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ABSTRACT  Understanding electronic structure is crucial to enhance the battery performance.
Soft X-ray spectroscopy (SXS) is one of the most effective methods to provide direct probe of
electronic states. Here, spectroscopic measurements of transition metal 3d and oxygen 2p states are
simply reviewed. Then, we mainly focus on the perspective of the development direction of
modern SXS techniques. Although the true power of recently developed high efficiency mapping
of resonant inelastic X-ray scattering (mRIXS) has been apparent for materials and chemistry
studies, great challenges remain for mRIXS spectroscopic interpretation, and the understanding of
the battery materials on novel redox activities remains elusive.
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Electronic structure determines the intrinsic
physical and chemical properties of battery materials,
which is related with the electrochemical perfor-
mance, e.g., lithium ion intercalation/extraction
potential, the voltage and capacity decay mechanism
during cycling. Thus, it is crucial to provide the
direct probe of the electronic structure through
advanced experimental characterizations. Soft X-ray
spectroscopy (SXS) stands out as one of the most
effective methods detecting electronic state in the
vicinity of Fermi level through photon-matter
interactions. SXS is a direct probe of the relevant
transition metal (TM) 3d and oxygen 2p states in
battery materials with elemental, chemical, and
orbital sensitivity, which has been demonstrate to be
valuable for understanding and optimizing the

battery performance. Details of SXS* ¥ for battery
studies
perspective focuses on the directions of modern SXS
techniques, especially the recently developed high
efficiency mapping of resonant inelastic X-ray
scattering (mRIXS).

SXS covers various core level spectroscopy tools? ¥,

have been previously reviewed. This

e.g., soft X-ray absorption spectroscopy (sXAS),
X-ray emission spectroscopy (XES), and resonant
inelastic X-ray scattering (RIXS). It is noted that soft
X-ray refers to X-ray photon energy at the range with
tens of electron volts (eVs) to about 1 keV, which
covers the low Z elements (C, N, and O) K edge and
3d TM L edge. Fig. 1 displays the scheme of the
sXAS, XES, and RIXS. The spectroscopic process
starts with the absorption of tunable incident photons
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to excite a core electron to an unoccupied state.
Subsequently, the excited state would decay to fill
the core hole through different decay channels
(electron and fluorescence), and the emitted photons
would be probed through counts or energy distribu-
tion for XAS, or XES/RIXS, respectively. sXAS
provides the information about the unoccupied
electronic state with core hole existence through
dipole allowed excitation, which fingerprints the
formal valence, spin state, and chemical bond
configuration. XES directly corresponds to the
occupied valence-band state due to the band electron
decay to fill the generated core hole. The combina-
tion of sXAS and XES probe band structure includes
both the unoccupied and occupied states. RIXS was

often used in fundamental physics for detecting

—

T

low-energy excitations involved in the spectroscopic
process®”;  however, recent developments of
ultra-high efficiency mRIXS have opened up this
powerful technique for material and chemistry
studies®?. Technically, mRIXS reveals the energy of
the outgoing photons after absorption process, thus
providing a completely new dimension of
information along the so-called emission energy at
each single data point of an sXAS spectrum. Such a
new scale of detection enabled superior chemical
sensitivity over conventional sXAS in its bulk-
sensitive photon-in-photon-out (PIPO) mode. Indeed,
shortly after the mRIXS demonstrations, mRIXS has
been recognized as the "tool-of-choice™ for detecting
the novel states of both TMs® and oxygen!”.

tunable incide|
photon

g N’ hv' = unl hv'
T photon out 7%2@, 1N
R
(b)XES (c)RIXS

intermediate
state

}» different excitations

.................................................................................. A e astic feature

@®
4
| electron out
E i E
1
i
Unoccupied state | @ !
H
1
- 1
oC hoton i
Occupied state 0 photon in
) J/‘( hv' hv
hv U
photon in% i photon out
rl
Corelevel —0O——
(a)XAS
g 1(d)
Ky
)
'@b Q’(\o}
_|_L\ X, v
& L
&
&
X
ground °
state
Fig. 1.

final state

Schematic of simplified model of (a) XAS, (b) XES, and (c) RIXS spectroscopic process.

(d) displays the RIXS process with different excited energy upon energy scale (vertical),
which are involved in different final states corresponding to various excitations

The TM 3d states are the most sensitive states to
the electronic properties in battery related with cation
redox in battery material studies. TM 3d valence
states could be directly probed by the TM L-edge
sXAS through dipole allowed TM 2p-3d transitionst® ..
The quantitative analysis based on TEY lineshape
variation has been proved to be a useful tool to
understand the surface TM valence, spin state, and

the interphase behavior™. However, great caution
needs to be taken to perform analogous quantitative
analysis on TFY because of perishing line shape
distortions from self-absorption effect. Fortunately,
inverse partial fluorescence yield (iPFY)™ based on
mRIXS has been recently developed to potentially
solve the distortion problem in fluorescence yield
signals. Moreover, mRIXS-iPFY could provide high
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energy resolution on all edges covered by soft
X-rays. The iPFY provides the opportunity of a
guantitative analysis of the TM oxidation states in
the bulk materials at different electrochemical stages.
sXAS provides the difference between the surface
and the bulk of battery materials through comparison
of quantitative analysis of TEY and iPFY.

The TM L-edge XAS spectral lineshape is
domina- ted by the so-called multiplet features,
which is strongly affected by the crystal field.
Therefore, TM-L is highly sensitive to the crystal
field that is associated with the local structure. Fig. 2
displays Fe L-edge sXAS lineshape evolution during
(de)lithiation process (Fig. 2(a)) and the corres-
ponding Fe 3d crystal field diagrams (Fig. 2(b)) of

Li,FePO,™. In general, the octahedral FeOs local
structure determines a crystal field potential, leading
to 3d state splitting into two groups, tg and eg. The
z-axis of the FeOg octahedron in LiFePO, is
elongated compared with FePO,. Such a local
structural difference leads directly to the significant
drop of all the 3d states involving d, orbitals,
resulting in a complete reconfiguration of all the 3d
states (Fig. 2(b)). As the Fe L-edge corresponds to
the excitations to 3d states, the spectra thus display
distinct features of the Li,FeP, electrode materials,
serving as a sensitive probe of both the TM states
and the local structural distortions upon electro-
chemical cycling!.
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(a) Fe L-edge sXAS lineshape evolution of Li,FePO, (0<x<1) during electrochemical cycling process, where the

two end materials are LiFePO, and FePO,. (b) Crystal filed diagram of FePO, (upper) and LiFePO, (lower)
derived from the multiplet calculation. Reproduced from Ref.[4]

Such a sensitivity of TM 3d states to the crystal
field could often change the electrochemical profile
completely because these are the electronic states
that define the charge/discharge process in
electrochemistry. This is beautifully demonstrated in
a seemingly subtle but strong effect of interstitial
water molecules in a battery compound™. In
Na,MnFe(CN)e systems, C-coordinated Fe is at low
spin (LS) state, while N-coordinated Mn is at high
spin (HS) state. The valence concentrations of Fe**
and Mn** upon electrochemical process in the two
comparative systems are directly obtained through
comprehensive quantitative analysis of the TM L-

edge sXASM™. For the hydrated system, Fe**" and
Mn?** redox reactions take place separately at the
low and high potential voltage plateaus, while, for
the anhydrated system, a mixed Fe/Mn redox
reaction takes place throughout the electrochemical
process as one charging plateau. This distinct TM
redox sequence in the contrasting systems is due to
the competing effect from the ligand field
stabilization energy (LFSE) with spin states and the
ionization energy with TMs. And most importantly,
these competing factors would be heavily affected by
the crystal field variation, such as interstitial water.
The O 2p state investigation has been on the
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central part of understanding the oxygen redox,
which has been crucial for battery performance
improvements. In virtue of the elemental and
chemical sensitivity, O K-edge sXAS has been
extensively utilized to detect the oxygen electronic
states through the dipole transition from the O 1s to
unoccupied O 2p state. It is noting that the states in
the unoccupied bands just above Fermi level in
transition metal oxide systems are dominated by TM
d characterst™?. The hybridization of oxygen and TM
gives rise to the dominating so-called pre-edge
feature in O K-edge sXAS (Fig. 3 right panel). Thus,
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the intensity and lineshape analysis of sXAS
pre-edge feature mainly indicates TM oxidization
states evolution and the overall covalency variation,
which does not represent the intrinsic oxygen
states?. Due to this intrinsic limitation of O-K sXAS
of TM oxides, sXAS has been argued to be not
reliable for detecting lattice oxygen redox states®. A
direct and reliable probe of the oxidized oxygen state
in battery materials should be able to rule out the
TM-O hybridization effect from the intrinsic oxygen
redox feature.
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Fig. 3. O K-edge mRIXS (left panel) and sXAS (right panel) result of Na, Mgy sMn,;0, (NMMO)™M at full charged state.
Specific mMRIXS feature marked by the red solid arrow centered at 531 eV excitation energy (vertical axis) and 523.7 eV
emission energy (horizontal axis) is observed, corresponding to the bulk oxygen redox feature. The shadow area in the O

K sXAS is the so-called pre-edge area, which is dominated by the hybridization feature of TM 3d and O 2p. The dashed
arrows clearly show that mRIXS deciphers the fluorescence signals in sXAS along the emitted photons energy, and
provides a unique opportunity to resolve the entangled oxygen feature with the dominating TM characters
in the pre-edge region. NMMO data reproduced from Ref. [9]

By further deciphering the fluorescence signals in
sXAS along the emitted photons energy, mRIXS
provides a unique opportunity to resolve the
entangled oxygen feature with the dominating TM
characters in the pre-edge region. Fortunately, the
new dimension of the emission energy in O K-edge
MRIXS turns out to be superiorly sensitive to the
chemical state of oxygen. Experimental results have
shown that the emission energies of the oxygen
redox feature and TM-O hybridization feature are
clearly separated in mR1XS results. Furthermore, as a
two-dimensional intensity plot as a function of both
excitation and emission energies, mRIXS provides

the full spectroscopic profile of non-divalent oxygen
states, which holds the potential to quantitatively
analyze oxygen redox during the electrochemical
process™.

While the development of high-efficiency mRIXS
has been quickly reorganized as a powerful tool for
materials and chemistry studies, at this time,
however, formidable challenges remain for both the
understanding of battery materials on novel redox
activities, as well as the RIXS spectroscopic
interpretation.

First, understanding the nature of oxygen redox
states is still a highly debated topic and is often
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considered under a simple scenario of oxygen
molecular configurations™°!. In the meantime, it is
clear that TM plays a key role in the oxygen redox
behavior™®. The specific mRIXS feature (Fig. 3 left
panel) is the key to reveal the fundamental
mechanism of oxygen redox. However, the theore-
tical simulation of oxygen redox related specific
mMRIXS feature remains challenging, and the intrinsic
nature of oxygen redox remains elusive. In a recent
study, excitonic features at the same emission energy
523.7 eV with the broader excitation energy distribu-
tion present at Li,O, O K-edge mRIXS™, which
originates from intra-band excitations to unoccupied
O 2p orbitals. This was verified through the
theoretical simulation. It provides crucial hints for
understanding the oxidized oxygen state, i.e., with
unoccupied 2p orbitals, however, the system of TM
oxides is fundamentally different and requires
significant future works in both fundamental physics
and material sciences.

Second, a reliable detection of the chemical states
related with redox reactions in batteries requires
XAS/MRIXS experiments with further improved
detection efficiency and energy resolution. High
detection efficiency allows XAS/mRIXS experiments
accomplished within a reasonable time scale, which
becomes a feasibility issue due to the radiation
sensitivity of chemical systems. Radiation effects or
radiation damage, introduced by materials exposure
to the high-intensity X-ray, induce feature intensity
evolution and lineshape change!™”. Thus, improving
the detection efficiency of RIXS experiments
becomes the only choice, with controlled sample
transfer, cooling, and manipulating during experi-
ments. Unfortunately, high energy resolution is also
necessary to distinguish and investigate the fine
feature in the O K-edge mRIXS signals related with
oxygen redox, especially the low-energy excitations
close to the elastic line in mRIXS results with 0~2
eV energy loss range. These weak features provide
indicator of oxygen redox reactions, and suggest that
the oxidized oxygen states spontaneously trigger

low-energy excitations likely through electron-

phonon coupling. Again, these studies should not be
taken for granted as simple indications of particular
O molecular systems. Instead, significant efforts in
theory should follow with considerations of the
complex TM oxide systems. The dilemma of high
detection efficiency and high energy resolution is yet
to be solved.

Third, performing mRIXS experiments under
in-situ/operando conditions will be indispensable to
understand electronic structure of battery materials,
especially the oxygen state related with anionic
redox. The in-situ/operando experiments provide the
comprehensive information of how the electro-
chemical process affecting the battery materials
under real-world conditions. However, typical soft
X-ray in-situ/operando setups are often complicated
in O and C signals due to the multiple contribution
sources. At this time, reliable data sets rely on careful
sample handling of eX-situ experiments, especially
on avoiding air exposure, and it is hard to obtain high
guality in-situ/operando spectra of some critical
edges, including O-K and C-K. A solid-state battery
is a promising approach to solve this problem by
exposing a relatively clean surface of the interested
material.

Fourth, the multimodal study with a combination
of different characterizations and simulations is
always necessary for obtaining a comprehensive
understanding of the electrochemical process. It is
also worth noting again that RIXS is a complex
spectroscopic process and often requires significant
theoretical efforts for a reliable interpretation. Unlike
sXAS, one cannot conclude easily on the nature of a
state by a simple comparison of mRIXS data with
reference compounds. TM oxide is a complex
system, and the highly oxidized states need extensive
mRIXS characterizations to build up the database,
close inspections upon electrochemical profile, and
theoretical calculations. Often the structural and
indirect chemical probes are popular in material
studies, especially the elemental sensitivity falls into
soft X-ray range, e.g., oxygen. The relatively less
popular employment of soft X-ray spectroscopy as a
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direct chemical probe is partially due to the missing  perspective in a structural chemical journal is to
link between fundamental physics and practical ~ promote such multidiscipline collaborations on grand
material researches. One of the purposes of this  challenges in the battery field.
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