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Abstract:

Understanding the structural and electronic properties of oxygen in materials is critical for
advancing various technological applications, particularly in catalysis and energy storage.
Oxygen species play a pivotal role in mediating reactions within metal-oxide systems,
significantly influencing the reactivity and stability of catalysts. Insight into the electronic
structure of oxygen, comprising hybridization and bonding with transition metals, provides a
deeper understanding of catalytic processes and the efficiency of electrocatalysts.
Additionally, oxygen's involvement in electrochemical processes within batteries, particularly
through anionic redox reactions, underscores its importance in developing efficient energy

storage solutions.



This review focuses on the use of two empirical parameters in O K-edge simulations, offering
a guide on simulating observed O spectra for oxide solids. By bridging experimental
fingerprints with theoretical approaches, an in-depth understanding of the spectra is
provided. First, the theory defining the empirical parameters of the FDMNES code, “dilatorb”
and “screening’ is presented. Then, the importance of studying the O K-edge is highlighted
through discussion of selected case studies. The latter illustrate how oxygen K-edge
experiments and simulations are indispensable tools for advancing the understanding of
catalytic and energy storage processes and improving materials design by offering detailed
information on the electronic structure, bonding, and real-time changes in (electro)catalysts.

l. Introduction

Oxygen plays a pivotal role in many different research areas, such as electrocatalysis, het-
erogeneous catalysis, and energy storage. The role of oxygen in heterogeneous catalysis is
crucial and multifaceted. Various oxygen species, including atomic oxygen (O), di-oxygen
(O.), reactive di-oxygen intermediates (such as superoxide - O, - and peroxide -O,%"), as
well as oxygen incorporated in oxide lattices, participate actively in catalytic processes.
These species facilitate the activation and transformation of reactants. Gas-phase oxygen
itself can participate in a reaction as oxidant, removing electrons from neighboring atoms, or
as reactant, forming new bonds with other elements. This however requires activation of the
O, molecule, i.e. breaking the strong O-O bonds (498 kJ/mol),! as an essential step in, for

instance, oxidation reactions, where catalysts assist in the O, dissociation.>*

In solid oxide lattices, used as heterogeneous catalysts, oxygen serves as a link between
the different cationic species, playing a crucial role in mediating the electronic modifications
occurring upon chemical treatment. Indeed, the oxygen atoms in the lattice can participate
in reaction pathways by facilitating the transfer of oxygen species between the catalyst sur-
face or bulk and adsorbed reactants. In particular, the arrangement of oxygen atoms in the
lattice can influence the accessibility and stability of active sites.>® Moreover, oxygen vacan-
cies and other defects significantly impact the catalytic activity. In fact, these material defects
provide sites where oxygen adsorption and activation are modified, leading to improved re-

activity.

The intricate interaction between oxygen species and catalytic surfaces, including those
where oxygen is part of the lattice, enhances the efficiency and selectivity of numerous

industrial and environmental processes, contributing to the development of more sustainable



and effective catalytic solutions. For instance, oxygen vacancies in perovskite oxides can
enhance catalytic properties by providing sites for oxygen activation and facilitating redox
reactions. Similarly, oxygen vacancies in metal oxides like ceria (CeO;) can enhance their
catalytic efficiency by improving oxygen mobility and reactivity.” Hence, understanding and
controlling the different functions of O is crucial for tailoring catalysts to specific reactions

and optimizing their performance.>"

Similarly, oxygen is extremely important in electrochemical or electrocatalytic processes and
the performance of batteries, fuel cells, and energy storage materials. The most common
positive electrode materials for Li-ion batteries are solid oxides. Oxygen is the major redox-
active species in metal-air systems,'>-'# and it participates in the electrochemical processes
of Li- and Na-rich layered oxide cathodes through the anionic redox mechanism.'5-18
Oxygen-containing species are also extremely important for the ionic transport properties
and stability of solid electrolyte interphases (SEls),'®2! as well as in solid electrolytes, where
they participate in the ionic conduction through coordination to the moving Li* ions.?223

To monitor and unravel the intricate details of the interactions between oxygen and
neighboring elements in both catalytic and energy storage systems, adequate O-probing
experiments are needed. Given the light character of oxygen, the study of the O X-ray
absorption K-edge (~530 eV) has long remained a challenging frontier, often eluding
comprehensive investigation due to its complexity, especially in the context of intricate and
multifaceted materials. Recently however, different features of the O K-edge as exhibited in
several simple and complex oxides have been reported.?* Oxygen K-edge spectra can
reveal changes in metal-oxygen hybridization and bonding, which are essential for
understanding the reactivity and efficiency of (electro)catalysts.

To detail oxygen in both catalytic and energy storage systems, researchers apply advanced
characterization techniques such as soft X-ray Absorption Spectroscopy (XAS),25-?" Electron
Energy Loss Spectroscopy (EELS),%2° Hard X-ray Photoelectron Spectroscopy
(HAXPES)'6:30.31 and X-ray Raman Scattering (XRS) spectroscopy.?>-34 Each of these
spectroscopic techniques provides complementary information about the structural and
electronic properties of oxygen in a material. By employing a combination of these highly
sensitive techniques,®>-3 a comprehensive picture of the material's behavior at the O K-
edge can be obtained.

The O K-edge XAS corresponds to excitations of the oxygen 1s orbital to empty p-type
states, offering a window onto the electronic structure and chemical environment of oxygen-

containing species within a material. The spectral region above the edge provides unique



information about the unoccupied states - and offers insight into the electronic transitions
involving oxygen orbitals. The latter permits understanding the bonding nature and
coordination environment of oxygen in a material. The O K-edge XAS is an element- and
orbital-specific analytical tool that enables researchers to investigate the role of oxygen in
various chemical environments, including (electro)catalytic processes. This specificity is es-
sential because oxygen significantly influences the reactivity and stability of (electro)cata-
lysts. By probing the O K-edge, the atomic and electronic structure of the materials can be
determined, elucidating how oxygen atoms and ions interact with surfaces and other ele-
ments in the material. These insights are critical for understanding the electronic structure
and chemical bonds that underpin (electro)catalytic activity.

Compared to other techniques, XRS offers the significant advantage of measuring the O K-
edge using hard X-rays, therefore offering true bulk information. In XRS, the incident X-ray
beam interacts with the sample and is scattered inelastically. Accordingly, a momentum of
magnitude q and energy (E) are transferred to the sample. For disoriented samples - e.g.
powders, q is defined as g=(411/A\)sinB, where 20 is the total scattering angle and A the
incident X-ray wavelength. The scattered X-ray beam is then analyzed with respect to energy
and momentum. Since the choice of the incident energy is not critical, XRS allows the use
of high energy (e.g. 10 keV), thereby circumventing the low penetration depth of soft X-rays
to study the modifications of the lattice oxygen in the bulk and under in situ conditions. XRS
measurement usually takes a long time due to low cross-section and hence requires very
high X-ray flux along with a large number of analyzers. However, at low q (i.e. at low
scattering angle) XRS becomes equivalent to XAS providing similar information about the
electronic structure of the probing element.3® This information is crucial for developing
materials that are applied in catalysis, electrochemical energy storage, and other processes

where lattice oxygen plays a prominent role.

Quantitative analysis of the O K-edge data, required to extract structural and electronic
information, typically involves theoretical calculations, aiming to reproduce all features of the
experimental spectra. Indeed, the O K-edge measured by XAS or XRS can be simulated
using the projected Density of State (pDOS) of oxygen and corresponding transition matrix
elements can be calculated within Density Functional Theory (DFT). Accordingly, the X-ray
spectrum allows for a qualitative analysis without explicit calculations.?44%4! The same

approach applies to the g-resolved XRS data in different scattering ranges (e.g. low q).#2

While DFT is the preferred method for understanding and optimizing the electronic and

atomic structures of pristine materials, accurately matching calculated and experimental



spectra for materials altered by physicochemical treatments is challenging and time-
consuming. Indeed, it requires exploring a wide range of possible atomic arrangements
within the studied system.”43-4% |dentifying the local energy minimum becomes even more
complex for materials with a high defect concentration or a strong electronic perturbation,
which can occur upon deep structural reorganization by a chemical reaction, as is the case
for metal oxides used in catalysis or fuel cells. Moreover, DFT calculations are not well suited
for describing excited states (i.e. the final state with the core hole), requiring further
approximations. In this case, finding a reliable structure for the material during or after a
reaction (i.e. with an oxygen arrangement valid for all the different atomic environments of

the different elements) is extremely ambitious.

To overcome the challenges for materials being measured in situ, it is convenient to directly
adapt and tune the electronic configuration of untreated samples by means of empirical
parameters. In this respect, among the possible DFT codes, the Finite Difference Method
Near Edge Structure (FDMNES)*? program package enables the researcher to directly
modify the electronic configuration, allowing to unlock the enigma surrounding the O K-edge.

FDMNES makes use of two empirical parameters, screening and dilatorb,*? to improve the
accuracy of simulating experimental spectra and understanding material properties. The
screening parameter addresses the screening of the core hole by a valence electron, which
can originate from neighboring parts of the material. This parameter introduces an additional
electron from neighboring atoms into the valence orbital of the core-absorbing atom, thereby
compensating for possible charge imbalances.*® Screening is a natural process resulting
from the presence of the core hole in the core orbitals of the absorbing atom (1s, 2s, and
2p). The extent of this screening depends on various factors, including material conductivity,
the nature of bonds, and the overall electronic structure. The screening parameter, which can
range from O to 1, reflects the partial electron screening and describes the interaction
strength between the absorbing atom and its environment.*? The dilatorb parameter, on the
other hand, controls the radial extent of the valence orbital, particularly the O 2p orbital, from
its neutral atomic size.*8 It is associated with the degree of covalency and addresses the
actual charge of the oxygen species at the O K-edge.*?> The stronger the covalent character
of a bond, the further the valence orbitals expand. On the other hand, strong ionic bonds
imply more localized valence orbitals. Together, these parameters allow for a more accurate
reproduction of experimental spectra and provide deeper insight into the electronic structure
and bonding characteristics of the material (assuming crystallographic structure is

unchanged). It must be underlined that the screening and dilatorb parameters are also



applicable to other elements of the periodic table, providing valuable information about the
overall properties and reactivity of materials.*6:47

In this review, we focus on the use of these empirical parameters in O K-edge simulations.
This review offers therefore a novel point of view on the topic since it discusses how simple
empirical parameters can be used to model quantitatively the experimental data from XAS
and XRS and gather important chemical information. As such, it provides a guide on how to
observe O K-edge spectra for solid oxide materials used for catalysis and energy
applications. The O K-edge measured far from equilibrium can be simulated in the FDMNES
scheme using dilatorb and screening, creating a bridge between the experimental fingerprint
and the theoretical approaches, thus providing in-depth understanding of the spectra. These
parameters are not merely meaningless and arbitrary fitting parameters to achieve a better
match with experiments, but they also have a justified physical meaning.

First, a brief overview is provided of the theory that defines the above-mentioned empirical
parameters dilatorb and screening. Then, the importance of studying the O K-edge is
highlighted, and selected case studies are discussed. The latter illustrates how oxygen K-
edge experiments and simulations are an indispensable tool for advancing our
understanding of catalytic processes and improving catalyst design, by offering detailed
information on the electronic structure, bonding, and real-time changes in (electro)catalysts.

Il. Theory.

The FDMNES code

Nowadays, among existing DFT codes, FDMNES is quite a standard code to simulate XAS
and XRS spectra, as well as other spectroscopic experimental techniques. It uses the Finite
Difference Method (FDM) to avoid the muffin-tin approximation for the potential shape,
making the code very precise at the K-edge for all elements and at the L2 3-edges of heavier
ones. This is a significant advantage of FDMNES compared to other DFT codes, since at
these edges, multi-electronic phenomena are sufficiently small to make DFT (under Local
Density Approximation, or Perdew-Burke-Ernzerhof approximations) sufficiently precise.

The electronic structure of the material under investigation must be calculated in the entire
area probed by the photoelectron by solving the (relativistic) Schrodinger (or Dyson)
equation. Hereto, FDMNES uses a cluster approach, considering all the atoms around the
absorbing one inside a sphere of a chosen radius, typically between 5 and 7 A. The electronic
structure is most often calculated self-consistently, yielding a final-state potential. From the



latter, using the Fermi Golden rule, one can calculate the electronic states, and thus the
projected density of state (pDOS), covering the whole energy range accessible by the

spectroscopy in question.

Screening parameter

The oxygen K-edge rises around 530 eV, when a 1s core electron is excited to a partially
filled O 2p state (or to a continuum state), leaving behind a core hole in the 1s orbital. The
newly generated core hole modifies the electronic configuration, but this modification can
partially be countered through rearrangement of the remaining electrons, providing some
electronic screening of the core hole. Moreover, oxygen can acquire a higher electron density
if the neighboring atoms contribute by transferring charge to oxygen, which will add to more
efficient screening. Thus, the core hole screening depends on the interaction of oxygen with
the neighboring atoms. This idea of screening is implemented in the FDMNES code by
introducing the empirical screening parameter, which modifies the electronic charge in the
valence orbital of the excited (absorber/scattered) atom by placing an additional electron in
the first un-occupied state, compensating the possible charge imbalance between the
neighboring hybridized ions. By convention, the situation where a photoelectron is
completely promoted to an unoccupied state and the produced core hole is not stabilized
has a corresponding screening value equal to 0. Increasing the value of the screening
parameter up to 1 physically implies enhancing the electron transfer from the neighboring
atoms, thereby increasing the electron density on the excited atom and gradually screening
the core hole. When the 1s electron is excited, the excited atom charge can be approximated
as close to +1 in case of “no screening”. The excited atom will however become almost
neutral, when the value of the screening parameter is set equal to 1, i.e. “full screening”. The
latter means empirically adding an extra charge from the neighbor atoms, usually from a
transition metal (TM). The screening parameter, therefore, helps modeling the degree of
charge transfer, which can contribute to interpret some of the materials’ properties: acidity or
basicity in catalysts, proton uptake in protonic ceramic fuel cells and charge compensation
in batteries, all of which can have an important impact on their functionality.#648-53

Fermi’s Golden Rule takes into account the transition of the core electron towards an empty
state. This state may be disrupted by the resulting core hole and concomitant screening,
either from the remaining electrons of the excited atom or from farther elements in the
material. The latter electronic movements are nevertheless considered here as passive.
Within this approximation of considering the other electrons frozen, different ways are used
to manage the core hole effect. The most straightforward is the full screening scheme where



an extra electron, coming from the neighboring cations, is placed in the first non-occupied
level of the excited absorbing atom, containing the core hole. This implies that the atomic
charge of the excited is roughly maintained neutral. It is important to note that, when using
the self-consistent field (SCF) procedure to ensure convergence of electronic structure
calculations to a stable solution, two strategies can be adopted. In the first one, the SCF
calculation is performed for the cluster of atoms in the ground state (GS), yielding the exciting
atom potential, Vascr.cs, as well as the potential throughout the cluster. On top of this
XANES/XRS calculation step, a sudden approximation is applied, modifying this SCF
potential (Va,scrxs,) by adding the difference between the excited atom potential, Vs xc, and
the non-excited ground state potential, Vacs:
Va,scrxs = Vascr-gs + Vaxc - Vacs .

This is the default way in FDMNES, which, pragmatically, is most often found to yield the
best results.>* In the second strategy, also available in FDMNES, the SCF step already
contains the core hole and the extra screening electron. In this case, the XANES/XRS step
is performed with the potential directly issued from the SCF procedure. Whatever the
strategy, the amount of screening remains an adjustable parameter, ranging from 1
(complete screening) down to 0 (no screening). Note that whatever the screening amount, it
will always result in a contraction of all the atomic orbitals. Empirically, several cases have
already been demonstrated where partial screening improves the agreement with
experimental data.®® Because of the dipole selection rule, Af=+/-1, the XAS K-edge
photoelectron probes the p level, which hence provides the most important part of the signal.
When the latter is the main conduction band state as in oxygen, the sensitivity to screening
will be important. In contrast, screening for transition elements rather affects the quadrupole
transition, which probes the 3d levels (at low q).

Dilatorb - Orbital dilatation parameter

At the start of FDMNES, more than 20 years ago, the code did not provide self-consistency.
Instead, a specific procedure with a sufficiently good potential was used to calculate the
states probed by the photoelectron. The orbital shapes, resulting from the program part
calculating the electronic structure of a single atom, were compared with results derived from
a SCF code, Wien-2k, applied on the material under study. Then, a parameter termed
dilatorb or dilatation (or expansion) factor, 8, was used to optimize the overlap of both atomic
orbitals. It is important to remark that in practice this parameter modifies the atomic electron
density, ps(r), from which one calculates the atomic Coulomb potential (Va,cou(r)) and the
atomic exchange-correlation potential (Vaec(r)), the sum being a new atomic potential, Va,5(r)



= Va,coul(r)+ Vaec(r). Finally, the atomic potential Va(r) is modified by AV(r) = Va(r) — Vas(r).
The main effect of orbital expansion is that this potential becomes more attractive. Since
then and up to now, this parameter has not been used anymore because the SCF was more
efficient. In the next section it will be seen, however, that it remains nevertheless interesting

in some contexts.

Screening and dilatorb parameters in a non-SCF procedure

Self-consistent calculations are, in principle, always better that a non-SCF procedure.
Nevertheless, when systems are not at equilibrium, it can be very difficult to mimic the
modification of the electronic structure of a material during a chemical transformation,
making the SCF approach inefficient. This review focuses on a class of systems far from

equilibrium, i.e. under in situ chemical conditions.

In cases where conditions are constantly varying, the two FDMNES parameters, screening
as a conventional one and dilatorb (for orbital dilatation) as less common one, may be of
help in simulations. Based on the description in previous sections, their main effect is to
change the atomic potential of the excited atom. The latter becomes more attractive when
the screening value is reduced or when the orbital is expanded, i.e. higher value of the
dilatation parameter. Within their value ranges of [0-1], both parameters work in the same
direction*® when comparing the calculated spectra. Minor differences make them, however,
not completely equivalent. Ultimately, when agreement between data and simulation
becomes satisfying for specific parameter values, the purpose is to understand their meaning

in terms of (electro)chemical properties.

lll. O K-edge in Catalysis

In the realm of metal oxide catalysts, oxygen forms bonds with the neighboring metal
elements in the oxide, being directly involved in e.g. redox capacity or proton exchange
during a catalytic process. Consequently, the O K-edge contains a wealth of information
concerning covalency, orbital overlap, charge transfer along the bond between the oxygen
atom and its transition metal neighbors, and through the latter even on oxygen vacancies,
all of which significantly impact bulk and macroscopic properties of a material. Moreover,
being element-specific, the edge manifests signature features for specific species and
serves as a sensitive indicator of alterations in electronic structure following chemical

treatments.
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Fig. 1. Interpretation of the oxygen K-edge XAS spectrum for 3d transition metal oxides. The

spectrum illustrates the oxygen 1s core state at 530 eV binding energy (green), with
occupied oxygen 2s and 2p bands, shown as a mix of oxygen (green) and metal (red)
contributions. Unoccupied states are depicted with patterned colors; the tg and eq states are
in a 6:4 ratio, but have equivalent oxygen contributions (green). At higher energies, the metal
4sp band is represented. The experimental spectra of TiO2, VO, CrO,, and MnQO: serve as
examples (Open access, adapted from Frati et al. (2020)).%*

A common approach to visualize the electronic structure of TM oxides is to describe the
chemical bonds primarily as bonding between the metal 4sp state and the oxygen p state,
forming bonding and antibonding combinations in the valence band. The 3d states also
contribute to the chemical bonding, resulting in antibonding valence states. This type of
bonding is observed in a (distorted) environment around the TM, leading to the splitting of
the 3d states into tog and eq states, for On local symmetry.?* Accordingly, in the O K spectra
of TM oxides (Fig 1), two distinct regions can be identified: the pre-edge and the main edge
(where the resonance occurs).?4% The first one corresponds to the oxygen 2p states
associated with the empty 3d states of the TM (~525-535 eV). The second in the range of
~535-545 eV is related to transition into the empty 4sp states of the TM.

Analysis of the oxygen K-edge in TM oxides shows that the intensity of the pre-edge region
reflects the overlap between ligand 2p and metal 3d orbitals. This overlap helps quantifying

the metal-ligand bonding strength, a key concept in understanding lattice oxygen
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interactions. The splitting of the 3d band depends on the coordination symmetry of the TM;
for example, in an octahedral symmetry around the TM, t>g and eg4 orbitals are observed.
Differences in position and intensity can be attributed to variations in the occupancy of the
tog and eq states, impacting interatomic couplings.5® More generally, the position and shape
of the pre-edge can vary depending on the nature of the TM ion, including its oxidation state
and d-band occupancy. The bonding strength, associated with the hybridization between the
TM and oxygen 2p orbitals, can influence the actual electron charge on the oxygen atom,
leading to partial modifications, either increasing or decreasing its charge. Consequently, the
pre-edge may shift to either a lower or higher energy position. Additionally, the intensity of
the pre-edge reflects the strength of hybridization. Stronger hybridization brings O 2p and

TM 3d orbitals closer together, increasing the covalency.

The O K-edge resonance peak typically appearing at a higher energy position (~535-
545 eV), corresponds to the metal 4sp band and varies depending on the TM's nature,
possible doping, and chemical treatments. This peak also changes with modifications in the

electronic structure due to different hybridization and covalency effects.

The following sections showcase the importance of the O K-edge in several different

(electro)catalytic applications.

Electrocatalysts

Electrocatalysts play a crucial role in electrochemical reactions by enhancing the rate of
oxidation and reduction reactions, at electrode surfaces or within the electrode itself. These
catalysts facilitate the electron transfer between electrodes and reactants, as well as
intermediate chemical transformations. Fuel cells and electrolyzers represent a prominent
application area for electrocatalysts, where efficient electrochemical reactions are vital for
energy production. The electronic modification of catalysts involved in electrochemical
reactions such as oxygen reduction and oxygen evolution reactions (ORR, OER), can be
revealed by investigating the O K-edge.

In a study on the O K-pre-edge of a perovskite (ABO3)-based material (Fig. 2A) such as
LaBOs (where B = Cr, Mn, Fe, Co, Ni), Suntivich et al.>” demonstrated a correlation between
TM electronegativity, TM-O hybridization, and covalency. LaNiO3s showed higher pre-edge
intensity at 530 eV than for perovskites with other TM. This can be linked to electronegativity
since across the first-row transition metals to the right of the periodic table at a fixed valence,
the transition metal’s electronegativity increases, bringing the 3d orbitals of the metal closer
in energy to the 2p orbitals of oxygen. This leads to stronger covalent bonding and enhanced
hybridization. A shift in the pre-edge position was also observed in this series of LaBOs.

11



Similarly, Mueller et al.®® demonstrated the significance of strong O 2p-TM 3d hybridization
in LaoeSro4FeOss (LSF) and LaosSrosCoo2FeosOss (LSCF). In these mixed-cation
perovskites with Fe and Co in the B-site, the pre-edge feature (at ~530 eV), shows splitting
due to a change in hybridization, linked to the eg4 population upon oxygen incorporation and
evolution reactions. This variation highlights the suitability of surface oxygen ions as redox
partners in the corresponding chemical treatments.

Intensity (AU)

Lag 651 4€00; 5

Normalized absorption / arb. units

520 . 5é0 . 54.10 ‘ 550 . 560 520 . 5;30 . 54..0 - Séo
Energy (eV) Energy / eV

Fig. 2. (A) The increase of the pre-edge intensity at ~ 530 eV and concomitant position shift
with increasing electronegativity of the TM in LaBO3s (where B = Cr, Mn, Fe, Co, Ni) (Open
access).®” (B) The O K-edge XAS spectra of LSC annealed under various partial pressures
of oxygen, p(0), at 1073 K, where the decreasing pre-edge intensity depicts the oxygen
vacancy formation in the Co-O hybridized state (Adapted with permission from J. Phys.
Chem. C 2011, 115, 16433-16438).%°

Further insights emerged from the O K-edge analysis of Lao.eSr0.4C003.5 (LSC) and LSCF,
where the intensity of the pre-edge peak at 527 eV (peak a in Fig. 2B) decreases upon
reducing the partial pressure of oxygen, p(O:), indicating the introduction of oxygen
vacancies, which resulted in electron injection into the Co 3d-O 2p hybridized state.596°
Under near-OER conditions, EELS revealed surface layer disorder in LSC, alongside
reduced Co valence at the surface, which was verified by the observation of a decreased

pre-edge intensity at ~530 eV.'

Nakamura et al.®?> explored the electronic structural changes in La:NiO4+s during ORR,

identifying significant peaks in the O K-edge at 531 eV, corresponding to Oz molecule

12



absorption, with the variation in the pre-edge intensity at 530 eV suggesting changes in Ni
3d-O 2p hybridization due to electrochemical polarization.

Other investigations shed light on oxide ion concentration effects, such as those observed
in deposited SrTiO3 (STO) and Ndo.5Sro.sMnO3 (NSMO)/SrFeo5C00.5025 (SFCO) systems,
where higher pre-edge intensities at 528 eV revealed stronger hybridization of O 2p-TM 3d
due to higher oxygen content around the TM.®2 Similarly, the high pre-edge at 527.7 eV (Fig.
3A) of hex-BasSr4(CoosFeo2)4s0O15 (BSCF) electrocatalysts unveiled increasing Co valence

and robust metal-oxygen covalency.®*
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Fig. 3. (A) The O K-edge XAS spectra of hex-BSC (BasSr4C04015) and hex-BSCF are presented
along with several reference materials to indicate the features of the different elements.®* (B)
Variation in the in situ O K-edge spectra with applied positive potential; the inset shows the intensity
at 529 and 532 eV as a function of potential.’® (C) Soft XAS spectrum obtained from Ir/Co304
compared to reference IrO; and C030..%¢ (D) Soft XAS spectra of rutile-type IrO; and amorphous
IrOx. In contrast to rutile IrO2, amorphous IrOx exhibits an additional pre-edge feature at 529 eV and

reduced intensity at 530 eV. %" The figures were adapted with permission.

In situ soft XAS O K-edge studies on MnOxy electrocatalysts during H20O electro-oxidation
demonstrated increased Mn 3d-O 2p hybridization and Mn-O bond contraction with applied

13



voltage. The pre-edge at 529 eV (Fig. 3B) increased with applied voltage, whereas the pre-
edge at 532 eV remained almost constant, indicating an increase in covalency due to = back-
donation from O% to Mn**.%% Similarly, the higher edge intensity at 534 eV and higher intensity
ratio of the peaks at 534 and 545 eV obtained from the inner part of layered MnCo0204/C
electrocatalysts revealed the presence of more unoccupied states in the metal.® Meanwhile,
the insignificant changes at the O K-edge between Vo2Moo.sN12 and MoN+ 2 indicated an
unaltered electronic structure of Vo2MoosN12 compared to MoN+2, confirming no phase

separation or transformation occurred upon V doping. ©°

In a similar way, the O K-edge’s spectral features of an Ir/Coz04 electrocatalyst (Fig. 3C) for
OER mirrored those of Co030s4, indicating the electronic structure was unaffected by the
presence of Ir.%8 In contrast, comparison between amorphous and rutile-like IrO; for OER,
measured at room temperature under ultrahigh vacuum, revealed distinct O K-edge peaks
at 529 and 530 eV (Fig. 3D), that are attributed to O- and O? lattice species in the amorphous
phase.®” In Pt nanorods oriented on Gd-doped ceria electrocatalyst, the decreased O K-
edge intensity at 533 eV was attributed to oxygen vacancies resulting from Gd doping and
Ce** to Ce®* conversion.”® These diverse investigations collectively enrich the understanding
of the delicate interplay between TM metal and oxygen.

So far, in these selected pieces of literature mostly the O K-edge was analyzed to understand
the metal-oxide interaction and especially to clarify the hybridization between the TM and
oxygen. In pioneering works, on the other hand, the hybridization was extensively studied
on ideal metal oxide compounds such as MgO, CaO, BaO, or SrO, either by ab initio or DFT

calculation.”1-76

Applying the basic DFT procedure in real working systems such as (electro)catalysts is not
an easy task. Very often the analysis of the O K-edge is, therefore, solely based on
experimental observation, rendering it a qualitative rather than a quantitative approach.
However, the concept of screening and dilatorb — the two empirical parameters described
previously — allow to overcome the limitations of DFT. Screening simulates the hybridization
between O 2p and TM 3d, depicting the nature of the oxide ions and a possible charge
transfer along the bond, whereas dilatorb mimics the covalency. The variation in pre-edge
and resonance peaks can be reproduced by tuning the values of these two parameters. This
approach is much easier than DFT to extract information about the electronic modification,
even for a redox-treated system. Application of these two parameters in O K-edge
simulations can give direct insight into the macroscopic properties of a system and help
unfolding them.
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To gain a deeper understanding and extract quantitative information from the O K-edge,
Longo et al*® extended the work of Orikasa et al® and investigated
Lao.eSro.4Coo.2Feo.77Ni0.0303-5 (LSCF) and Ni-doped LSCF at room temperature by XRS. They
were able to reproduce the features of the O K-edge using FDMNES by modifying dilatorb
(Fig. 4A, 4B) to model the ionic character of the oxygen bonding to the TM in the structure.
They found that a dilatorb value of 0.3 gives the best match for both experimental O K-edge
spectra, confirming the increasing oxygen orbital dilatation showing the ability of Ni-doped
LSCF to trap the existing oxygen vacancies. In addition, a reduced dilatorb value of 0.0 for
undoped LSCF at 800 °C (Fig. 4B), compared to Ni-doped LSCF, indicates decreased
covalency of oxygen, which can be connected to the depletion of the TM 3d orbital and
stronger electronic modifications. This study found that Ni insertion helps retaining O 2p-
TM 3d hybridization and provides higher stability to the Co environment than in unpromoted
LSCF.

— = Experimental LSCFO8-Ni RT

= Calculated LSCF08-Ni

= Calculated LSCF08
IllllllllllllIllllllllllll[lllll Allllllllllllllllllllllllllllllll

925 530 535 540 545 550 g25 530 535 540 545 550

energy (eV) energy (eV)

= = Experimental LSCF08 800 °C
= Calculated LSCFO08

Normalized XANES
Normalized_ XANES

Fig. 4: (A) FDMNES simulation of Ni-doped and undoped LSCFO08 with dilatorb value 0.3 versus the
experimental LSCF08-Ni data measured at RT.*® (B) FDMNES simulation of undoped LSCF08 with

dilatorb 0.0 versus LSCF08 measured at 800 °C.*® The figures were adapted with permission.

The empirical electronic structure parameters were also used to understand the
modifications of protonic ceramic fuel cell (PCFC) materials as a function of cation
composition and redox treatments. The perovskite (Ba, Sr, La)(Fe, Zn, Y)Oss serves as
PCFC cathode, acting as a mixed conductor of protons, oxygen vacancies, and electron-
holes. Raimondi et al.*¢ studied the dependence of hole transfer in this perovskite material
upon Zn (with oxidation state +2) and Y (having oxidation state +3) doping, partially replacing
Fe. They investigated the O K-edge of six materials by XRS: Bag.gsLao.osFeO2525 (BLFred)
Bao.gsLaoosFeOs  (BLFox), BaFeosY02025 (BFYred), BaFeosY02029 (BFYox),

Bao.gsLao.osFe0.8Zno202.425 (BLFZnred) and Bao.gsLao.osFeo.sZno 202825 (BLFZnox); where
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‘red’ denotes the reduced state and ‘ox’ indicates the oxidized state. The spectral changes
in the O K-edge were reproduced by extensive simulations considering both screening and
dilatorb. For BaZrO3 (BZ) and BFYox material, the spectra simulated with FDMNES were
also compared with DFT simulations (Fig. 5A, 5B), confirming the merit of using appropriately
tuned values of screening and dilatorb. To best reproduce the experimental O K-edge for
BFYox, and BLFox the required screening values were 0.9 and 0.6, respectively, along with
a dilatorb value of 0.1 and 0.15 (Fig. 5B, 5C). The lower screening value for the undoped
oxidized sample BLFox than for the Zn- and Y-doped oxidized samples indicates the
presence of less negative charge on the oxygen ions for the former, reflecting less charge

transfer from TM 3d to O 2p. Lower screening for undoped oxidized samples means less

XRS normalized data
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screening 0.6 + dilatorb 0.15

C

=z screening 0.0 + dilatorb 0.0

XRS normalized data
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screening 0.0 + dilatorb 0.0 0 H
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Fig. 5. The O K-edge of (A) BaZrO3s and (B) BF Yox. showing a comparison of the simulations starting
from the DFT optimized structure, and FDMNES with screening and dilatorb. (C) The simulated O K-
edge with a combination of screening and dilatorb for BLFox reproducing in detail the features of the

experimental spectra (Open access).*

negative charge on oxygen and hence less basicity of the oxygen ions, i.e. making them less
prone to donate electrons. Lower screening also reflects a lower proton uptake, as a lower
electron density on oxygen means a weaker interaction with protons. For reduced samples
BLFred and BLFZred, the simulation with screening and dilatorb values of 0 yielded the best
match with the experimental O K-edge (not shown). This points to a lower interaction
between TM 3d and O 2p, as well as less overlap for the hybridized TM 3d-O 2p orbitals in

the reduced samples.

Another successful attempt of the application of these two parameters was made by Firet et
al.,*® who investigated the surface electronic structure of photocharged (PC) BiVO4 by XRS
at the O K-edge (Fig. 6A). This work revealed the formation of a surface layer of bismuth
borate with BiVOs, creating a heterojunction during photocharging in a borate electrolyte,

which leads to charge separation and charge carrier recombination near the surface. The O
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K-edge was reproduced with FDMNES considering the screening and dilatorb parameters
(Fig. 6B). Screening values of 0.1 and 0.2 for the dark (without illumination) BiVO4 (bismuth-
hydroxide layer) and for the photocharged (with illumination) BiVO4 (bismuth-borate layer),
respectively, along with a common dilatorb value of 0.1 reproduced the features of the
experimental O K-edge spectra. The difference in screening values between these two
samples is attributed to a lower electron density in the conduction band of the photocharged
sample. This explains the observed pre-edge filling in the dark sample. The higher screening
value in PC-BiVO4 suggests significant structural changes, indicating a shift to a lower Fermi
level due to improved band bending induced by the heterojunction between BiVO4 and the
surface-formed bismuth borate layer (Fig. 6C). This drives electrons away from the surface,
suppressing surface recombination. While both dark and photocharged samples have fewer
electrons compared to the reference BiVO4 thin film, the changes are more pronounced in

the photocharged sample.
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Fig. 6. (A) The normalized XRS spectra depicting the O K-edge regions for a reference (BiVOs thin
film), dark, and PC-BiVO, sample. The shifting ratio in the contributions to the pre-edge peak
indicates its filling with electrons (O 2p-V 3d ey/ty) for the dark sample. (B) The O K-edge spectra of
both the dark and PC samples are superimposed with FDMNES simulations, incorporating the
empirical dilatorb and screening parameters. (C) The schematic diagram shows that photocharging
induces changes in the band gap region and Fermi level of BiVO4. The valence band of hydroxide
(dark sample) and bismuth borate (PC sample) surface layers lies closer to the Fermi level, resulting
in band bending at the surface. This band bending drives electrons towards the bulk of BiVQOy,

reducing the electron concentration in the space charge region for PC-BiVO4 (Open access).*

Heterogeneous Catalysts

The O K-edge is crucial in studies of metal-oxide heterogeneous catalysts because it offers
detailed insight into the catalysts’ electronic structure and reactivity, which are essential for
understanding and therefore optimizing the catalytic performance. Indeed, spectroscopies

at this K-edge enable researchers to probe the bonding between oxygen and metal atoms,
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potentially comprising the catalytic active sites, offering valuable information about their
oxidation state, coordination environment, electron density and phase transitions. From this
perspective, quantitative or semiquantitative information, extracted from the O K-edge, is

extremely important.

Recent literature in the field of heterogeneous catalysis extensively reports studies involving
the comparison of O K-edge data based on experimental observations with reference
materials. For instance, Knop-Gericke et al.”” delved into the intricacies of methanol
oxidation to formaldehyde over metallic copper catalysts using high-pressure in situ soft
XAS. Through meticulous examination of the O K-edge at varying temperatures, they
unveiled a fascinating phase transition from Cu20 at 540 K to a distinct species where atomic
oxygen combines with the s-p bands of copper, instead of the typical hybridization with the
Cu d band. Comparison with the spectra of pure Cu20O at 540 K and 750 K disclosed the
presence of both weakly bound surface oxygen and strongly bound bulk oxygen species.
Similarly, insights into catalyst modification during CO oxidation to CO. were gained by
looking at the features of the O K-edge at 530 and 535eV in CeO2, revealing a
transformation from Ce** to Ce3* under reduction conditions.”® Sun et al.”® further expanded
the understanding by investigating the O K-edge of a Ce-Cu20 catalyst for the CO2 reduction
reaction, where the low-intensity pre-edge at 530.4 eV confirmed the bonding of Ce with O
atoms and the spectral shape confirmed the absence of CuO.

On the other hand, experimental data are often coupled with DFT calculations. In this way,
quantitative insight into anaerobic CO oxidation was gained from in situ O K-edge and Ce
N45 edge XRS and DFT, showing vacancy ordering in the bulk and explaining modifications
at the O K-edge, involving the hybridization of the Ce 4f and 5d and O 2p orbitals.” This
methodology, based on the comparison of references with data collected at the O K-edge,
is also successfully used for other catalysis applications.80-83

Exploring the O K-edge through an advanced FDMNES study, which incorporates the
screening and dilatorb concept, has opened up a novel avenue for comprehending electronic
modifications. Recent investigations®®-°? into heterogeneous catalysts have demonstrated
good alignment between the experimental XRS spectrum of the O K-edge and simulations,
that consider screening and dilatorb. This approach establishes a link between the oxygen
ion nature and the macroscopic properties of the materials, such as basicity or acidity,
connecting the oxygen environment to bulk characteristics and properties of oxide materials.
For example, Longo et al.>® investigated the O K-edge of MgAl.Q4, an active catalyst support
used for dry reforming of CH4,384-86 upon high-temperature H. reduction. The variation in the

simulated O K-edge was shown as a function of screening and dilatorb value (Fig. 7A). A
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screening value of 0.7 showed the best match with the experimental O K-edge of fresh
MgAl204 catalyst support, whereas a value of 0.8 reproduced the spectral features of
reduced MgAl-O4 (Fig. 7B). In both cases, the applied dilatorb value was 0.1. The higher
screening value on oxygen for reduced MgAl>O4 indicated the tendency of the oxide ions to
retain the electron density, reflecting a more confined nature of the electrons in the reduced
state.

Tasioula et al.>' studied 5Fe/10NiMgZr (5 wt.% iron oxide was supported on 10 wt.% NiO-
MgO-ZrO. mixed oxide), a promising catalyst for COz-assisted ethane dehydrogenation
(CO2-EDH). The catalyst was calcined by applying three different conditions: i) at 600 °C for
3h, ii) at 700 °C for 3h, and iii) at 700 °C for 5h, named Fe-600(3h), Fe-700(3h), and Fe-
700(5h), respectively. Among these samples, Fe-700(5h) showed the best selectivity
towards ethylene production, i.e. 90% at 23.3% C2He conversion. The authors correlated the
ethylene selectivity of Fe-700(5h) to the acidity of the catalyst, based on XRS at the O K-
edge and FT-IR spectroscopy during in situ adsorption of pyridine. More specifically, the O
K-edge of Fe-700(5h) and Fe-600(3h) were compared (Fig. 7C) and the spectral changes
were revealed simulating the screening parameter in FDMNES. Screening values of 0.3 and
0.5 were used for Fe-700(5h) and Fe-600(3h), respectively, along with a default value of the
screening parameter of 1 for the reference MgO (see Fig. 7C). The lower value of the
screening parameter for Fe-700(5h) indicated less basic oxygen atoms, and hence a higher
acidity. The latter increase in acidity was confirmed by in situ adsorption of pyridine followed
by FT-IR spectroscopy to measure the respective amount of Lewis and Bronsted acid sites.
The bare support 10NiMgZr had less acidity than Fe-600(3h), which depicted that iron
incorporation had an impact on the acidity of the catalyst surface. Moreover, the Fe-700(5h)
catalyst had four times higher acidity than Fe-600(3h), which is in line with the findings from
the O K-edge, i.e. a screening value of 0.3 for Fe-700(5h) vs. 0.5 for Fe-600(3h).

Das et al.5? followed the same procedure to unfold the nature of oxygen ions in a
Ni/MgFeAlOs dry reforming catalyst, extending the work of Longo.®® A change in
shoulder/main peak ratio was observed in the O K-edge when the catalyst was reduced, re-
oxidized, and treated under CH4:CO2=1:1 (known as dry reforming of methane, DRM). The
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Fig. 7. A) The influence of screening and dilatorb on the computed O K-edge XRS spectrum
for MgAl-O4. Arrows and circles emphasize how varying screening values (left panel) alter
the ratio of the feature in the primary edge (without dilatorb parameter). Similarly, the effect
of dilatorb is demonstrated (right panel), along with the dash-dot curve that represents a
combination of screening and dilatorb.>® B) The experimental and calculated spectra at the
O K-edge (540 eV) are depicted for fresh (left panel) and reduced MgAl>Oy4 (right panel). The
green dashed curve represents a molecular oxygen component incorporated into the
calculation.®® C) Using screening 1 for reference MgO, the spectra were computed using
FDMNES for the following conditions: (i) fresh Fe-600(3h) and (ii) fresh Fe-700(5h). The
calculated spectra (red lines) represent the combined contributions of the two components
(gray dashed lines) based on their respective screening parameters (Open access).’' (D)
Simulation of the O K-edge by a linear combination of two screening values 1.0 and 0.1 shows

satisfactory agreement with the experimental spectra of a fresh, reduced, re-oxidized, and
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DRM-treated Ni/MgFeAlO4 catalyst (Open access).%?> The figures were adapted with

permission.

changes mostly reflected the electronic modification of the support material MgFeAlOas. As
the 8wt% Ni content was negligible compared to the support, the simulation was performed
considering only the support material. The variation of the O K-edge (Fig. 7D) in the reduced,
re-oxidized, and DRM-treated state of the catalyst was reproduced using two different values
of the screening parameter in FDMNES: 0.1 and 1.0. The screening parameter provides
insight into the acid-base properties of the material, with oxygen atoms acting as Lewis
bases when donating electron pairs and Lewis acids when accepting them. While oxygen in
oxide materials typically has an oxidation state of -2, making it basic, electron excitation
during XRS can formally change its oxidation state to -1, which can further be modified by
more or less screening from the neighboring elements. Hence, the increased contribution of
screening value of 0.1 after reduction and re-oxidation indicated a higher and therefore less
negative, apparent oxidation state of oxygen, suggesting a shift towards more acidic

properties.

IV. Battery Materials

Oxygen species are crucial in lithium-based batteries, playing key roles in various
components. In oxide- or polyanionic-type cathode materials, oxygen ions interact with Li*
ions during electrochemical processes. Similar interactions are critical for lithium transport in
both polymer and oxide-based solid electrolytes, as well as through SEI layers at the anode-
electrolyte interface. In metal-air batteries, molecular oxygen acts as the electrochemically
active material, and oxygen redox reactions are also seen in some oxide-based cathodes

through anionic redox mechanisms.

Studying the O K-edge in battery systems is essential for understanding these processes,
as it provides valuable insights into the local and electronic environment of oxygen species.
This includes information on oxidation states, coordination geometry and bonding
interactions. This knowledge is essential for elucidating mechanisms such as Li*
(de)intercalation, oxygen evolution/reduction and structural transformations, all of which
affect battery performance, stability and lifespan. By analyzing the O K-edge, researchers
can better understand how oxygen species participate in charge transfer, ion diffusion and
chemical reactions within battery electrodes and electrolytes, ultimately aiding the design of
more efficient, durable, and sustainable battery technologies.
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Qiao et al.8” conducted a comprehensive analysis of the O K-edge for Li.O, Li»O2, and
Li2COg3, pivotal oxygen-containing species within the SEI, which is crucial for ensuring kinetic
stability in Li-ion and Li-air batteries. Their study unveiled distinct variations in the O K-edge
spectra, delineating diverse local oxygen environments and showcasing electronic
transitions to o* (O—O) orbital for Li2O> and 1*(C=0) orbital for Li>CO3. Furthermore, they
elucidated the decomposition of Li2O2 and Li2COs into stable LiO2 species under soft X-ray

exposure, highlighting the particular sensitivity of Li2COs.

Several other interesting studies of K-edges concern cathode materials. For instance, during
Li* (de)insertion, the O K-edge of Li1+xV30Os revealed prominent doublets corresponding to
transitions to tog (at 530.1 eV) and eq4 (at 531.9 eV) states of vanadium, indicative of larger
V 4sp-O 2p hybridization with Li* insertion, thereby influencing the bonding geometry.88
Noteworthy changes in the pre-edge shape and intensity (515-520 eV) of the O K-edge for
the layer-structured Li[Lio.15Nio.275xMgxMno.575]0O2 suggested charge compensation by
oxygen ions during the charge-discharge process.®® This phenomenon was also observed
in electrochemically deintercalated Li1.xCoO2, suggesting electron exchange between
oxygen and cobalt sites.®® Van Elp et al.®! delved into the electronic structure of Li-doped
CoO (LixC01-xO) and LiCoO2 using O K-edge XAS, revealing compensating holes near Li
impurity sites in LixCo1xO, with strong hybridization between O 2p holes and Co 3d states
leading to a strong antiferromagnetic exchange interaction. In LiCoO2, they observed low-
spin Co** responsible for smaller Co-O distances. Furthermore, significant spectral changes
(in both the shape and intensity) of the O K-edge, in the range between 525-530 eV, unveiled
the electronic structure of a chemically delithiated LiCoO2 compound, showcasing a higher
oxidation state of surface oxygen upon delithiation and indicating different electronic
transitions between surface and bulk, suggestive of inhomogeneous delithiation in LixCoO2

compounds.®?

The use of screening and dilatorb in studies of Li-based battery systems can be beneficial to
understand the modifications. Implementation of these two parameters at the O K-edge
provides valuable insight in the charge transfer process. In the field of battery studies,
however, only a few investigations have, until now, used these parameters to interpret the
physico-chemical state of oxygen species. For instance, Fehse et al.>® studied the charge
transfer process of cathode material Li2FeSiO4 during one complete electrochemical cycle
and probed the O K-edge by XRS to investigate the interaction between anionic O 2p and
TM 3d electronic state of Li2FeSiO4. The O K-edge spectra obtained for different stages upon
charging and discharging are shown in Fig. 8A, where the charge comprises sample A
denotes pristine material, D is ‘end of charge’ (EOC), E is ‘EOC + hold’ and the discharge
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comprises sample G stands for ‘end of discharge’ (EOD). The impact of screening and
dilatorb were shown in the simulated O K-edge of Li2FeSiO4 (Fig. 8 B, C). The O K-edge of
sample A and E were reproduced considering screening values of 0.7 and 0.8, respectively
with a constant dilatorb value of 0.09 (Fig. 8D). The lower value of screening for sample A
implies less O 2p electrons confinement of and hence increased charge sharing of oxygen
with TM.
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Fig. 8 A) The intensity of O K-edge varies with photon energy loss at various stages along the charge
and discharge curve, spectra displayed with vertical offset for clarity. The inset shows the change in
the normalized integrated pre-edge peak area (hatched area) corresponding to different positions
along the electrochemical cycling curve. B) Influence of screening and C) dilatorb on the simulated O
K-edge of Li-FeSiO4. D) Experimental spectra (solid lines) and simulated spectra (dotted lines) of the
O K-edge for Li:FeSiOs are shown for samples A, E, and G.%® The figures were adapted with

permission.
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A similar approach was used to understand the O K-edge spectra of pristine LiNiO2 (LNO),
NaNiO2 (NNO), and charged LNO. XRS spectra (Fig. 9, upper panel) indicated enhanced
overlap between Ni 3d and O 2p orbitals in charged LNO as observed by the pronounced
pre-peak, thereby confirming the increased covalency of the Ni-O bond. To reproduce this
feature in FDMNES, a dilatorb value of 0.1 is essential with a screening value of 1.0 (Fig. 9,
lower panel). Furthermore, the involvement of oxygen vacancies in charge compensation
mechanisms is demonstrated by the Ni-O charge redistribution, which correlates with
variations in the screening of oxygen atoms. Hence, a linear combination of two different
screening values (1.0 and 0.6) was required to reproduce the O K-edge of charged LNO.%

However, the simulation was not performed for NNO.
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Fig. 9. Upper Panel - The O K-edge spectra of pristine LNO, NNO, and charged LNO are shown.
Lower Panel - The O K-edge of LiNiO2 was reproduced using screening = 1 and dilatorb = 0.1 in
FDMNES, whereas for charged LNO, two screening values of 1 and 0.6 were required to reproduce

the experimental spectrum along with a dilatorb value of 0.1(Adapted with permission).®?

V. Conclusions and Outlook

The empirical electronic structure parameters screening and dilatorb are pivotal for
understanding the intricate electronic behavior of oxygen within metal-oxide systems. In
catalysts, oxygen often plays a central role in mediating reactions. The shielding effect of
neighboring atoms, which can be understood from the screening parameter, influences the

apparent oxidation state of oxygen and its electronic modification, thereby changing its
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reactivity as a catalytic species. By comprehensively assessing the screening effect on
oxygen, we can gain crucial insight into its role in catalytic processes. Understanding how
neighboring atoms modulate the electronic structure around oxygen, sheds light on the
interaction of the catalyst with the reactants, having an impact on the catalytic activity and
selectivity. Therefore, considering the screening parameter is essential for elucidating the
mechanistic details of oxygen-involving catalytic reactions and designing efficient materials
tailored for specific applications.

Similarly, this approach can be extended to studies in the realm of electrochemical energy
storage, where researchers can gain a deeper understanding of how oxygen species
contribute to charge transfer, ion diffusion, and chemical reactions within battery electrodes
and electrolytes. This knowledge can ultimately help in designing more efficient, durable,
and sustainable battery technologies.
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