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Abstract

The increasing demand for electrochemical energy storage devices continuously promotes the
development of new electrode materials and electrolytes. As a result, understanding their
structural and electronic properties affecting electrochemical performance becomes crucial.
The role of light elements, which are found in anode and cathode materials, in electrolytes and
hence in the solid-electrolyte interphases, requires a special attention. Soft X-ray
spectroscopies are particularly relevant to probe selectively light elements in complex
environment. Here, the recent advances in the characterization of light elements in energy
storage materials by soft X-ray spectroscopy and microscopy techniques are reviewed. After
introducing the main X-ray spectroscopic methods and their application to ex situ/in
situ/operando characterization of electrochemical processes, the role of light elements in the
electrode for supercapacitors and Li/Na-ion storage applications is described. The
characterization of electrolytes and related ion solvation is then briefly reviewed before
describing how the formation and evolution of solid-electrolyte interphases can be monitored
with these methods. Finally, major challenges and future opportunities for soft X-rays

spectroscopy in the context of electrochemical energy storage are highlighted.



1. Introduction

Efficient electrochemical energy storage (EES) systems are urgently needed to face global
challenges of energy shortage in the 21st century.[1-5] Thus, a brand-new era of low-cost,
high-performance, and environmentally-friendly energy materials is coming.[6—9] Improving
the efficiency of materials in energy storage and conversion has become an intractable
challenge for energy scientists.[ 10] To this aim, new analytical methods are constantly being
developed to enable real-time probing of electronic and chemical structures in a real working
environment that can bring critical new knowledge for improving their material properties.
[10—12] Such techniques are imperative to achieve a comprehensive understanding of
chemical states, electronic structures as well as physical and chemical reactions in the

interfacial area for energy materials systems. [1,13—15]

With the development of third and fourth-generations of synchrotron facilities, X-ray
characterization techniques have become very attractive for in situ/operando characterization
of the electronic and geometric structures of energy storage materials.[16—18] The
development of scattering and diffraction techniques,[ 19-25] spectroscopy [18,26—28] and
microscopy [29-32] for the characterization of energy storage materials have been recently
reviewed. The structure of crystalline electrodes and particle size and shape of the electrode
materials can be obtained by X-ray Diffraction (XRD) and Small Angle X-ray Scattering
(SAXS), respectively. [33] Observing local morphological change is also a key factor to
investigate the electrochemical performances of materials which is best performed using
microscopy and tomography techniques.[12] Besides structural and morphological insights,
chemical information about interfacial processes and redox activity of EES materials requires
spectroscopic techniques. A wide variety of X-ray spectroscopy and microscopy with various
sample environment and bulk/surface sensitivity are currently being applied to solve main

research questions related to EES.

X-ray spectroscopy techniques are highly sensitive to the chemical bonding of elements in
energy materials systems thanks to their element-specificity and high sensitivity to the
chemical environment. [34-36] X-ray spectroscopy techniques are mainly constituted of X-
ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), X-ray emission
spectroscopy (XES) and resonant inelastic X-ray scattering (RIXS), which are probing the
different electronic states of the atoms contained in the investigated sample. They can be

applied ex situ, in situ, or operando to provide new insights into the mechanism of



electrochemical processes in EES. Coupled with X-ray microscopy enabling sub-50 nm
spatial resolution, nanoscale imaging of individual battery electrode materials has recently
been achieved. [12,37,38] Several recent reviews the characterization of energy storage
materials by X-ray spectroscopy and microscopy techniques are available but are mostly
focused on the characterization of transition metals.[12,13,28,39—43] The high sensitivity of
X-ray spectroscopies to the metal oxidation state at both the K- and L-edges make them
particularly relevant for this topic. In addition, light elements, especially carbon, nitrogen,
oxygen and fluorine, can also be probed by X-ray spectroscopies, which has not been
reviewed so far in the field of energy storage materials to our knowledge. We therefore intend
to fill this gap with the current review. X-ray spectroscopy has been applied for decades for
the characterization of organic materials for life science,[44—46] catalysis,[47—49]
environmental science [50-52] and geology. [53—55] We forward the reader to these reviews
for more details on these field of research and concentrate on energy storage materials in the

following.

Light elements are essential constituents of the main components of energy storage systems
which are summarized in Figure 1.[56—62] Carbon-based electrodes, often doped with
nitrogen, are the majority for supercapacitors or anode for Li-ion batteries (LIBs) and Na-ion
batteries (NIBs).[63] For metal-based electrodes, a polymeric binder is required to ensure
good conductivity between the particles and decrease large volume change of particles during
electrochemical cycling.[64] The oxide layer on these particles is also of high relevance as it
governs interactions with the electrolyte. Probing the oxygen bonding environment, especially
after binding with Li" or Na”, is highly complementary to the characterization of the metal

oxidation state. [65,66]
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Figure 1 Main components of an electrochemical energy storage device containing light

elements that can be investigated by soft X-ray spectroscopies.

Secondly, the in-depth characterization of the electrolytes would be very highly desired.
Aqueous and organic electrolytes, as well as ionic liquids that are attracting increasing interest
for energy storage, are mostly constituted of light elements. Understanding their hydrogen
bonding environment, the solvation of charge carriers, being either protons, Li- or Na-ions, or

anion-cation interactions in liquid phase are of high relevance. [67-71]

Finally, the analysis of the Solid-Electrolyte Interphase (SEI) should not be overlooked. The
formation and composition of the SEI as a result of the evolution of products and the
degradation of the electrolyte at the electrode surface requires intense research efforts. The
SEI has been previously investigated via a series of in situ/ex situ methods including Fourier-
transform infrared spectroscopy (FTIR),[72,73], scanning ion conductance microscopy
(SICM) [74,75] and scanning electron microscopy (SEM).[76] However, high element- and
interfacial-sensitivity to light elements make X-ray spectroscopies powerful tools to monitor

the electronic structure of SEI composition. [77-79]

In this review, we will first briefly introduce the soft X-ray spectroscopy and microscopy
techniques that have been used for the characterization of light elements in EES systems.
Methodologies to achieve in situ/operando characterization of energy storage systems will be
briefly discussed. Then, representative studies focusing on the soft X-ray spectroscopy
characterization of the electrodes, electrolytes and SEI will be presented. We do not intend to
provide a fully exhaustive coverage of previous litterature in the field but rather concentrate

on recent examples demonstrating various possibilities offered by these techniques. Finally,



an outlook of future development required to achieve major progress in this emerging field of

research is provided.
2 X-ray Spectroscopy of Light Elements

2.1 Soft X-ray Photons

Light elements, namely carbon, nitrogen, oxygen and fluorine, have between 6 and 9
electrons. Two electrons are located in the first electronic shell (core electrons) and the others
are involved in chemical bonding (valence electrons). The K-edge energies corresponding to
the energy required to excite core electrons into the first unoccupied electronic states ranges
for these elements between 280 and 700 eV (Figure 2a).[80] The definition of X-ray
“hardness” intrinsically originates from the fact that the soft, tender and hard X-ray photons
penetrate shallow, thin and thick matters, respectively depending on their photon energy. Soft
X-rays have a photon energy range of several tens of electron volts (eVs) to about 1 keV
whereas tender X-rays are ranging betweenl keV and 5 keV. Hard X-rays are then covering
an energy range from 5 keV up to tens of keV. In addition to light element K-edges, transition
metal L-edges as well as Li and Na K-edge, which are particularly relevant for energy storage
materials, can also be analyzed by soft X-ray photons. Note that few soft X-ray beamlines are
currently enabling resonant excitation at the Li K-edge at 55 eV.[81,82] On the other hand, the
Li 1s core level can be easily characterized by XPS because it does not necessarily require
resonant excitation. Soft X-ray photons are usually generated by synchrotron light sources but

table-top soft X-ray light sources are also emerging.[83]
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Figure 2 (a) Energies of X-ray absorption K-edges of light elements (black lines). X-ray
attenuation length in water (blue) and polycarbonate (green) in the soft X-ray range obtained
from the CXRO database. The so-called water window is highlighted in light blue, (b)
Schematic diagrams of XPS, XAS, XES and RIXS spectroscopies.

So far, most of the studies on energy storage materials are related to ex situ spectroscopic
studies in vacuum. Indeed, the use of soft X-rays imposes several experimental constraints
that complicates the use of classical battery and supercapacitor architecture. Especially, soft-
X-ray spectroscopy requires an (ultrahigh) vacuum environment due to the short attenuation
length of X-ray photons in air. This makes experiments with liquids having low vapor
pressure (aqueous and organic electrolytes) particularly complicated. In addition, aqueous and
organic electrolytes absorb soft X-ray over a few microns as shown in Figure 2a, which will
also have consequences for measurements in a real EES system. The direct analysis of the

core electrons or of the decay process of valence electrons to fill the core hole led to a range



of different spectroscopy methods, especially XPS, XAS, XES and RIXS.[84] Their basic

principles are depicted in Figure 2b and are briefly introduced in this section.

2.2 X-ray Photoelectron Spectroscopy

As a typical photon-in/electron-out spectroscopy, XPS resulting from the photoelectric effect
is one of the most developed surface-sensitive X-ray spectroscopy techniques. When the
energy of an incident photon is sufficient to excite electrons from a particular electronic shell
above the vacuum level, the sample is ionized and corresponding electrons are emitted
out.[85,86] By analyzing the kinetic energy of emitted electrons, the binding energy of the
probed core levels is obtained. XPS provides quantitative information such as the absolute
binding energy, which can be affected by band bending or change of surface chemistry.
Relative elemental content in the surface layers can also be extracted from the different core

level intensities.

The use of synchrotron light source for XPS brings an increased energy resolution but also a
high brilliance enabling measurements in liquid or gaseous atmosphere with reasonable
signal-to-noise ratio using ambient pressure XPS (AP-XPS). In addition, the incident photon
energies can be selected to enable depth profiling because the electron mean free path depends
on the electron kinetic energy.[87,88] Site-selectivity is also achieved by tunable X-rays using
resonant photoemission spectroscopy (RPES), which is particularly useful to decipher
electronic contribution from dilute species in solution.[89] RPES has not been applied to

energy storage materials yet to our knowledge.

2.3 X-ray Absorption Spectroscopy

XAS probes unoccupied partial electronic states as shown in Figure 2b. Specifically, an
incident X-ray photon excites a core electron to an unoccupied state above the Fermi level.
The recombination of an electron from occupied state levels into the core hole leads to the
emission of fluorescent X-rays or the release of an Auger the electrons.[84] The collection of

XAS signals can be realized via the following main detection modes:

e Transmission: This mode is based on the measurement of the transmitted X-ray
intensity through the sample as compared to the incident photon intensity as for other

classical absorption spectroscopies. [90] In transmission mode, increasing



concentration and uniformity of samples are necessary to increase the difference for

high-quality data which is corresponding to Beer’s law. [91,92]

e Electron yield (EY): Electron yield is particularly adapted to light elements as
electronic recombination constitutes >99% of the decay processes.[18,93] The main
detections are the total electron yield (TEY), in which drain current is measured, or
Auger electron yield (AEY) in which only Auger electrons are detected. AEY and
TEY are very surface sensitive due to the short escape length of electron, with probing

depths of a few nanometers.[92]

e Fluorescence yield (FY): The fluorescence mode detects the X-rays emitted from the
decay process of valence electron into the core hole. [90,91] In Total Fluorescence
Yield (TFY), all emitted photons are detected while in Partial Fluorescence Yield
(PFY), only X-ray photon from a particular energy level are analyzed. FY mode is

relatively bulk sensitive with a probing depth of hundreds of nanometers.

Generally, EY and FY modes are mostly used for XAS in the soft X-ray range of energy
materials because of the short penetration depth of incident X-rays. Preparing <100-nm thin
and homogeneous electrodes required for X-ray transmission in this energy range is difficult.
In addition, EY-XAS and FY-XAS can be collected simultaneously, providing a comparison

between surface and bulk electronic states of the samples.

2.4 X-ray Emission Spectroscopy and Resonant Inelastic X-ray Scattering

XES is probing the partially occupied electronic states of the excited atom. The excitation of a
core electron to an unoccupied electronic state by an incident X-ray photon is first achieved,
similar as in the XAS process. [94] The energy of emitted X-ray photon during the decay
process of valence electrons into the core hole is analyzed. When the excitation energy is well
above the absorption edge, non-resonant XES is measured. Only X-ray photons emitted from
the decay from a definite absorption edge are analyzed. It provides hence information on the
partially occupied electronic states in the valence band. Combining XES and XAS can be

used to estimate the electronic bandgaps of different elements in energy materials. [35,95]

RIXS occurs by a similar decay process as XES, except that unoccupied electronic states are
resonantly excited. In that case, both elastic and inelastic scattering processes occur. In RIXS,

the energy loss resulting from inelastic scattering processes is analyzed as a function of the



excitation energy.[94] It offers deeper information about the electronic structure of the probed
materials compared to XES and has recently been extensively applied to characterize redox
reactions in batteries.[96] It has to be noted that XES and RIXS rely on radiative decay
processes which are quite inefficient for light elements and therefore require a high photon
flux and relatively long measurements time in comparison to other X-ray spectroscopy
methods for light elements. On the other hand, it does not require the sample to be conductive
and benefit from a longer probing depth than electron out methods, which is more adapted to

in Situ measurements.

2.5 Scanning Transmission X-ray Microscopy

X-ray microscopes with non-destructive, highly-resolved (tens of nanometers) detection are
powerful tools for the visualization of electrochemical processes and chemical mapping in
energy storage materials. [56,97,98] Transmission X-ray microscopy (TXM) and Scanning
Transmission X-ray Microscopy (STXM) are using X-ray contrast for imaging with a nano-
focused synchrotron X-ray light source.[41] When the soft X-ray energy is scanned in the
energy scale, transmission XAS with high spatial resolution are recorded. For TXM, a strong
incoherent X-ray beam is focused on the material via a condenser lens. Subsequently, the X-
rays refracted and transmitted across the material are collected by objective lens in order to
form the second refraction. Finally, the final x-ray image originated from secondly-refracted

X-rays are obtained on the area detector, which is a real space intensity image [99].

On the other hand, STXM is based on a small X-ray beam, focused using one condenser lens,
which is scanned over the sample. The characterized material is scanned horizontally and
vertically with the X-ray beam and the intensity of the transmitted x-ray is recorded on the
detector. [100] STXM has therefore a slower speed of data acquisition than TXM but is well-
suited for in-situ imaging of energy storage material. STXM has a more flexible view field
and induces less radiation damage to the material under test. In addition, the high spatial
resolution (<30 nm) promotes the rapid development of STXM application for in
situ/operando imaging of individual battery particles. [101] Finally, the EY and FY detection
modes previously presented for XAS are also available on STXM, even if they have not been
extensively been applied to energy storage materials so far. [102,103] New developments in
the field of ptychography recently achieved <10 nm resolution in battery
materials.[104,105][105]



2.6 X-ray Photoemission Electron Microscopy

X-ray photoemission electron microscopy (XPEEM) is a photon-in/electron-out imaging
technique. [106] The XPEEM images are obtained by the analysis of photoelectrons and
secondary electrons emitted upon core-level excitations with inherently two- dimensional
resolution in space. [107] Generally, there are two types of XPEEM, one is to use a tunable X-
ray source, such as a synchrotron, and the other is to use an energy filter. [106,108] In the
former mode, XPEEM pictures are measured while scanning the excitation photon energies
over a specific energy range, enabling the recording of XAS with high spatial resolution.
Chemical contrast based on different X-ray absorption cross-section before and after an
absorption edge can be used to map elemental composition, even without a tunable light
source if appropriate filters are used. All in all, the XPEEM method has a potentially great
advantage for directly observing dynamic chemical or physical behaviors at surfaces,
including adsorption, diffusion, and surface reactions. New developments of XPEEM in the
field of electrochemistry and the characterization of energy storage materials demonstrate that

this technique is very promising for these applications [109—111].

2.7 In Situ/Operando Cells

Ex situ measurements are performed under vacuum and can either be applied to as-
synthesized materials or post mortem, i.e. after dismounting a cell that has been cycled
externally. This approach has lead to significant insights into the mechanisms of energy
storage processes. Nevertheless, the sample preparation after cell dismounting may damage
sensitive surface layers, for example during rinsing or unadventurous exposure to air.
Dynamics and real-time study of the change in the electronic structure for material under a
real work environment cannot be achieved by ex situ studies. [14,88,112] Furthermore, many

questions such as SEI formation and stability can only be investigated in situ or operando.

In situ characterization of energy storage materials usually refers to measurements performed
in a relevant environment, typically an electrode exposed to an electrolyte at open or a fixed
potential, while operando characterization refers to measurements on a real EES system under
normal operation. In the context of soft X-ray spectroscopy, operando measurements rather
refer to experiments performed during cycling in an electrochemical cell simulating as close
as possible a real system. As mentioned earlier, the use of soft X-ray imposes physical

constraints to the design of in situ/operando cells.
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Different in situ/operando cell designs enabling X-ray characterization during electrochemical
reactions were proposed so far,[113—118] and some of them are shown in Figure 3. For ionic
liquids or solid electrolytes, the system can be directly exposed to the vacuum (Figure 3a).
Else, the main paradigm to solve the challenge of vacuum environment is to seal the liquid
samples in a cell that isolate the electrolyte from the vacuum chamber. Photon-in/photon-out
spectroscopies can be applied through thin membranes, usually made out of silicon nitride or
carbide, which are relatively transparent in the soft X-ray range.[119] For photon-in/electron-
out spectroscopies, the shorter inelastic mean free path of electrons implies that ultrathin
membranes such as graphene single or bilayers have to be used.[120—122] The cell can either
be closed or used in a flow configuration. The working electrode is generally deposited on the
X-ray transparent membrane while counter and reference electrodes are placed further away
in the cell. Electrochemical cells based on fluorescence/electron detection (Figure 3b) and
transmission cells using two membranes have been proposed (Figure 3c). For STXM,
geometrical constraints for the X-ray optics make the cell design more complicated but such
systems have also been recently demonstrated for visualizing working battery electrodes
under the charging/discharging conditions.[114] Flow cell approaches allow operando

experiments with various solvent, concentrations, pHs and temperatures. [35,112,119]

One of the first in situ electrochemical XAS studies was applied to the study of corrosion of
copper in NaHCO3 aqueous solutions. [ 123] Meanwhile, soft X-rays in situ cells have been
widely utilized for studying (electro)catalytic reactions, semiconductor solar cells and energy
storage mechanisms. [17,34,49,88,124—126] For the study of real EES system via soft X-ray
spectroscopy, several additional challenges are encountered. For instance, low stability of SEI
for battery, change of surface chemistry upon air exposure/vacuum as well as change and

consumption of electrolyte.
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Figure 3 In situ cells for soft X-ray spectroscopies. (a) In situ cell for battery cycling and in
situ XPS characterization (reproduced with permission from [117], copyright 2017, American
Chemical Society), (b) In situ electrochemical static (top) and flow (bottom) liquid cells for
FY-XAS/XES (reproduced with permission from [118], copyright 2018, World Scientific
Publishing Co Pte Ltd), (c-d) In situ 3-electrodes electrochemical cell for XAS in
transmission mode (reproduced with permission from [116], copyright 2013, American

Chemical Society).

Liquid microjet has also arisen as an excellent technique to probe liquid samples or dispersed
nanoparticles using XPS and XAS by offering a true liquid/vacuum interface.[127—-130]
Liquid microjet allows refreshing of the interface at a constant rate and therefore remains
contamination-free. [131] Obviously this technique cannot be applied to a battery system but
it can be used to characterize the electrolyte electronic structure and ion coordination in an
electrolyte. [132—-136]
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3.1 Electrodes

3.1 Supercapacitors

3.1.1 Carbon-based Supercapacitors

Carbon-based supercapacitors with outstanding power density, high discharge/charge rates
and high stability are an essential class of EES devices.[137—141] The electrical charges in
supercapacitors are either stored by ion electrostatic adsorption on the surface of the electrode
material for electrochemical double layer capacitors (EDLCs) [136[138] or involve faradaic
processes, in which case the term pseudocapacitor is used.[ 142] Soft X-ray spectroscopies,
especially XPS and XAS, are well adapted to characterize pseudocapacitive reactions leading

to surface modification of carbon-based electrodes.

In general, redox actives states involved in pseudocapacitive charging at the carbon surface
are associated with oxygen-terminated functional groups. For example, Bagge-Hansen et a/
investigated 3D nanographene (3D-NG) electrode during electrochemical biasing in 1 M
NaCl aqueous electrolyte using in situ XAS at the C K-edge (Figure 4a).[143] Interestingly,
two resonances attributed to C-OH o* transition (287.3 ¢V) and C-C o* transition (291 ¢V)
appeared under positive potential. The first contribution is due to a surface hydroxylation
during charging, demonstrating that a pseudocapacitive charging process occurs. At the same
time, structural modification of the graphene plane suggests internal electronic reorganization
in the electrode originating from strong interfacial interactions with the electrolyte. Both
pseudocapacitive and capacitive processes are thus occurring on this type of electrode. Similar
conclusions were obtained on reduced graphene oxide (RGO) electrodes. [144] Based on ex
situ XAS at the C and O K-edges measured at different potentials, Chang et al/ found that
C=0 groups are reversibly formed and removed from the edge sites of RGO and quinone
groups were identified as an active redox site for pseudocapacitance. Similarly, on biomass-
derivated supercapacitors, the contribution of C=0 groups to pseudocapacitive charging was
evidenced by a significant decrease of its contribution in XAS at the O K-edge after 10000
cycles.[145]

13
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Figure 4 (a) Operando C K-edge XAS for a 3D-NG capacitor electrode in 1 M NaCl (aq) under
constant biases between +250 and +1000 mV (green). Fitting components showing bias-
dependent intensity are highlighted in blue and red (reproduced with permission from [143],
copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim), (b) Nls (left) and Ols
(right) ex situ XPS of HGNS electrode polarized at -2.8 V to +0.5 V (reproduced with
permission from [147], copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim),
(c) Ex situ O and C K-edges XAS spectra of GNCO> during the charge/discharge process
(reproduced with permission from [148], copyright 2019, Elsevier), (d) O K-edge XAS of
pristine and cycled (two CV cycles between 1.7 and 0.8 V) MnsQOg electrodes. (reproduced with
permission from [151], copyright 2016, Springer Nature), and (e) Oxygen content distribution
over individual MXene flakes obtained from XPEEM micrographs at the O K-edge. The
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corresponding line profiles across the flake are shown underneath (reproduced with permission

from [153], copyright 2020, American Chemical Society).

A pseudocapacitive behavior was also reported in ionic liquid electrolyte on carboxylate-
modified hollow carbon nanospheres (HCN) characterized post mortem XPS.[146] A
significant increase of the hydroxyl contribution to the XPS O 1s spectra was observed after
the first discharged on both positive and negative electrodes, implying that the protonation of
carbonyl groups contribute to the pseudocapacitive behavior of HCN electrodes in ionic
liquid. The adsorption of ionic liquid molecules was investigated in more details on holey
graphene nanosheets (HGNS) by Yang et al (Figure 4b).[147] In a BMP-DCA ionic liquid
electrolyte, they found a higher BMP* concentration (NC and NC: contribution in XPS N1s)
on the electrode surface at negative potential, while DCA~ (NC3 contribution in XPS Nls)
appears as the main component at positive potential. Meanwhile, the C=0 signature decreases
while the C-O signature increases at positive potential at the XPS Ols, implying the
contribution of reversible redox transitions on oxygen functional groups to the

pseudocapacitive storage.

Nitrogen-containing groups can also be involved in redox processes. Wang et a/ investigated
hierarchical nitrogen-doped porous carbon (HPC-N) with ex situ XPS at N 1s after
electrochemical cycling.[58] After the reduction process, the peaks attribute to
pyridone/pyrrolic nitrogen atoms and oxidized pyridine nitrogen atoms decrease while
pyridinic and quaternary nitrogen contributions increase. After oxidation, the opposite is
observed, accompanied by the appearance of protonated pyridinic nitrogen. These results
demonstrate that nitrogen-containing functional groups may be involved in the following
surface redox reactions: 1) the double-electron-transfer between pyridone and pyridine; 2)

single-electron-transfer between pyridine and oxidized pyridine.

Finally, metal-organic complexes may also be considered for increasing pseudocapacitance.
Chang et al investigated NiCo204/graphene quantum dots (GQDs) hybrid supercapacitors by
ex situ XAS at the C and O K-edges at different states of the charging process (Figure
4c).[148] Redox-active sites on the NiC0204/GQDs are related to the formation of C-O-Ni
bonds between NiCo204 and GQDs. As a result, NiCo204/GQDs hybrid have more active Ni
sites than that in NiC0204, benefiting from metal-to-ligand charge transfer at the interface

between NiCo0204 and GQDs, which has a positive impact on electrochemical performance.
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3.1.2 Transition Metal Oxide and MXene-based Supercapacitors

The rich redox chemistry of transition metal oxides is of high interest for supercapacitors
based on pseudocapacitance.[149] Soft X-ray spectroscopy techniques, especially XAS, are
perfectly adapted to probe the transition metal oxidation state at the metal L-edge. In addition,
they are also well fitted for probing the oxygen bonding environment.[150] An example with
Mn;Os electrodes is shown in Figure 4d.[151] Oxygen atoms involved either in the
hybridization between the Mn 3d and O 2p states (below 534 eV) or from interaction with
water molecules (peaks at 535 and 537 eV) can be resolved as they are energetically separated
on XAS at the O K-edge.[151] In this study, MnsOs electrodes were cycled in an aqueous Na-
containing electrolyte and after cycling, two characteristic features of liquid water remain on
the dried sample, interpreted as the adsorption of a highly ordered hydroxyl phase at the
MnsOg surface. It is suggested that such an interface may extend the potential window

stability of the electrode in aqueous environment.

Beyond metal oxides, a new class of 2D transition metal carbides and nitrides, so-called
MXenes, are gaining increasing interest for pseudocapacitive storage as they combine the rich
surface chemistry of metal oxides while having a conductive carbide core enabling a high
structural stability and a rapid transfer of charge carriers transferred at the electrochemical
interface.[152] Their layered structure also offer a large redox active surface area. We have
recently shown using XAS at the Ti L-edge and O K-edge that intercalation of molecules or
cations can modify the oxidation of MXene surface.[153,154] Especially, using XPEEM at
the O K-edge, the oxygen bonding configuration was mapped over individual MXene
particles.[153,155] The edges of MXene particles appear predominantly oxidized on pristine
MXene while after interaction of urea or cations, a more homogeneous surface oxidation is
visible (Figure 4e). Such a higher surface oxidation was proposed as one of the reasons that
could increase the pseudocapacitance of electrodes prepared with pre-intercalated MXene

materials.

3.2 Anode in Li- and Na-ion Batteries

3.2.1 Li-ion Intercalation in Carbon-based Anodes

The negative electrode for LIBs is often mainly based on carbon derivatives. [156—160]
Graphite anode attracted most of the attention because of its low cost and long durability.

Understanding de/lithiation processes in graphite anode, especially in the form of LiCs, LiC12,
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LiCis, and LiC24 [161-163] became hence an important field of research. [164—166] These
compounds are highly unstable with oxygen and monitoring fine changes in their chemical
structure during de/lithiation processes requires a high sensitivity to carbon chemical

environment, for which soft X-ray spectroscopies applied in vacuum are particularly adapted.

As an example, the electronic structure of LiCg was investigated by Zhang et al using XAS
and RIXS at C K-edge (Figure 5a).[167] On the XAS of LiCg, the o* states shifts to lower
energy compared to highly oriented pyrolitic graphite, while no shift is observed for the m*
states. This is attributed to the transfer of Li 2s electrons into the carbon n* states upon full
lithiation of graphite. This process is observe both at the surface, probed by TEY, and in the
bulk, probed by TFY, but the photon polarization has a strong impact on the signal intensity as
it depends on the graphite basal plane orientation. A similar charge transfer was previously
reported after Li* intercalation underneath a graphene layer investigated by XPS.[168] Zhang
et al found that the deposition of Li on the graphene surface induced an upshift of the C 1s
peak, which was recovered after annealing of the Li/graphene/Cu sample at 300 °C due to the
Li atoms intercalation into the interface of graphene/Cu. The electronic structure of lithiated
natural graphite was further studied by Lapteva et al. [169] using in situ XPS and XES. They
found that lithium vapor thermal deposition results in the formation of a lithiated graphite
surface layer with new chemical bonds between the carbon and lithium atoms with the
appearance of an sp?- hybridized carbon component. From the comparison between
experimental and theoretical C Ka XES of lithiated graphite, lithium atoms are suggested to

be located mostly on the edges of graphite crystallites rather than on the basal planes.

For carbon-based electrodes, doping by heteroatom is an effective way to improve their
electrochemical performance.[170—174] In particular, nitrogen is considered as an ideal
doping element for carbon material because of its similarity of atomic size and abundant
reserves in the form of nitrogen-containing molecules. [171,175-177] On graphene films, a
higher accumulation of lithium atoms whas observed on N-doped graphene as monitored by
XPS and XAS. [178] From the shift of the XPS Cls and N1s, the charge density donated by
lithium is found rather localized near the (substitutional) nitrogen defects. The type of
nitrogen atoms involved in Li-ion storage on N-doped porous graphitic materials has been
further investigated by Lapteva ef al using in situ XAS at the N K-edge.[179] Comparing
XAS with theoretical calculation, they concluded that Li mostly bond to pyridinic and
hydrogenated at the edges and defects of the surface graphitic layers while graphitic nitrogen
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remains unchanged. On the other hand, Hu ef a/ [180] reported that pyrrolic nitrogen is the
most likely adsorption site for Li" atoms on N-doped graphene while pyridinic sites remains
barely unchanged after Li insertion. Finally, Xi ef a/ [181] observed that graphitic nitrogen is
capable of storing more lithium ions compared to other N species in N- and N, S-doped
graphene based on changes of the ex situ XPS N 1s at charged and discharged states after 100
cycles. These studies illustrate that Li bonding in N-doped carbon is a complex problem and

most likely strongly depends on the structure of the carbon anode.
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Figure 5 (a) Polarization-dependent C K-edge XAS of LiC6 and HOPG in TEY (left) and
TFY (right) modes. (reproduced with permission from [167], copyright 2017, AIP

Publishing), (b) Ex situ XPS Na 1s and C 1s of S-doped porous carbon in different
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charge/discharge states during the initial cycle (reproduced with permission from [183],
copyright 2019, Springer Nature), (c) voltage profile (top) of N-doped anode and ex situ XPS
at the Na 1s and N 1s the different discharge/charge states in the first cycle (bottom)
(reproduced with permission from [184], copyright 2018, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim), (d) XPS C 1s and N 1s of the N, S-doped graphene nanosheets electrode
at the pristine (1), fully discharged (II), and fully charged (III) states (reproduced with
permission from [186], copyright 2018, Elsevier).

3.2.2 Na-ion Storage in Carbon-based Anode

In recent years, high capacity, low ion storage potential, and good cycling stability were
reported for carbon-based NIBs anode electrodes. [171,172] Based on ex-situ XPS, Li et al
proposed that Na* adsorption and chemisorption on the carbon surface, leading to a chemical
shift of the N1s, are observed in different electrochemical regimes. [182] Such a chemical
shift of the Na 1s along a decrease of the C-C bond signature in the Cls at different cycling
stage is shown on Figure 5b for S-doped carbon electrodes. [183] The reversibility of the Na-
ion storage is confirmed by the Na 1s shifting back to the initial position and the C-C
signature increasing again after full charging. Note the appearance of a strong peak at 289.6
eV in the Cls spectra, which is most likely associated to the adsorption of carbonates in the

SEI layer as discussed in the last section.

As previously discussed for LIBs, N-doping can improve the electrochemical performance of
carbon electrodes. The adsorption of Na* ions in electrodes with various N configurations was
monitored by Liu et al by ex situ XPS.[184] Reversible shifts of the Na 1s peak were also
observed during a full cycle but at the N1s, an irreversible sodiation of pyridinic and pyrrolic
nitrogen sites is observed, while other nitrogen sites can (partly) recover their initial states
(Figure 5c). Meanwhile, they concluded that the charge is transferred from Na to the N-
dopants to form Na-protonated N structures in the carbon materials.[185] Co-doping of N and
S was also investigated by Ma et a/ on graphene nanosheets (Figure 5d).[186] They observed
changes of the pyridinic and pyrrolic N signatures upon discharging/charging in terms of both
peak intensity and position in N 1s spectra. In particular, the electrochemical interaction of
sodium with the active sites near pyridinic N is found more active, which was also supported

by a previous similar report that pyridinic N favored the transfer of Na* and electrons.[187]
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3.2.3 Li/Na-ion Intercalation in MXene

MXenes have been mostly used for pseudocapacitors so far but they also have a high potential
for electrochemical Li/Na-ion storage applications.[188—190] Bak et a/ used ex situ soft XAS
at C and O K-edges to investigate the Na-ion intercalation and charge storage mechanism in
vanadium carbide MXene (V2C).[191] They confirmed that Na™ intercalation/deintercalation
states in the V,C electrode are highly related to the reversible formation/decomposition of
fingerprint feature CO3% species upon sodiation/desodiation. In particular, compared to the
TFY-XAS spectra, the change of C and O K-edge spectra in surface-sensitive TEY mode is
prominent, suggesting that carbonate species are mainly due to surface reaction between the
Na*-intercalated V2C and the carbonate-based electrolyte solvents. Similar conclusions were
obtained from Li" intercalation in Sn*" modified V>C MXene.[192] Wang et al considered that
this carbonate adsorption could be related to the electrochemical reaction between oxygen on
V:C layers and the electrolyte. They also confirmed the formation of V-O-Sn bonding in O K-

edge spectra which contributes to the outstanding rate and cyclic stability of the electrode.

3.3 Cathodes in Li- and Na-ion Batteries

3.3.1 Carbon-based Li/Na-Oxygen Batteries

Lithium/sodium-oxygen (Li/Na-O>) batteries could offer outstanding gravimetric energy
density compared to traditional LIBs/NIBs. [193,194] However, electrochemical stability of
the electrolyte solvent and oxygen reduction products with the existence of lithium salts
further limit their practical application because of poor electrochemical work efficiency and
cycling life of Li/Na-O; batteries. [195,196] The reaction products from Li-O: batteries during
electrochemical cycling was investigated by Gallant et al [197] by ex situ XAS (Figure 6a).
Fingerprints of carbonates at both the C and O K-edges are observed, showing the formation
of Li2COs-like species at the interface between oxygen electrode and discharge products
Li>O». The oxidation kinetics was slowed down during Li-O» cycling as a result of the growth
of these Li»COs-like species. The cathodic discharge products of ether-based Li-O> batteries
were identified by Olivares-Marin et a/ [198] by mapping the distribution of oxygen species
using TXM (Figure 6b). A large number of small particles and aggregates of carbonates,
resulting from degradation of ether electrolyte, were formed on the electrode surface of
lithium peroxide particles. Meanwhile, in the core of the particle, toroidal-shaped lithium

peroxide particles phase dominate. The formation of these characteristic particles can be
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related to the availability of large superoxide amounts in the solution phase. By changing to
TFSI-based ionic liquid electrolytes, they observed that Li2Oz and LiO> are the primary
products in similar proportions compared to ether-based electrolytes.[98] However, the
formation of carbonates was almost negligible, suggesting a higher stability of ionic liquid
electrolytes. Additionally, LiOH is clearly observed in the ionic liquid electrolytes, which is

preferentially associated with peroxide.
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with permission from [197], copyright 2012, American Chemical Society) (b) TXM images of
a carbon-based cathode after fully discharge at 100 mA per total gram of carbon in Li-O>
batteries, which contain the result of overlapping three-color maps with intensities

proportional to the amounts of Li superoxide (cyan), Li peroxide (green), and carbonate (red)
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(reproduced with permission from [198], copyright 2015, American Chemical Society) (¢)
Operando XPS of Na 1s, O 1s, and C 1s on the cathode of Na—O2 batteries during discharge
process (reproduced with permission from [66], copyright 2018, Springer Nature) and (d)
XAS at the C K-edge of the S—-GO cathode materials at different discharge—charge cycles
(reproduced with permission from [207], copyright 2014, The Royal Society of Chemistry).

The formation of the main discharge product, sodium carbonate (Na>CQOs3) in Na—O batteries
at different stages of the first discharge process was monitored by Mao et al employing
operando XPS (Figure 6¢).[66] The formation of NaxCO3 on the cathode during the discharge
cycle was evidenced from the clear change of characterized peaks in Cls and O 1s spectra at
discharged states. Moreover, the formation of Na>xCOs is proved as the main discharge product
of the Na—O; cell resulting from the instability of the graphite electrode, particularly when
exposed to sodium oxides and sodium radicals, which is a potential cause of capacity fading
of the Na—O»> batteries. The evolution of the chemical compositions of the discharge products
in oxygen electrode during charging in Na-O- batteries was verified by Sun ef a/ by means of
ex situ XAS at O and N K-edges.[65] The formation of intermediate phases like Na>O2 and
Na2COs during the charging process results in high overpotentials and at the end collapse of

carbon electrode.
3.3.2 Carbon-based Lithium-Sulfur Batteries

Lithium-sulfur (Li-S) batteries is another promising choice for rechargeable battery
chemistries due to its low cost, high theoretical specific energy and high energy density.
[199,200] However, the practical application of Li—S batteries has been limited because of the
insulating property of S, high solubility and shuttle phenomena of polysulfides that trigger
low coulombic efficiency and poor cycle life.[199,201] To solve these problems, S-doped
carbon materials were considered to increase the active-sulfur utilization, cycle stability and
high-rate capability of sulfur cathodes. [202-205] The actual roles of carbon material in Li—S
systems was probed using XAS. [57,203,206]

The evolution of Li in S-doped graphene oxide (Li/S-GO) cathode materials after the
dis/charge process was studied by Feng et a/ [207] employing ex situ XAS at C and O K-
edges (Figure 6d). Peaks for the C 1s transition to CO3* and R-O c* states, constituting a
spectroscopic signature of lithium carboxylate and possibly lithium alkoxide, were observed

to increase over 100 cycles. The strong interaction between Li atoms and carboxyl is further
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confirmed by the clear change of characteristic peak for the O Is transition to carboxyl m*
state. The reacted lithium compounds are therefore mainly deposited on the cathode surface,
leading to the formation of a lithium compound blocking layer at the electrolyte/electrode

interface, which contributes to capacity fading.

Further understanding of the effects of N-doping in Li-S battery was investigated by Zhu et al
using ex situ XAS at C and N K-edges.[57] A significant change in oxygen coordination
structure was observed with different amounts of sulfur loading, whereas the nitrogen
chemical environment remains unchanged. In that case, sulfur does not directly interact with
carbon through nitrogen bonding for the sulfur immobilization. Inversely, the surface oxygen
functional groups became more reactive because of the presence of nitrogen, which can
provide excellent adsorption sites to host more S to fix on the carbon cathode. [204] The
sulfur bonding on oxygen functional group, promoted by N-doping, was confirmed on
mesoporous carbon electrodes. [208] In addition, N-doping may enhance the binding of
lithium polysulfide on graphene sheets.[209] Qui ef al observed the appearance of a new peak
at the fully discharged state after 200 cycles in ex situ XAS at the N K-edge, attributed to

N...Li>Sy interactions and which could improve their electrochemical performance.
3.3.3 Oxygen Redox State in Li-ion Batteries Oxide Electrodes

Oxygen redox reactions related to the lithium insertion/desertion process of Li-rich cathodes
are essential to the performance and stability of high-energy batteries. However, the
fundamental understanding of oxygen-anionic redox reactions (O%/0,™) is still at an initial
stage and its reversibility remains an issue.[210,211] The structure and stability of the layered
oxides at high voltages are associated with oxygen-related reactions for charge compensation.
[212] Recent studies reported the reversible anionic redox activity of oxygen on Li-rich
cathodes.[213,214] In general, two different oxygen types are involved in oxygen-anionic
redox: (i) the Oz and CO; release and related surface reactions and (ii) the lattice oxygen of
the oxide. [215,216] The quantitative detection of the lattice oxygen, strongly evolving during
charge compensation mechanisms, is particularly challenging. The high sensitivity of soft X-
ray spectroscopy to the chemical states of oxygen species is thus well-adapted to monitor the

oxygen-anionic redox processes in LIBs. [93,217]

The chemical state of lattice oxygen and of decomposition products can be characterized by

XPS at the Ols. [218-220] Nevertheless, the high sensitivity of XAS to hybridization
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between metal 3d and O 2p provides more insights into the contributions of oxygen ions into
electrochemical processes and charge compensation mechanisms in Li-rich electrodes.
[150,221-223] The pre-edge peak intensity is often used to estimate charge compensation of
oxygen in the metal oxide lattice. [223,224] TEY and TFY detection modes enable
simultaneous characterization of the surface and bulk components of the metal oxide.[222]
The charge compensation mechanism during two lithium extraction/insertion between
Li2FeSiO4 and FeSiO4 was for example investigated by Masese ef al.[225] The Fe-3d band
contributes dominantly for the first lithium extraction process from Li2FeSiO4 to LiFeSiOa.
During the second lithium extraction process from LiFeSiO4 to FeSiOs, a large amount of the
ligand holes in the O 2p states make compensation for the valence change instead of further
oxidation of Fe3*. This reversible anion redox processes (0> — 0,%) could explain the high
capacity achieved in Li2FeSiOs. For LiMnNiCoO: electrodes, Redel ef al found that the
charge compensation during lithium extraction from the interlayer spaces is first provided by
partial oxidation of transition metals.[226] At high voltage, the lithium ions are also extracted
from the transition metal layers and the charge is compensated by extracting electrons from

the O 2p level in the hybridized metal 3d and O 2p orbitals.

Further understanding of redox reaction products can be provided using RIXS at the O K-
edge.[227] As an example, comparison of anionic oxygen activity in two different lithium-
rich layered oxides was studied by Xu et al.[228] A fluorescence feature associated with
anionic oxygen redox species was observed at 523.7 eV emission energy at 531 eV excitation
energy on RIXS maps for Li;2Nip2Mno.cO2, that is absent in Lii 2Nig2Ruo.60:. It implied that
the ruthenium atoms rather than the oxygen are the electrochemically active sites in
Li12Nio2Ru0.602. The nature of this fluorescence contribution led to very active research in
the field.[210,214,229-232] A similar feature at 523.7 eV emission energy on RIXS maps was
observed on other cathode materials as shown in Figure 7a.[215] The comparison of its
energy-dependent broadening and related evolution of the elastic line with Oz, CO> and Li202
molecules led to the conclusion that this oxygen signature is not coming from a well-defined
molecular state. On the other hand, House et al recently evidenced the trapping of molecular
Oz in NaLiMnO> compounds during the first charge by high-resolution RIXS.[230] In high-
resolution RIXS, molecular vibrations of the O» molecules are resolved as a peak progression
related to its different vibrational states as shown in Figure 7b. In addition, the formation of

localized holes on O in ribbon-ordered structures is evidenced on the XAS at the O K-edge.
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Operando XAS at O K-edge using an electrochemical flow cell can provide further

information on the oxide redox process in Li-rich oxide electrode. Yamamoto et al

demonstrated that enhancement of the covalent or ionic character in cathode materials are

necessary conditions to stabilize anion redox.[233] For high covalency with transition-metal

such as Ru, the formation of peroxide species is possible (Figure 7c). On the other hand, weak

covalency cannot stabilize holes, leading to irreversible oxygen loss. These recent works

highlight the relevance of in-depth investigation of oxygen bonding and these techniques will

certainly contribute to the improvement of layered oxide materials as energy storage

materials.
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with PFY-XAS of the four systems extracted from mRIXS maps by integrating the intensity

within 0.5 eV of 523.7 eV emission energy (reproduced with permission from [215],

copyright 2020, American Chemical Society), (b) XAS at the O K-edge and high-resolution

RIXS spectra collected at an excitation energy of 531 eV for Nao.75[ Lio.2sMng.75]O2
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(reproduced with permission from [230], copyright 2020, Springer Nature), and (c) Operando
XAS at the O K-edge of Li1.33Mno.6702, Li1.33Ru0.6702, Li1.2Ti0.4Mno.4O2 and Lii.2Tio4Feo.4O2
obtained at different charge states (reproduced with permission from [233], copyright 2019,

American Chemical Society).

3.4 Polymer-based Binder

The large volume change of high-capacity materials during electrochemical work, which is
harmful to the performance of battery systems, could be reduced by modifying the polymeric
binders.[234] The chemical structure of binders was then also the topic of soft X-ray
spectroscopic investigations. Carbonyl groups were found to lower the LUMO level by using
XAS at C K-edge, which can improve the binder performance.[235] More precisely, the
lithium binding energy in the carbonyl-containing binder is higher than for binder without
carbonyl group. As a result, the lithium ions interact with the binder before lithiation of the Si
anode in this case, which does not happen for a classical binder. The stability of the lithiated
electrode is then significantly increased. In the same vein, the addition of fluorine-containing
groups was also found to lower the LUMO states of the polymer-based binder of about 0.7 eV
compared to an F-free polymer from XAS at the C K-edge.[236]

The binder can also have an impact on the SEI formation and stabilization. Different types of
binders have been investigated by Nguyen et a/ using ex situ XPS at C 1s and F 1s.[237] They
reported that carboxylic acid functional groups of poly(acrylic acid) (PAA) binder are reactive
toward the electrolyte, resulting in the decomposition of LiPFs and dissolution of SiOx during
the electrode wetting process. PAA and sodium carboxymethyl cellulose (CMC) binders, on
the other hand, form a protective layer on Si during the first cycle which can effectively
suppress the decomposition of carbonate solvents. For polyvinylidene difluoride (PVDF)
binder, a continuous reduction of carbonate solvents was found during cycling, leading to the
generation of a thicker SEI layer. The formation of a surface film made of organic/inorganic
mixtures induced by electrolyte decomposition was also reported after cycling with a
fluorinated polyimide binder and characterized by XPS. [238] Particularly, the formation of
C-F functional groups, improving the contact between binder and electrode upon cycling, was
evidenced by XPS at the Cls and F1s. Such a film protects the cathode surface and suppresses

metal dissolution and cathode degradation. Moreover, the formation of LiF was observed
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upon charge on the low-voltage LiFePO4-LisTisO1> full cell by Leanza et al due to the
reaction between PVDF binder and lithium. [239] LiF was found to migrate towards the
Li4TisO12 anode and precipitate on the surface rather than deposited on the LiFePO4 cathode,
as proved by XPS at the F 1s, XAS at F K-edge, and XPEEM imaging, suggesting the PVDF

was electrochemically unstable at relatively low potentials.
4 Electrolyte

4.1 Aqueous Electrolyte

The development of microjet technology enabled the rapid development of soft X-ray
spectroscopy of water and aqueous solutions. The high sensitivity of X-ray spectroscopies, in
particular XAS, to the water local hydrogen-bonding network opened new perspectives on
solvation and solid-water interfaces as reviewed previously.[240,241] Here only a few

representative examples of aqueous electrolytes that are relevant for EES are summarized.

Acidic aqueous electrolytes are often used for redox pseudocapacitive energy storage. XAS at
the O K edge of water is constituted of a pre-, main- and post-edge around 535, 538 and 540
eV, respectively, which are sensitive to different hydrogen bonding configurations.[242] At a
high concentration of hydrochloric acid, a significant decrease of the pre-edge and an increase
at the post-edge observed on XAS at the O K-edge were interpreted as an increase of
protonated water ordering from HsO>" into H3O™ with the concentration.[243] Niskanen et al,
observed by X-ray Raman Scattering the complete disappearance of the pre-edge in highly
concentrated sulfuric acid solutions as shown in Figure 8a.[244] Supported by molecular
dynamics simulations, they attributed the changes to an increase of the number of donated
hydrogen bonds per water oxygen for high acidic concentration. TEY-XAS at the platinum-
water interface in diluted sulfuric acid have shown, on the other hand, that this pre-edge is
predominant under applied positive potential.[245] This was attributed to the accumulation of
sulfate ions at the solid-liquid interface, which electronic signature also contributes at similar

excitation energy.
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Figure 8 (a) Non-resonant inelastic X-ray Raman scattering at the O K-edge of H2SO4(aq) for
different concentrations (reproduced with permission from [244], copyright 2015, American
Chemical Society), (b) XES at the N K-edge of the electrolyte, Li(TFSI), PP13(TFSI) and PPi3
(reproduced with permission from [69], copyright 2019, American Chemical Society) and (c)
XPS C 1s and N1s XPS of [NTf>], [BF4] and [CI] anions (reproduced with permission from
[270], copyright 2015, The Royal Society of Chemistry).

Alkaline solutions were also extensively studied by X-ray spectroscopies. Especially, the

hydroxide ion was found to have a well-defined signature at 532.5 eV in XAS[246] and 536
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eV in XPS,[247] which facilitates its characterization compared to protons in water.[248] The
use of RPES enabled the probing of transient hydrogen bonding between hydroxide and
neighboring water molecules directly in aqueous solution.[247] Recently, the accumulation of
hydroxide ions at the TiO2 nanoparticle surface was evidenced by in situ XAS and XPS.[249]
These studies illustrate that XAS and XPS would be highly valuable to investigate proton or

hydroxyde accumulation in the electric double layer of supercapacitors.

The solvation of ions has also been probed by XAS. For different monovalent cations, similar
changes of the XAS signature are observed, showing that they mostly disturb their first
solvation shell irrespective of the cation.[250] This was later confirmed using X-ray Raman
Scattering on highly concentrated LiCl solutions as saturation was only observed for very
high concentration (11m). [251] Above this concentration, the hydrogen bonding network of
water do not change anymore. Divalent cations are found to have a more profound impact of
the water structure, attributed to a charge transfer between the cations and nearby water
molecules. [250] A deeper understanding of the ion solvation structure can be obtained using
RIXS, which was applied in various chloride and bromide salts.[252-254] RIXS is
particularly interesting as cations and anions are affecting different regions of the RIXS
spectra.[254] Notably, the ultrafast dissociation of water molecules was found to be reduced
upon increasing the salt concentration as a result of a strong change of the water hydrogen
bonding. [253] That may possibly explain the reduced reactivity of water in water-in-salt

electrolytes, leading to a higher operational voltage window.

4.2 Organic Electrolyte

Organic electrolytes are generally used for LIBs/NIBs due to their high ionic conductivity,
low viscosity, good wettability and large electrochemical window. [255-257] In recent years,
several organic electrolytes and mixture of them were probed by XAS.[258] As an example,
Smith et al studied propylene carbonate (PC) electrolyte using XAS at the O K-edge.[259]
They identified a concentration-dependent blue shift from transitions related to carbonyl
groups upon addition of LiBF4 in PC. By combination with theoretical calculation, they
suggested that it results from strong coordination between PC molecules and Li* ions.
Hydrogen bonding interaction between oxygen-containing functional groups and polar
organic solvents can be monitored at the XAS at the O K edge as shown on acetic acid

molecules by Horikawa et al.[260] In hexane, they observed a resonance peak shift, resulting
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from a strong hydrogen bonding between acetic acid molecules, forming cyclic dimers,
similar to the behavior of cluster molecules in vacuum. Meanwhile, the concentration-
dependent peak differences in XAS for acetonitrile solutions suggests a weakening of
hydrogen bonding between the acetic acid molecules. Moreover, Li* solvation in carbonate-
based electrolytes was also investigated by El Kazzi et a/ [261] using near ambient pressure
XPS. The changes in the binding energies of the CI 2p and Li s core levels between the EC:
DMC and the DMSO were interpreted in terms of different Li* solvation structures. XPS
measurements on battery electrolyte are also possible by stabilizing a drop of electrolyte at its
vapor pressure as demonstrated on 1 M LiTFSI in propylene carbonate (PC).[262] The
accumulation of ionic species was observed at the electrolyte surface while the bulk

electrolyte is up to the expected composition.

Binary solutions mixing acetonitrile and methanol were also investigated by Nagasaka et a/
using XAS at C, N and O K-edges.[263,264] In methanol-water binary solutions,
concentration dependence of the hydrophobic interaction at the methyl group in the C and O
K-edge XAS spectra is observed. Three different local structures and steric configurations
based on the different proportions of methanol and water in binary solutions are identified.
Microscopic inhomogeneities are evidenced in acetonitrile—water binary solutions. Similarly,
they proved that three different local structures between acetonitrile and water play a

significant role in microscopical inhomogeneity in the C, N and O K-edge XAS.

4.3 Ionic Liquid-based Electrolyte

Ionic liquids are considered as tunable solvents which are increasingly used as electrolyte for
EES systems due to their good solubility, high conductivity, stability and hydrophobicity.
[265-267] Ionic liquids are non-flammable and thermally stable in electrochemical reactions,
which would increase the safety of the battery systems. [266] Understanding the interaction
between the cation and the anion is important for the design of ionic liquids for specific
functions in electrolyte, particularly on the study of degradation product of ionic liquids-based
electrolyte. [268] Due to their high vapor pressure, they can be easily characterized in
vacuum, which makes their characterization with soft X-ray spectroscopies easier than

aqueous or organic electrolytes.[269]

Probing the valence electronic states of ionic liquids with XES may provide new insights into

the stability of the molecules composing the electrolyte. In this regard, Léon et a/ investigated
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the solvent PP13(TFSI), the salt LiTFSI, and the PP13 cation with in situ XES at the N K-edge,
also at different applied potentials (Figure 8b).[69] The chemical environment of the nitrogen
atoms is significantly modified during the first discharge/charge cycle, suggesting a
decomposition of the salt suggesting that it is highly unstable during the electrochemical
process. Meanwhile, the ionic liquid solvent remains mostly as an ion pair, although some

decomposition into PPi3 cations and TFSI anions possibly exist.

Cation-anion interactions in ionic liquids can also be probed by XPS. Santos et al studied
charge distribution in nitrogenous cations of guanidinium-based ionic liquids by XPS (Figure
8¢).[270] They found a large difference between measured binding energies for the N 1s of
cations compared to other families of ionic liquids according to the binding energy in order:
[NTf2]>[BFs]>Cl in N 1s and C 1s. These results suggested a weak bond between the
guanidinium cation and the anion through the delocalization of the positive charge around the
three nitrogen centers as opposed to one for pyrrolidinium cation. The chemical shift of the
XPS N Is was also monitored to probe the effect of the N3-substituted alkyl chain on the
electronic environment of 1,3-dialkyl imidazolium-based ionic liquids.[267] The electronic
environment of the cationic nitrogen can be affected by changing from methyl to butyl
groups. The binding energy shift of the N1s is stronger in the presence of less basic anions
and inversely proportional to the basicity of the anion. The increase of the N3-substituted
alkyl chain length can also influence the charge-transfer effect from the anion to the cation.
Men et al also investigated the impact of methylation on the electronic environment of
pyridinium cations in picolinium-based ionic liquids. [271] They observed a significant
increase in electron density on the cationic nitrogen because of the electron-donating effect of
the methyl group. The methylation position also affects the electronic environment of the
cationic nitrogen and the trend of binding energy is in agreement with the cation acidity in N
1s spectra. Based on that, with the increase of the inductive effect of cations, the cation-anion

interactions become weaker through charge transfer from the anion to the cation.

4.4 Solid-State Electrolyte

Solid-state lithium-ion battery has attracted great attention due to its high safety and increased
energy density. [272] Compared to conventional lithium-ion batteries with highly flammable
organic liquid electrolytes or polymer electrolytes, solid electrolytes not only have high ther-

mal stability but also have much better electrochemical stability and are compatible with
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higher potential cathode materials to increase energy density. [272-274] Additionally, since
no liquid electrolyte is used in solid-state lithium-ion battery, packaging for batteries can be
much simplified so that dead weight in battery packaging can be largely reduced, further re-
sulting in increased energy density as well. [272,273] In recent years, Li2S—P2Ss (LPS) solid
electrolyte possessing higher conductivity with exceeding 5 mS/cm has been demonstrated.

[275,276] Importantly, the chemical and electronic properties of electrolyte—electrode inter-
faces in LPS-based batteries is easier to probe by soft X-ray spectroscopies than liquid elec-

trolyte as they do not evaporate in vacuum.

For example, Wu et al [277] investigated LPS solid electrolytes oxidation process at the inter-
face with LiCoOz by using operando XPS. The formation of oxidized solid electrolytes by-
products was observed at both S 2p and P 2p spectra upon charge, while no further changes in
the spectra at 3.6 V for over 60 h were observed, indicating the end of the oxidation process.
During delithiation, the formation of solid electrolytes byproducts passivates the electrode
surface against further significant oxidation. Mirolo et al [278] probed similar redox reactions
during de-/lithiation of SnO> electrode cycled in LPS by operando XPS and in situ XAS. Be-
yond de/lithiation of the SnO2 electrode, side reaction related to the reduction of the LPS
solid electrolyte at the interface with the active materials or conductive carbon was reported.
They also observed the formation of Li.O on the surface of SnO», rather than carbonate spe-
cies, caused by the residual trace oxygen and/or water present in the ultrahigh-vacuum envi-
ronment. On LisTisO12 electrodes, no carbonate species were found either after LPS reduction
but the formation of Li>S and Li-P functionalities (LixP) was reported instead of Li2O. [279]
Similar observations were reported on Li metal electrodes. Wood et a/ [280] evidenced a sig-
nificant SEI formation and evolution at the LPS surface by the appearance of new chemical
states in both the S 2p and P 2p XPS from the original LPS functional groups (such as: Li-S-
P, P-S-P, and P=S) to Li,S and LixP after 0.5 h of charging by operando XPS. The transfor-
mation between LixP and LizP and reaction between Li-P and Li>O leading to the formation of
Li202 and Li3PO4 were evidenced by comparing the different XPS core levels at dis/charging
states. In general, solid electrolytes are particularly promising for operando X-ray spectro-
scopic studies inside vacuum chambers and conclusions obtained with these electrolytes may

possibly be extended to liquid electrolytes as decomposition reactions may behave similarly.
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5 Solid-Electrolyte Interphase

The analysis of the morphology, composition, and electrochemical behavior of SEI has been a
major field of research over the last 30 years.[14,281-287] SEI layers are usually formed as a
result of electrochemical instability of the electrolyte during the initial cycles. While in situ
characterization would be preferable due to the high instability of SEI layers, it remains
experimentally challenging for soft X-ray spectroscopies. As a result, most of the studies
reported in this section are based on ex-sifu investigations. Nevertheless, in situ/operando
characterization techniques sensitive to electrode/electrolyte interface are emerging [14] and

some examples involving the characterization of light elements will be mentioned.

5.1 Solid-Electrolyte Interphase in LIBs

The formation and dissolution of SEI were mostly studied for LIBs so far. The usual main
components of SEI layers are lithium carbonate and fluoride compounds which are clearly
observed by XAS.[288,289] For example, Qiao et al compared the XAS signature at C K-
edge, O K-edge and F K-edge of SEI formed on Sn electrodes in 1 M LiPF¢, EC: DEC (1:2
w:w) electrolyte to different references (Figure 9a).[288] They found that SEI on Sn (100)
mainly contains porous Li»COj3 species with clear fingerprints of carbonates (CO3%), namely
the transitions from Cls and Ols to the *(C=0) orbital at 290.2 eV at the C K-edge and
533.7 eV at the O K-edge. On Sn (001), on the other hand, the SEI is principally constituted
of LiF and organic molecules, with a small amount of carbonate and electrolyte. This result
proves that the reactive (001) surface facilitates the decomposition of LiPFs to form a LiF
layer, whereas the decomposition of carbonate-based electrolyte preferentially occurs on
(100) surface. Moreover, based on XAS at the C and F K-edges, the LiF is found to passivate
Sn (001) after one cycle while the porous carbonate layer does not affect the activity of (100)
surface, which leads to drastically different electrochemical behavior and morphology of the
two SEIs. An inhomogeneous distribution of the decomposition compounds within the SEIs
can also be concluded based on the significant differences between TEY (surface) and TFY

(bulk) measurements.
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Figure 9 (a) XAS at the C, O and F K-edges of the SEI layers formed on Sn (100) and (001)
single crystal electrodes along with reference spectra (reproduced with permission from [288],
copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim), (b) Ex situ XPS C 1s of
the Si/C/CMC composite electrodes upon the first discharge/charge cycle (reproduced with
permission from [290], copyright 2012, American Chemical Society) and (c) XAS at the C K-
edge in TEY and TFY modes of the as-formed SEI (black), and the SEIs at delithiated (solid
lines) and lithiated (dotted lines) states at the 1st (red) and 10th (blue) cycles (reproduced with
permission from [291], copyright 2018, The Royal Society of Chemistry).

Rezvani et al [82] also benefited from the different probing depths of XAS detection modes to
investigate the evolution of SEI layer surface structure of ZnFe>O4-C anode during the first
cycle and after 20 cycles. A passivation layer mostly constituted of Li>O was found to be
formed in the vicinity of the electrode. At the SEI surface (~5-7 nm), probed by TEY-XAS
and XPS, a partially reversible layer of alkyl lithium carbonates, being partly replaced by

Li2COs during delithiation when reaching higher Li storage levels was found. These results
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demonstrate that the SEI layer acts as a Li reservoir which can contribute to extra-capacity of
the electrodes. With synchrotron-based XPS, the probing depth can be tuned by varying the
excitation energy. Philippe et al used this strategy to probe ex situ the SEI formation in Si
anode at the first dis/charge cycle with excitation energies ranging between 230 eV and 6990
eV.[290] A typical example for the carbon Cls level is shown on Figure 9b, for which the
signal intensity of the carbon black signature enables an estimation of the SEI thickness. They
found that at the very beginning of discharge (0.5 V vs Li*/Li), lithium has not reacted with
silicon but a thin SEI layer has already formed. Upon discharge, the thickness of SEI
increases, and lithiums start to react with Si nanoparticles to form Li>O and LixSiOy
compounds. After full charge (0.9 V vs Li*/Li), lithium atoms have been almost fully
extracted out, accompanied by a decrease of the thickness of the SEI and disappearance of

Li;0O.

The XAS signature of carbonates was later used by Zhuo et a/ to investigate the evolution of
the SEI on Cu electrode at different cycling stages in 1 M LiClO4, EC: DEC electrolyte
(Figure 9¢).[291] The carbonate species in the SEI layer demonstrate redox reversibility and
decompose during the delithiation (oxidation) process, resulting in a significant shrinking of
the SEI thickness. Additionally, the carbonates also evolve during each lithiation cycle and
become more inert upon cycling according to intensity change on the fingerprint peak at the C
K-edge during electrochemical cycling, suggesting SEI growth may be an oscillating and

highly dynamic process with a breathing growth.

XPEEM is a powerful tool to characterize SEI layer and the complex electrode-electrolyte
interface reactions in LIBs as demonstrated by the work of El Kazzi’s group. They
investigated the surface modification of LisTisO12 (LTO)[111] and LiNiCoMnO> (HE-NCM)
or LiFePO4 (LFPO) compounds [110] during cycling by post mortem XPEEM analysis. The
different batteries elements (conductive additives, active material and binder) were identified
based on their XAS signature at the C and F K-edges and imaged with < 50 nm spatial
resolution as shown in Figure 10a. At different charge/discharge states, no obvious changes in
XAS spectra of both carbon and active material could be observed while a significant change
of the LTO signature was observed during cycling. In particular, the reduction of the
electrolyte at the surface of LTO is evidenced by the disappearance of C=0 and carbonate
resonances in the C K-edge XAS after the discharge process, leading to electrolyte

consumption. Using post mortem XPEEM, the electrolyte decomposition byproducts was only
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detected on the LTO particles, while no carbonate signal is present in the carbon areas as

shown in Figure 10b.[109] On NCM particles, no byproducts from electrolyte decomposition

were found. Interestingly, agglomerates of transition metals coming from the surface of HE-

NCM are also found on the LTO anode surface, illustrating degradation of the HE-NCM

surface during delithiation.[110]

(a) C K-edge on carbon (b) C K-edge on HE-NCM carbon
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Figure 10 (a) Local C K-edge carried out on carbon and HE-NCM patrticles performed on
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pristine and cycled cathode at different stages of charge and discharge and elemental contrast
XPEEM image of HE-NCM electrode after 30 cycles at discharged state (reproduced with
permission from [110], copyright 2019, American Chemical Society). (b) Elemental map of a
lithiated LTO electrode (top) and the proposed mechanism leading to the electrolyte
decomposing only on the LTO particles (bottom) (reproduced with permission from [109],
copyright 2020, American Chemical Society).

Varying the electrolyte has naturally a tremendous impact on the structure of the SEI, which
was extensively studied using ex sifu XPS on various electrodes. The SEI layer formed by the
reductive decomposition of an electrolyte based on ethylene carbonate (EC) mainly consists
of alkyl carbonates, while the SEI layer formed by electrolyte based on fluoroethylene
carbonate (FEC) is primarily composed of LiF along with a tiny amount of Li>CO3 upon
cycling.[292] On magnetite-based electrodes, the higher concentration of LiF in the SEI
formed in FEC-based electrolyte led to better electrochemical performance as opposed to EC-

based electrolyte by limiting the growth of the SEI layer.[293]

Ionic liquid-based electrolytes are increasingly used to avoid irreversible decomposition in the
electrochemical reaction compared to the traditional organic electrolytes. The structure of the
SEI formed in such electrolytes is then simpler than organic electrolytes. In general, FSI- and
TFSI-based electrolytes are mostly used for LIBs. Using a high FSI salt/solvent ratio, Ren et
al demonstrated that solvent decomposition may indeed be suppressed.[294] Using ex situ
XPS and sputtering for probing the SEI with different depth, they found no signal of Li
carbides at the Cls for high LiFSI concentration as opposed to dilute condition. Meanwhile,
an enrichment of LixN species is detected at the N1s, which highly benefits reducing the
resistance of the SEI layer due to its highest Li" ionic conductivity among all the SEI
components. In other XPS studies, the SEI formed during initial cycling was found to mostly
result from decomposition products of the TFSI anion and related cation.[70,266,295-297]
For example on silicon-copper anode, the detection of COy and CF features in Cls and F 1s
XPS spectra, respectively, associated with a strong increase in oxygen signal confirms that an
SEI effectively passivates the electrode surface during initial cycling in LiTFSI-containing
electrolyte. [295] Similar results were observed on silicon oxide anode-based on another TFSI

derivative.[70]
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In graphitized carbon anode, Sugimoto et al observed a reversible Li intercalation in FSI*-
based RTIL with EMI" cation, while such intercalation is completely irreversible without
FSI.[266] Meanwhile, the surface-layer components on the graphitized electrodes cycled in
the ionic liquid electrolytes with and without FST", characterized by ex sifu XPS, are found to
be chemically similar. Depth profiling was performed by etching progressively the surface in
the XPS chamber. The anode surface inorganic layer from RTILs with and without FSI- was
found thinner than that produced from a typical organic solvent electrolyte. The
decomposition of FSI" anion on Li metal anode cycled in phosphonium/LiFSI RTIL
electrolytes was also demonstrated by Girard et al based on ex situ XPS.[296] They found that
the chemical nature of the SEI formed on the Li metal surface is highly dependent on the Li
salt concentration and a concentrated electrolyte was found to promote the formation of a

thicker and more uniform SEI with larger amounts of reduced species from the FSI"anion.

5.2 Solid-Electrolyte Interphase in Li-S batteries

Li-S batteries are expected to have a quite different SEI due to the presence of polysulfide
compounds. Nandasiri et al developed an in situ XPS to investigate the SEI layer evolution on
Li anode in [bmpyr][TFSI] electrolyte Li-S batteries (Figure 11a).[117] An increase in Li-F
and C-F species with a decrease in CF3 is reported, implying the decomposition of TFSI-
anion in the proximity of the Li-anode. Besides that, the formation of Li>S due to polysulfide
reduction processes is also observed. The evolution of both Li>S and Li-F species with cycling
brings about the precipitation of an inorganic multiphase layer as the primary SEI component.
Upon cycling, the rapid increase of polysulfide species proves a continuous fouling process
on the Li anode. Thus based on different dynamic composition of SEI layer, they deducted
that the SEI layer evolution has different stages: the formation of a primary composite
mixture phase involving stable lithium compounds (LiS, LiF, Li,O) and formation of a
secondary matrix type phase due to cross interaction between reaction products and
electrolyte components.[298] Electrolyte decomposition with LiFSI and LiTFSI in Li-S
batteries were further investigated by Kim et al/ by monitoring the F 1s using ex situ
XPS.[299] A greater extent of electrolyte decomposition is observed with LiFSI compared
with LiTFSI as deduced from the LiF amount in the F 1s XPS spectra. Meanwhile, the highest
LiF and lowest S—F compositions can be observed on cathodes suggesting that salt

decomposition may form a protective layer on the cathodes.
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Figure 11 (a) XPS O 1s and F 1s of the Li-electrolyte interfacial region at different
charge/discharge stages during 2 cycles (reproduced with permission from [117], copyright
2017, American Chemical Society), (b) XPS C 1s for electrodes before cycling and at
different stages of the charge/discharge curve (reproduced with permission from [302],
copyright 2015, American Chemical Society) and (c) XPS C 1s of carbon electrodes sodiated
in 1M X salts dissolved in EC/DEC (1/1, wt.) electrolytes and percentage of the different
carbon species in the outermost SEI layer formed on carbon electrodes sodiated in the above
electrolyte formulations. X corresponds to a) NaPF6, b) NaClO4, c) NaTFSI, d) NaFTFSI,
and e) NaFSI (reproduced with permission from [303], copyright 2019, Elsevier).

The formation and surface of an electrochemically controlled SEI layer by accurate
pretreatment current density on Li anode in the electrolyte of 1,3-dioxolane (DOL) as the
solvent and LiNOsj as the additive was investigated by Wang et al using ex situ XPS.[300]
They confirmed that this SEI layer mainly contains LiNxOy compound produced from the
reaction between the Li anodes and additive LiNO3 and a sulfone structure from the LiTFSI

salt. Furthermore, reactions between the LiTFSI salt and the additive LiNO3 were found to
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form a complex inorganic/organic mixture with little electropolymerization of DOL because
of the almost disappeared O-C-O peak in C 1s spectra. This observation supported the fast
breakdown of the LiTFSI salt at a high current density due to an increase of the LiF peak
intensity in the F 1s spectra after pretreating for 50 cycles. Thus they thought adequate

pretreatment current density is quite important to produce a uniform SEI.

5.3 Solid-Electrolyte Interphase in NIBs

There are relatively fewer studies on SEI in NIBs, although their structure might differ
significantly from SEI on LIBs. To illustrate this point, Philippe et al compared the chemical
composition of SEI on Fe2O3 anode between LIBs and NIBs model systems employing ex sifu
XPS.[301] The SEI coverage is more obvious and the presence of homogeneous distribution
in inorganic species in the NIBs, compared to the organic/inorganic layered structure observed
for the LIB. Meanwhile, the SEI formation gradually occurs during the first discharge in both
Li- and Na-system, however, for Na*, a predeposit layer is formed directly by simple contact
of the electrode/electrolyte. Additionally, the thickness of SEI layer in Na* system is thicker
than that in Li" counterpart. The SEI layer of NIBs has more carbonates and alkyl carbonates,
as well as more CO-rich species, while more species containing hydrocarbon chains can be

observed in Li system according to the results in C 1s and O 1s spectra after cycling.

Another example could be based on the composition of the SEI was applied to Na>TizO7
anode for NIBs.[302] The surface SEI layer is composed of a thin layer of chemisorbed
oxygen, alkyl carbonates and poly(ethylene oxide) over a solid layer of sodium carbonates,
NaF and NaCl with a thickness of around 5 nm. NaCl is formed by the decomposition of the
electrolyte salt and the NaF result from the PVdF dehydrochlorination reactions during
electrode preparation as shown in Figure 11b. Meanwhile, they observed this SEI layer is

unstable upon electrochemical cycling.

Eshetu et al investigated the impact of the electrolyte salt anion on SEI formation in NIBs
using ex situ XPS at C 1s and F 1s (Figure 11¢).[303] They confirmed that the SEI building
species formed on hard carbon anode by solvent reduction upon sodiation are found to
decrease with the various salts in the order: NaPFs > NaClO4 ~ NaTFSI > NaFTFSI > NaFSI.
The SEI layer using Na-based electrolytes has more homogeneous and richer organic species

than that in the SEI on lithiated anode. This results mainly from the higher solubility of the
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inorganic Na salts and the Na-alkoxide intermediates, compared to the analogous Li

compounds.

6 Conclusion and Outlook

While soft X-ray spectroscopy and microscopy have been used for decades to investigate
organic materials, its application to the characterization of light elements in EES systems
remains relatively novel. Light elements are particularly relevant because carbon, nitrogen,
oxygen and/or fluorine are found in all critical parts of batteries and supercapacitors. They
should therefore be characterized in complement to transition metals for which soft X-ray
spectroscopy are also very well-suited. Surface reactions involved in pseudocapacitive
processes and Li-/Na-ion intercalation mechanisms were already investigated in many
different electrode materials. XAS and RIXS at the O K-edge are currently contributing to
significant progress in the understanding of redox processes in Li oxide materials. X-ray
spectroscopies have also been applied to probe the solvation of protons, hydroxyde and halide
cations, classically used in supercapacitors. The characterization of organic electrolytes and
ionic liquids used in battery would probably still requires further studies. Finally, new insights
into the composition and formation of SEI layers have been achieved over the last few years

thanks to these techniques.

While the previous studies presented here suggest an active field of research, in situ/operando
X-ray characterization of light elements in EES systems remains experimentally challenging.
Further development in X-ray spectroscopy and microscopy techniques are certainly required
to expand the understanding of electrochemical processes relevant for EES. Especially, the

following points would be particularly critical to our opinion:

e The development of new detection schemes for X-ray-induced decay processes in
liquid would facilitate the in sifu characterization of light elements by X-ray
spectroscopy. Indeed, XAS in liquid cells is so far mostly based on fluorescence
detection, while more than 99% of the decay channel is related to non-radiative
processes for light elements.[304] However, the short mean free path of electrons
makes very challenging the detection of electron yield in liquid phase. The use of
graphene membranes enables the investigation of electrochemical processes using
XPS but is limited to reactions occurring a few nanometers away from the graphene
layer and cannot easily be applied to thin-film electrodes. The use of tender X-rays

41



excitation is a possible solution to increase the electron escape but resonant excitation
of light elements would not be possible anymore.[88] A promising alternative is the
detection of electrons emitted close to an electrified surface using a lock-in detection
scheme. XAS recorded using this approach has been recently applied to the
characterization of interfacial water molecules under applied potential.[245,305] The
use of ionic yield to measure X-ray-induced current in liquid was also recently applied
to aqueous electrolytes and carbon nanoparticles in water.[306-308] While a better
understanding of electron and ionic yield decay processes in liquid is definitely
required, these strategies may enable more efficient probing of light elements at the

solid-liquid interface in electrochemical systems.

X-ray induced photochemistry may also contribute to comprehension of chemical
reaction in a reductive environment. Previous work performed on in situ TEM showed
that radiolytic species generated by the electron beam under the microscope could be
used to simulate reductive environment occurring in real EES systems.[309] The
formation of an SEI layer as a result of radiolysis was recently investigated by
XPS.[310] Using soft X-ray photons would enable element-specific excitation to
control the type of reductive species. For example, in an aqueous environment, carbon
and nitrogen atoms could be selectively excited without ionizing the water molecules
since C and N K-edges lies below the O K-edge (Figure 2a). As such, local soft X-ray-
induced chemical reactions could be triggered and radical species leading to the SEI
formation may be more easily identified. The use of X-ray-induced photochemistry
recently demonstrated that the reduction of LiTFSI molecules on a solid surface
exposed to X-rays leads to the formation of a lithium fluoride interphase only at high
LiTFSI concentration.[311] In the same direction, ultrafast dissociation of molecules
can be effectively monitored by RIXS and RPES. The stability of oxygen species in
layered oxide electrodes was recently found to depend on X-ray irradiation.[312]
Selective excitation of a definite molecule in complex electrolytes, such as water in
water-in-salt electrolytes, may provide information on the local electronic interaction

and ion-pairing with nearby molecules.

Last but not least, recent development in operando STXM have led to the observation
of primary battery particles in an electrochemical cell at metal L-edges with sub-30
nm spatial resolution.[114] Achieving a similar nanoscale imaging at the K-edge of
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light elements directly in liquid may provide important spectroscopic insights on
electrochemical reactions on carbon electrodes and on the formation of SEI layers for
LIBs systems. While successful XPEEM experiments have been mentioned earlier, the
bulk sensitivity of STXM may facilitate operando characterization in aqueous and
organic electrolytes. In situ STXM already enabled the identification of reaction
product from gas-phase catalysis such as Fischer-Tropsch synthesis on individual
catalyst particles.[97,313,314] If similar experiments were performed in an
electrochemical cell, thelf similar experiments were performed in an electrochemical
cell, the possibility to image both the active phase and the organic reactant phase of
the catalyst with nanometer spatial resolution could be transposed to the context of

electrochemical energy storage.

We anticipate that the application of X-ray spectroscopy and microscopy techniques to energy
storage materials will be rapidly expanding in the coming years. These state-of-the-art
techniques, accelerated by recent development in synchrotron facilities, are getting more
accessible to users and will facilitate the understanding of new battery chemistry in the future.
In particular, they may promote a deeper understanding not only for conventional Li/Na-ion
batteries but also for novel K-, Mg-, Al-ion batteries and non-metal cation batteries (such as
hydrogen ion and ammonium ion batteries) as well as anion batteries (such as chloride and

bromide batteries) in the future.
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