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Abstract

Although X-ray absorption spectroscopy (XAS) was conceived in the early 20th
century, it took 60 years after the advent of synchrotrons for researchers to
exploit its tremendous potential. Counterintuitively, researchers are now
developing bench type polychromatic X-ray sources that are less brilliant to
measure catalyst stability and work with toxic substances. XAS measures the
absorption spectra of electrons that X-rays eject from the tightly bound core
electrons to the continuum. The spectrum from 10 to 150 eV (kinetic energy of
the photoelectrons) above the chemical potential—binding energy of core
electrons—identifies oxidation state and band occupancy (X-ray absorption
near edge structure, XANES), while higher energies in the spectrum relate to
local atomic structure like coordination number and distance, Debye-Waller
factor, and inner potential correction (extended X-ray absorption fine struc-
ture, EXAFS). Combining XAS with complementary spectroscopic techniques
like Raman, Fourier transform infrared (FTIR), X-ray photoelectron spectros-
copy (XPS), and electron paramagnetic resonance (EPR) elucidates the nature
of the chemical bonds at the catalyst surface to better understand reaction
mechanisms and intermediates. Because synchrotrons continue to be the light
source of choice for most researchers, the number of articles Web of Science
indexes per year has grown from 1000 in 1991 to 1700 in 2020. Material scien-
tists and physical chemists publish an order of magnitude articles more than
chemical engineers. Based on a bibliometric analysis, the research comprises
five clusters centred around: electronic and optical properties, oxidation and
hydrogenation catalysis, complementary analytical techniques like FTIR,
nanoparticles and electrocatalysis, and iron, metals, and complexes.
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1 | INTRODUCTION

The Wiirzburg Physical-Medical Society’s journal (1895)
published Wilhelm Rontgen’s experimental observations
entitled ‘On a new kind of ray: A preliminary communi-
cation’.! In that year, Rontgen recorded the famous
photograph of his wife’s hand with shadows formed by
the bone, her wedding ring, and the penumbra of the
flesh. Since the nature of this radiation was unknown,
they called it X-rays, which we now recognize as electro-
magnetic waves with wavelengths shorter than UV and
longer than 7, that is, ranging from 0.025 to 25 A (0.0025-
2.5 nm) corresponding to energies, according to the
Planck’s law, from 0.5 to 500 keV.

X-ray absorption spectroscopy (XAS) comprises both
X-ray fluorescence (XRF) and X-ray absorption fine spec-
troscopy (XAFS) with photon energies above 5 keV (hard
X-rays). XAFS, in turn, includes X-ray absorption near-
edge structure (XANES, also known as near-edge X-ray
absorption fine structure—NEXAFS) and extended X-
ray absorption fine structure (EXAFS). High vacuum
beamlines, which minimize X-ray absorption by air, also
apply soft X-rays, especially for elements lighter than tita-
nium and less energetic edges like M-edges of metals.
Maurice de Broglie (older brother of Louis) pioneered X-
ray spectroscopy and measured the first absorption edges
(Ag and Br K-edges) in 1913. However, it was obvious
that practical application would require more brilliant
polychromatic X-ray sources, better detectors, and a theo-
retical framework to interpret the signals. For this reason,
advances in XAFS coincide with that of synchrotron light
sources. Over half a century after Rontgen’s discovery,
researchers at Cornell recorded X-ray absorption spectra
with synchrotron radiation for the first time.!! High
quality complete EXAFS spectra were recorded 20 years
later together with the development of modern theory
and FT of EXAFS.I**

XAFS has become a very powerful analytical tool that
researchers apply in chemistry, homogeneous and het-
erogeneous catalysis, molecular and condensed matter
physics, materials science, engineering, earth science,
biology, and protection of cultural heritage. Of the close
to 5000 articles indexed by WoS from 2018 to mid-2020,
half were in physical chemistry and multidisciplinary
materials science but only 286 were in chemical engi-
neering. Other scientific categories that overlap with
chemical engineering research include multidisciplinary
chemistry (ranked 4th with 640 articles), environmental
sciences (5th, 499 articles), and nano-science and nano-
technology (7th, 471 articles).!”! The main advantage of
XAFS is that it is element specific and sensitive to the oxi-
dation state and local (fine) structure (i.e., it reveals
short-range order) as compared to X-ray diffraction

IGLESIAS-JUEZ ET AL.

(XRD), which is sensitive to long-range structural
order.'”! Hence, contrary to XRD, scientists apply XAFS
to characterize amorphous materials, highly disordered
systems, and liquid solutions. This article is part of a
series dedicated to experimental methods in chemical
engineering.!”! Each article first introduces the theory,
describes the instrumentation, and highlights applica-
tions, with a particular emphasis on chemical engineer-
ing. Finally, this tutorial review mentions uncertainties
and limitations of the method and identifies areas of
future research.

2 | THEORY

The probability that matter absorbs X-ray energy (E) is
proportional to its density, p, and the ratio of its atomic
number and E to the cubed pZ*/E>. This property forms
the basis of X-ray imaging techniques—computed tomog-
raphy, radiography, and baggage scanners of airport secu-
rity. Because X-ray absorption increases with the cube of
Z, tissue light elements, C, H, N, and O (Z <8), absorb
less than bones, which is predominantly Ca (Z =20).
Radiography generates Z contrast images based on this
property. Sample thickness, ¢, and the absorption coeffi-
cient, u, are two other factors that dictate how much radi-
ation passes through, I—the intensity of transmitted X-
rays. According to the Lambert-Beer law, I is propor-
tional to the incident beam X-ray, I, and the exponential
of the product of x and t:

I =Isexp(—ut) (1)

Spectroscopic techniques measure the interaction
between electromagnetic radiation and matter. In UV-
Vis spectroscopy, valence electrons of the outermost shell
of atomic or molecular orbitals absorb this energy.® In
infrared spectroscopy, molecules absorb photons with an
energy equal to one of its vibrational frequencies—a
transition between electronic states.!”! In XAS, ener-
getic hard X-rays eject electrons of the tightly bound
core electrons occupying the innermost orbitals
(Figure 1, left panel). The energy required to remove an
electron from an atom equals the binding energy, Ey,
which is 4966eV for the 1s K shell of Ti and increases
exponentially with Z to 88005eV for Pb. The energy to
eject Pb core electrons at the L; and M; shells is
13035eV and 2484 eV, respectively, which is much lower
than for the 1s electron. X-ray absorption spectra come
from the K-edge (particularly for lighter elements), and
the L- and M-edges (Figure 1, right panel). The same
power law function fits each of the K, L;, and Ms
shells (R? > 0.995):
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FIGURE 1 Left panel: Ti 1s K-shell electron absorption of an

X-ray photon (5 keV) followed by the photoelectron ejection out of
the absorber atom into the continuum. Adapted from Patience.["!
Copyright 2017 Elsevier. Right panel: Core electron excitation

from K, L, and M band edges. Adapted from Atenderholt (CC BY-

SA 3.0 [http://creativecommons.org/licenses/by-sa/3.0])!)

Eo(K)=0.00116(Z+8)*° 6,11 =03keV  (2)
Eo(L3) =0.00018(Z +8)*° 6,.9=0.09 keV  (3)

Eo(Ms) =0.000044(Z +8)*° 6,.6=0.07 keV  (4)

The binding energy of 1s K shells, E¢(Z), is over 6 times
that of the L; shells, which in turn are 4 times greater
than that of the M5 shells (Figure 2).

The XAS community uses both y and A (absorbance)
interchangeably to measure X-ray absorption intensity as
a function of the incident photon energy, E. In UV-Vis
spectroscopy, € is equivalent to x4 and the optical length
and concentration contribute to absorbance. In solid state
chemistry, u is the absorbance of a sample of unit thick-
ness and unit optical length at a given energy. The abso-
lute intensity depends on sample density, loading (mass
fraction), and thickness: A 5% Pt/Al,O; sample absorbs
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FIGURE 2 Electron binding energy, Ey, as a function of

atomic number, Z for K, L3, and M5 shells. The binding energy for
Ti is about 5 keV and 90 keV for Pb. Adapted from Patience.!'"!
Copyright 2017 Elsevier

more than a 1% Pt/AlL,Oz at the Pt L3-edge. So, XAS
detects changes in atomic concentration; however, ICP
(inductively coupled plasma), XPS (X-ray photoelectron
spectroscopy), XRF, and EDX (energy dispersive X-ray
spectroscopy) cost and efforts are less compared to XAS
measurements in a synchrotron. XAS does measure
changes in oxidation state and chemical environment
quantitatively. The XAS spectrum is normalized between
the pre-edge and the post-edge line in order to remove
the sample concentration, density, and thickness depen-
dency of the edge jump intensity and to allow quantita-
tive comparison and analysis of spectra of different
materials (including reference) independently of the
experimental conditions and chemical composition and
concentration. The normalization thus confounds u
and A.

XAS spectra are plots of u-absorbance, as a function
of X-ray photon energy (Figure 3) in the region of the
selected binding energy (E,).*?! Because E, depends on
the atomic number, it turns out that XAS is element spe-
cific. A full XAS spectrum is usually measured between
150eV below E, and up to 1000eV above E,. An XAS
spectrum includes the XANES (which is the same as
NEXAFS), and the EXAFS (Figure 3). XANES comprises
the pre-edge with small features between the Fermi
energy and threshold, edge (edge jump = Ay,[E], where
the incident energy equals the binding energy that ejects
a core electron into the continuum), and near-edge. In
the latter, the excess energy becomes kinetic energy with
a photoelectron—a wave that propagates away from the
absorber atom. The XANES spectra and EXAFS are
mathematically processed independently; the former
identifies oxidation state and d-band occupancy while the
higher energies in the spectrum (EXAFS) relate to the
local chemical environment surrounding the absorber
atom like coordination number (number of atomic
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FIGURE 3 X-ray absorption spectroscopy (XAS) spectra at the

Ti K-edge of PbTiOj; thin film as a function of calcination
temperature. The local structure of the Ti atoms is close to
amorphous TiO; up to 623K (the lowest curve). At 723K, the
spectra is practically identical to a reference PbTiO; (not shown),
which confirms all the TiO, reacted. Adapted from Holgado

et al.l'”?! Copyright 2017 Elsevier

ligands) and distance, Debye-Waller factor, and inner
potential correction.

3 | DESCRIPTION

3.1 | XAS experimental setup

Synchrotrons had been the only source of polychro-
matic X-rays for XAS. Recent advances in bench top
spectrometers like line focus X-ray tubes and plasma
X-ray sources are now available. The applications for
these instruments, which are much less costly than
synchrotrons, include monitoring catalyst stability,
which requires extended run times, and hazardous
materials.'"3 Synchrotrons produce an electron beam
and then accelerate them and inject them into ultra-
high vacuum storage rings in which they circulate at
velocities approaching the speed of light, c. Bending
magnets, undulators, and wigglers located along the stor-
age ring perturb the beams trajectory that provokes the
emission of photons (i.e., the synchrotron light). Because
the electron beams travel at close to c, they are subjected
to the Doppler effect and the Lorentz contraction of dis-
tances. Both relativistic phenomena shrink the emitted
photon’s wavelength (infrared to hard X-rays) into the
laboratory frame compared to the emitting electron
frame." The emitted synchrotron light is delivered to
the beamlines which are located tangentially to the stor-
age ring in correspondence of each light source (bend-
ing magnet, undulator, or wiggler). A synchrotron
facility comprises several beamlines along which the

IGLESIAS-JUEZ ET AL.

experimental laboratories are built for the specific
application (Figure 4).

A common XAS configuration comprises the focusing
mirrors, monochromators, higher harmonic rejection
mirrors, ionization chambers, and sample cells that oper-
ate at experimentally relevant conditions (in-situ and
operando experiments). Samples are loaded between the
first and second ionization chamber while the reference
metal foil of the investigated element for calibration goes
between the second and the third. Ionization chambers
are cylinders filled with He, N,, Kr, Xe, Ar, or mixtures
of them that measure the intensity of the incident radia-
tion, Iy, and transmitted light, I, passing through the
sample. Rotating the double monocrystal X-ray mono-
chromator changes the incident angle, 6, to scan the X-
ray energies. The X-ray diffraction obeys Bragg’s law,
which states that the product of an integer n and the
wavelength A equals the product of the distance between
two lattice planes d and the sind, where 0 is measured
normal to the surface:

niA=2dsiné. (5)

For higher energy X-rays, researchers substitute the
Si(111) with a crystal with higher Miller index such as
Si(211), Si(311), Si(220), and Si(511). To reject higher X-
ray harmonics (n > 1), the second monocrystal is slightly
detuned or uses mirrors, or a combination of the two. To
determine the adsorption coefficient, we rearrange Equa-
tion (1) to express y as a function of ¢ and I and I

1. I

:—1 —
p=-In- (6)

XAS can be measured both in transmission or in fluores-
cence mode. Indeed, the electron hole generated after the
ejection of a core electron can be filled by relaxation of
higher energy electron core-level with emission of an X-
ray photon by fluorescence. For example, relaxations
from an L3 or an L, shell to the K shell of copper leads to
the emission of the characteristic K; (8046.3 eV
corresponding to 1.5409A) and K, (8026.7 eV
corresponding to 1.5446 A) radiations. Core hole genera-
tion and consequent relaxation processes are propor-
tional to the incident X-ray intensity. Thus, the
absorption coefficient ¢ can be derived indirectly from
the intensity of fluorescence X-rays (It), as u < I¢/Ip. In
the latter mode, the sample is placed at 45° with respect
to the incident X-ray beam, facing a fluorescence detector
(typically silicon or germanium semiconductor detectors).
Fluorescence is element specific, because the detector is
tuned to count only the emitted X-rays of specific energy,
that is, of characteristic energy of the investigated



IGLESIAS-JUEZ ET AL.

THE CANADIAN JOURNAL OF 4 5
C HEMICAL ENGINEERING b Canadian Society for Chemical Engineering | For Our Future.

Société canadienne de génie chimique | Pour notre avenir

Hutch

lonization chambers

HlH -

Sample Reference

foil

FIGURE 4 The photo to the left is the Canadian Light Source in Saskatoon that accelerates electrons and directs the synchrotron light
into beamlines that lead to dedicated monochromatic in hutches that shine on samples, reference materials, and ionization chambers

element. Thus, fluorescence is particularly useful for thick
samples where the transmitted intensity is too low or for
diluted species into a high absorbing matrix (e.g., 0.01 gg™!
Pd supported on CeO,) in order to identify the contribu-
tion of the element under investigation. In contrast, fluo-
rescence is unsuitable for time resolved measurements
because of the longer acquisition time of the fluorescence
detector with respect to the ionization chamber.

3.2 | Near edge structure—XANES

X-ray energies of the XANES spectrum around the
absorption edge range from —50 eV below E, to 100eV
above E,. Oxidation state, the coordination environment
of the absorber atom, and ligand type chemistry impact
the edge position and shape of the XANES spectrum.
Below the absorption edge the spectrum is linear and
smooth; it increases sharply at the edge (jump), and then
oscillates beyond it. In early photographic emulsion
detectors, the intense peak at the edge was a bright white
line and so researchers adopted this terminology.

Photoelectric transitions change the azimuthal quan-
tum number [ to [4+1 (selection rules). For example, X-
ray radiation absorption promotes a K shell (I=0) elec-
tron into np discrete electronic states and the continuum.
However, the 1s — nd is forbidden as in this case [=2.
The p band of transition metals are filled while the d
levels are unfilled. However, p-d hybridization of the O
2p and metal d levels creates accessible molecular orbital
states. The allowed states are at the origin of pre-edge
features—isolated peaks and shoulders (Figure 3).

Cu,0 tetrahedral coordination favours hybridization;
consequently, the pre-edge peak is intense but the octa-
hedral coordination of CuO is symmetrical, so s — d tran-
sitions are forbidden and weak.!"®! The L3-edge X-ray
absorption white line of transition metals is essentially
due to the 2p;,, — d transition (the contribution of the
p—s transition is 50 times weaker).'® However,

according to the ligand field theory (LFT), the five degen-
erate d-orbitals split into three lower energy orbitals, ty,
and two higher energy orbitals, eg, in octahedral coordi-
nation. This splitting generates the appearance of two peaks
in the white line that overlap depending on the extent of the
f,g — ey energy splitting (i.e., on the symmetry of the coor-
dination unit)."”! Hence, a XANES spectrum identifies
the oxidation state as the position of the edge of the
absorber atom varies linearly with oxidation state.

We apply XANES for in-situ experiments to follow:
for example, the temperature programmed reduction
(TPR) profile of a metal oxide or to explore catalyst redox
dynamics operando. With this information, we can iden-
tify the optimal catalyst pre-treatment conditions and
characterize reaction mechanisms. For example, 723 K is
sufficient to form PbTiO; and not 623K (Figure 3).
Because hard X-rays penetrate deeply, XAS is essentially
a bulk technique and the spectra are a linear combina-
tion of all the chemical forms of the selected element
inside the sample. Therefore, we require spectra of refer-
ence materials to complement the analysis. For example,
the fraction of TiO; in the mixture is a linear combina-
tion of the spectra of the pure TiO, and PbTiO; refer-
ences. Quantitative approaches simulate XANES spectra
with ab initio theoretical calculations with dedicated pro-
grams such as FEFF9 and FDMNES, 82!

3.3 | Extended fine structure—EXAFS
The kinetic energy, Ex, of photoelectrons ejected from
the absorber atom equals the excess energy (E — Ey). The
wavelength of a particle, 4, is the ratio of Planck’s con-
stant, h, to its momentum, p: A=h/p. The de Broglie
hypothesis holds that the photoelectron wavenumber,
k=2x/4, is the ratio of particle momentum and the
reduced Planck’s constant (4 = h/2x), k= p/h. The prod-
uct of electron mass and velocity is momentum p = meu
and Ex = 1/2mcu?. Thus, we have the following:
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p

E:
k=3

=E—-Ey (7)

M

With the de Broglie hypothesis, we rearrange this equa-
tion to express photoelectron wavenumber as a function
of the incident X-ray energy:

_ [2m.(E—Ey)
k=\—7— (8)

Whereas XANES interprets the near edge signal of the
XAS spectrum, EXAFS considers the signal from about
50 eV up to 1000 eV beyond E,. The EXAFS spectrum of
a single atom in total vacuum is a smooth line with an
absorbance of Ay, that is, the edge jump corresponding
to the difference between the post- and the pre-edge
lines. Practically, photoelectrons are back scattered by
surrounding atoms (coordination environment) that are
at the origin of oscillations in the XAS spectrum.

Absorbing atoms and nearby scattering atoms act like
a type of interferometer. When the wavelength of the
photoelectron is an integer of the interatomic distance
(path length), there will be constructive interference.
Because p represents the probability that X-rays are
absorbed, at X-ray energy below the electron binding
energy, the probability of X-ray absorption is low
(i.e., low u(E)) because electron transitions are unlikely
(impossible). On the other hand, at energy above it, the
probability of X-ray absorption is high due to the allowed
electron transition, and u(E) rises up. In the EXAFS
region, the absorbance reaches a maximum in the case of
constructive interference, when the scattered photoelec-
tron waves are in phase, and a minimum for destructive
interference, when they are out of phase. Because the
photoelectron wavenumber k ranges from 0 up to
16 A_l, the in- phase event can occur several times, thus
originating likewise oscillations in the EXAFS spectrum.

x(E) is the normalized EXAFS function in the inci-
dent X-ray energy domain, and it equals to the difference
between the measured absorbance p(E) and the single
atom absorbance (spline) y,(E) divided by the jump in
absorbance at the edge Au,:

©)

In the following step, we convert the abscissa from
energy to wavenumber k (Equation 8) to give y(k), which
only shows the oscillatory part of the original XAS spec-
trum. The amplitude of the oscillations decrease with
increasing k. Each y(k) value is multiplied by the
corresponding k" with n equal to 2 or 3 to compensate
for this phenomenon, known as k weighting.

IGLESIAS-JUEZ ET AL.

As photoelectrons propagate outward in all direc-
tions, they follow several scattering paths, i (Figure 5), all
of which contribute to the EXAFS spectrum (Table 1).
The backscattered electron interacts as in the case of an
interferometer by combining waves. When the electron
wavelength (that changes with increasing incident X-ray
energy) is an integer of the path length
(i.e., approximately the interatomic distance), you have
constructive interference that increases the probability of
X-ray absorption and therefore of u(E):

NiSZ F;(k 272 2R
x(k)= Z%e“ik e Tsin[2kR; + & (k)] (10)

i

The Debye-Waller factor corresponds to the degree of dis-
order due to both thermal vibrations and structural
defects and S3 is the passive electron reduction factor
(about 0.8).

A sine function characterizes the oscillatory nature of
x (k) with a frequency proportional to the interatomic dis-
tance R. The amplitude (terms outside the sine) decreases
with increasing wavenumber, k, so is in the denominator.
The contribution of the shell atoms decreases with
increasing distance from the absorber, which is
accounted for in the first term as 1/R? and in the third
term as exp—2R/A(k). The photoelectron’s mean dis-
tance—mean free path—that it travels, A(k), increases
from 5 A at k=2.5 A~ to 30A at k=15 A" '. The scat-
tering contributions within 10 A dominate the EXAFS
signal. Because it detects local structure, EXAFS is best
for amorphous and crystalline macromolecules, solids,
and liquids.

Because the contributions of all possible scattering
paths overlap, the y(k) spectrum is practically impossible
to interpret quantitatively. However, converting y(k)

FIGURE 5
coordination shells of four atoms at distance R; and eight atoms at

A central absorbing atom surrounded by two

distance R,. Besides the two direct scattering paths 1 and
2, multiple scattering paths such as 3 are possible. Adapted from
Patience.'”! Copyright 2017 Elsevier
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from the k domain to the R domain with a Fourier trans-

form (FT), y(R), facilitates data processing and
interpretation:
ky
;((R):J W (k)K" (k) [cos (27kR) + isin(27kR)|dk  (11)
ki

where W(k) is the window function (also called
apodization) (dx =1) to dampen the extreme values of
x(k). (R) of Equation (11) comprises real (Re[y(R)]) and
imaginary (Im[y(R)]) parts, which contribute to the mag-
nitude of y(R), affording an envelope of the real and
imaginary parts:

(X (R)|= \/(Reb((R)])2+ (Im(y(R)])* (12)

TABLE 1 Physical properties that account for the extended X-
ray absorption fine structure (EXAFS) spectrum that include those
that depend on the nature of the absorber and scattering atoms and
structural parameters (Equation 10)

Property Symbol Dependency
Scattering amplitude Fi(k) Atoms

Phase shift i(k) Atoms
Photoelectron mean free path Ak) Atoms
Average coordination number N; Structure
Interatomic distance R; Structure
Debye-Waller factor o? Structure
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Each coordination shell is shifted about 0.25 A towards
shorter R because of the phase shift of each §;(k) parame-
ter from Equation (10). Dedicated software that fits the
spectrum determines the real interatomic distance as well
as the coordination number and the Debye-Waller factor.
Data processing to identify interatomic distances and
coordination first normalizes the absorbance (u[E]), then
extracts y(E), converts the data from energy to
wavenumber (y(k)), and finally transforms the spectra
to the R domain (Figure 6).

The white line of the oxidized Pt(IV) in PtO, is more
intense than the reduced metal Pt foil yp0,(E) > pip,(E)
(Figure 6A). The background subtraction extracts the
oscillatory part above the adsorption edge
(Figure 6B). The k*-weighting magnifies the amplitude
of the oscillations at higher energy (Figure 6C). Finally,
FT of the EXAFS spectra clearly distinguishes the inter-
atomic distances for Pt-O, Pt-Pt, Pt-Pt 1, and Pt-Pt
2 (Figure 6D).

The metal Pt foil u(E) spectrum has a single intense
peak at R=2.5 A. In fact, 12 Pt atoms in the first coordi-
nation shell surround Pt atoms in the cubic closest
packed structure (R=2.774 A). PtO, have at least three
peaks in the 0<R <4 A range at 1.66, 2.85, and 3.28 A.
According to the PtO, crystal structure (Figure 7), Pt is
surrounded by four coordination shells within 4 A: an
octahedral coordination with 4 O atoms on the plane (Pt-
02 scattering path) at a distance of 2.023 A and the two
apical oxygen atoms (Pt-O1 path) at 1.916 A, 2 Pt atoms
at 3.138 A (Pt-Pt1 path), and 8 (Pt-Pt2 path) at 3.555 A.[**!

The overlap of the first two Pt-O1 and Pt-O2 shells in
the u(E) is too great to be resolved. On the other hand,

norm p(E) (a.u.)

FIGURE 6 Extended X-ray
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the Pt-Ptl and Pt-Pt2 shells are sufficiently far enough
away to analyze (Figure 6D), in the region above 2.5 A,
other multiple scattering paths only marginally contrib-
ute to the signal.

Resolving the local structure with EXAFS helps deter-
mine the likelihood of interactions of bimetallic composi-
tions, for example. In-situ experiments demonstrate how
stable materials are with respect to their environment—
temperature, pressure, fluid composition, electromagnetic

Path N R(A)
Pt-01 2 1.916
Pt-02 4 2023
Pt-Pt1 2 3.138
Pt-Pt2 8 3.555

FIGURE 7 fPtO; crystal structure and Pt-O and Pt-Pt
scattering shells. Adapted from Patience.!*®! Copyright 2017
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fields, or radiation. Furthermore, the average coordination
number reveals information on nanoparticle size.

4 | APPLICATIONS

Over the last 12 years, the number of articles that men-
tion XAS, XANES, EXAFS, or NEXAFS has plateaued at
1700 per annum. A bibliometric analysis grouped key-
words into five clusters (Figure 8). The largest cluster
(red in the map) focuses on electronic properties, optical
properties, crystal structure, and includes other spectro-
scopic techniques like XRD,!®! XPS,'?! XAFS, NEXAFS,
NMR (nuclear magnetic resonance),!*! and Raman.**
The cluster with the second most number of keywords
(green) contains oxidation, hydrogenation, Fischer-Tro-
psch, and metals—Cu, Ni, Co, Pt, Pd, and Au. The major
keywords of the blue cluster are adsorption, speciation,
mechanism, and reduction, and the compounds/elements
include uranium (U—mostly U[VI]), Zn, phosphates,
goethite, and ferrihydrite. The analytical technique Fou-
rier transform infrared (FTIR) is assigned to the blue
cluster, but is in the vicinity of the red cluster and is often

Elsevier applied together with the spectroscopic techniques of this
optiprop _
Gans scattgring ab initio
edge dynamics
photoluminescence gr“th localgtruct system basissets
magiprop fine@truct synchigtron
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FIGURE 8 Bibliometric map of keywords from articles indexed by WoS from 2018 to September 2020 (4796 articles mention XAS,

XANES, EXAFS, or NEXAFS).?22 The plot comprises 107 of the most often mentioned keywords that the VOSViewer software grouped
together in five clusters (distinguished by their colour and the general close proximity): e-prop (electronic properties (37 keywords in the

cluster), oxid'n (oxidation—21 keywords), adsorp’n (adsorption—21 keywords), NP (nanoparticles—17 keywords), and Fe (12 keywords).

The size of the circles and fonts are proportional to the number of articles: e-prop (315 articles), oxid’n (273), adsorp’n (294), NP (333), and

Fe (301). The smallest circles for each category are basis sets (49 articles), H, (47), layered double hydroxide (48), nanosheet (49), and ions

(48). Lines represent citation links. The following keywords (and number of articles) were excluded from the map as they overlap too many
other keywords as they are so large: XAS (1099), XANES (735), EXAFS (717), and spectroscopy (493)
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cluster.®! Nanoparticles (NP) dominate the yellow clus-
ter, for which catalysis is the major theme including
electrocatalysis (e-catalyst) oxygen reduction, water oxi-
dation, carbon monoxide oxidation, stability, and metal
organic frameworks (MOF). The magenta cluster, which
bridges the blue and red clusters, concentrates on iron
(Fe), metals, complexes, Mn, S, and K-edge.

Journal of Physical Chemistry C published 119 articles
with XAS, XANES, EXAFS, or NEXAFS as keywords.
The second most prolific journal was Journal of Alloys
and Compounds (96 articles), followed by Environmental
Science & Technology (94), then Inorganic Chemistry (92),
Physical Chemistry Chemical Physics (92), and ACS Catal-
ysis (86). The top five chemical engineering journals were
Applied Catalysis B-Environmental (50), Catalysis Today
(46), Chemical Engineering Journal (38), Journal of Catal-
ysis (30), and Fuel (21). The Canadian Journal of Chemi-
cal Engineering (Can. J. Chem. Eng.) published articles
that apply XAS and one dealing with catalysis (yellow
and green clusters): ‘CO, Conversion Through Combined
Steam and CO, Reforming of Methane Reactions Over Ni
and Co Catalysts,”®! and the other with LiFePO, and
batteries (red cluster) entitled ‘Chemical Speciation and
Mapping of the Si in Si Doped LFP Ingot with Synchro-
tron Radiation Technique’.[2%?7!

Nature published the most cited article since 2018
entitled ‘Reversible Mn*"/Mn*" Double Redox in Lith-
jum-Excess Cathode Materials’.!?®! Like the latter article
in Can. J. Chem. Eng., it concerns batteries and belongs
to the red cluster. From April 2018 to September 2020, it
accrued 171 citations. Angewandte Chemie International
published the article ‘Tailoring the d-Band Centers
Enables CosN Nanosheets to be Highly Active for Hydro-
gen Evolution Catalysis’,!*! which belongs to the yellow
cluster as it deals predominantly with catalysis. The third
most cited article was ‘Nanoporous Copper Silver Alloys
by Additive-Controlled Electrodeposition for the Selective
Electroreduction of CO, to Ethylene and Ethanol’ in
JACS, which also belongs to the yellow cluster (cataly-
sis).*°! The map shows that both XANES and EXAFS are
used in catalysis to elucidate reaction mechanisms, struc-
tural studies of nanoparticles, MOF, TiO,, and oxidation-
reduction; thus, some examples will be presented herein.

4.1 | Vanadia-ceria catalyst for
ethane ODH

XANES spectra are especially useful to determine oxida-
tion state, electronic properties, local symmetry, and
chemical environment of the absorbent element to
understand the behaviour of catalytic materials. For
example, vanadium systems are well known catalysts
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for partial oxidation reactions,*!**' and adopt V', V1V,
and VV oxidation states.*"**! The Mars-van Krevelen
mechanism characterizes how mobile oxygen from the
lattice is incorporated to produce molecules.****! Chang-
ing the vanadium/support interface affects the redox
properties of the catalyst. XAS evaluates the vanadium
oxidation state under reaction conditions, which estab-
lishes structure and reactivity relationships to better
understand these systems and thus design more selec-
tive/active phases.

Here we consider vanadia—ceria systems and ternary
V,05/Ce0,/Si0, and the effect of silica support on new
V-Ce-Si interfaces. Already, the literature has reported
in-situ XANES spectra of vanadia—ceria redox cycles dur-
ing ethane oxidative dehydrogenation (ODH).[*®! The cat-
alysts were prepared by impregnation of VOx on
Ce0,/SiO, at 0.01, 0.03, and 0.03 gg~! loading supports
with 0.03 and 0.3 gg—! CeO,. Figure 9 shows the K-edge
XANES spectra for the 5VCe, 1V3CeSi, 2V3CeSi, and
3V3CeSi. The spectra of all dehydrated samples (300°C
in air) were essentially featureless, suggesting a similar
local coordination and with a strong disorder at the local
level. The absorption edge position is indicative of V>*
species in all cases. Under ODH reaction (red dashed
line), different scenarios were observed for the V-Ce
binary sample and for the V-Ce-Si ternary samples. In
the case of 5VCe catalyst, the XANES spectrum shows

2vacesi )\ /

1v30e8ij/f-\\ ' /

SVCJ \/~
0

FIGURE 9
structure (XANES) of vanadium oxide molecularly dispersed on
Ce0,/Si0,. The support dehydrated in at 120°C for 16 h then
calcined in air at 500°C for 16 h. Dehydration in air (black line):
300°C. ODH reaction conditions (red dashed line): C,H¢ + O, + He
(ratio of 1:2:8) at 800°C. Oxidation conditions (green line): O, +He
mixture (ratio of 2:8) at 800°C. Adapted from Iglesias-Juez et al.o!

Normalized Absorbance (a.u.)

20 40 60
Energy (eV)

In situ V K-edge X-ray absorption near edge

Copyright American Chemical Society 2018
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the typical features of the CeVO, reference, demonstrat-
ing that ODH conditions promote the vanadate phase
formation,'*”**! and therefore the V>* /V** redox cycle is
inhibited on the bare CeO, support. However, this was
undetected on the CeO,/SiO, support since both the shift
of the spectra edge position and the decreasing pre-edge
intensity are evidence of a reduced vanadium species.
XANES data also show that this reduction process is
reversible since the vanadium species oxidize to V"
(green spectra) and reduce to V** under ODH conditions.
A similar behaviour was also detected for a sample with
a much higher content of CeO,, 3V30CeSi
(0.3 gg~1Ce0,), indicating that the effect of silica on the
structural reactivity of ceria also remains at high concen-
tration of Ce in SiO,, where bigger ceria entities are in
contact with VOx centres.>®!

On the other hand, Ce L3-edge spectra have distinc-
tive XANES features for Ce*" and Ce*" oxidation states
and thus it is an appropriate technique to track its redox
behaviour (Figure 10). In air (red), the 1V3CeSi XANES
spectrum have two main peaks, B, and C, due to the exci-
tation from the 2p core level into the bound 5d orbital
and two shoulders (features labelled A and B1) that are
only detected when Ce*" is present, exactly like the pure
CeO, reference.®®*°! The XANES spectrum changed
completely under ODH conditions with the characteristic
peak B, located at 5725eV, distinctive of Ce*" species,
demonstrating that Ce centres become fully reduced

Cel,-edge 1V3CeSi

ODH again

Normalized Absorbance (a.u.)

5710 5720 5730 5740

Energy (eV)

FIGURE 10 Insitu Ce Lz-edge X-ray absorption near edge
structure (XANES) spectra of 1V3CeSi at 800°C. Black line ODH
mixture: C,Hg + O, + He (ratio of 1:2:8). Red line oxidation: O, +
He (ratio of 2:8).Green line, second ODH exposure, C,Hg + O, + He
(ratio of 1:2:8). Adapted from Iglesias-Juez et al.l?! Copyright
American Chemical Society 2018
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(Figure 10-black). Later, when ethane was eliminated
(oxidation), 1V3CeSi recovered the initial Ce*' state,
proving the Ce*" /Ce*" redox couple. However, as the V
loading increased in the xV3CeV samples, it only par-
tially reoxidized and the catalysts had a higher Ce*" con-
centration, suggesting that vanadium is linked to the
stabilization of the Ce*" centres.

The mass fraction of Ce>" was determined from the
in-situ Ce L3-edge XANES spectra under ODH and air
flow (Figure 11, left). The cerium oxidation state of the
dehydrated xV3CeSi went from Ce*" to Ce*" under ODH
reaction conditions. The oxidation state of the 3V30CeSi
sample, with a higher Ce content, was higher, which sug-
gests that vanadium promotes Ce*" and only the centres
at the interface with vanadium entities are susceptible to
reduction (Figure 10). In all these samples, the ODH
reduced V°* vanadium species to V**. However, in the
binary sample VCe, the Ce reduction was total, but a new
Ce vanadate phase formed that blocked the redox couple
of vanadium such that it remained in its initial V" state.

After, when air replaced the ethane, the degree of Ce
reoxidation varied with V content: the higher the vana-
dium loading, the higher the % Ce*" that remained oxi-
dized (Figure 11, left, blue bars). This suggests that V
species block the Ce*"/Ce*" redox couple. The CeVO,
remained as Ce3* as the O, environment was insufficient
to reoxidize it. Raman spectroscopy, which is sensitive for
V and Ce oxide species on SiO, support,***! detected
isolated surface V species near 1028 cm~! This peak is
attributable to the terminal V=0 bond, that in the case
of V-Ce samples was detected in the 1031 —1036 cm™!
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FIGURE 11 Degree of Ce reduction (% Ce*") calculated from
in situ Ce L;-edge X-ray absorption near edge structure (XANES)
spectra of the samples under different conditions at 800°C: (grey)
under ODH mixture, (blue) under air (C,Hg was removed from the
mixture) (left). Degree of Ce reduction under air (blue square)
versus V-to-Ce weight ratio and position of the V=0 Raman mode
in dehydrated used catalysts (orange triangle) (right). Adapted from
Iglesias-Juez et al.[*o! Copyright American Chemical Society 2018
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High energy resolution fluorescence detection X-ray absorption near edge structure (HERFD-XANES) spectra of Pt/Al,O3

catalyst measured during a temperature ramp to 600°C in H,. Left panel: Intensity contour map. Right panel: Spectra of the initial and final

Pt species formed. Adapted from Iglesias-Juez et al.[*! Copyright Elsevier 2010

range. This band shift suggests that dispersed VO species
polymerize during reaction, especially with higher vana-
dium content, which would be related to the weaker
interaction between V and Ce. The fraction of Ce** corre-
lates with both the position of the V=0 Raman of
dehydrated wused catalyst and V-to-Ce mass ratio
(Figure 11, right). This example shows how in-situ
XANES tracks oxidation state changes of species under
reaction conditions and the importance of the relation-
ship between support and active surface species. This
example also demonstrates how the substrate affects the
V-O-Ce interfacial chemistry.

Vanadium-based catalysts are dynamic species that
change oxidation state when cycled between reducing
and oxidizing atmospheres (Mars-van Krevelen redox
couple).*>~** In-situ XANES is one spectroscopic tech-
nique to study the active phases in each environment to
determine the reaction mechanism and design a better
catalyst.

4.2 | Pt-Sn for propane dehydrogenation
Pt-based catalysts dehydrogenate propane to propylene.
Propylene demand is growing rapidly with the
propane supply in the US due to shale gas production.[45]
Sn, as a promoter, modifies the catalytic behaviour
of Pt. High energy resolution fluorescence detection
(HERFD)-XANES during H, reduction and consecutive
dehydrogenation-regeneration cycles is capable of quanti-
fying Pt reducibility, particle size, and the extent of Pt-Sn
alloying.!**) Pt is oxidized prior to feeding hydrogen and
the edge shifts to lower energies with a corresponding
drop in the white-line intensity during hydrogen treat-
ment, which confirms Pt reduces to metallic Pt around
140-210°C (Figure 12). Similarly for Pt-Sn catalyst
(Figure 13), the Pt species reduce to Pt, but above 210°C
a Pt-Sn alloy forms.

Heating to 600°C in propane induced changes
detectable by HERFD-XANES for both Pt and Pt-Sn
samples.!*®! Ay difference spectra were calculated using
bare metal at the same temperature as a reference to sub-
stantiate these changes (Figure 14a):147*8! A negative fea-
ture near 11564eV and a positive peak near 11567eV
are evident in the spectrum and both signals reach a
maximum at 140°C, indicating changes in the electronic
structure due to propane adsorption (Figure 14, left
panel). The negative signal corresponds to an edge shift
to higher energies, and the positive to increased white-
line intensity that broadens on the high-energy side.
Based on previous XAS studies on Pt surface with CO
and ethane adsorption,***°! a reduction in electron den-
sity from the Pt cluster to the adsorbate, accounted for
the increase in the white-line intensity and edge position
shift to higher energies. Thus, the two peaks are attribut-
able to propene species and/or adsorbed H, on the Pt
clusters (both of which form during the reaction). In the
case of the Pt-Sn sample (Figure 14, right panel), the
spectra have only one positive peak, which indicates that
hydrogen adsorption is negligible.*®! For Pt-Sn, the shift
of the edge position to lower energies indicates that elec-
trons transfer from the adsorbate to the metal; a Pt-
propylene complex forming s-bond accounts for this fea-
ture. Since Sn removes the charge form Pt, a z-bond does
not form, which confirms that the Pt-Sn interaction
weakens the surface chemisorption. This implies that the
selective C-H bond activation is favoured with respect to
C-C™ or C=C, increasing the selectivity to propylene. In
addition, coke precursors (hydrocarbons) desorb more
easily from the Pt-Sn surface compared to Pt, which
explains the higher selectivity and stability of Sn
promotion.

In this same study, the structural evolution of the alloy
was measured during successive reaction-regeneration-
activation cycles (as in industrial operations), confirming
the progressive increase in particle size and Sn enrichment
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FIGURE 13

High energy resolution fluorescence detection X-ray absorption near edge structure (HERFD-XANES) spectra of

Pt-Sn/Al,O; catalyst measured during a temperature ramp to 600°C in H,. Left panel: Intensity contour map. Right panel: Spectra of the
initial and final Pt species formed. Adapted from Iglesias-Juez et al.[*®! Copyright Elsevier 2010
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panel: (a) Pt/Al,O; reference (b) 100°C, (c) 122°C, and (d) 400°C. Right panel: (a) Pt-Sn/Al,0;3 (b) 100°C, (c) 140°C, and (d) 400°C. Adapted

from Iglesias-Juez et al.l*! Copyright Elsevier 2010

FIGURE 15 High energy
Ha P _ﬂ_ resolution fluorescence detection X-ray
air % H, absorption near edge structure
g (HERFD XANES) spectra of
- 2 eyele ) Pt-Sn/ALO3. Left panel: Intensity
i ol contour map during the first two
g = H, . propane dehydrogenation-regeneration
@ E, o A cycles at 600°C. Right panel: Model of
E E Air % ! the Pt and PtSn species before and
L 2 PtO, after successive air and H, treatments.
o Py Adapted from Iglesias-Juez et al.[*?]
o M pisn . .
ook " i oo Copyright Elsevier 2010
% $no,
11563 11564.7 11566.8 11568.3 11570 L air Al,0,

Energy (eV)

of the alloy, which supports the rationale of the observed
deactivation after successive cycles (Figure 15).

This operando XAS study determined morphological
and structural information and how the electronic prop-
erties of the Pt-centres depend on the Sn alloy degree,
which changes as a function of oxidation and reduction
treatment. These results suggest that these differences
modify the activation of the hydrocarbon and alter the
nature and strength of the adsorption of reactants and
products.*®)

4.3 | PdZn over ZnO for 1,3-butadiene
hydrogenation

Combining XAS (a predominantly bulk technique) with
surface sensitive spectroscopic techniques like Raman!”!
or IR** increases the capability of relating reaction rates
and structure. In this example, XAS was combined with
DRIFTS to study 1,3-butadiene hydrogenation. The spec-
tra confirmed that the stability of the adsorbed intermedi-
ates depended on the ZnO nanoparticle shape with
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distinct planar surfaces and degree of alloying. The
alloys’ electronic and structural properties determined
the hydrogenation selectivity.!®’! The nature of the
exposed face of the ZnO support modulates the interac-
tion between Zn and the active phase, which determines
what type of PdZn alloy forms. These experiments
required a specially designed cell to measure XAS and
DRIFTS (diffuse reflectance infrared Fourier transform
spectroscopy) simultaneously while a mass spectrometer
monitored the effluent gas composition.!**! The forma-
tion of PdZn alloys was investigated by in-situ XANES
during H,-temperature programmed reduction (TPR)
(Figure 16) on TiO, (as a reference for non-alloyed Pd),
ZnO-n needles, ZnO-b bricks, and ZnO-t tetrapods sup-
ports. Based on the XRD and high-resolution transmis-
sion electron microscopy (HRTEM) measurements, the
Pd-ZnO-n maximizes the exposure of the polar planes,
while in the Pd-ZnO-t the proportion of nonpolar (1010)
planes were maximized, and for Pd-ZnO-b it was the
nonpolar (1120) surface.’) The XANES spectra for all
samples (Figure 16) are typical of Pd(0) species, but there
are some differences in the shape compared to a Pd foil
depending on the support, suggesting that the electronic
density of Pd on the ZnO supports was higher compared
to the Pd foil.l®?! We infer this by comparing the energy
position of both the edge (expanded view), and the CRs
(continuous resonance shapes), and their intensity, of the
ZnO spectra with the Pd — TiO, and foil.

These effects indicate that Zn atoms transfer elec-
tronic density to empty Pd states by alloy formation. Par-
ticle size accounts for differences between the supported
ZnO samples.*®! Zn diffusion into the Pd structure
increases Pd-Pd distances and decreases the CRs position
(1/R? rule), which explains the energy shift of CRs. These

Pd-TiO,
—— Pd-Zn0O-t
08- Pd-ZnO-b
—— Pd-Zn0-n
------ Pd Foil
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FIGURE 16
(XANES) spectra for the final species after temperature
programmed reduction (TPR) in H, for Pd-TiO,, PdZnO-t, Pd-
ZnO-b, Pd-ZnO-n, and Pd foil reference. Adapted from Castillejos-
Lépez et al.®! Copyright American Chemical Society 2017
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data suggest a PdZn alloys form. In the case of Pd — TiO5,
the Pd reduces just after H, contact and it forms the larg-
est Pd particles, stabilizing as a hydride phase when the
temperature is decreased.*!! On the contrary, when Pd is
supported on ZnO, the interaction of Pd species with Zn
delays the reduction of Pd species to higher temperatures,
pointing to different redox properties, which is expected
to affect the catalytic behaviour of these materials. These
interactions depend on the specific plane where the Pd
species attach: The alloy forms at higher temperature for
the stronger interactions. The weakest interaction (and
lowest onset formation temperature) is for Pd-ZnO-n,
followed by Pd-ZnO-b, and finally Pd-ZnO-t.

The Pd-Pd atomic distance in the first coordination
shell is 2.80 A for Pd — TiO,, higher than the characteris-
tic value for metallic Pd foil or reference at 2.750 A
(Figure 17, Table 2). This difference indicates that H
atoms diffuse into the FCC Pd structure (faced-centred
cubic) to form a hydride nanoparticle phase.*>*! In the
case of ZnO supported samples, the atomic distances are
even greater (Table 2). Introducing an additional Pd-Zn
coordination shell with smaller distances fit the spectra
best, which confirms that an alloy forms. The Pd-Zn coor-
dination number increases from 0.6 to 1.4 (Table 2),
which suggests that the Zn content is highest in the Pd-
ZnO-n alloy. Comparing the coordination number of Pd-
Pd and Pd-Zn shells, the Zn content of the Pd-Zn alloy
lies between 0.14 — 0.20 gg . However, at higher tem-
perature, the EXAFS analysis indicates that a 1:1 PdZn
alloy forms. The electron density and elongation of the
lattice of the Pd-Pd bonds increases with Zn content.

The shape of the XANES spectra was substantially
the same while cycling between H, + 1,3-butadiene and
H, atmospheres, which confirms that the Pd-Zn structure
is stable under reaction conditions.!”! DRIFTS spectra
showed that 1,3 butadiene was adsorbed in all the sam-
ples after 10 min along with some reaction products; for
pure Pd, n-butane was detected, but for the PdZn alloy,
1- and 2-butenes IR fingerprints were present. The
DRIFTS bands assert that the PdZn alloy changes
the adsorption capacity of the reaction products: On pure
Pd, the adsorption is fast and products saturate the sur-
face more quickly. On the contrary, product adsorption is
slower on the alloy. The distinct catalytic behaviour of
the ZnO-supported catalysts in comparison with the Pd —
TiO, catalyst can be explained by both the electron-rich
Pd active sites and isolated active Pd atoms. These effects
account for the distinct catalytic behaviour of the ZnO-
supported catalysts in which a PdZn intermetallic alloy
forms after H, reduction. This study demonstrated the
potential of XAS to identify the local structure of active
sites and its relationships with their reactivity.*] The
potential of XAS is reinforced when combined with
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k*-weighted modulus and imaginary part of the Fourier transform of Pd K-edge extended X-ray absorption fine structure

(EXAFS) spectra corresponding to the reduced catalyst at room temperature: (A) Pd — TiO, and (B) Pd on ZnO supports. The Fourier transform
of the Pd foil is shown using dotted lines as reference. Adapted from Castillejos-Lopez et al.l?! Copyright American Chemical Society 2017

TABLE 2 Pd catalysts structural parameters from ambient
temperature after reduction up to 250°C (Figure 17)1°!

Pd-Zn shell Pd-Pd shell
Sample R N, R N, Ni/N,
Pd-TiO, 2.80 8.5
Pd-ZnO-t 2.54 0.6 2.90 2.1 0.3
Pd-ZnO-b 2.49 1.3 2.86 1.5 0.9
Pd-ZnO-n 2.51 1.4 2.88 1.4 1

complementary IR spectroscopy that adds relevant chem-
ical information to the electronic and structural insights
obtained by XAS. The simultaneous acquisition also
guarantees identical experimental conditions (7, P, gas
composition...), ensuring comparable results.

44 | Photocatalytic H, production

XAS coupled with electron paramagnetic resonance
(EPR) to optimize Co-based photocatalyst composition
for H, production is another example of the power of
combining spectroscopic techniques.®®*”! Like the previ-
ous example, specially designed liquid-solid-gas reactors
are required to measure species composition in situ. In
this case, operando XAS monitored the catalysts during a
pre-reaction (incubation) period as well as during photo-
catalytic hydrogen production to examine the structural
and electronic behaviour of the photocatalysts
(Figure 18). The EXAFS spectra FT of Co-K-edge of
Co@MOF catalyst before and after incubation period
indicate that Co®>" species initially have an octahedral
first coordination sphere with O and/or N atoms, and
with Br to a minor extent. One limitation of EXAFS is

Co@MOF

- A /
G- S~ ~
= _ — \ / \
x —
= ST =
Co@MOF-inc,
- —= N\ ;s\ —
N B / \ s -
1 2 3
radial function (A)
FIGURE 18 k*>Weighted modulus and real part of the Fourier

transform of Co k-edge extended X-ray absorption fine structure
(EXAFS) spectra corresponding to Co0@MOF before (black) and
after incubation periods: (green) inc; =12 h and (red) inc, =24 h.
Adapted from Iglesias-Juez et al.l®! Copyright Royal Society of
Chemistry 2018

the difficulty in distinguishing O and N, since they have
similar atomic numbers and are light scatterers. How-
ever, previous IR analysis confirm that N is part of the
lattice.l®! The EXAFS fitting results (Table 3) indicate
that the Co-N distance increases during incubation, with
a decrease in Co-Co coordination number, and with the
absence of a second coordination Co-Co shell, since
the coordination number is below 0.3. The shape of
EXAFS spectra (Figure 18) indicate that there are several
differences between the fresh and the incubated sample,
that could be related to the presence of a cobalt-MOF
wall interface contribution. Thus, it was necessary to
introduce another Co-Ti coordination shell to better fit
the data, suggesting that Co monomers were stabilized by
bonding to the Ti oxo-cluster of the MOF. Fitting results
(distances and coordination numbers) coupled to EPR
data suggest Co bonds to Ti-clusters through oxo-bridges.
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This interaction with Ti is crucial for catalytic activity
since Co*" species encapsulated on other Zr- or Al-based
MOFs supports following the same synthesis methods
formed catalytically inactive phases.!>”’

The mechanism and how visible light induced the
catalytic activity were explained by operando XANES
experiments under reaction conditions. Here, differential
methods were applied to enlarge spectra changes.
Figure 18 presents the intensity colour maps of the nor-
malized differential XANES spectra obtained while
switching the light on and off.!*® The light shifts the edge
to lower energy, a corresponding drop in white line
intensity, and a shoulder near 7737 eV. This is related to
the increase in electron density of the p and d states,
indicative of a partial reduction of the cobalt sites. After
5 h, steady state was reached coinciding with the begin-
ning of the reaction. All these changes were reverted
once the light was switched off. This behaviour was
reproducible during the second light exposure cycle
(Figure 18). Therefore, the study highlights what happens
during the incubation stage: initial Co-diners partially
dissociate and monomer Co(II) species connect to Ti-
clusters through oxo-bridges. Light excites Ti-oxoclusters
in the structure and the electron density accumulates in
the Co-sites, electronically coupled to the Ti atoms of the
MOF material. These partially reduced cobalt sites are
the active catalytic centres that produce H,.

4.5 | Photocatalytic CO, photoreduction
A similar experimental procedure was applied to study
photocatalysis with Ag nanoparticles supported on TiO,
to reduce CO,.°®" The operando XANES study
(Figure 19) identified how charge transferred in UV and
visible light: UV light promotes electrons from the titania
valence band to the conduction band (3d states of Ti) and
then to Ag. The charge accumulated in the Ag-centres
reduce the CO, to CHy. Under visible light, Ag 5s orbitals
donated electrons to the 2p orbitals of oxygen neighbour
atoms and the 3d of Ti, This charge transfer coincided
with the formation of intraband-gap interface states from
strong dielectric coupling at the interface between
plasmonic Ag nanoparticles and TiO,.

5 | UNCERTAINTIES

5.1 | Limitations

XAS effectively analyzes the chemistry of dynamically
changing systems under reaction conditions, but it
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TABLE 3 Co catalyst structural parameters derived from
extended X-ray absorption fine structure (EXAFS) (Figure 18);
numbers in parentheses are the errors in the last digit!*®’

Coord. Fresh Incubated,

Shell N R (A) N RA)
Co-0 5.9(9) 2.14(4) 3.8(2) 2.05(2)
Co-N = . 1.5(3) 1.93(1)
Co-Br 0.5(3) 2.45(3) - -
Co-Co 0.8(4) 3.39(5) 0.2(2) 2.84(3)
Co-Ti - - 0.8(2) 3.08(2)

requires a synchrotron. Furthermore, it requires the
design of cells or complex setups and specialists to ana-
lyze the spectra.!® Several in-situ cells have been
designed enabling experiments to be performed at high
or low temperature; under vacuum or high pressure;
and under flowing inert, reducing/oxidizing, or reactive
atmosphere.!® ! In-situ cells have also been designed
for gas sensors investigation[66] or as autoclaves for
XAS studies in high temperature fluids (< 400°C).°”!
Their specific character due to the quantification of the
absorption levels allows a specific element within a
matrix to be studied. However, spectra of samples that
are thicker than the X-ray penetration depth or diluted in
a matrix of heavy, highly absorbing elements have low
signal-to-noise ratios because of the low intensity of
transmitted X-rays. This is common in heterogeneous
catalysts such as noble metals deposited in low amounts
on a support of heavy elements (e.g., 0.02gg~! Pd
supported on Ce1_Z1,0,'°®! or 0.005 gg~! Pd/LaCo03)
or thin films deposited on thick support.'*”"! Recording
spectra in the fluorescence mode improves the signal
strength.

XANES requires reference systems that have similar
crystallinity (particle size). EXAFS analysis requires
amplitude functions and phase shifting from experimen-
tal references or theoretical calculations. On the other
hand, the extreme spatial localization of the initial state,
a core level, infers a local character to XAS. XAS is sensi-
tive to the order present in the material from atomicity
up to approximately 15 A. XANES has an inherent high
signal-to-noise ratio as it is unaffected by thermal effects,
which allows in-situ studies. The signal-to-noise ratio of
the EXAFS spectra is usually low, which compromises
the interpretation of the signal. The technique is sensitive
to thermal (vibrational) effects and, therefore, requires
low temperature spectra for closed (analytical) formu-
las. Finally, the recent trend in beamline instrumental
development involves combining several
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complementary spectroscopic techniques in a single
experiment, such as XAFS+XRD,7%7?!  XAFS
+DRIFT,*7*! and XAFS+Raman./”?!

5.2 | Surface sensitivity
All the described methods have the limitation of

reporting the average state of the element, which makes
XAS a bulk technique. In the last decades, several studies
have addressed XAS surface sensitivity to probe the reac-
tivity of surface species in heterogeneous catalysts.!”*!
Studying material surfaces under dynamic conditions,
like adsorption/desorption of a probe molecule or redox
dynamics, provokes only subtle variation in the XAS spec-
trum. A first attempt to extrapolate this subtle variation
from the spectrum is the Ay XANES technique.!*”:7>7¢]
This technique has been applied to estimate the CO/Pt
coverage during the CO oxidation on a Pt electrode.l””!
The Ay spectrum is the difference between the experi-
mental spectrum (e.g., after CO adsorption on Pt) and a
reference spectrum (e.g., pristine Pt). The reference spec-
trum is then compared with a simulated one to identify
adsorbed specie and coverage. The main problem of this
approach is that the obtained difference spectrum is noisy
and requires a post smoothing manipulation. A possible
alternative is the modulated excitation XAS (MEXAS)
technique.[”>7%7°1 MEXAS is achieved through the cyclic
variation of the experimental conditions (e.g., gas compo-
sition or concentration, pressure, pH, potential,
irradiation),[s(’] while recording time resolved XAS spec-
tra. The cycles are then merged in order to obtain a single
set of averaged time resolved spectra with an improved
signal-to-noise ratio. This applies fully reversible pro-
cesses (such as catalytic reactions) and for well-
synchronized spectra measurements. Finally, MEXAS
exploits the phase sensitive detection (PSD) algorithm to
extract the response of the active species by filtering the
signals of spectator species (including the background)

25540

Refiones et al.[*"! Copyright

American Chemical
Society 2020

25560
Energy (eV)

25580 25600

and the noise.*>®!! Hence, the obtained demodulated
spectra are formally similar to difference spectra but with
a significantly improved signal-to-noise ratio.

5.3 | Detection limits, quantitative
analyses, and wavelet transform

XAS quantifies the oxidation state of the bulk. Complemen-
tary techniques such as IR, XPS,'¥2%% or Raman* are neces-
sary to quantify the percentage of a specific oxidation state on
the surface. In EXAFS, it is impossible to distinguish between
scattering atoms with little difference in atomic number: C, N,
O or S, Cl, or Mn and Fe, for example. Indeed, XAS usually
identifies the nature of the neighbouring atoms according to
their distances from the central atom after a Fourier trans-
form. The FT-EXAFS spectrum becomes harder to interpret
because of the limited available k range, which broadens
the peak to the same order of magnitude of the FT spec-
trum. A k data range for FT of at least 2—12 Al is
appropriate. Spectra of bulk materials usually extend the
k range even up to 2—16 A™'. The spatial resolution in
R increases with an increase in k range because of the
narrowing of the FT peak. In general, a spatial resolution
of 0.15 A ' is possible. Moreover, if a coordination shell
comprises different elements of similar atomic radius,
they cannot be resolved by the FT approach because they
are all placed at similar interatomic distance. Usually this
problem is solved by trial-and-error fits. A more sophisti-
cated and useful approach is the wavelet transform of the
EXAFS spectrum.!®% The wavelet transform produces
a R( A) versus k( A~") 2D contour map to help visualize
and discriminate elements within one atomic shell.!®”!
This high spatial resolution facilitates generating XANES
spectra in multiple areas or zones of sample that have
been applied in catalysis to identify the distribution and
composition of active species and/or spectators under
reaction conditions. With this approach (operando space-
resolution EXAFS analysis), Dann et al.®®! studied how
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the ignition of CO oxidation reactions coincide with the
oxidation of Pd nanoparticles on catalyst surfaces, con-
firming the Langmuir-Hinshelwood reaction mecha-
nism. Beale and coworkers'®®! produced 3D images of a
carbon-supported Mo-Pt industrial catalyst with scan-
ning XANES tomography to visualize the distribution of
both Pt (active) and Mo (promoter) phases. The results
showed how Pt species tend to concentrate on the sur-
face of the carbon support, especially in the internal
pore structure. The results also suggested that the cata-
lytic activity is enhanced when Pt and Mo are in close
proximity.

54 | Sources of error

The raw XAS spectrum is obtained from a plot of the
In(Iy/I) versus E (Figure 3). XAS spectra must be nor-
malized to remove sample concentration and density and
thickness dependency of the edge jump intensity, and to
allow quantitative analysis and comparison between
spectra of different materials and experiments indepen-
dently of the experimental conditions, chemical composi-
tion, and concentration.

Higher flux synchrotron sources improve signal-to-
noise ratio but at the same time generate beam damage
problems and heating effects faster, which is a major
drawback. This problem is becoming more prevalent
with the advent of these brilliant X-ray sources. The latest
generation of X-ray facilities with improved detector effi-
ciencies reduce measurement times with a good signal-
to-noise ratio even in the case of very diluted systems,
but at the cost of delivering much higher photon doses
than older synchrotrons.

The interaction of the radiation with the sample or its
environment could modify atomic structure, crystal struc-
ture, or chemical state but also other parameters such as
sample temperature and sample environment (gases, lig-
uids). This may affect the interpretation of the results;
thus, the acquisition time must be minimized. Another
option is to move the sample during the analysis, in order
to reduce the energy dosed per unit surface of the sam-
ple.®®! The strategy depends on if the sample is liquid or
solid. With liquid samples, large acquisition times are
used while the sample recirculates to avoid sample over-
heating. In the case of solid samples, the time acquisition
must be as short as possible, and in different points of the
sample, in order to avoid sample damage. In all cases,
the working temperature should be minimized. In the
case of solid samples the heterogeneity of the particle size
can also give artefacts in the XANES spectra.!”’! The
structural damage or oxidation state changes following
X-ray exposure should be recognized and quantified to be
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FIGURE 20 Oxide contribution to extended X-ray absorption

fine structure (EXAFS) spectra as a function of film thickness.
Adapted from Jiménez et al.*®!

able to correctly interpret experimental results. The issue
becomes especially relevant when dealing with non-
invasive monitoring of small and/or delicate samples,°*
accurate analysis of surfaces,!°>! and investigation of bio-
logical diluted samples.”*! Examples of the latter are pro-
teins in complexes with transition metal ions,**! as their
oxidation state can change under radiation,” and
because of chemical reactions with naturally abundant
reducing agents.[°”%%!

5.5 | Penetration depth

Jiménez et al.®! assessed XAS penetration depth for
TiO,, Ta,0s, and ZrO, based on the total electron yield.
They prepared oxide samples with different thicknesses
supported on the metal. Firstly, they analyzed the inten-
sity of the edge peak of each element when going from
pure metal to a thick layer of the metal oxide to show
how the spectra is composed of two components that cor-
respond to the metal and to the oxide. Then, they plotted
the percentage of oxide detected in the different oxide/
metal samples as a function of the oxide thickness. The
percentage of the oxide signal contributing to the EXAFS
spectra approached 100% after 200nm for TiO, and
Ta,0s but only reached 90% for ZrO, at 200nm
(Figure 20). The thickness of the oxide layer for each at a
63% contribution was 56, 86, and 160 nm for Ta,0Os, TiO,,
and ZrO,, respectively. The energy of the analyzed edge
and the density of the materials were found to be the
main factors that determine the information depth. Film
heterogeneity contributes to the uncertainty in identify-
ing contribution to the EXAFS spectra from surface spe-
cies, like thin films, and support. This series of tests
demonstrated the influence of the edge energy on the
penetration depth, the density of the targets, and the pos-
sible differences between the energies of the Auger elec-
trons generated by photoionization of K and L edges.
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6 | CONCLUSIONS

XAS is a powerful technique to identify the local atomic
structure around the absorbing atom as well as its oxida-
tion state. We included examples of XANES and EXAFS
spectra for nanoparticle active centres, both metallic and
oxides, systems supported on an oxide material,
and those encapsulated inside the pores of a MOF. These
catalytic sites are virtually impossible to characterize with
conventional techniques due to their low mass fraction
and particle size. The gas-solid phase and liquid-solid
phase systems, representative of both thermal and photo-
chemical catalysis, further illustrate the breadth of the
possible applications. XAS discloses catalytic phenomena
related to electronic, geometric, and surface properties.
When combined with surface sensitive spectroscopy
(Raman, FTIR, EPR/ESR) in operando, XAS is capable of
identifying structure-activity relationships to better
design more efficient and sustainable catalyst systems
and processes. Current research trends include bench
scale light sources to characterize hazardous materials
and examine catalytic stability and surface sensitive tech-
niques (MEXAS) to identify adsorbed species and
coverage.
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