- Taylor & Francis
Materials

ICREEIgelol  |\aterials Research Letters
Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmri20

Soft X-ray emission spectroscopy finds plenty of
room in exploring lithium-ion batteries

Xinyan Zhou, Sifan Qiao, Nailin Yue, Wei Zhang & Weitao Zheng

To cite this article: Xinyan Zhou, Sifan Qiao, Nailin Yue, Wei Zhang & Weitao Zheng (2023) Soft
X-ray emission spectroscopy finds plenty of room in exploring lithium-ion batteries, Materials
Research Letters, 11:4, 239-249, DOI: 10.1080/21663831.2022.2141586

To link to this article: https://doi.org/10.1080/21663831.2022.2141586

8 © 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

ﬁ Published online: 11 Nov 2022.

N\
[:J/ Submit your article to this journal &

||I| Article views: 4613

A
& View related articles &'

View Crossmark data &'

@ Citing articles: 22 View citing articles ('

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2022.2141586
https://doi.org/10.1080/21663831.2022.2141586
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2022.2141586?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2022.2141586?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2022.2141586&domain=pdf&date_stamp=11%20Nov%202022
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2022.2141586&domain=pdf&date_stamp=11%20Nov%202022
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2022.2141586?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2022.2141586?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

MATER. RES. LETT. .
2023, VOL. 11, NO. 4, 239-249 2§ MATERIALS e Taylor & Francis
https://doi.org/10.1080/21663831.2022.2141586 RESCARCH LETTERS Tayior . Franis Group

BRIEF OVERVIEW 8 OPEN ACCESS | ek forupasts|

Soft X-ray emission spectroscopy finds plenty of room in exploring lithium-ion
batteries

Xinyan Zhou, Sifan Qiao, Nailin Yue, Wei Zhang © and Weitao Zheng

Key Laboratory of Automobile Materials MOE, School of Materials Science & Engineering, Electron Microscopy Center, Jilin Provincial
International Cooperation Key Laboratory of High-Efficiency Clean Energy Materials, and International Center of Future Science, Jilin University,
Changchun, People’s Republic of China

ABSTRACT ARTICLE HISTORY
A wide range of advanced characterization tools has been exploited for energy issues. Soft X-ray Received 29 July 2022
emission spectroscopy (SXES) equipped with electron microscopy as an emerging analysis tool
has made its debut in energy storage recently. The emergence of SXES provides powerful oppor- Soft X- -

- X . " . . s oft X-ray emission
tunlfcle§ to gxplaln thg energy storage mech.anlsms, especu.ally' in the field of silicon-based anode spectroscopy; lithium-ion
for lithium-ion batteries. Herein, we summarize the SXES principles, development process and the battery; Si anode
unique advantages of SXES as well as coupling with other techniques. We further put forward our
reasonable outlook for the development and application of SXES that will serve widely in materials
science.
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IMPACT STATEMENT
This review pioneers a themed application of the emerging soft X-ray emission spectroscopy, herein
mechanistic insight into lithium ion batteries.

1. Introduction In 1976, Rockwell Company first used Si as an electrode

Lithium-ion batteries (LIBs) have switched on recharge- material for LIBs and discovered the potential of Si as an
able world and revolutionized the energy systems [1-6].  anode material. Silicon anode (Li;5Si4) based on alloying
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and conversion mechanisms have been vigorously stud-
ied for their decisive leading theoretical specific capacity
(~3579 versus ~ 372 mAh/g for graphite) [7,8]. Unfor-
tunately, their practical utilization is mainly hindered
by large volume expansion in alloying process. In other
words, the alloy formation of lithium with silicon will
result in the damage of the brittle Si, which impedes the
energy density [9-11]. Thus, it will be very informative
via the utilization characterization techniques to explore
structural, property and dynamic changes in anode mate-
rials at nanometer or atomic scale [12-15].

Meanwhile, the development of spectroscopy has
provided opportunities to accurately reveal structural
evolution during (de-)lithiation of Si anode. Informa-
tion about crystal structure, ion occupancy, bond length,
coordination number and charge transfer in anode can
be obtained through electron energy loss spectroscopy
(EELS), time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS), X-ray diffraction (XRD), neutron
diffraction (ND), X-ray absorption spectroscopy (XAS),
X-ray photoelectro spectroscopy (XPS) and Raman
spectra.

Herein, soft X-ray emission spectroscopy (SXES), as
a valence electron spectroscopy attached to conventional
electron microscopy (SEM and TEM), shows effective
and incomparable advantages in clarifying the evolu-
tion of electronic structures [16]. Compared with XAS,
SXES has simple required experimental conditions and
excellent spatial resolution; in contrast with EELS, the
unique feature of SXES is the density of states (DOS) of
valence band (VB) can be obtained; in comparison with
EDS, it has the unique advantage on illustrating Li ele-
ment. Furthermore, any complex sample preparation or
higher vacuum conditions are not necessary during test-
ing. By virtue of the advantages, SXES can couple with
advanced equipment (such as EELS, high energy TEM,
etc.) to obtain detailed information in LiSi alloy dur-
ing the charging and discharging process. In addition,
these characterization techniques are also spreading to
aqueous batteries, dual-ion batteries, hydrogen evolution
reaction and oxygen reduction reaction as a supplement,
recently.

In this short review, we briefly describe the principle
and the development process of SXES, and have sum-
marized all typical works of SXES combined with dif-
ferent analytical methods for Si anode in lithium-ion
batteries. At the end, we present some unique insights
and reasonable prospects for the development direc-
tion of SXES. This review will stimulate more interests
in SXES characterization for the field of electrochem-
ical energy storage and conversion, and consequently
facilitate the development of several other research
areas.

2. Fundamental and development of SXES

Electron microscopy plays an indispensable role in the
development of materials science. That is because elec-
tron microscopy can provide higher spatial resolution
(micron or nanometer scale). Meanwhile, many spec-
tral analysis tools (such as energy dispersive spec-
troscopy (EDS), wavelength dispersive spectrometer
(WDS) and EELS) equipped with electron microscopes
have emerged. These spectral analysis tools have a very
fine energy resolution. By combining them together, we
can obtain both high energy resolution and high spatial
resolution results during the analysis.

In the last two decades, Terauchi et al. developed SXES,
a spectral analysis tool based on electron microscopy.
The energy resolution and limit of detection of SXES can
reach 0.3 eV and 20 ppm, respectively, which is superior
to EDS (120-130 eV and 5000 ppm) and WDS (8 eV and
100 ppm). This means that the birth of SXES provides
more possibilities for studying the finer electronic struc-
ture of materials. In addition, SXES has the advantage of
visualization and selection of the analyzed areas, which
allows SXES to obtain local or average information for a
material.

The detection principle of SXES is shown in
Figure 1(a,b). When an electron beam irradiates a mate-
rial, the inner electrons at lower energy levels (such as
K-layer electrons) are excited by the incident electron
beam and escape from their original orbits. At the same
time, energy level transition will occur for the outer layer
electrons (such as L-layer or M-layer electrons) at the
higher energy levels. In order to keep the whole system
in a stable state, electrons in higher energy orbitals need
to release extra energy during the process of energy level
transition (Figure 1(a)). In other words, electron transi-
tion between different energy levels is mainly responsible
for the emission of X-ray. These X-rays are collected by
focusing mirror and guided to the diffraction grating.
Varied-line-spacing (VLS) grating enables simultaneous
detection of multiple X-rays using a CCD. Finally, the
soft X-ray emission spectrum is obtained through com-
puter software processing (Figure 1(b)) [17]. In short,
SXES can identify the information of bulk phase of mate-
rials in non-destructive means. It is because SXES detects
the escaped photon energy, the detection depth of SXES
locates between a few nanometers and several hundred
nanometers.

Since X-ray emission is resulted from the electron
transitions from the valence band (bonding electrons) to
the core level, which is caused by the electron beam irra-
diation. The emitted X-rays carry the information about
the energy state of the bonding electrons (such as 2s elec-
tron of Li, 2s and 2p electrons of C). By detecting the
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Figure 1. (a) Electron transition of EELS (dotted arrow) and XES (solid

emission of X-ray caused by electron transition from the
VB to the inner shell (Figure 1(a)), the partial DOS of the
VB (bonding electrons) can be obtained. Since the core
energy level states possess a good symmetry, the emission
intensity distribution reflects the partial DOS of VB with
symmetry [18-21]. For this reason, SXES can be used
in conjunction with EELS for total electronic structural
analysis, which is critical for materials analysis [22,23].
Although EELS based on electron microscopy has the
advantage of obtaining the DOS of the conduction band
(CB) [24,25], it is not sufficient for analyzing the total
electronic structure [23]. In fact, we also need to have
knowledge of the DOS of valence band. At this point, the

\
HHH‘M
T (il f

arrow). (b) Schematic diagram of SXES.

combination of SXES and EELS has solved this problem
very well [19,26].

Soft X-ray emission spectroscopy as a spectroscopy
analysis method attached to electron microscopy. The
goal is to obtain higher energy resolution. The grating,
as a decisive part to improve the resolution, has also
undergone several generations of development.

1) In 2000, Terauchi et al. developed the first gen-
eration sub-eV resolution soft X-ray spectrometer
connected to the transmission electron microscope
(JEM 2000FX). The spectrometer consists of a VLS
grating and a pertier cooling CCD detector. For

Figure 2. Soft X-ray emission spectrometer (SS-94000SXES) attached to a SEM (JSM-7900F) equipped at Jilin University marked with the

key parts.
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the first time, the partial DOS of the VB has been
observed in a specific sample region with 0.6eV
energy resolution in TEM. However, since the spa-
tial resolution is only 1 pum, it is far from enough to
analyze even smaller structures [18].

2) The second generation of soft X-ray emission spec-
trometer, in 2002, was developed. Compared with
the first generation, the energy resolution was
improved from 0.6 to 0.4 eV, accompanied with the
spatial resolution from 1 pm to 400 nm. Two dif-
ferent gratings can be set, and the energy range at
60-1200 eV. The experiment result was confirmed
by a theoretical calculation. The o bond length of
hexagonal boron nitride (h-BN) is shorter than that
of cubic boron nitride (c-BN) [27]. However, the col-
lection angle and energy resolution in the higher
energy region are still not sufficient.

3) Therefore, the third-generation soft X-ray emis-
sion spectrometer was further developed. The spec-
trometer has updated mirrors and VLS gratings
and has excellent energy resolution (0.7 eV) around
1000eV [28]. Subsequently, in 2010, two wave-
length dispersive soft X-ray emission spectrometers
were reported, which increased the energy range
to ~2400 eV with both improved energy and spa-
tial resolution [19]. So far, SXES has been becom-
ing more mature technique to describe the physical
properties of materials at nanoscale.

As a spectroscopic analysis method attached to a TEM,
the requirements for the testing specimen are relatively
high, as it is challenging to characterize the bulk. Thus,
Terauchi et al. successfully combined SXES spectrom-
eter with scanning electron microscope (SXES-SEM)
(Figure 2). No special handling of samples is required
during sample preparation. Nanoscale spatial resolution
can be achieved when operating at low accelerating volt-
ages. Band-structure effects were found during spec-
troscopy analysis of simple metals, semiconductors and
aluminum-based compounds [16,21]. That is, a new and
convenient spectroscopic method for characterizing the
information of bonded electronic states was born, which
is being applied in a booming range of fields.

3. Applications in Si-based anode of lithium-ion
batteries

The anode acts as the carrier of lithium ions and elec-
trons during the charging and discharging process in
the lithium battery. Structure and behavior of the anode
largely affect the (de-)lithiation process [29-31].

In early rechargeable batteries, lithium metal was one
of the most favored anodes. However, due to a serious Li

retention problem with lithium metal, researchers have
turned their attention to alternative anode including Si.
One expects Si to form Li-Si alloy with Li, thus solving
the problem of Li retention [29]. In addition, silicon-
based anode (Liy;Sis) has a larger theoretical capac-
ity (4200 mAh/g), which is more than 10 times that of
graphite materials [1,29]. It can embed a large amount
of Li* into Si. However, the silicon-based anode also has
certain shortcomings that limit its commercial applica-
tion. During the lithiation process, the anode materi-
als undergo an irreversible volume expansion ( ~ 380%),
resulting in high stress and strain that disintegrates
electrode materials (Figure 3). As well as low conduc-
tivity, low first-cycle coulombic efficiency and poor cycle
stability also exist [32,33].

In order to solve these problems and gain deep insight
into the mechanism of Si-based anode during lithiation,
many researchers have been engaged in electrochemical
lithiated silicon (EC-LiSi) [34-36]. Two viewpoints have
emerged recently. One believes that the transformation
from amorphous LixSi (a-LixSi) to crystalline Li;5Si4 (c-
Li;5Si4) occurs during the lithiation (alloying) process of
the Si anode, and another argues that only amorphous
LixSi (a-LixSi) is formed during this process [37,38].
SXES, as a spectral analysis method equipped in elec-
tron microscopy, is more powerful in revolving chemical
bonding state of lithium alloy at a small region.

In addition, SXES has several unique advantages [19].
The first one is the detection depth of SXES within a range
of several to hundred nanometers. This enables SXES to
provide non-destructive analysis and obtain bulk infor-
mation from the samples. Secondly, since the electron
transition occurs inside a material, non-conductive mate-
rials can be detected by SXES. Thirdly, since SXES also
has very high energy resolution (0.3 eV) and detection
limit (20 ppm), the high energy resolution SXE spectrum
can be used to analyze the state of chemical bonding.
Finally, and most importantly, SXES can analyze Li ele-
ments, due to its detection energy range from 50 to
2300eV. As a result, it is very powerful for applications
in lithium-ion batteries.

3.1. Integration with synchrotron radiation (SR)
light source

Soft X-ray emission spectroscopy, an emerging spectro-
scopic analysis method, can be integrated with traditional
analysis methods to yield brilliant results in the analysis
of Si-based anode materials of Li-ion batteries.

Aoki et al. prepared electrochemical lithium silicon
(EC-LiSi) by electrochemical lithiation of Si (111). And
they analyzed composition and electronic states of a-Li,Si
and c-Lij5Sig during lithiation by combining SXES with



X-ray diffraction (XRD) with synchrotron radiation (SR)
[39]. EC-LiSi was cut by using focused ion beam (FIB) to
prepare cross-sections, and the four-layer structure was
clearly observed by SEM (Figure 4(d)). Then, the cross-
sections were analyzed by using SXES system (JEOL,
SS-94000SXES equipped with JS50XL grating) to obtain
Si-Ly,3 and Li-K emission spectra (Figure 4(a)). The inci-
dent electron energy is 5 keV, and the probe current and
acquisition time are 50 nA and 200 s, respectively. In gen-
eral, three peaks appear in Si-L,3 emission spectrum
of crystalline silicon (two peaks and a broad shoulder).
These peaks correspond to the sp> hybrid orbital (Si-Si
bond) present in c-Si and the S-symmetric component
of the sp> hybrid, respectively [40]. When c-Si forms
LiSi alloy (alloying process), the number of electrons in
the sp® hybrid orbital decreases, and the Si-L; 3 emission
spectrum shifts to the higher energy side (Figure 4(b)).
It is attributed to the fact that Si in LiSi alloy has more
negative charges than Si in c-Si. In the process of LiSi
alloy formation, the formation of Li-Si bonds is accom-
panied by breaking of the Si-Si bonds. The Li-K emission
spectrum is observed in the upper two-layer structure,
which shifts to the lower energy side relative to Li metal.
Thus, it proves that Li in Li,Si alloy has a positive charge
(Figure 4(c)). The SXES results show that the Si anode
undergoes partial electron transfer, during the lithiation
process. The specific structure of each layer is explained
by using XRD with SR (Figure 4(e-g)). And comparing
the Si-L; 3 spectra with the reported DOS of various LixSi
alloy. The second layer was found to consist of a-Lij5Siy,
a-Li;3Si4 and/or c-Lij3Siy alloy. Finally, it is concluded
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that the third layer is a mixed phase by fitting the spectra
of the other two layers (Figure 4(a)).

In 2019, Aoki et al. analyzed the (de-)lithiation of Si
(111) and Si (100) single-crystal surface by using sur-
face X-ray diffraction (SXRD) and SXES [41]. During the
lithiation process, a three-layer structure also appears on
the Si (100) and Si (111) substrates. The structure of the
first and second layers is identical. However, the structure
of the third layer on the two Si substrates is completely
different. The third layer on Si (111) is a mixture phase
of a-Lijs/13Si4 and c-Si, and on Si (100) is c-Si and a
little of Li atoms. The lithium atoms in Si (100) and Si
(111), holding different diffusion rates, are responsible
for the aforementioned difference [42]. By the combina-
tion of SXES and XRD with SR, the specific products of
Si during the alloying reaction with Li have been well
explained.

3.2. Combined with Raman spectroscopy

Compared with traditional energy dispersive X-ray spec-
troscopy, SXES has the advantage of capability to analyze
the element of Li. It can intuitively observe the distribu-
tion of Li in a material [43,44]. Raman spectroscopy can
distinguish Si with different crystallinity [45]. Therefore,
the (de-)lithiation reactions of Si-based anode in lithium-
ion batteries can be elucidated by using SXES and Raman
together.

In different electrolytes, Si anode will show differ-
ent states. Si anode will show improved cycle stabil-
ity and coulombic efficiency in FSA-based ionic-liquid

iy,
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Figure 3. Diagram of silicon anode failure. Sianode undergoes volume expansion and material pulverization, as the number of electrode

cycles increases.
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electrolyte, compared with PC-based organic electrolyte.
Yamaguchi et al. analyzed this phenomenon by combin-
ing SXES and Raman mapping [46]. Spectral analysis
of the Si anode after cycling in organic electrolyte and
ionic-liquid electrolyte were conducted, respectively. In
the SXE spectra, not all the measurement points in the
organic electrolyte show Li peaks, which proves that the
Si anode will undergo more uniform lithiation in the
ionic-liquid electrolyte, in contrast to Si anode in FSA-
based electrolyte (Figure 5(b)). The SXE spectra also
show that the detected Li is not from Li,O or LiF, but an
alloy formed by Li and Si. This is because the peaks of
Li in LiO and LiF do not appear at 54 eV, but on both
sides of 54 eV [26]. SXE spectra can also show that the
film formed in the ionic-liquid electrolyte is even thin-
ner and more uniform than that in the organic electrolyte.

This is because, compared with the organic electrolyte, Si
signals were found on the electrode surface after cycling
in ionic-liquid electrolyte, and the peak intensity of C/O
was lower (Figure 5(b)). Through Raman mapping mea-
surement, the distribution of a-Si (blue) and c-Si (red)
on the electrode can be visually observed, confirming the
SXES analysis (Figure 5(a)).

Furthermore, Yamaguchi et al. also successfully com-
bined SXES and Raman to demonstrate that the lithiation
of Si anode would be more uniform in FSA-based elec-
trolyte. And the uniform lithiation could help suppress
the volume expansion of Si anode, thereby improving
cycling stability. The P-doped Si anode can significantly
inhibit the volume expansion of Si in ionic electrolyte,
thereby improving the cycling stability [47]. In 2019,
Domi et al. directly observed Li storage in Si or P-doped
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Figure 4. (a) SXES of EC-LiSi four-layer cross-section. (b) Detailed spectral information in the Si-L, 3 region of the four-layer spectrum,
compared with the C-Si. (c) Detailed SXE spectra details in the Li-K region of the four-layer spectrum, compared with the Li metal. (d) SEM
image of EC-LiSi cross-section. (e—g) Out-of-plane XRD pattern of the different samples. (e) EC-LiS of Si (111), along the [111] direction.
(f) Si (111) along the [02-2] direction. (g) Si (111) along the [11-2] direction (The blue and the black line represent the calculated results
and the results in the references, respectively). Copyright 2016, Wiley-VCH [39].
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Figure 6. (a) The relationship between peak intensity ratio/volume expansion rate and x in LixSi. Copyright 2020, American Chemical
Society [49]. (b) SEM image of the Liy oSi electrode and the relationship between the A’/A and x in LiSi in different electrolytes. Copy-
right 2021, American Chemical Society [50]. (c) FFT-filtered experimental Si-L 3 emission spectra of the different layers. Copyright 2018,

American Chemical Society [51].
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Figure 7. (a) SXE spectrum (Li K-edge and C K-edge) of different states graphite paper (GP and GP-Li). Copyright 2022, Elsevier [56]. (b)
SXE spectrum of Bi electrode in different electrolytes (Li™, Na™ and K™). Copyright 2022, Elsevier [55]. (c) SXE spectrum and XPS results
of the catalyst after the OER. Copyright 2022, Elsevier [57]. (d) SXE spectrum of the catalysts for different reaction time periods, indicating
that the —Cl group is replaced by the oxygen group after electrochemical reaction. Copyright 2022, Wiley-VCH [54].

Si anode through SXES, which solve the problem that
energy dispersive X-ray spectroscopy cannot observe Li
(Figure 5(c)). It proves that the transformation of Si to
Li-rich phase is uniform by combining with Raman map-
ping (Figure 5(d)). Such uniform conversion will form
a stable film on the electrode surface to suppress the
volume expansion of Si [48].

3.3. Complementary with other analytical methods

Soft X-ray emission spectroscopy is not merely com-
bined with some traditional spectral analysis methods,
some mathematical analysis methods can also be com-
plementarily combined with SXES. Domi et al. developed
a simple and unique analytical method to study the dis-
tribution of Li in Si by comparing the peak ratio (A'/A)
of Li-Si bonds (A) and Si-Si bonds (A’) in soft X-ray
emission spectra with X in Li,Si (Figure 6(a)). Soft X-ray
emission spectra were obtained by SS-94000SXE spec-
trometer attached to a JSM-7800F electron microscope.
The acquisition time and probe current were 200s and
50 nA, respectively. The X value will increase with the
number of cycle leads to an inhomogeneous phase distri-
bution and an increase in volume expansion. However,
P-doping or use of an ionic-liquid electrolyte will sup-
press x heterogeneity [49]. In 2021, Domi et al. conducted
SXES tests on Lij oSi electrodes immersed in different
electrolytes to analyze Li concentration in Si. Similarly,
the peak ratio (A’/A) and x in LixSi were compared. It
proved that Lij goSi impregnated in organic electrolyte

has almost no desorption of Li, because the X value of
LixSi in the organic electrolyte is the same as that in
Li; 0oSi powder basically (Figure 6(b)). Meanwhile, it was
also confirmed by combining Raman spectroscopy and
XRD that the electrode immersed in the ionic-liquid elec-
trolyte undergoes a phase transition from Li; oSi to Si (Li
desorption). This conclusion is contrary to the electrode
in organic electrolytes. Supplemented by other charac-
terization tools for SXES, the performance difference of
Lij goSi electrode in a various of electrolytes is explained
[50].

Since the theoretical calculation of the Si-L, 3 emis-
sion spectrum in LixSi alloy is seldom reported, there
is a lack of certain references when analyzing the data
obtained from the experiments. In 2018, Lyalin et al.
confirmed by theoretical calculations, as the proportion
of Li in the Li,Si alloy increases in the process of Si
alloying, the emission spectrum of Si-L; 3 shifts toward
the high-energy side and becomes narrows (Figure 6(c))
[51]. Thisis also consistent with the previous reports [39].
It also confirms that SXES is a powerful tool in analyz-
ing multiphase transitions in crystalline and amorphous
structures.

3.4. Miscellaneous applications in electrochemical
systems

In the past two years, our research group has successfully
applied SXES in the field of energy and electrocatalysis
[52-57].



In the recent work of dual-ion batteries, the pres-
ence of compound Li K-edge emission peak and the
shift of C K-edge emission peak in graphite electrode
were detected by SXES technology, which proved the
successfully intercalation of Li* into graphite electrode
(Figure 7(a)). In addition, ex-situ SXES tests of graphite
electrodes in different charge and discharge states were
conducted. The K-edge peak shift of the treated elec-
trode was larger than untreated one, demonstrating that
more anions reacted with the treated electrode [56]. In
aqueous batteries, we detected the general information
of Bi electrode at (dis)charging states by coupling SXES
with X-ray absorption near edge structure (XANES). We
illustrated the evolution of the electronic structure of
Bi electrode and alkali-metal ions (LiT, Na®™ and KT)
during charging and discharging. SXES with low exci-
tation energy can excite the leap of Bi outer electrons,
leading to electronic dipole transitions from O-layer to
inner N-layer (Figure 7(b)). And we demonstrate that Bi
anode captures electrons from alkali-metal ions during
the charging process (alloying process) by comparing the
shift of the SXES peak. This conclusion corroborates with
the results obtained by XANES [55].

In addition, we also extend SXES to electrocataly-
sis. We have successfully applied SXES to oxygen evo-
lution reaction (OER). FeCoB, was prepared by molten
salt-assisted borothermal reaction. By characterizing the
catalyst after the OER reaction, it was confirmed that
the B atom after the OER reaction exists in the same
form as the B in FeBO4 (Figure 7(c)). The common
results of SXES and XPS show that the stable material
on the surface of FeCoB, is borate [57]. Our research
group also successfully prepared an efficient catalyst
(Ti,C MQDs/Cu,O/Cu foam) for hydrogen produc-
tion in alkaline condition, and characterized the cata-
lyst before and after the reaction by SXES. We demon-
strate that the —Cl group is replaced by the oxygen group
after electrochemical reaction, thus optimizing the HER
performance (Figure 7(d)). The results are consistent
with Fourier-transform infrared (FTIR) and XPS analysis
[54].

Based on the aforementioned works, it demonstrates
that SXES is a promising technology in direct or indi-
rect means, resolving the electronic transitions and phase
transitions for materials. Simultaneously, due to the
applications in different systems, a detailed problem-
orientated analysis is usually involved. In addition, it is
not sufficient for SXES to give all the detailed structural
analysis for a tested system alone. Therefore, it is nec-
essary to use other characterization techniques in com-
bination with SXES that complement and corroborate
each other. A highly reliable conclusion can be therefore
obtained.
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4. Summary and perspective

As an advanced spectral analysis method, SXES is devel-
oping toward high spatial resolution and high energy
resolution [16]. In this review, we first describe the prin-
ciples and advantages of SXES which can provide the
stronger evidences to the lithiation process in Si-based
anode due to the sensitivity to Li element. In addi-
tion, SXES can obtain information on the local struc-
ture and electronic properties of a material. Herein,
it thoroughly illustrates the structural evolution of Si
anode during lithiation (alloying) with SXES. Subse-
quently, we summarized all the representative works
by combining SXES with other spectroscopy techniques
(EELS, XPS, Raman, etc.) for a variety of materials.
Obviously, SXES will be a very significant and powerful
characterization to dissect the material electronic struc-
ture information in the fields of material science and
electrochemistry.

Despite all these recent advances, this technique is still
neglected in more research fields. For instance, SXES, as
a convenient spectral analysis tool, is not limited to the
energy and catalysis fields. It can also be expanded to
other application areas, such as bonding in quasicrystal
states [58-60], oxygen vacancy [61], electronic structure
and phase transitions [20,23] and interface and composi-
tion analysis of films [62-65], and so on.

In addition, the combination of SXES with other
spectroscopic techniques will create a huge upsurge in
the analysis of reaction mechanisms on the nanoscale.
Herein, we present a reasonable prospect. For structural
analysis of bulky structure, it will take full advantages
combined with TOF-SIMS for more intuitive character-
ization [66]. For a reaction, the evolution of electronic
structure can be characterized more clearly by combin-
ing with in-situ devices. In addition, SXES will simplify
the atomic structure recognition by assisting with other
techniques, and it can facilitate the development of elec-
trocatalysis and energy and even other fields. In short,
SXES can be expected to have a more prosperous future
in a wide range of research fields.
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