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Abstract

Despite the growing popularity of X-ray absorption spectros-
copy (XAS) in scientific research, many researchers do not
receive formalized training on this technique. Some of them
learned from online resources, which only briefly introduce
XAS and its applications. Here, this article aims to provide the
overview of tips about the XAS analysis, general rules, as well
as required information for presenting XAS data in publica-
tions, and some common mistakes in XAS data interpretations.
Armed with these basics, the motivated aspiring XAS re-
searchers will find existing resources more accessible and can
progress much faster in understanding and using XAS.
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Introduction

The electronic structure and local geometric arrange-
ments are important information in materials science
research. Among many characterization methods, X-ray
absorption spectroscopy (XAS) is a unique technique
that can provide element-specific information such as
electronic structure, oxidization states, and local coor-
dination environment without strict requirements on
sample preparation [1,2]. The fast development of
synchrotron X-ray sources (about 92 synchrotron sources
around the world) has allowed the wide applications of
XAS [3]. Recently, XAS can also be performed on the
benchtop instrument, making it more accessible in the
laboratory [4,5].

updates

Comparing with other characterization techniques such
as scanning transmission electron microscopy and X-ray
photoelectron spectroscopy, which are limited in the
vacuum condition, the continuously tunable hard XAS
(energy higher than 5 keV) can be operated at ambient
condition (i.e. 1 atm), which is beneficial for XAS
measurements in various environments. The designed
electrochemical cells allow the operation of XAS ex-
periments in reaction conditions, *[6,7] thus enabling
situfoperando  monitoring of the materials’ change
(e.g. electrocatalyst restructuring) under the real con-
ditions [8,9]. XAS can be operated in three different
detection modes (transmission, fluorescence, and elec-
tron yield) for various systems, not only homogenously
concentrated materials such as metal alloy, metal oxides,
and nanoparticles but also inhomogeneous, dilute, or
atomically dispersed materials [10—12]. The electron
yield mode and gracing-incident XAS could even be
used to probe the surface information of monolayer thin
films [13,14].

Owing to those advantages of XAS, some researchers
blindly use it to study materials’ chemical states and
local structures without proper data analysis and
sometimes misinterpret XAS results. For the oxidiza-
tion state comparison, it is necessary to have well-
chosen references to compare, and for the local struc-
ture analysis the fitting model needs to be built on
well-defined crystal structures. The more one has
known about materials in measurements, the more
helpful XAS will be. Many literatures have reviewed
the XAS fundaments and its applications in electro-
catalyst [15—17], including our recent review on # situ
XAS study of the nanoscale electrocatalyst to obtain
nanocluster size information, element site occupation,
oxidization state, and so on [3]. To help the science
community properly use XAS in research, this article
will go over the standard procedures for analyzing and
presenting XAS data, and discuss some common mis-
takes in XAS analysis. Examples are mainly from hard
XAS studies. We assume that readers already have some
knowledge preparation in XAS or similar techniques
(e.g. electron energy loss spectroscopy). In addition,
we will briefly talk about the difference between  situ
and operando because the two conditions are not well
differentiated in many publications.
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2 Electrocatalysis

X-ray absorption near-edge structure

X-ray absorption near-edge structure (XANES) refers to
the edge jump region in XAS spectrum, which is
commonly used to evaluate the oxidization state of the
detected materials [11,12]. Because XAS is an element-
specific technique based on the Beer’s law [11,12],
different elements have different absorption energies.
Due to the tunable synchrotron X-ray energy range, the
K-edge and L-edge (including L2 and L3) are the two
most commonly measured absorption edges [18—20]. K-
edge is often used for the 3d and 4d transition metals
such as Fe, Co, Mo, Pd, and Ru [21—25], and L-edge is
often used for the 5d and 6p metals such as Ir, Pt, Au,
and Bi [9,26—28]. The different absorption edges need
different methods to estimate the oxidization states. For
example, the position of the half height of the edge rise
(the so-called edge position) is commonly used in
evaluating K-edge oxidation state [29—33]. Figure la
shows that the edge position of higher oxidation state of

Co shifts toward higher energy [22]. Sometimes the
edge position method may not work, and the first deri-
vations of XANES spectra and the peak positions can be
used to compare the oxidation state of the elements, as
shown in Figure 1b,c for determining the Cu oxidization
states [34]. Besides the above three strategies, Dau
et al. [32] suggested an integration method to estimate
the XANES oxidization state. By integrating the XANES
area under the edge from |1 = 0.1 to 1, the center of the
mass of this integrated area is good for comparing the
oxidation states of the measured elements. They also
pointed out that the integration approach is more ac-
curate than edge position and the derivation methods
[32].

Unlike the K-edge XANES, the absorption peak position
and peak intensity in L.-edge XANES are mostly used to
quantify the elements’ oxidization states instead of the
absorption edge position. For example, Minguzzi et al.
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(a) Co K-edge XANES of several references [24]. (b) Cu K-edge XANES of Cu references [34]. (c) The first derivation of Cu K-edge XANES [34]. (d) Ir L3-
edge XANES of Ir(lll) and Ir(1V) references [35]. (e) Eu L3-edge XANES of EuBiS2F [39] and (f) Eu L3-edge XANES of Eug sCe( s5BiS2oF [39], where the
raw data, simulated peaks, and the sum of the simulations are denoted by circle, solid lines, and solid black line. (g) Co K-edge XANES with peak intensity
analysis [47]. (h) Fe K-edge XANES of series of Fe references with different Fe oxidization state [45]. (i) Pt L3-edge XANES of Pt nanoparticle at different

applied potentials [28].
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[35] chose the peak position to estimate Ir oxidization
state (Figure 1d). In some cases, XANES spectrum has
complicated shapes and multiple peaks, and the peak
fitting method could be better for estimating the
oxidation state. XANES spectrum can be generally
decomposed to one or several Gaussian peaks plus an
arctan shape [36—38]. The arctan function is to mimic
the edge jump and the peak positions and/or the peak
arecas of these Gaussian peaks are to quantify the
different oxidation states and the ratios [36—38]. This
method has been reported to estimate Eu oxidization
state (Figure. le,f) accurately, where the peak around
6975 eV stands for Eu(II) and the peak around 6983 eV
stands for Eu(III) [39].

Because the XANES is related to the excitation of core
electron(s) to wunoccupied states, the electronic
configuration can influence the shape of XANES, thus
providing information of the element’s electronic and
chemical structure [33,40]. Soft XAS (energy lower
than 2 keV) is powerful to characterize detailed elec-
tronic structure such as the orbital spin and splitting for
3d transition metal, the transition metal—oxygen
covalency, and 3d transition metal oxidization state
[22,24,41]. Due to the complicity in electronic struc-
ture, only some simple comparison/analysis can be done
on soft XAS data and theoretical simulation is necessary
to extract deep insights. This is same for hard XAS,
which is less sensitive than soft XAS in electronic
structure study partly due to weaker energy resolution.
However, in some cases, qualitative structure informa-
tion can also be obtained in hard XAS. For example, the
forbidden 1s— 3d transition would present in the 3d
transition metal K-edge XANES pre-peaks due to the
symmetry breaking in local structure [30]. The lower
symmetry leads to higher pre-peak intensity, which is
best demonstrated in XANES of V,05 (distorted VOs
pyramid structure) and VO, (distorted VOg octahedral
structure) [42]. Moreover, the different atoms have
different attraction ability for electrons. This electro-
negativity can influence the electronic structure around
the detected atoms, which could also affect the edge
position or peak shape in XANES (Figure 1h)
[30,43,44]. Kuzmin and Chaboy [45] show that the Fe
with the same oxidization state can have different edge
shifts and edge shapes (Figure 1h). That is why we
need a well-established standard system to obtain
correct information of the oxidization states. Further-
more, the white line intensity is also another common
feature mentioned in the XAS paper. Some researchers
may use the white line intensity in K-edge XANES to
discuss the number of electrons or empty states in the
3d orbitals of the transition metals for arguing about
the oxidization state. However, the K-edge is an s—p
transition, which would not give any information about
3d orbitals (valence state in 3d transition metals)
[11,12,44]. Only when the transition metal 3d orbitals
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is hybridized with the p orbitals of other bonding atoms
such as O and S, the peak intensity can tell some in-
formation indirectly about the electron occupation in
the antibonding and bonding states (Figure 1g) [46,47].
The decreases in peak intensity and shift to lower
energies (Figure 1g, inset) suggest an increase in the
empty states [47]. However, the story would be
different in L-edge XANES because it is the p—d
transitions [11,12]. The L-edge XANES can thus be
used to characterize the electron occupation in d or-
bitals (Figure 1I). The increased white line intensity
around 11,570 eV indicates more oxides formation and
less electron filling of d-band (Figure 1I) [27].
Furthermore, one should be cautious to use the peak
intensity because the self-absorption could also influ-
ence it, especially when materials are too thick for the
fluorescence measurement [11,12,44]. The self-
absorption may be corrected if the composition of the
sample is known [48]. Overall, XANES could tell more
information than the oxidization state but it needs to
be treated carefully case by case.

Extended X-ray absorption fine structure
Extended X-ray absorption fine structure (EXAFS)
provides the information about the local structure
including coordination numbers and bonding lengths
[11,12,44]. Some researchers only present the R-space
EXAFS spectra [27,49], which are smooth curves with
zero noise-to-signal ratio to reflect the real-space
bonding intuitively (Figure 2a). However, they are the
Fourier transformation of the part of the measured data
in k-space with different k-weights (Figure 2b). The
blind comparison of R-space EXAFS is inaccurate,
misleading, and sometimes meaningless. The range of
EXAFS in k-space also determines the real-space spatial
resolution and the analyzable range of the local ordering.
In an XAS expenment it is reccommended to measure as
faras 12 A~ or at least 10 A~ for the first-shell analysis
(e.g. up to 2—2.5 A local ordering in real space). ngher
shell (e.g. second shell around 3 A) analysls requires k-
space measurements more than 12.5 A~ For EXAFS
modeling, the good fitting in R-space docs not neces-
sarily mean a reasonable fit in k-space (Figure 2c,d).
This is because the Fourier transformation with
different k-weights can diminish some misfits in k-
space. Therefore, both original k-space and R-space
spectra should be presented in the publication to show
the data quality and the goodness of fitting.

Two other important pieces of information commonly
missing in the publications are the EXAFS fitting pro-
cedures and fitting parameters. When one runs the
EXAFS fitting, it is necessary to have a standard or well-
defined material from similar structure systems to help
estimate the coordination number. The inappropriate
standards would give wrong structure information
[11,12]. Furthermore, all fitting parameters such as the
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coordination number (N), scattering length (R or AR),
mean square disorder (62), the difference to the initial
absorption edge energy (AE(), and amplitude reduction
factor (S(Z)) have physical meaning and errors [11,12].
The reporting of the fitting procedures and all param-
eters with errors can help readers judge how good and
reasonable the EXAFS analysis is [11,12]. In addition, if
the materials are studied under different conditions or a
set of similar materials are studied together, it is better
to make the same EXAFS fitting procedures (fitting
range, Fourier transformation range, and k-weight) for
those materials [11,12].

Besides missing information in the publications, there
are some misinterpretations of EXAFS results. Many
researchers use the peak intensity in the R-space
EXAFS to talk about the coordination numbers, which is
inaccurate. Based on the EXAFS theory, the peak in-
tensity is convoluted with the coordination number and
the mean square disorder, and could also be affected by
the self-absorption [11,12]. For example, both FeO and
Fe;03 have six oxygen coordinated in the first shell, but
the FeO has much low Fe—O peak intensity (~1.5 A)
than that of Fe,O3 (Figure 2e). If the measurements are
done on one material at different conditions, the direct
comparison of EXAFS spectra may be suitable
[9,34,50,51]. Otherwise, such discussions need to be

done with caution. It is strongly suggested to use
EXAFS fitting results to compare and discuss the coor-
dination numbers [11,12]. Moreover, it is noted that the
scattering length (R) obtained from the EXAFS analysis
is the X-ray passing distances between atoms and may
not be the bonding lengths [11,12]. Only when the
scattering is a single scattering between two atoms, the
scattering length is equal to the bonding length.

Nowadays, singly dispersed catalyst is a scorching topic
in electrochemical research. Many researchers tried to
use EXAFS to confirm metal—Z, (Z = C, N, and O, and
x is an integral number) motifs [29,52]. However, it is
challenging for EXAFS to distinguish the scattering
between elements with a close atomic number, such as
Fe—C and Fe—N scattering. Even with the two-
dimensional wavelet transform, it is still difficult to
differentiate those scattering paths. For example, the
wavelet transform of Co EXAFS is still hard to tell
whether it is Co—O bond or Co—N bond (Figure 2f) [1].
Another problem is the determination of the exact co-
ordination environment such as FeNjs [53,54]. Note that
there are errors associated with coordination number
from EXAFS analysis. In particular, some singly
dispersed materials have low concentration (less than
1 at%), resulting in poor data quality and then large
errors in EXAFS fitting [11,12,44]. Thus, the discussion
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(a) Some examples of Fourier-transformed R-space EXAFS spectra and (b) k-space EXAFS data. (¢) Fourier-transformed R-space EXAFS data and
fitting, where the black circles are data and the solid lines are fitted results, and (d) k-space EXAFS data and fitting, where the black lines are data, and the
red/green lines are fitted results. (e) Fe K-edge Fourier-transformed R-space EXAFS of two 6 coordinated Fe references. (f) Wavelet transform of the Co
K-edge k®-weighted EXAFS results, where the dash line stands for Co—O/N bonding [1].
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related to the exact coordination number should be
conservative, and it is suggested to use multimodal
characterizations for confirming the local structure.

In situ versus operando

The use of XAS in reaction conditions for structural and
chemical analysis becomes more and more popular.
However, the terms  situ and operando are not well
explained in publications. Miguel Banares has pointed
out that the operando methodology combines structure
and activity measurements in a single experiment, using
a reaction cell that meets the requirements for both, a
catalytic reactor and an  sizu cell [55]. This means that
operando experiments have the strictest requirements
and mainly focus on the study of the transient states, or
measurements under a non-stop reaction. In contrast,
the  situ methodology only emphasizes the measure-
ment of materials’ structure under reaction conditions
and does not measure activity or perform property tests
in the same experiment. As long as the main features of
the property tests can be reproduced in # situ experi-
ments, the characterizations can reflect the reaction-
induced changes in materials. This broadly defines
that / situ measurements can be done even when the
reaction is paused. For example, Weng et al. [34] used an
in situ cell for studying CuPc electrocatalyst during the
electrochemical carbon dioxide reduction. They carried
out z situ XAS measurements at certain potentials when
the steady state current has been achieved, which is
thermodynamically stable and controlled by the reaction
kinetics [34]. Sometimes 7z szt measurements are even
carried out when the materials are moved out of the
reactor, by ensuring that the same reaction can be
resumed after the materials are moved back. Operando is
part of  situ but the opposite is not true. Typical XAS
may not meet the operando requirements due to long
data collection time. However, the time-resolved XAS or
recently developed quick XAS is useful to probe the
dynamic change with the time resolution to couple
seconds or even femtoseconds (e.g. pump-probe) in an
operando experiment [56—58]. Lin et al. [57] reported
an operando time-resolved XAS to reveal the chemical
nature which enables highly selective carbon dioxide
reduction. Compared to the traditional XAS measure-
ments, the time-resolved XAS can collect the spectrum
with a sub-second time resolution which can quickly
probe the electrochemical steady condition at a time-
scale of seconds or few minutes [57]. However, this
experiment is still not the true operando because the
XAS was measured at certain selected reaction points
instead of the regular cyclic voltammetry. A lot of oper-
ando measurements (e.g. XANES) on batteries were
performed during continuous galvanometric charging
and discharging processes, which are the same as the
cells tested in normal electrochemical condition. For
example, the experiment carried out by Liu et al. [59]
demonstrated the real operando soft XAS. They
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measured the lithium-ion and electron dynamics in
Li(Coq/3Ni;3Mny;3) O, and LiFePOy4 cathodes in poly-
mer electrolytes during the charging and discharging
cycling.

Conclusion

XAS is a unique characterization technique to under-
stand the material’s oxidation state and local structure
information. However, it is necessary to have well-
defined standards to gain useful information from XAS,
and sometimes the theoretical modeling is very helpful
to analyze the XAS spectra for extracting useful elec-
tronic and atomic structure information. It may not be
good enough to perform XAS alone, and multimodal
characterizations are strongly recommended. Compre-
hensive information would make the interpretation of
XAS results more convincing and trustable. Besides the
practical guides provided in this short review, we also
suggest general users to rely on some open forums such
as Demeter GitHub and xafs.org for help on some spe-
cific problems. With the continuous development of
advanced synchrotron facilities, benchtop XAS spec-
trometer, and the XAS technique itself, we believe that
XAS will become more and more powerful and popular
in scientific research.
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