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ABSTRACT: X-ray absorption spectroscopy (XAS) is a powerful technique
for simultaneously characterizing the oxidation states and local structures of
working catalysts and battery materials, among others. However, deciphering
the apparent oxidation state through XAS remains challenging because of the
high sensitivity of spectra to multiple factors. Here, comprehensive first-
principles calculations of X-ray absorption near-edge structure (XANES)
spectra of a series of Fe-based catalysts and battery electrodes, including FeO,
Fe,0;, Fe(OH),, FeOOH, FeAl,O,, and MFeO, (M = Li, Na, or K), were
performed to shed light on the issue by dissecting the dependence of XANES
line shapes on detailed electronic and geometric structures. We revealed that,
in comparison with the composition and factors usually extracted from XAS
measurements (i.e., the oxidation state and local structure), nonlocal structures
(e.g, crystal structure) that cannot be straightforwardly obtained from XAS
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experiments are more dominant factors of the XANES line shapes of the main edge, main peak, and postedge. As demonstrated
through Fe compounds with the same or similar nonlocal structures, their line shapes are alike and shift in response to a change in
the chemical environment. On the other hand, we found that the local coordination (octahedra vs tetrahedra) and the oxidation
state are more dominant on the intensity of the pre-edge and the energy splitting between the pre-edge and the main edge,
respectively. We demonstrated that clarifying these control factors and origins not only provides valuable insights into reliable
assignment of spectra and understanding semiempirical rules but also unravels the structural information that is not directly

accessible in XAS measurements.

B INTRODUCTION

Establishing rigorous structure—property relationships lies at
the heart of catalysis and battery research, in which the
characterization of geometric structures and electronic
structures of catalytically active phases is usually a prerequisite.
For this purpose, a variety of spectroscopic and scattering
techniques have been developed, such as ultraviolet photo-
electron spectroscopy, X-ray photoelectron spectroscopy, X-ray
absorption and emission spectroscopy, small- and wide-angle
X-ray scattering, and resonant inelastic X-ray scattering.l_7
Among them, X-ray absorption spectroscopy (XAS) has
unique advantages over others to probe catalysts at work.*”"
Specifically, it simultaneously provides element-specific elec-
tronic structures (e.g., the oxidation state) and geometric
structures of a broad range of catalysts under a variety of
experimental conditions through X-ray absorption near-edge
spectroscopy (XANES) and the extended X-ray absorption fine
structure (EXAFS), respectively.” Under operando conditions,
it can provide key information of the active phases under
realistic reaction conditions, including electrocatalytic reac-
tions at electrified liquid—solid interfaces, which render them
inadequate for those techniques designed for experiments in
vacuum or at gas—solid interfaces.'® For XANES, because of
the electronic structure nature, it is highly sensitive to not only
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the oxidation state but also local coordination, bond length,
chemical composition, and crystal structure,”'’~"" among
others, which in turn alter the electronic structure and
corresponding spectra. Such a high sensitivity endows
XANES with an element-specific fingerprint of catalysts for a
variety of applications. Thus, operando XAS has been widely
used to simultaneously characterize the complex geometric
structure and oxidation state of novel electrocatalysts.”*~>’
While extracting the local geometry from EXAFS is relatively
straightforward, deciphering the oxidation state from the
XANES spectra is highly complex because of their high
sensitivity to a variety of factors, as mentioned above.'® For
decades, the main edges of measured XANES spectra and
associated oxidation states have been interpreted by referring
to standard samples with well-defined crystal structures and
compositions.8 For example, for Fe XANES spectra, Fe® in
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metallic Fe, Fe?* in FeO or Fe(OH),, and Fe** in Fe,0; or
FeOOH are usually used as standard references.”>***°~*’
However, the fingerprint feature of XANES, dictated by unique
electronic structures for an element in each compound,
suggests that the main edge of another compound might not
be straightforwardly derived based on the spectra of those
standard references. Indeed, for Fe?* and Fe®* as examples, it
has been demonstrated through a large number of well-defined
catalysts and minerals that most of them, even those with the
same local structures but different crystal structures and/or
compositions, have little or no resemblance to that of FeO or
Fe,0; on the main edge.’””" For newly developed catalysts
with unclear compositions and/or nonlocal structures under
realistic reaction conditions, their oxidation states might not be
extracted reliably by comparing the main edge of measured
XANES spectra with that of FeO or Fe,O;. This prevents a
fundamental understanding of the structure—property relation-
ship and rational design of new catalysts. Interpreting Fe
oxidation states on the basis of pre-edges is also highly
challenging, though it also has been extensively studied.***>**
Due to the low intensity and the complex shapes, it is not
always easy to separate the weak pre-edge from the main edge,
resulting in a large uncertainty when determining the energy
positions and consequently the energy shifts."****> While the
factors that influence the discernibility of pre-edge have been
extensively studied, the fundamental origin is still unclear.

An accurate oxidation state may be better derived through
the following two strategies. The first one is to enlarge the
space of reference samples. However, measuring an element in
a variety of compounds experimentally remains too expensive
and time-consuming. With the advancements of simulation
methods and codes,”*~*" it becomes possible to do so through
first-principles calculations, such as developing a computational
database on density functional theory (DFT) calculations of
XANES spectra.'”*' However, the exhaustive search in
materials space to exactly match the line shape of XANES is
still not an efficient way, considering unavoidable uncertainties
in XANES modeling and consequent discrepancies between
measured and calculated XANES spectra.”' =" Tt is especially
challenging for the newly developed catalysts with unique
compositions and complex geometric structures, for which
both the as-prepared phases and the active phases under
operando conditions are likely not within the existing
materials’ space.”*

The second strategy is to decipher the oxidation state based
on a fundamental understanding of the dominant factors that
govern the evolution of XANES line shapes. To achieve such a
fundamental understanding, it is essential to conduct a rigorous
study on the dependence of the XANES line shapes on
multiple factors, such as the oxidation state, local coordination
number, chemical composition, and nonlocal geometry (crystal
structure). While it is challenging to do a well-controlled
comparison of all of these factors through experiments, it is
teasible through first-principles calculations due to significant
progress in XANES modeling.”"**7***® However, the
investigations to derive the dominant factor in XANES line
shapes and fundamental origins are still lacking and remain a
challenge of the assignment of oxidation states by the
semiempirical rules, especially involving the high-valent metals
(e.g., Fe*") in crystalline compounds. It is worth noting that,
although obtaining the local geometry and the oxidation state
is the primary purpose of XAS measurements, achieving such a
fundamental understanding of the dependence on the crystal

structure may significantly extend the power of this unique
technique by unraveling the nonlocal structure hidden in the
measured XANES spectrum.

Here, we resorted to first-principles calculations on Fe-based
oxides with a wide range of oxidation states, local geometries,
compositions, and crystal structures, allowing to dissect the
complex XANES and underlying physics. We chose Fe-based
oxides and Fe K-edge XANES mainly for two reasons. First,
Fe-based oxides play a central role in various heterogeneous
catalysts, electrocatalysts, and batteries.>'*”***"~* Second, Fe
K-edge XANES spectra are abundant in the literature for
comparison,’”*" though deciphering the corresponding
oxidation state through XANES remains a challenge. In
addition to the standard references of FeO, Fe,0, Fe(OH),,
and FeOOH with different oxidation states and compositions
considered, FeO, with a higher oxidation state and FeAl,O,
and layered MFeO, (M = Li, Na, or K) with more involved
compositions and structures were considered to reveal the role
of nonlocal structures in XANES spectra. For this purpose, we
also considered different crystal phases for FeO and LiFeO,.
We found that Fe K-edge XANES spectra are sensitive to the
oxidation state, local coordination, chemical composition, and
crystal structure due to the unique electronic structure of Fe in
each individual compound. However, the nonlocal structure
determined essentially by the crystal structure was revealed to
dominate the Fe K-edge XANES line shapes, in particular the
corresponding main edges and postedges. However, the
intensity of the pre-edge and the energy splitting between
the pre-edge and the main edge are more sensitive to the local
coordination (octahedra vs tetrahedra) and the oxidation state,
respectively. We demonstrated that clarifying these depend-
encies and underlying origins can not only provide insights
into the reliable assignment of spectra but also unravel the
critical nonlocal structures hidden in the measured spectra.

B COMPUTATIONAL METHODS

Spin-polarized density functional theory (DFT) calculations
were performed using the GPAW code™* through the
Python-based atomic simulation environment (ASE).”® The
PBE + U method (Ug, = 2.5 eV) was employed to describe
strongly correlated Fe oxides and hydroxides.”**® A grid
spacing of 0.2 A was used for the real-space representation of
the smooth wave functions. A total energy and eigenstate
convergence of 5 X 107 and 4 X 107 eV, respectively, were
employed for the electronic self-consistent field loop. The
equilibrium geometries are obtained when the maximum
atomic forces are smaller than 0.01 e€V/A. Monkhorst—Pack k-
point grids are used for Brillouin zone integration. For
example, for the unit cell of FeO with rocksalt structure, we
use a (S X § X 5) grid. For the other (hydroxy)oxides, we use
equivalent or denser k-point grids. The calculated lattice
constants, along with the spin states and the corresponding Fe
atomic magnetic moments, are summarized in Tables S1 and
S2 in the Supporting Information The differences between the
calculated and experimental lattice constants are generally
within 2%, which is a common error bar for standard
generalized gradient approximations (GGA) and GGA + U
calculations.” >

The Fe K-edge spectra were simulated using GPAW on the
basis of the Haydock recursion method with the half-core-hole
potential or the so-called transition potential.”>°" The absolute
energy scale was computed with the ASCF method, in which
the excited states are optimized self-consistently with a full
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Figure 1. Schematic and dependence of XAS spectra on the oxidation state. (a) Schematic of XANES and EXFAS in XAS spectra. The inset shows
the pre-edge of XANES spectra. (b) Schematic of XANES spectrum (black line) and the corresponding first-order derivative adsorption spectrum
(red line), where the main peak position (E, ), the half-height of the main peak (E,), and the maximum point in the derivative spectrum (E,) are
three common parameters that are used to compare the edge shift. (c) Simulated (denoted Cal.) Fe K-edge XANES spectra of Fe** and Fe** in
FeO (Fm3m) and Fe,05 (R3c). The measured XANES spectra (denoted Exp.) of FeO and @-Fe,0, from our previous work are also given.4 (d)
Ten-time magnification of (c) to show the pre-edge feature. The dashed horizontal lines in (c) indicate the half-height of the main peak to easily

distinguish the edge position Ej.
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Figure 2. Dependence of XAS spectra on the oxidation state and the local coordination. (a) Simulated Fe K-edge XANES spectra of Fe** and Fe**
in octahedron and tetrahedron coordinations, respectively. (b) Ten-time magnification of (a) to show the pre-edge feature. (c) Atomic structures of
the oxides used in the simulation. Fe, O, Al, and Li atoms are in brown, red, blue, and green, respectively. The dashed horizontal lines in (a)
indicate the half-height of the main peak to easily distinguish the edge position E,.

core-hole in the 1s orbital and an extra electron added to the
unoccupied state, and the total energy difference to the ground
state gives the absolute energy with respect to the first
unoccupied state. The first unoccupied state is represented by
the Fermi level, which can be more reliably determined than
the lowest unoccupied orbitals by the density functional theory
for solids with fractional occupation. To facilitate the
comparison, absorption coefficients were normalized by
assuming the same intensity of white lines for all (hydroxy)-
oxides. Unless otherwise stated, simulated XANES spectra
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were broadened with a parameter of 3 eV, which is equivalent
to the full width at half-maximum (FWHM) in the experiment.

B RESULTS AND DISCUSSION

Figure la shows the features of a typical X-ray absorption
spectrum (XAS) from experimental measurements. Generally,
it is divided into two regimes: X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS). XANES is characterized by a weak pre-
adsorption edge (pre-edge), and a rising main adsorption edge

https://doi.org/10.1021/acs.jpcc.1c08461
J. Phys. Chem. C 2021, 125, 26229—26239
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Figure 3. Comparing XANES spectra dependent on the local coordination and composition. Geometric structures and the simulated XANES
spectra of Fe** (a and b) and Fe** (c and d) in oxides with different local coordinations, compositions, or both.

(main edge), a sharp main peak, which is usually referred to as
a “white line”, and a postedge. The energy range of the XANES
spectrum is usually from the pre-edge to 50 eV, followed by the
EXAFS region with an energy level of up to 1000 eV. XANES
spectra contain characteristic electronic structures of the
systems and will be the focus of the current work. The
EXAFS spectra quantitatively provide local geometric param-
eters, including coordination numbers and bond lengths of a
species with respect to surrounding atoms within 5 A."" Thus,
first-principles-based XANES simulations on various given
structures provide a solid basis for accurately extracting both
electronic structure and geometric structure information from
the measured XAS.

As comparing XANES spectra of targeting catalysts with
those of reference samples with well-defined structures and
oxidation states is a standard approach in experiments to
estimate their oxidation states, we start by comparing the
simulated K-edge XANES spectra of FeO and a-Fe,0; (Figure
lc,d), along with the measured spectra in our previous work."
In agreement with the measured XANES spectra, there are at
least three major differences between FeO and Fe,O; on the
simulated ones, including large shifts on the main edges (e.g.,
AE,, = 2.4 eV at the half-maximum) and the main peaks (AE,
= 5.3 eV) and a more discernable pre-edge for Fe,0O; than that
for FeO. These distinctions indicate that XANES is indeed
efficient in distinguishing the oxidation state between Fe** in
FeO and Fe®' in Fe,0; To further illustrate this point, in
Figure 2, we have plotted the simulated Fe K-edge XANES
spectra of two oxides with slightly more complex compositions,
ie,, FeAl,O, with Fe’* and LiFeO, with Fe®', respectively. In
agreement with FeO and Fe,0j;, there are large shifts on the
low-energy main edges (e.g., 2.8 eV at the 1/4 maximum) and
a more discernable pre-edge for Fe** in LiFeO, than that for
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Fe?* in FeALO,’ These results demonstrate again that
XANES is a powerful tool to distinguish an element with
different oxidation states.

While we focused on the oxidation state in the above
comparisons, there are also apparent differences in XANES
spectra for an element with the same oxidation state but
different local coordinations, another parameter usually
considered in comparing experimental spectra. For example,
for the six-coordinated octahedral Fe®* (oct-Fe**) in Fe,O; and
four-coordinated tetrahedral Fe** (tet-Fe’*) in LiFeO, (Figure
2a), in addition to the difference in the intensity of the pre-
edge, there are clear differences in the main edge in the energy
range of 7120—7125 eV and in the postedge in the energy
range above 7130 eV. For the six-coordinated octahedral Fe®*
(oct-Fe**) in FeO and the four-coordinated tetrahedra Fe®*
(tet-Fe**) in FeAl,O, (Figure 2a), they have a completely
different main edge, though corresponding pre-edges and the
locations of the postedge peaks at high energies (ie., ~7143
eV) are essentially the same. These comparisons indicated that
the oxidation state is not the dominant factor in the XANES
line shape.

It is worth noting that, in addition to the local coordination,
the above comparisons also involve a change of the nonlocal
factors, e.g, crystal structure and composition. To better tell
the nonlocal geometric effects from the local ones, we consider
two more intermediates of tet-Fe?* in FeO (P6ymc) and oct-
Fe** in LiFeO, (R3m) and have oct-Fe** in FeO (Fm3m) —
tet-Fe** in FeO (P6ymc) — tet-Fe** in FeAl,O, and oct-Fe** in
Fe,O; — oct-Fe** in LiFeO, (R3m) — tet-Fe** in LiFeO,
(P4,2,2). In each of Fe** and/or Fe®* series, there are
differences in either composition or local coordination (oct vs
tet) or both. In comparison with the large XANES differences
between oct-Fe?* in FeO (Fm3m) and tet-Fe** in FeAl,O, with

https://doi.org/10.1021/acs.jpcc.1c08461
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different coordination symmetries and compositions (Figure
2b), the XANES differences between oct-Fe** in FeO (Fm3m)
and tet-Fe** in FeO (P6;mc) with the same composition but
different local coordination symmetries are much smaller (in
Figure 3b). However, there are still large XANES differences
between the intermediate tet-Fe?* in FeO (P6;mc) and tet-Fe?*
in FeAl,O, on both the main edge and main peak, though they
have the same local coordination, highlighting the larger
influence of composition than local coordination on XANES
line shapes. A similar scenario can be found for the
intermediate oct-Fe** in LiFeO, (R3m) (in Figure 3d). In
comparison with the large XANES differences between tet-Fe*
in LiFeO, (P4,2,2) and oct-Fe** in Fe,O; with different
coordination symmetries and compositions, the XANES
differences between oct-Fe3* in LiFeO, (R3m) and tet-Fe*
in LiFeO, (P4,2,2) with the same composition are smaller,
though they have different local coordination symmetries.
Again, the XANES differences between oct-Fe’" in LiFeO,
(R3m) and oct-Fe** in Fe,O, with different compositions
remain large, despite their same local coordination symmetry,
which confirms that composition is a more dominant factor
than local coordination of XANES line shapes.

For compounds with the same composition, though the
above results show a negligible shift on the main peaks (AE, =

26233

0), there are noticeable shifts on the main edges (AE,). For
example, the energy shift at the half maximum (AE,) is 1.5 eV
for oct-Fe** in FeO (Fm3m) with respect to tet-Fe’* in FeO
(P6ymc) and 1.0 €V for oct-Fe** in LiFeO, (R3m) with respect
to tet-Fe*" in LiFeO, (P4,2,2) (in Figure 3). We note that, for
the above compounds with the same composition, i.e., FeO
and LiFeO,, there are changes in both the local geometry and
crystal structure. To separate the influence of these two
parameters from composition, we simulate the XANES spectra
of oct-Fe** in MFeO, (M = Li, Na, and K) with the same
crystal structure and the same local environment in the first
shell but different compositions in the second shell (Li, Na,
and K), as shown in Figure 4b. The simulated XANES spectra
of oct-Fe** indicates that, although there are small differences
at the low-energy edge, spectra from these compounds (with
respect to the Fermi level) overlap the main peaks and most of
the main edges. When the core-level shifts have been
considered, there are constant shifts of the main peak and
most of the main edge (Figure 4c). Considering that the
oxidation state and local coordination are not the dominant
factors as being concluded above, the overlaps and constant
shifts between the spectra of MFeO, suggest that the crystal
structure even plays a more dominant role than composition in
the line shape of XANES spectra. As extracting oxidation state
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Figure 6. Influence of the broadening effect on the line shape of XANES spectra. (a) Comparison of peak positions between the measured
(denoted Exp.) and simulated (denoted Cal.) XANES spectra of oxides (a) FeO (Fm3m) and (b) Fe,05 (R3c) as a function of the broadening
parameter FWHM from 1 to 6 eV as well as the projected density of Fe 4p states (DOS). (c and d) Ten-time magnification of (a) and (b),
respectively. The dashed vertical lines indicate that the calculated main and shoulder peaks are all aligned at the measured ones.

through comparing the shifts of the main edge is the primary
goal of XANES measurements, the crystal structure as a more
dominant factor of the line shape implies that a reliable
assignment of oxidation states can be achieved only by
comparing to reference samples with the same or similar
crystal structure or nonlocal structure for compounds without
a well-defined crystal structure.

To verify the selection principle of the reference samples
deduced above, we simulated Fe K-edge XANES spectra of
Fe(OH),, FeOOH, and FeO, with the same Fe(OH),-type
crystal structure but different Fe oxidation states (Figure S).
Consistent with the above conclusion, the simulated XANES
spectra have very similar line shapes (Figure Sb,c), for which
the main edges and main peaks shift to higher energy nearly in
proportion to the increased oxidation state (Figure 5d). Such a
shift is also consistent with Natoli’s rule, i.e., the shifts are
inversely proportional to the square of the Fe—O bond length
(Figure S1 in the Supporting Information).”'® We note that
when there is a difference in the crystal structure (e.g,, FeO
and Fe,0;), and especially when there is a change in the bond
length but no change in the oxidation state (MFeQ,), this
semiempirical rule becomes much less rigorous. These results
emphasize the importance of clarifying the dominant factors of
the XANES line shape in understanding the oxidation state and
the bond length in response to the edge shift, i.e., the limitation
of Natoli’s rule. In addition, the dominant role of the crystal
structure in the line shape of XANES spectra makes it possible
to extract more structural information that is not directly
available from the standard XAS measurement. Specifically, for
the cases that the crystal structure or nonlocal structure is not
available, it could be deduced partly through comparing the
line shape of the measured XANES spectrum with that of well-
defined reference samples or with computational XANES
spectra of compounds with a variety of crystal structures. As
EXAFS measurements can only provide local geometries of a
catalyst, the possibility of extracting nonlocal structures from

26234

XANES measurements can significantly extend the power of
XAS measurements.

Below, we will provide a fundamental understanding of
dominant factors by unraveling the mechanistic origin in the
evolution of XANES line shapes. Figure 6 shows the calculated
DOSs of the unoccupied Fe 4p states of FeO and Fe,03, along
with the measured Fe K-edge XANES spectra (shifted to
facilitate the comparison). K-edge is the excitation from Fe 1s
orbitals to the unoccupied Fe 4p states. Thus, the shape of the
Fe K-edge XANES spectrum is directly related to the
corresponding DOS. However, there are much richer and
sharper peaks from the calculated 4p states than from the
measured XANES spectra. For example, there are at least three
distinct regions of 4p states for both FeO and Fe,O; from S to
20 eV with the fine structure in each region. However, there
are only one main peak and two shoulders without any fine
structure on measured XANES spectra for both FeO and
Fe,0;. Also, there are apparent 4p states in the pre-edge region
for the calculated DOS of both FeO and Fe,0;, probably
induced through hybridization with the Fe 3d states. However,
even for the enlarged XANES spectra, the pre-edge is nearly
absent for FeO and merely discernable for Fe,O;.

The distinct differences between the measured XANES
spectra and the calculated DOS are mainly caused by the
energy resolution of X-rays used in the experiment and the
core-hole lifetime of the element measured. We note there
could be a contribution from the thermal effects, though the
impact is not so important for crystals and solid compounds
with strong chemical bonds as for aqueous ions with weak
interactions (Figure S3).62_64 Here, we use a parameter that is
corresponding to the full width at half-maximum (FWHM) in
the experiment to study the broadening effects caused by the
above three factors by comparing the relative intensity of
characteristic peaks. Figure 6 shows the simulated XANES
spectra with FWHM from 1 to 6 eV. For FWHM = 1, the
relative intensity of characteristic peaks is high and resembles
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those from DOS but decreases with increasing FWHM. A
reasonable agreement between the experiment and modeling is
achieved on both pre-edge regions and main edge regions with
FWHM = 3 eV. A further increase of the FWHM leads to the
disappearance of some characteristic peaks, especially the peaks
in the pre-edge region. Thus, we used FWHM = 3 eV in our
XANES modeling to mimic the broadening effect caused by X-
ray energy resolution, the core-hole lifetime, and the thermal
effects.

The above analyses of the broadening effect and the
comparison with the corresponding DOS could help clarify the
origin of the distinct XANES fingerprint of an element in each
individual compound. For example, for oct-Fe’* in Fe,O,
versus oct-Fe** in FeO (Fm3m) with the same local
coordination but different oxidation states, there are clear
shifts of the main Fe 4p states toward higher energy with
increasing oxidation state, accompanied by a change of the
intensity (Figure 7a). Through simulated XANES with
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Figure 7. Correlation of XANES features with Fe 4p DOS. Simulated
XANES spectra and corresponding projected densities of Fe 4p state
plots of Fe?* and Fe** with the same local coordination but different
oxidation states (a, b) or different compositions and crystal structures

().

increasing FWHM, it is evidenced that the blue shift of DOS
is the origin of the overall shift of the main edge and the main
peak of Fe,O; versus that of FeO. The above simple shifts of
DOS in response to a change in the oxidation state do not hold
true for tet-Fe>* in LiFeO, (P4,2,2) versus tet-Fe** in FeAl,O,,
which have again the same local coordination but different

oxidation states (Figure 7b). Their shifts of Fe 4p states are
more complex than that of Fe,O; versus FeO (Fm3m).
Specifically, while there are clear shifts toward higher energy
for the first two main Fe 4p states at the low energy (5—10
eV), there is little shift for the Fe 4p states at the high energy
(10—15 eV). As a consequence, instead of a simultaneous shift
of both the main edge and the main peak in XANES spectra as
the case of oct-Fe** in Fe,0; versus oct-Fe** in FeO (Fm3m),
there is only a shift of the low-energy main edge in XANES
spectra, which is corresponding to the first two peaks of the Fe
4p states (Figure 7b). These nonsimultaneous shifts are the
fundamental reason that the oxidation state is not the
dominant factor of the XANES line shapes.

For oct-Fe’* in Fe,O; versus oct-Fe*" in LiFeO, (R3m),
which have the same coordination and oxidation state, instead
of nonsimultaneous shifts, the differences are mainly in the
splitting of the major Fe 4p states in the range of 12—20 eV
with respect to the Fermi level (Figure 7c). For oct-Fe*" in
LiFeO, (R3m), these major Fe 4p states are concentrated at
around 15 eV, while for oct-Fe®" in Fe,O;, the corresponding
4p states split into a width that is about twice that of oct-Fe**
in Fe,0;. As a consequence, for the simulated XANES spectra,
there is not only a two-time difference in the width of the main
peaks but also a 2.2 eV shift in the main edge, though there is
no change in both the oxidation state and the local
coordination. This difference in the splitting and width of
the major Fe 4p state is the origin why both local coordination
and oxidation state are not the dominant factors of the XANES
line shape.

As the crystal structure is the dominant factor of the XANES
line shapes, the above comparisons imply a similarity in major
Fe 4p states for those with the same or similar nonlocal
structures. To verify this deduction, we plotted the DOS of
MFeO, (M = Li, Na, and K) with the same crystal structure
(R3m) (Figure 4a). Indeed, although there are still differences
in the DOS in the energy range of 10—15 eV with respect to
the Fermi level, the major 4p states from 15 to 20 eV have
strong similarities, including the intensity, width, and energy
range. Consequently, the simulated XANES spectra overlap the
main peaks and most of the main edges, which shift
simultaneously when the core-level shifts have been taken
into account (Figure 4c). This is also the case for Fe(OH),,
FeOOH, and FeO,, with the Fe(OH),-type crystal structure,
i.e.,, they have similar complexity in the major 4p states (Figure
Sb). Although there are differences in details, the broadening
effects make them a simultaneous shift in the main peaks and
the main edges of the simulated XANES spectra. Therefore,
although rooted in DOS, XANES spectra with broadening
effects can shed light on both the oxidation state and nonlocal
geometry that DOS with excessive details cannot.

Below, we discuss the dominant factors that determine the
discernibility of the pre-edge. In Figure 6¢,d, the disappearance
of the pre-edge feature with increasing FWHM indicates that
the absence of pre-edge in the experiment might not be
because of the absence of Fe 4p states around the common
pre-edge energy region but the broadening effect caused by X-
ray energy resolution, the core-hole lifetime, and the thermal
effects. Thus, for the same or similar broadening effect, the
presence or absence of pre-edges in experiments could depend
on two factors: the intensity of Fe 4p states around the pre-
edge region and their energy difference from Fe 4p states that
contribute to the main edge. The former determines the
intrinsic intensify of the pre-edge, while the latter determines
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whether the pre-edge could be distinguished from the main
edge.

For example, for oct-Fe** in FeO (Fm3m), the intensities of
the Fe 4p states around the pre-edge are extremely low and
their energy difference from Fe 4p states that contribute to the
main energy is essentially 0 eV (Figure 8a). Thus, the
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Figure 8. Correlation of the pre-edge with Fe 4p states. Simulated
XANES spectra and corresponding projected densities of Fe 4p state
plots of Fe** (a) and Fe** (b) with different local coordinations.

simulated pre-edge in the XANES spectrum is nearly
undiscernible even if FWHM is relatively small, e.g, FWHM
=1 eV (Figure 6a). As the FWHM in the experiment is around
3 eV, it implies that pre-edge in the measured XANES
spectrum is basically absent, which is exactly the case (Figure
1d). For tet-Fe** in FeAl,O,, it has a much higher intensity for
the Fe 4p states around the pre-edge and a much larger energy
difference between the corresponding 4p states and the Fe 4p
states of the main edge (i.e., dE = ~3.3 eV, see Figure 8a).
Therefore, the simulated pre-edge of tet-Fe’* in FeAl,O, is
much more discernable than that of oct-Fe** in FeO (Fm3m)
and disappears at a much larger FWHM (>3 eV for FeAL, O,
versus >1 eV for FeO). Thus, we can predict that the measured
pre-edge of FeAl,O, is more discernable than that of FeO.
Such a difference is exactly observed in previous experiments.”’

For Fe" in Fe,0; and LiFeO, (P4,2,2), even though there
is not always an increase in the intensity of 4p states around
the pre-edge in comparison to that of Fe** in FeAl,O,, the
energy difference between the Fe 4p states around the main
edge and the corresponding 4p states of the main edge
increases from ~3.3 to ~5.2 and ~4.8 eV, respectively (Figure
8b). As these energy differences are about 2 eV larger than the
FWHM in the experiment (~3 eV), consequently, the pre-
edges of Fe** in both Fe,0; and LiFeO, are clearly discernable
at FWHM = 3 eV. These results suggest that these pre-edges
are present in the measured XANES spectrum, which are
indeed the cases in previous experiments.’’ As it generally
increases with the increased Fe oxidation state for the energy
difference between the Fe 4p states around the pre-edge and
the corresponding 4p states of the main edge (see Figure 5), it
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suggests the presence of pre-edges for Fe with 3+ or higher
oxidation states. Such general Ehenomena have been widely
observed in experiments.””**~®’ It is worth noting that their
discernibility also depends on the intensity of Fe 4p states
induced by hybridization with Fe 3d states around the pre-
edge. As there is no clear relationship between the intensity of
these Fe 4p states and the corresponding oxidation states,
XANES modeling provides a straightforward way to predict
and interpret the complex pre-edge features. Also, as the pre-
edge is very sensitive to these detailed electronic structures,
modeling using appropriate crystal structures and electronic
structures (e.g., spin states, see Figure S2 in the Supporting
Information) is crucial for a rigorous comparison with
experimental results.

B CONCLUSIONS

In the present work, using Fe K-edge XANES spectra as an
example, we showed that XANES spectra are sensitive to an
ensemble of multiple parameters, including the oxidation state,
local coordination chemical composition, and nonlocal
structure (e.g., crystal structure). We demonstrated that first-
principles-based modeling can shed light not only on the
challenging assignment and on the interpretation of complex
XANES spectra but also extend the power of XANES
measurements. More specifically, we found that nonlocal
structure, which is inaccessible in XAS measurements, is a
more dominant factor of the XANES line shapes than either
composition and factors (i.e., local geometry or the apparent
oxidation state) that are usually extracted from XAS measure-
ments. For compounds with the same or similar crystal
structures (e.g, layered oxides MFeO, (M = Li, Na, K) and
FeO,H, (x =2, 1, 0)), both the main edges and postedges are
alike and shifting simultaneously in response to a change in the
chemical environment. Such a correlation between the line
shape and the nonlocal structure not only provides practical
principles for the reliable assignment of spectra of oxidation
states for materials with known structures and for under-
standing the limitation of semiempirical rules but also makes it
possible to extract structural information that is not directly
accessible in XAS measurements. For the pre-edge, we found
that its discernibility is dominated by the intensity of Fe 4p
states induced by hybridization with Fe 3d states around the
pre-edge and their energy difference from Fe 4p states that
contribute to the main edge. As the latter usually increases with
increasing oxidation state, it suggests a more discernable pre-
edge for Fe with a higher oxidation state, as is generally
observed in experiments. In summary, the current work not
only provides insights into understanding and assigning the
oxidation state of measured spectra but also unravels critical
nonlocal structures hidden in the experimental measurement.
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