions, and identifying the active sites.

This type of configuration has reached a great progress, but
they are still under continuous technological improved devel-
opment to expand the capabilities of the setups: measurements
under a higher pressure range but without assuming a higher
dead volume ensuring performance of optimal kinetic studies,
faster acquisitions times, and combination with more other
techniques. In addition, these equipment have considerable
dimensions in general, and therefore, they also require adap-
tation of the synchrotron beamlines, since large spaces adapt-
able to these configurations are needed.

The higher flux synchrotron sources and the employment of
more powerful lasers improve the capabilities but, at the same
time, generate beam damage problems, laser heating effects,
etc. more quickly. The interaction of the radiation with the
sample or its environment may modify the atomic structure,
crystal structure, or chemical state but also other parameters
such as sample temperature and sample environment (gases,
liquids). This may affect the experimental observables and
introduce artifacts. It is necessary to develop mitigation strat-
egies and propose measures that address these problems. They
may involve the sample preparation and conditions during
measurements, time resolution in pump-probe experiments,
improvements of the X-ray detection, and data treatment.

On another hand, it has to be realized that this type of
experiments combining several techniques results in more
and comprehensive information, but it also produces a huge
amount of data, in particular, when space- and time-resolved
considerations are added. This implies the need for a large
amount of storage capacity, processing a large amount of
data, and then establishing correct correlations.

Therefore, all this requires associated software develop-
ment as well as analysis interfaces and methodologies to
satisfy all these demands.
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