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TOPICAL REVIEW — Fundamental physics research in lithium batteries

Soft x-ray spectroscopy for probing electronic and chemical states of
battery materials
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The formidable challenge of developing high-performance battery system stems from the complication of battery
operations, both mechanically and electronically. In the electrodes and at the electrode—electrolyte interfaces, chemical
reactions take place with evolving electron states. In addition to the extensive studies of material synthesis, electrochem-
ical, structural, and mechanical properties, soft x-ray spectroscopy provides unique opportunities for revealing the critical
electron states in batteries. This review discusses some of the recent soft x-ray spectroscopic results on battery binder,
transition-metal based positive electrodes, and the solid-electrolyte-interphase. By virtue of soft x-ray’s sensitivity to elec-
tron states, the electronic property, the redox during electrochemical operations, and the chemical species of the interphases
could be fingerprinted by soft x-ray spectroscopy. Understanding and innovating battery technologies need a multimodal
approach, and soft x-ray spectroscopy is one of the incisive tools to probe the chemical and physical evolutions in batteries.
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1. Introduction

Lithium-ion batteries (LIBs),
transition-metal (TM) cathode, carbon anode, and carbonate

typically based on a

electrolyte with additives, have conquered the electronic mar-
ket requiring efficient energy storage, e.g., wireless commu-
nications and laptop computers, since 1991.1' Now with the
emerging clean energy applications, especially electric vehi-
cles, the market of rechargeable LIBs is predicted to be ex-
ploded for ten times from 2010 to 2020.!>! However, the cur-
rent battery technology is far below the standard to meet the
formidable challenges for a low-cost, safe, high-capacity, and
high-power energy storage solution.

The technological advance in battery technology is hin-
dered by the complication of battery operation, which is typ-
ically beyond the thermodynamic stability of the electrolyte,
and sometimes the electrodes. This instability requires a sta-
ble interphase layer on the carbon anode surface, now called
solid-electrolyte-interphase (SEI), for LIBs. SEI was typically
developed through decomposing carbonate based electrolyte
with a number of electrolyte additives. Its functionality, de-
sign, and control remain the most critical R&D topics for
LIB optimization and developments.?®! The recent develop-
ments of Si and Sn based high-capacity anodes encounters the
same technical challenges on the SEI formation. For the cath-
odes, current commercial compounds are dominated by 3d TM
based oxides and phosphates. Historically, the development of
LiCoO, cathode was inspired by the consideration of the fun-
damental electronic structure of TM oxides.[*! Again, recent
efforts on developing high-capacity and high-voltage cathode
materials encounter technical challenges on how to stabilize
the electrolyte and electrode materials at their interface. Such
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interface is under severe electrochemical instability due to the
electron state configurations of high-voltage operations.

As a typical “electronic” device, an LIB operates with
evolving electronic states in almost all the device components.
The potential and kinetics of these electronic states define the
transportation of the charges, i.e., electrons and Li-ions. More
importantly, the relative configuration of the electron states
fundamentally regulates the chemical activity at the surface
and interfaces, thus determines the chemical reactions within
the electrodes, as well as at the electrode—electrolyte inter-
faces. Such crucial chemical process could take place through
either a direct redox reaction within the electrodes or elec-
trolyte, or an indirect catalytic reaction at the interface.

In order to elucidate the relationship between the funda-
mental electron states and the chemical activities in LIBs, we
plot the electronic structure schematics of LIBs in Fig. 1. The
static energy diagram of an open-circuit “rocking-chair” bat-
tery is shown. The anode sits high in energy level as the re-
ductant, while cathode is the oxidant. The open circuit voltage,
Voc, of a battery cell is naively determined by the difference
of the chemical potentials between the anode and cathode.
The interplay of the unoccupied (conduction-band) and occu-
pied (valence-band) states determines both the performance
and stability of a battery cell. For example, the occupied and
unoccupied electron states of electrolyte determine the upper
limit of the open-circuit voltage of a thermodynamically stable
battery cell. In reality, a thermodynamically stable battery cell
is hard to achieve and the development of electrolyte systems
with large energy window remains a formidable challenge.
One such example is a cell with LiFePOy as cathodel! and
LisTisO15 as anode.[®”] The cell is thermodynamically stable
for thousands of cycles, but with voltage less than 2 V.[8]
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Fig. 1. Schematic diagram of the critical electron states involved in an LIB. Panel (a) is the schematic of the relative energy positions of TM-3d
and O-2p states in positive electrode materials. The dominating character of the highest energy occupied state determines whether a stable TM
redox could be accessed during the charging (delithiation) process. This energy configuration also determines the catalytic property of the electrode
material surfaces, which may destabilize the electrolyte material even within its electrochemical window shown in panel (b). Panel (b) shows the
energy levels of a static open-circuit battery cell with carbonate based electrolyte without considering additives. Panel (c) displays the critical electron
state configuration of a desired electrode—electrolyte interphase. This SEI diagram is general and plotted for both the negative and positive electrodes.
Detecting, understanding, and controlling these key electron states remain formidable challenges and are directly related to the material and device

optimization.

An alternative way to achieve high power batteries is to
form the passivating interphase layer on the surfaces of the
electrodes. The most known is the SEI on the widely used
carbon anodes, which is formed by decomposing carbonate
based electrolyte with additives.[°! The interphase is typically
formed by consuming the electrolyte components, but it does
provide the kinetic stability to protect the electrolyte from fur-
ther decomposition through the very large electron forbidden
gap, as indicated in the right panel of Fig. 1. Currently, un-
derstanding and controlling the interphase, typically through a
complex electrolyte system, is one of the grand challenges for
innovating high-performance battery technologies.!”!%1 Very
recently, the critical role of interphases for stabilizing aqueous
electrolyte beyond its electrochemical window is beautifully
demonstrated by Suo ef al., in which, equeous electrolyte was
cycled with a 3.0 V window for 1000 times.['!]

Besides the redox activity and charge transporta-
tion/forbidden at the interfaces in LIBs, the electron states in
electrode materials also evolve vigorously throughout the elec-
trochemical operations. Understanding the detailed electronic
configuration beyond redox activity is particularly important
for TM-based positive electrodes, as indicated in Fig. 1(a).
As an example, the layered LiCoO; in the first generation
Li-ion batteries suffers various disadvantages when used for
EVs. Firstly, Co is not environmentally benign, and costly
compared to other TMs like Fe and Mn. Secondly, cycling
above half Li per molecule (x > 0.55) in Li,CoO, results in
the infamous oxygen release from the cathode surface into the
flammable electrolyte. Such safety issue limits the useable ca-
pacity of LiCoO, cathodes, which could only be charged to

about half of the theoretical capacity with voltage below 4 V.
Generally, when a battery cell is charged, Li-ions diffuse out
and the cathode is oxidized. In the preferred case, the holes
are introduced to the TM-3d state. However, if the TM-3d
state sits below the top of anion-p states, the holes could oc-
cupy the states of more anion-p nature, which are typically the
bonding states. The anion in the cathode materials is then de-
stabilized, and the TM cannot reach the high oxidation state.
The fundamental picture based on the relative energy posi-
tioning of the TM-d states versus the anion-p states inspired
the invention of TM oxide cathodes,* and interestingly re-
sembles the Zaanen—Sawatzky—Allen (ZSA) diagram in the
field of highly-correlated physics.!!?] Additionally, the energy
configuration of TM-d versus anion-p is directly related with
the catalytic properties of the cathode surfaces, a topic under
scrutiny in the field of catalytic materials, which may desta-
bilize the electrolyte even within its electrochemical window,
challenging the validity of the simplified diagram in Fig. 1 for
batteries. However, experimental probe of the TM-d versus
anion-p states is highly challenging and schematics from elec-
trochemical experiments are not detailed enough to provide
practical guidelines for efficient material optimization.
Therefore, the electron state configuration of the unoc-
cupied and occupied states, as well as the relative energy po-
sitions of the TM-3d and O-2p states, in LIB electrodes and
electrolyte determines both the stability and performance of
the battery cells. The interplay of these electron states pro-
vides the fundamental principles for understanding, designing,
selecting and optimizing materials for the essential battery ele-
ments including electrodes, electrolyte, additives, and binders.
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These electron states in LIBs evolve with Li-ion diffusion at
different electrochemical stages. Experimental probe of these
evolving electron states in battery system is challenging but
could be useful for obtaining the insights and guidelines for
LIB material developments.

While soft x-ray spectroscopy detects both the occupied
and unoccupied states of battery materials with inherent el-
emental and orbital sensitivity,ml in this review, we focus
on soft x-ray absorption spectroscopy (sXAS) that measures
the unoccupied states with the existence of core-holes. We
demonstrate that the information on electron states revealed
by sXAS could be useful for understanding the chemical and
physical process of LIB materials and interphases. The outline
of this review is as follows. We first explain the basic principle
of soft x-ray spectroscopy. A brief introduction of the state-of-
the-art soft x-ray in-situ/operando instrumentation for study-
ing electrochemical devices is included. We then showcase
that the spectral features in sXAS represents the empty state
that the electrons will occupy when the material is lithiated.
Such information provides clear understanding and guidelines
for optimizing the electronic properties of battery binder mate-
rials. Several examples on sXAS studies of TM-based positive
electrodes are then discussed, where the redox could be quan-
titatively defined with elemental, orbital, and even site sensi-
tivities. At the end, we show that although sXAS is a tool
of detecting electron states, some chemical bond information
could be derived because of the sensitivity of electronic struc-
ture to the chemical environment. We conclude that the crit-
ical chemical reactions in batteries, including both the redox
evolution within battery components and the surface activities
at the interfaces, could often be revealed by sXAS. sXAS is
thus a powerful tool to reveal the chemical and physical evo-
lution on a surface and/or interphase and complements many
other techniques for measuring the structure and performance
of battery materials.

2. Core level soft x-ray spectroscopy

Synchrotron-based core-level soft x-ray spectroscopy in-
volves the excitation of core electrons, and the detection
of emitted particles in the form of electrons and/or pho-
Core-level soft x-ray spectroscopy typically includes
x-ray photoelectron spectroscopy (XPS), soft x-ray absorp-

tons.

tion spectroscopy (sXAS), non-resonant soft x-ray emission
spectroscopy (XES), and resonant inelastic x-ray scattering
(RIXS). XES and RIXS have been employed to study battery
materials, for detecting the occupied valence states, charge
transfer, and electron spin states, etc.!'4191 Recent in-situ soft
RIXS studies show that it could also be a powerful tool to de-
tect the local chemical bonds of the solvation shell.[*’! How-
ever, due to the limitation of the scope of this article, here we
focus on the results from sXAS of LIB materials and inter-
phases.

A simplified concept of sXAS and XES processes is
shown in Fig. 2. sXAS involves the excitation of core elec-
trons to available unoccupied states and the subsequent de-
cay processes. The detection of sXAS signals can be realized
by measuring either the transmission rate or the total yield of
electrons/photons from the decay process. The total electron
yield (TEY) is surface-sensitive with probe depth of several
nanometers, due to the narrow escape depth of electrons. But
the total fluorescence yield (TFY) is a photon-in-photon-out
(PIPO) probe with hundreds of nanometer probe depth. Al-
though not being focused in this article, XES and RIXS are
measured by fixing the excitation photon energy and resolving
the energy of emitted photons. They reveal the information
on occupied states, charge transfer, and other low-energy ex-

citations, which are complementary to the unoccupied states
revealed by sXAS. Therefore, the combination of the two tech-
niques has proved their superior capability of delivering very
detailed information on the LUMO (conduction band), and

HOMO (valence band) derived electron states in the vicinity
[22]

of the Fermi level.
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Fig. 2. A schematic representation of soft x-ray absorption spectroscopy
and emission spectroscopy processes.[?!! sXAS and XES signals corre-
spond to the unoccupied and occupied states, respectively.

Modern synchrotron based sXAS has advantages over
other techniques on probing the key electronic states in LIB
materials. Firstly, sXAS is a core-level spectroscopy, the exci-
tation of core electrons inherently provides the elemental sen-
sitivity to core-level soft x-ray spectroscopies. Compared with
hard x-ray (> 5 keV) techniques that are widely employed for
diffraction and TM K-edge spectroscopic studies, the energy
range of soft and tender x-ray (< 5 keV) covers the low-Z
element K-edges, as well as the 3d transition metal L-edges
(Fig. 3). In particular for 3d TMs, sXAS is a direct and sensi-
tive measurement of TM-3d states through the dipole-allowed
2p-3d transitions (L, 3-edges). This unique feature provides
the superior sensitivity of sXAS for delivering detailed elec-
tronic structure with high-statistic signals of both the anion-p
and TM-3d states in battery materials.

Secondly, sXAS could be performed in the PIPO mode
with the probe depth of hundreds of nanometers in solid, de-
pending on the energies and materials. This leads to the advan-
tage on designing in-situ cells with sealed sample environment
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through soft x-ray membranes. Additionally, running spec-
troscopy in PIPO mode allows data collection of an electro-
chemical device under operando conditions with electric and
magnetic fields. Various membrane windows with consider-
able soft x-ray transmittance have been employed for sepa-
rating the liquid or gas environment from the UHV chamber.
Two examples are shown in Fig. 4. The PIPO spectroscopy
has been realized for studying gas, liquid, as well as gas/solid
and liquid/solid interfaces. These recent progresses on soft x-
ray in-situ cells have enabled new experiments for studying

energy materials under real-world conditions. [>+2>!
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Fig. 3. Coverage of elements that could be accessed by elemental-sensitive
soft x-ray spectroscopy. K- and L-edge spectra correspond to the 2p and 3d
electron states of the specific elements, respectively. >3]
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Fig. 4. Examples of static (a) and flow-through (b) cells designed for soft
x-ray PIPO spectroscopic experiments. Soft x-ray membranes are employed
to separate the real-world sample environment from the soft x-ray vacuum
chamber. 24231

3. Special LUMO states of LIB binder revealed
by sXAS

sXAS is a direct probe of the excitations of core level
electrons to the unoccupied states, i.e., the lowest-energy
sXAS peak directly corresponds to the LUMO states of the in-
terested material. Figure 5 shows C-K sXAS collected on a se-
ries of PF type battery binders with different function groups.
A low-energy LUMO state is clearly revealed by sXAS data in
samples with carbonyl groups. The result is striking consider-
ing that the energy of the carbonyl induced 7*c-g transition in
PF-type polymers is even lower than that of the 7*c-c, which
is typically the lowest-energy LUMO state in conjugated poly-
mers.

Binder system is a critical component in batteries, espe-
cially for high-capacity electrodes. Conventionally, nanopar-
ticle active materials require high volume of conductive ad-
ditive, such as acetylene black, to ensure high inter-particle
electric conductivity. The high volume of additive reduces
both volumetric and gravimetric lithium-ion storage capac-
ity. In addition, because the conductive additive has no me-
chanical binding force, it turns to be pushed away from the
high-capacity active materials by the severe volume expan-
sion, leading to broken electric connections after extended
cycles.?6-281 Therefore, an ideal battery binder should provide
inexhaustible tolerance of the large volume change of high-

capacity materials during battery operation.2%-30]
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Fig. 5. (a) Schematic of how a conductive binder could provide the dual
functionality of both mechanical binder and conductive additives. (b) C-
K XAS data collected on three selected PF type polymers, compared with
the traditional p-type PAN. It is evident that the carbonyl groups in PFFO
and PFFOMB generate a new LUMO state much lower than that of the
PF (black) and PAN (purple). The XAS results are qualitatively consistent
with ab-initio density functional theory (DFT) calculations, which confirms
that this special low-energy electron state leads to an efficient electron dop-
ing to the backbone of the polymer, leading to greatly improved electric
conductivity. 31!

The sXAS observation of the special LUMO state in the
binder polymers with carbonyl group indicates that the elec-
trons introduced through the lithiation process will occupy
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this low-energy state. This is consistent with ab-initio density
functional theory (DFT) calculations, which predicts an effi-
cient charge transfer if the material is employed in LIB chem-
istry. Furthermore, the calculation shows that the spatial distri-
bution of this low-energy electron state leads to efficient dop-
ing of electrons into the backbone of the PF polymers. 3! Such
information strongly suggests that the special electron state
observed in sXAS will result in an in-sifu electron doping and
will improve the electric conductivity if the material is used in
a reducing (lithiation) environment. This clear understanding
and further impedance tests provide a powerful guideline for
further improving the materials. A new binder system is de-
veloped by optimizing the electronic and mechanical proper-
ties separately.[*”] When we test the developed binder polymer
with Si anodes, which suffer the most severe volume change
problem, a composite anode without any conductive additive
is demonstrated with a decent cycling stability.

4. The 3d state evolution in TM-based positive
electrodes

Cathode materials sit in the heart of modern battery re-
searches, partially because there is still no perfect candidate
that could maintain high-power and stable cycling with ca-
pacity comparable to that of the anodes.3>33! Although novel
cathode systems such as conversion-type and organic cathodes
are under scrutiny, the TM-based intercalation-type cathodes
remain the most promising technology in the short/mid-term.

For TM-3d states, the L-edge sXAS is arguably the
most sensitive probe through the dipole allowed 2p—3d tran-
sitions. Such sensitivity of sXAS provides the unique oppor-
tunity to detect abundant information of the TM-3d states in
the oxidation (valence) states, ligand field, spin and orbital
properties.[!3-3436] In general, the TM spectra can be divided
into two regions, L3-edge at lower photon energy and L,-edge
at higher energy, due to the 2p core hole spin-orbital splitting.
The L,-edge display much broader absorption features than
Lz-edge due to the shorter lifetime of the 2p; , core hole as a
consequence of Coster—Kronig auger decay.*”! Therefore, the
spectral analysis typically focuses on the L3-edge absorption
fine features. Below, we discuss some of the recent sXAS re-
sults collected on the Fe and Ni L-edges of a series of battery
cathodes. 3435381 Note that sXAS is applicable for a direct de-
tection of 3d states for all TM-L and 2p states of O-K edges in
battery cathodes. 3339421

The sensitivity of soft x-ray photons to the TM-3d states
is evidently testified by the data in Fig. 6 with spectra collected
on two different cathode systems, LiNi; 3Mn; 3Co; /30, and
Li,FePOy. Firstly, the soft x-ray XAS fingerprints which elec-
tron state evoluves at different ion diffusion states, i.e., the Ni-
and Fe-3d states. Secondly, the contrast on the overall spec-
tral evolution is directly related to the different types of phase

transformation in these cathodes. The nearly perfect isosbestic
point of Li,FePO, data indicates the dominating two-phase ion
diffusion process, corresponding to a fairly flat galvanostatic
cycling curve.®* On the contrary, Ni-L edge spectra collected
on LiyNij 3Mn; 3Co;/30; electrodes do not share the same
feature with the cycling curve indicating a solid-solution type
of transformation. 38!
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Fig. 6. Ni-L and Fe-L edge sXAS spectra collected on
LixNij ;3Mn; ;3Co;/30; (a) and Li,FePOy (b) electrodes under in-sifu
and ex-situ conditions, respectively. The red (dark purple) spectra cor-
respond to the electrodes at fully discharged (charged) states. The evo-
lution of the spectra represents the changes of the TM-3d states at dif-
ferent electrochemical stages. The well-defined isosbestic point of the
Li,FePOy indicates a two-phase transformation.

The sXAS of TM-L edges could benefit battery researches
in two different aspects. Firstly, because of the high sensitivity
of TM-L to the redox states of TM (Fig. 6), such experiment
could be extended into in-situ studies of the TM redox un-
der real-world conditions.[?3-38] Furthermore, the surface sen-
sitivity of soft x-rays enables position dependent studies of
the different sides of the electrodes, which provides a direct
probe of the charge diffusion gradient across the electrodes, as
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well as the different surface reaction mechanism with/without
electrolyte exposure.*?) For example, LiNi, ,3Mny 3Co1 /30,
electrodes show uniform and real-time response of Ni oxi-
dation states to the electrochemical state-of-charge in the in-
situ sXAS tests (Fig. 6(a)). On the contrary, the LiFePO4
electrodes exhibit no such real-time response, although the
cell fabrication and cycling are in the same way as that of
LiNij ;3Mn; ;3Co; /30, cell. The Fe oxidation states do not
change until certain period of relaxation, which depends on the
concentration of active material in the electrode, as well as the
temperature of the cell. The position-dependent ex-situ sXAS
study of LiFePOy, electrodes reveals a strong inhomogeneity
of SOC during battery operations, with the delithiation pro-
cess starting from the region close to the current collector. 8]
Therefore, the sensitivity of sXAS to the TM-3d states empow-
ers researchers to not only finger print the 3d state evolution,
but also detect the charge dynamics if an in-situ/operando ex-
periments are performed. (43

Secondly, because sXAS results correspond to the par-
tial density of state (pDOS) of electrons with the existence of
core holes. The TM L-edge data could serve as a bridge be-
tween the materials and theoretical calculations. Because of
the localization character of the 3d states and the strong over-
lap of core and valence wave functions, the so-called multiplet
effect, ligand-field multiplet theory could often be success-
fully employed for simulating TM-L sXAS results.??) Such
calculation delivers detailed information on the TM-3d elec-
tronic structure. For example, a combined theoretical and
spectroscopic work has recently clarified the single electron
charge transfer mechanism for a Ni-based positive electrode
material.[*# In multiplet calculation, the molecular environ-
ment and local symmetry are described using a ligand-field
potential. The multiplet calculations, by comparison with ex-
perimental data, will be able to deliver a complete set of pa-
rameters that defines the evolution of electronic structure af-
fected by the local lattice distortion. 34!

A combined sXAS and multiplet calculation of iron hex-
acyanoferrate (HCF) is shown in Fig. 7. In HCF, TM occu-
pies two different sites, the N-coordinated and C-coordinated
sites. The study demonstrates how the different local crystal
fields lead to different spin states of the same transition metal
(Fe) at different sites, and more importantly, how such elec-
tron state configuration determines the electrochemical redox
plateau. 3¢

The multiplet calculations accurately modeled the sXAS
results of both the PW and BG (Fig. 7) by atomic augmented
to include both forward and back bonding.[*>! This allows
a direct assignment of the spectroscopic features to the spe-
cific site and spin state of Fe atoms. The Fe'l'Cy octahedra
(Fe3*(C)) display a low-energy peak at 705.5 eV associated
with back-bonding to the m-bonding hole in the t° configu-

ration of the LS Fe": t°e? ion. The low energy 705.5 eV
state originates from the transitions to the tpg holes in the d
manifold on going from low-spin Fe'C¢ to low-spin FelC.
For N-coordinated Fe sites, the ligand field is much weaker,
resulting in simpler local physics and sXAS spectra that are
characteristic of high spin Fe3*(N) and Fe>+(N).

The different spin states of Fe at different sites determine
two different redox potentials as shown in the electrochemi-
cal tests (Fig. 7). In a charged electrode, there are 5 Fel-3d
electrons. For the HS Fe™(N), all five electrons are of ma-
jority spin with t3e? configuration. Adding a minority-spin
electron to such HS system gains no interatomic exchange sta-
bilization and experiences the higher cost of on-site electron—
electron coulomb energy. This situation leads to high ener-
gies of the unoccupied states (sXAS onset) in HS d° system,
which prevent the electrons get onto the N-coordinated Fe
easily. On the contrary, for the LS Fe'l!(C), there is only one
unoccupied state in the t° configuration. Adding one elec-
tron will fill up the tp; band and is thus favored in energy,
as shown by the low energy sXAS peak at 705.5 eV in the
Fe''(C) spectrum. Therefore, compared with that of the HS
Fe!'N, electron-filling (discharging) to the LS Fe''C is much
more energetically favored, thus attributing the redox of C-
coordinated Fe to the first (high voltage) discharge plateau. 36!
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Fig. 7. Experimental Fe L-edge sXAS spectra of Prussian White (PW,
NayFell[Fe!l(CN)g]) and Berlin Green (BG, Fe'[Fe'(CN)¢]). Panel (a)
shows the lattice structure of the iron HCF materials. Panel (b) displays the
two electrochemical potential plateau corresponding two redox reactions. (c)
The resolved experimental features could be clearly assigned to Fe atoms at
different sites with the specified formal valences. The lithiation (discharge)
process introduces electrons into the lowest energy electron state in the BG
Fe!l' spectrum (red arrow), which corresponds to the Fe!ll at the carbon co-
ordinated site. This combined spectroscopic and theoretical study clarifies
the mechanism of the high (low) electrochemical plateau from the low (high)
spin Fe at the C (N) coordinated site. 136]

While most TM based compounds are considered posi-
tive electrodes in batteries, Ti-based electrodes display poten-
tials close to Li/Lit and are considered promisinganodes free
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of the SEI issues.®! Furthermore, the Ti,Mn-based electrode is
recently found to be a candidate of Na-ion battery anode.*”!
Although sXAS studies on these TM based anode materials

are very limited, #6471

we note that the methodology of em-
ploying sXAS for revealing the redox and charge diffusion
could be directly extended to the study of the anode materi-
als. Additionally, detecting the oxidation states of TMs is not
limited to a particular component in batteries. For example,
sXAS Mn L-edge data clearly show that the Mn deposition in

the anode SEI is di-valent.[*8]

5. Chemical bond information detected by sXAS

While sXAS corresponds to the electron pDOS of the in-
terested materials, it could also serve as a chemical bond probe
because different chemical bonds often lead to distinct elec-
tron states. Figure 8 shows the Li and O K-edge sXAS data
collected on three lithium compounds, Li;O,, Li,COs3, and
Li»O. The distinctively different absorption features clearly
demonstrate that sXAS can be used to unambiguously finger-
print those chemical species in lithium batteries.[*>>"1 Since
the Li 1s core hole is not well-screened and has strong interac-
tion with the excited 2p electron, the excitonic effect can play
an important role in the sXAS spectra. In general, the exci-
tonic effect creates sharp sXAS features at lower energy and
reduces the intensity at higher energy.®!! This effect is clearly
shown in the Li-K sXAS results in Fig. 8,°? and provides the
sensitivity of sXAS to the chemical bonds between low-Z ele-
ments in the energy range of soft x-rays (Fig. 2).[%]

edze

Intensity /arb. units
Intensity/arb. units

b b b by
55 60 65 70 530 540 550

Photon energy/eV

Photon energy/eV

Fig. 8. Li K-edge (a) and O K-edge (b) XAS spectra of Li,O,, Li,CO3,
and Li;O. The different sXAS features are due to the distinct electron states
from the particular chemical bonds. 2!

For the O K-edge sXAS, the O 1s core hole is now well-
screened compared with the shallow Li 1Is core hole. Thus O-
K spectra are less affected by excitonic effect and better reflect
the partial density of states of unoccupied O 2p orbitals. All
three lithium compounds display rather different absorption
spectra due to variations in the local oxygen environment, and
in particular the sharp features from the O-O (in LiO,) and
C=0 bond (in Li;CO3). Note that the leading edge of Li;O;
XAS spectrum is about 3.5 eV lower than that of Li,CO3 and

Li;O, suggesting that the conduction band minimum of Li, O,
is lower than that of Li;CO3 and Li,O due to its O—O bond.
Therefore, sXAS of the low-Z element K-edges could be uti-
lized for fingerprinting some of the chemical species involved
in battery operations.>>!

Figure 9 shows one of the examples of sXAS for detect-
ing the chemical components of SEIs formed on two differ-
ent Sn single crystal anode surfaces. One can easily see that
on the Sn (100) crystal surface, the composition of SEI is
dominated by Li»CO3, while for the other surface, only lit-
tle LioCO3 could be detected. Further, sXAS of F-K and O-
K edges found a large amount of LiPFg and LiF of the SEIs
on Sn (100) and Sn (001), respectively, indicating the Li;CO3
based SEI on Sn (100) is highly porous with large amount of
electrolyte uptake. While the formation and control of SEI
are typically considered issues on the decomposition of elec-
trolyte, the spectroscopic contrast of SEIs on the Sn surfaces
provides direct evidence that the surfaces of electrodes play
critical catalytic roles in the process of electrolyte decomposi-
tion and SEI formation. >+37!

SElsn (100)

SElsn (001)

C-K sXAS intensity/arb. units

N I | IR B
285 290 295 300
Soft x-ray energy/eV

@..co. @

Fig. 9. (a) Distinct SEIs formed on single crystal Sn electrodes with differ-
ent surface orientation. (b) sXAS of C-K edges of the SEIs formed on Sn
electrodes with two different surface orientations. sXAS of Li;CO3 refer-
ence is plotted on top for comparison. The distinct SEIs are clearly revealed
by the sXAS results of the relevant low-Z element K-edges, including the
C-K, O-K, and F-K.134

Due to various technical issues with carbon anodes, e.g.,
Li dendrite formation and SEI stability, developing better an-
ode and electrolyte system is another critical challenge for
batteries. We would like to emphasize that, developing ad-
vanced anode systems, e.g., Si and Sn, are always associated
The capability of sXAS

to probe the surface properties with different probing depths

with the electrolyte optimization.

makes it an advanced tool to study both the Si and Sn- based

(3456571 and the interphases. Moreover, it has been

materials
recently recognized that the cathode SEIs also play important
roles in the battery performance, especially for high voltage

[40.58,591 Despite of its

cathode materials, like LiNip 5sMn; 504.
importance, little is understood about the SEI formation, func-
tionality and control. sXAS is inherently a probe of the lo-

cal chemical bonds and electronic states of surfaces and inter-
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faces. Its surface sensitivity provides complementary, and of-
ten critical, information of the material surface in batteries.[4”]
Soft x-ray techniques have recently attracted much attention
as a powerful tool to reveal the physical and chemical proper-
ties of the electrodes, electrolyte and interphases in batteries.
Advanced instrumentation and methodology based on soft x-
rays are still under developments for providing more and more

specific and critical information for battery optimizations.

6. Summary and perspectives

This review discusses the application of soft x-ray spec-
troscopy for studying various battery materials, including the
electrodes and SEIs. We first introduce the basic principle
of soft x-ray spectroscopy and then focus on sXAS studies
of battery materials. Because sXAS detects the unoccupied
electron states in the vicinity of the Fermi level, the sXAS
spectral features correspond directly to the states that elec-
We show
that a special electron state revealed by sXAS is responsi-

trons will occupy during the lithiation process.

ble to the superior electric property of a conductive battery
binder. We also show that sXAS is an inherent elemental
and orbital sensitive probe of the TM-3d and O-2p redox in
positive electrodes. This capability makes sXAS arguably
the best tool to clarify the cycling mechanism of TM based
positive electrodes. In particular, directly fingerprinting the
TM-3d states provides unique opportunities for detecting the
charge diffusion process, sometimes with a microscopic pic-
ture under in-situ/operando conditions. [09 Additionally, be-
cause TM-3d states are strongly localized, atomic multiplet
calculation could be employed to simulate TM-L sXAS spec-
tra. This combination is powerful to reveal much information
beyond the valence changes, e.g., spin states, hybridization,
and crystal field with site sensitivity.

One must note that both the advantage and disadvantage
of soft x-ray spectroscopy relies on its sensitivity to the elec-
tron states and to the surface with about 10 nm and 100 nm
probe depth. Therefore, soft x-ray techniques are suitable for
studying the interfaces and interphases in batteries. Some of
the sXAS studies deliver the chemical reaction information,
which sheds new lights on understanding the critical interface
phenomena in batteries.

Battery electrolyte with additives, although critical for
high energy-density batteries, is not discussed in this work.
However, with the recent progress on in-situ soft x-ray ex-
periments and with the inherent surface sensitivity of soft x-
ray techniques, both the bulk liquid and solid-liquid interfaces
could be studied now under operando conditions with various
soft x-ray spectroscopy, including the sXAS, XES, RIXS, and
ambient-pressure XPS. 202543 While most electrolyte devel-
opments are trial-and-error based and strongly depend on the

experience and subjective speculations of elite material scien-
tists, we hope the utilization of soft x-ray techniques could
open up new opportunities for both understanding and devel-
oping electrolyte materials for batteries.

At this time, a low-cost, safe and high-performance en-
ergy storage solution is still a daunting task for the scientific
and industrial communities. A multimodal approach, includ-
ing hard x-ray and soft x-ray techniques, imaging and spec-
troscopy tools, ex-situ and in-situ conditions, are needed to
truly understand the complex electrochemical process in bat-
teries. Soft x-ray spectroscopy, as a surface sensitive probe of
electron states, has been constantly optimized to contribute to
the field of batteries with Li-ions and beyond.
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