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6These authors contributed equally

*Correspondence: gaixia.zhang@etsmtl.ca (G.Z.), lei.du@gzhu.edu.cn (L.D.)

https://doi.org/10.1016/j.isci.2025.112820

SUMMARY

Renewable energy conversion and storage technologies, including batteries, fuel cells, and electrolyzers, 

have garnered global attention. Electrode materials are crucial in determining the performance and lifespan 

of the corresponding devices. Transition metals and light elements are key components in electrode mate

rials, enabling efficient energy conversion by directly providing active sites or indirectly optimizing material 

electronic structures. To understand the relationship between electronic structures and device performance, 

advanced techniques like X-ray absorption spectroscopy (XAS) have been developed. Recently, resonant in

elastic X-ray scattering (RIXS) features coupled with X-ray emission spectra (XES) have emerged as a com

plementary tool, providing additional insights into material electronic structures. This review focuses on 

recent advances in using XES, particularly RIXS, for studying energy conversion and storage materials, high

lighting the unique features and potential of RIXS for electronic structure characterization and quantitative 

analysis. This work aims to stimulate interests in utilizing RIXS features in the field of energy conversion 

and storage.

INTRODUCTION

Renewable energy conversion and storage applications are 

essential in our daily lives: one can convert chemical energy 

into electric energy; while the other is responsible for storing 

electric energy, produced from renewable resources like solar 

energy and wind energy, by converting electric energy into 

chemical bonds. Well-designed energy conversion and storage 

applications, including batteries, fuel cells, and electrolyzers, 

universally require high-performance and stable electrode/cata

lyst materials.1–8

Great efforts have been made to develop innovative materials 

for energy conversion and storage applications.9–11 Generally, 

the transition metals (TM) play important roles in the key mate

rials for these applications (e.g., Mn, Co, and Ni for the Li-ion bat

teries,7,11–15 Pt, Fe, Mn, and Co for the fuel cells;16–20 Ir, Mn, Fe, 

Ni, and Co for the electrolyzers21–24). The TM elements that are 

located in Groups IIIB to VI, IB, and IIB in the periodic table share 

a universal electronic structure of [inert gas](n-1)d1-10ns0-2, 

which can also be named d-block elements such as Mn: [Ar] 

3d54s2. The electronic structure of TMs is a significant factor in 

determining the performance of energy conversion and storage 

devices.13,25–29 On the other hand, the electronic structure of 

light elements, such as C, N, and O, also matters for energy con

version and storage, e.g., oxygen redox for batteries,30–34 nitro

gen dopant moieties35–39 and oxygen vacancies40,41 for photo-, 

electro-catalysis. To rationally design ideal electrode/catalyst 

materials, the relationship between the electronic structure of 

key elements and the properties of corresponding materials 

needs to be revealed; it is also necessary to study the tiny elec

tronic-structure changes of the key elements during device oper

ation to understand the degradation mechanisms.

A lot of advanced techniques have been developed and 

applied to investigate the electronic structure of materials, 

such as X-ray photoelectron spectroscopy (XPS),15,42,43 ultravi

olet photoelectron spectroscopy (UPS),44,45 and X-ray absorp

tion spectroscopy (XAS).22,46,47 In recent studies, resonant in

elastic X-ray scattering (RIXS) has been emerging as a 

powerful tool to investigate the electronic structure for both TM 

and light elements that are difficult to study by conventional 

methods such as XPS and UPS. We note that RIXS is effectively 

a resonant form of X-ray emission spectroscopy (XES).48–56 Due 
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to the rapid development of the high-flux synchrotron light sour

ces, compared to traditional X-ray absorption near edge struc

tures (XANES) and extended X-ray absorption fine structures 

(EXAFS), the RIXS characteristics of XES can occasionally pro

vide additional information. This information is closely related 

to subtle changes in electronic structure, such as feature en

ergies that are not apparent in the pre-edge of soft X-ray absorp

tion spectroscopy (sXAS) but do appear in the soft X-ray map

ping of resonant inelastic X-ray scattering (mRIXS).29,57

Over decades of advancement, RIXS has been progressively 

gaining recognition as a powerful spectroscopic technique in the 

energy conversion and storage field.6–8,10,49,58–62 Here, we focus 

on the advancements in the application of RIXS features in this field. 

In this review, RIXS will be briefly introduced and some of its unique 

features will be described. Then, the inspiring achievements of 

applying RIXS features in studying electronic structures, monitoring 

their changes during operation, and quantitative analysis will be 

discussed. With the basic knowledge of RIXS provided by this re

view, we hope to spark the interest of the community to further 

explore the application of RIXS in their studies.

BRIEF INTRODUCTION TO RIXS

As mentioned above, advanced techniques including XPS, UPS, 

and XAS have been developed and widely applied in studying 

the electronic structures of materials for renewable energy con

version and storage. In principle, to investigate the electronic 

structure, the photon with specific energy (e.g., X-ray for XPS 

and XAS, ultraviolet light for UPS) is needed to excite the core 

electron, which will jump to an excited state and leave a hole. 

When high-energy fixed-incident X-ray photons possess suffi

cient energy to eject excited electrons from the sample as pho

toelectrons, XPS spectra are obtained. Conversely, by utilizing 

tunable incident X-ray photons to excite electrons into unoccu

pied states, distinct absorption maxima emerge within specific 

photon energy ranges—this phenomenon defines the X-ray ab

sorption near edge structure (XANES, a part of XAS).

XAS can be categorized into different types based on the 

testing energy range (soft X-ray, low-to medium-energy hard 

X-ray, and high-energy hard X-ray). The widely used K edge 

hard XAS (hXAS) can detect the redox state of TM by analyzing 

the energy shift of the absorption edge. However, this informa

tion is not directly related to the 3d valence state of TM (1s state 

to 4p state). Information about the TM 3d orbital might be hidden 

in the pre-edge and white-line region. On the other hand, the soft 

XAS (sXAS) can monitor the L edge of TM, which directly reflects 

the excitations to 3d states (2p state to 3d state). Although sXAS 

offers higher sensitivity compared to hXAS, it has a relatively 

small probe depth. Besides, sXAS usually requires high vacuum 

conditions, which makes in situ and operando experiments 

complicated. Even though the fluorescence yield (FY) mode of 

sXAS can reach a large detection depth of several hundred 

nanometers,57,58,63 the distortion of the lineshape of the 

photon-in-photon-out (PIPO) channel with bulk signals leads to 

unreliable results in analyzing the properties of emitted photons 

and the reflected electronic structures. A major reason for distor

tion is the self-absorption of fluorescence by the sample itself,63

which affects the intensity of the fluorescence signal. This self- 

absorption effect is particularly evident in thicker samples, re

sulting in a non-linear energy relationship between the signal 

and the absorption edge. Although thinning samples can be em

ployed to improve matters, existing research emphasizes the 

importance of in situ/operando experiments, suggesting that 

thinning samples may not be adequate for all situations.

Typically, XAS measurements collect information regarding 

the number of emitted electrons and photons but fail to get infor

mation on the energy distribution of emitted photons. In addition, 

the XAS spanning from 50 to 1500 eV has limitations in studying 

the electronic structures of light elements such as C, N, and O 

because it generally provides XANES data but without access 

to the EXAFS data, which is crucial for studying the atomic coor

dination environment. Light elements have smaller atomic 

numbers, resulting in relatively low binding energies for their 

inner-shell electrons. When X-ray photons interact with these 

elements, the photon energy is readily absorbed, causing the 

excitation or ionization of inner-shell electrons. Nonetheless, 

due to the lighter atomic mass of light elements, their scattering 

cross-sections are relatively small, leading to weaker scattering 

signal intensities. As a result, signals of light elements in XAS 

experiments are prone to being obscured by background 

noise, thereby increasing the difficulty in data analysis and 

interpretation.

Fortunately, the XES technique allows for the collection of 

RIXS signals, which can monitor the energy distribution of 

emitted photons at each incident photon energy. When the en

ergy of the scattered photon depends on that of the incident 

photon, and there is a mismatch between them (indicating en

ergy loss or transfer), RIXS occurs.64,65 In this case, RIXS can 

be considered as a combination of X-ray absorption and emis

sion spectroscopies, and the mRIXS data also provides emission 

energy information that is completely missing from traditional 

XAS spectra. Therefore, the TM L edge mRIXS data is a two- 

dimensional map containing excitation energy, emission energy, 

and emission peak intensity information. The chemical state of 

TMs can be quantitatively evaluated through inverse partial FY 

analysis (mRIXS-iPFY), as the extracted mRIXS-iPFY spectrum 

displays a TM lineshape which is almost identical to that from 

surface sensitive electron yield signals, without any lineshape 

distortion. For instance, Mn L sXAS spectra in iPFY mode can 

be obtained by inverse integration of O K XES characteristics 

within the emission energies of 520–530 eV.29 Furthermore, 

despite the ongoing challenges associated with X-ray-based 

characterization techniques in the analysis of light elements, 

recent advancements in utilizing mRIXS to characterize oxygen 

redox reaction processes in battery materials have been partic

ularly noteworthy. By leveraging the high sensitivity and energy 

resolution of the RIXS technique, there is promising potential 

to further elucidate the fundamental mechanisms underlying 

these reactions as well as subtle variations in the chemical 

environment.

Essentially, the RIXS signal depends on a PIPO process, and it 

can be divided into direct and indirect RIXS processes according 

to the different scattering mechanisms (Figure 1).66,67 In the 

direct process, X-rays are incident on the sample, electrons in 

deep-core levels, such as those in the K-shell or L-shell, absorb 

the energy of the incident photons thereby transitioning to 
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unoccupied orbitals in the valence band. This process is reso

nant, as the energy of the incident photon matches the specific 

transition energy of the electrons. The excitation of deep-core 

electrons creates vacancies in the originally filled orbitals, 

rendering the system unstable and often leading to a redistribu

tion of electrons. To fill these vacancies, electrons from the 

valence band may transition to empty orbitals in the deep-core 

levels, releasing energy in the process. Consequently, inelastic 

scattering occurs, characterized by changes in the energy and 

momentum of the photons. Such information is invaluable for 

probing the electronic structure and excited states of the 

sample.

In the indirect RIXS process, incident photons excite core 

electrons (such as 1s electrons) to empty states above the Fermi 

level (such as 4p electrons). The excitation of core electrons 

leaves a core hole, which exerts a strong electric potential on 

the surrounding valence electrons (e.g., 3d electrons). This 

change in electric potential significantly influences the behavior 

of the valence electrons, making them more susceptible to scat

tering. In this process, transitions from the core state to conduc

tion band states must be weak, otherwise a significant portion of 

the incident light energy will be utilized to directly excite core 

electrons to the conduction band state, rather than generating 

scattering signals through valence electrons.

Under the influence of core holes, valence electrons may 

become excited, resulting in the formation of electron-hole pairs. 

This excitation is a critical aspect of the indirect RIXS process, as 

it facilitates inelastic scattering. When electrons decay from the 

4p state back to the 1s state, the core holes are filled, leading 

to the release of energy. This process is accompanied by the 

retention of electron-hole pairs, giving rise to exciton states. As 

the absorption edge is approached, the interaction between 1s 

core holes and 4p electrons can lead to the formation of exci

tons. However, the formation of excitons does not fundamentally 

alter the overall framework of indirect RIXS. The presence of ex

citons may introduce new scattering mechanisms, complicating 

the interactions between valence electrons and excitons.

The distinction between direct and indirect processes is 

crucial for understanding the electronic structure and excited 

states of materials. Direct RIXS typically provides clearer infor

mation about specific excited states, whereas indirect RIXS 

can reveal more complex multi-body interactions and dynamic 

processes. However, when direct scattering is allowed, it is the 

dominant inelastic scattering channel, with indirect processes 

contributing only through higher-order perturbation terms in 

multi-body interactions rather than direct electronic transitions.

THE UNIQUE FEATURES OF RIXS

As a promising supplement, RIXS, to some extent, can serve as 

an auxiliary of XAS and XES. The contributions of each emitted 

photon to the overall emission spectrum can be distinguished 

and recorded.68 Figure 2A demonstrates the Co L2,3 XAS edge 

(top panel) and the five Co 2p3d RXES (resonant X-ray emission 

spectroscopy, bottom panel) taken at the fixed excitation en

ergies marked in the XAS in the top panel.69 The peaks with 

the fixed energy loss values are typical features in RIXS that 

can be interpreted as d-d excitations, charge transfer, and 

charge fluctuation excitations. On the other hand, the peaks 

with varying energy loss values (fixed emission energy, marked 

with the dotted line in Figure 2A) are XRF (X-ray fluorescence) 

features that originate from the deexcitation of the intermediate 

state to a final state. Therefore, RIXS can reveal the energy dis

tribution of the emitted photons at each incident energy. As 

shown in Figure 2B, the typical mRIXS (XES or RXES mapping) 

for CO2 at the O K edge can provide many features (different 

colors represent different intensities). The intensity map in 

Figure 2B allows a quick observation of XRF (with fixed emission 

energies despite the excitation energies, i.e., B, C, D, E, G, and F 

spots in Figure 2B) and d-d excitation RIXS (with fixed energy 

Figure 1. Illustration of the RIXS process 

k and k′ represent the momentum of photons, ωk and ωk′ represent the energy of photons, Uc represents Coulomb interaction. Reproduced from ref.66
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loss, forming parallel peaks alongside the elastic peak, indicated 

by the white arrow in Figure 2B) peaks. The intensity of this XAS 

spectrum at a specific excitation energy (Figure 2C) is a sum of 

photons at different emission energies. By measuring the XES 

with different excitation energies, detailed peak information 

can be obtained, as depicted in Figure 2D, for further compre

hensive analysis. The RIXS is thus sensitive to both elemental 

composition and chemical/electronic states to provide more in

formation in terms of the bulk materials, interfaces, as well as 

light elements (C, N, O).

Here, we would like to highlight another example to support 

that the RIXS can provide what XAS cannot see. As shown in 

Figure 3A, there is almost no obvious difference in the XAS 

curves for water and KCl-water solutions in different concentra

tions (1 M, 2 M, and 3 M).70 Interestingly, the corresponding 

mRIXS in Figure 3B show significant differences in the regions 

marked as C as the KCl concentration increases. Although we 

are not focused on the detailed analysis of the mRIXS in this 

work, as it is not directly related to energy conversion and stor

age, the maps still provide a compelling example that RIXS 

can provide important supplementary information compared to 

conventional techniques such as XAS to investigate tiny differ

ences in the targeted system.

It should be noted that we do not belittle the conventional XAS 

technique, which is powerful and applicable in the study of ma

terials. XAS can be collected in several seconds to upwards of a 

minute. However, the collection of RIXS information (a series of 

XES spectra) typically requires several hours or more, depending 

on the experimental setup and sample properties. Moreover, 

RIXS is inherently a technique with low signal-to-noise ratio 

and count rates, necessitating exceptionally high photon 

flux.29,57,71 This naturally poses technical challenges, including 

achieving sufficient statistical significance within reasonable 

measurement times and mitigating radiation damage to the sam

ple. Therefore, RIXS is not suitable for all scenarios. We empha

size that RIXS can be an excellent supplement when applicable. 

In the following sections, we will discuss the advances of using 

RIXS in studying key materials for energy conversion and stor

age, in terms of detecting electronic structures, investigating 

their changes during reactions, and quantifying spectral features 

to uncover the reaction mechanisms.

RIXS IN ANALYZING THE ELECTRONIC STRUCTURE OF 

ELECTRODE MATERIALS

The electronic structure usually plays a central role in determin

ing the reaction kinetics and is thus pivotal for the rational design 

of materials for energy conversion and storage.13,28,60,72–75 As 

mentioned above, more information can be obtained that cannot 

be obtained solely through XAS, with the help of RIXS. One of the 

most powerful capabilities of RIXS is its comprehensive informa

tion on electronic structures. In the field of energy conversion 

and storage, many reactions rely on precious metal catalysts 

such as Pt and Ir. How to improve the utilization, activity, and sta

bility of these precious metals, while achieving cost reduction 

and efficiency enhancement, is one of the key challenges. 

Therefore, it is necessary to fully reveal the electronic structure 

information of the materials themselves and facilitate the under

standing of the structure-activity relationship. The ongoing 

advancements in RIXS technique offer powerful tools for ad

dressing these challenges.28,60,75,76

Below, we present an illustrative example demonstrating the 

electronic structure of Pt with and without CO adsorption. As 

shown in Figure 4A, the signal of valence band excitation for Pt 

merges with the elastic line where the energy loss is equal to 

0 eV. Interestingly, upon on-site adsorption of a CO molecule 

(Figure 4B), the intensity peak shifts by ∼ 4 eV in energy loss.60

This indicates an energy difference between the lowest 

Figure 2. CoO nanocrystals and CO2 spectral characterization via XAS and RXES (RIXS) 

(A) Co L2,3 XAS (top panel) and 2p3d RXES (bottom panel) for CoO nanocrystals at 291 K. The RXES spectra were acquired at five fixed excitation energies labeled 

a–e. 

(B) O K edge mRIXS of CO2. Seven groups of features are observed, as indicated by the white arrow on the low-energy excitations and the letters of B-G (Red 

font). Group D consists of two features D1 and D2. 

(C) O K edge XAS-PFY (partial fluorescence yield mode) of CO2, which is obtained by the integration of the RIXS signals at each excitation energy. 

(D) Individual O K edge RIXS cuts of CO2 with an excitation energy range of 535–537 eV of 0.2 eV step. 

(A) Reproduced with permission.69 Copyright 2012, American Chemical Society. (B–D) Reproduced with permission.53 Copyright 2020, American Chemical 

Society.
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unoccupied state and the elastic line for Pt, suggesting that the 

adsorbed CO induces changes in electronic structure. Besides, 

by combining the theoretical mRIXS of different Pt-CO models 

and experimental results, the RIXS can also be utilized to deter

mine the CO adsorption configurations on Pt surfaces. As shown 

in Figures 4C-4F, the mRIXS of a theoretical Pt6 cluster and 

related Pt6-CO in three different configurations are calculated. 

Compared with the pure Pt6 cluster (Figure 4C), Pt6-CO models 

with the bridged (Figure 4E) and face bridging (Figure 4F) config

urations exhibit an upward shift; particularly, the CO adsorption 

in the atop configuration onto a single Pt atom (Figure 4D) leads 

to the most significant shift.60 Compared with the experimental 

mRIXS (Figures 4A and 4B), we can see that the CO molecules 

preferentially adsorbed on Pt are in the atop configuration.

Simply knowing the changes in electronic structures is not the 

ultimate goal. We can deduce more from these results. For 

example, CO as a poisoning intermediate has been extensively 

studied in the electro-oxidation of organic molecules, such as 

methanol, formic acid, and ethanol. The strong CO adsorption 

and active site blocking are well accepted as the primary factors 

causing activity decay. Based on the results illustrated in 

Figures 4A and 4B, the adsorbed CO might also decrease the 

intrinsic activity of Pt due to the altered electronic structure, which 

needs further study. It is also worth investigating whether the cat

alytic activity and Pt electronic structure can be fully restored after 

CO desorption. On the other hand, it is necessary to revisit the 

mechanisms of how the secondary metals such as Ru and Au pro

mote the CO poisoning resistance of Pt: in addition to the well- 

studied promoted CO oxidation/removal and/or weakened CO 

adsorption, could the modulated electronic structure of Pt (e.g., 

through ligand or strain effects) induced by these secondary 

metals be a possible mechanism for the enhanced anti-poisoning 

property? In addressing these questions, RIXS may offer valuable 

information for understanding the underlying mechanisms. Spe

cifically, RIXS can be employed to study the stability of the elec

tronic structure in Pt-based alloy catalysts, which can facilitate an 

understanding of how secondary metals influence the electronic 

structure of Pt and, consequently, its catalytic performance and 

resistance to CO poisoning. Furthermore, RIXS can be utilized 

to investigate the electronic structure and chemical environment 

at the catalyst surface, thereby providing critical insights into the 

interactions between CO molecules and the catalyst surface.

Another instance involves Ir-based materials, where a widely 

accepted conclusion is that amorphous iridium oxide exhibits 

higher activity than rutile iridium oxide.76 However, there is a 

lack of direct experimental validation regarding the electronic 

structure that governs the oxygen evolution reaction (OER) pro

cess in amorphous iridium oxide, leading to an incomplete un

derstanding. In this context, Kwon et al.24 utilized RIXS to probe 

the 5d orbital excitations at the iridium L3 edge, as the electronic 

states associated with the OER are formed in the Ir 5d orbital.

Figures 5A and 5B display the RIXS spectra of amorphous 

iridium oxides prepared from two different iridium precursors: 

IrBL-Red synthesized from an organic precursor and IrOx-Red 

Figure 3. O K edge XAS and mRIXS of pure water and KCl-water solutions with different concentrations 

(A) O K edge XAS at the pure water and the KCl-water solutions with different concentrations (1, 2 and 3 M) which are extracted from the mRIXS of Figure 3B. The 

XAS spectra represent the integrated intensity over an emission energy range of 519–529 eV. The label D corresponds to the same feature as in the mRIXS of 

Figure 3B. 

(B) O K edge mRIXS at the pure water and the KCl-water solutions with different concentrations (1, 2 and 3 M). The emission intensity is demonstrated as a 

function of excitation and emission energies. 

(A and B) Reproduced with permission.70 Copyright 2014, American Chemical Society.
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from an inorganic precursor. The RIXS spectrum of IrBL-Red 

shows negligible intensity below 2 eV energy loss, with a reso

nance peak around 3.3 eV, indicating that the Ir orbitals form 

σ-antibonding conduction states above the Fermi level, while 

fully filled π-antibonding states exist below the Fermi level, sug

gesting a proximity to the Ir(III) oxidation state. Additionally, the 

narrow excitation width reflects the limited bandwidth of the 5d 

orbitals. In contrast, IrOx-Red exhibits limited scattering intensity 

in the low-energy loss region below 2 eV, indicating its metallic 

phase characteristics. The maximum intensity occurs around 

3.2 eV, with a broader excitation width compared to IrBL-Red, 

indicating that the Ir orbitals in IrOx-Red also form σ-antibonding 

conduction states above the Fermi level, but with a small number 

of holes in the π-symmetric states.

Figure 4. RIXS maps of supported Pt nano

particles with and without CO adsorption, 

and theoretical comparisons 

(A) Pt L3 edge RIXS map of supported Pt nano

particles. 

(B) Pt L3 edge RIXS map of supported Pt nano

particles with CO adsorption. 

(C–F) Theoretical RIXS maps of (C) a bare Pt6 

cluster and (D, E, and F) the cluster with adsorbed 

CO in three different configurations. EF represents 

the Fermi level. 

(A–F) Reproduced with permission.60 Copyright 

2010, American Chemical Society.

The integrated RIXS spectrum was 

obtained by summing all measured inci

dent energy (Ei)-dependent spectra. The 

spectrum of IrO2 (Figure 5C) reveals two 

peaks in the low-energy region below 3 

eV and a broad asymmetric peak in the 

high-energy region. Density functional 

theory (DFT) calculations (Figure 5D) indi

cate that the π anti-bonding states are 

predominantly occupied and that there 

is a hole state crossing the Fermi level. 

The excitation widths of IrBL-Red 

(Figure 5E) and IrOx-Red (Figure 5F) in 

the high-energy region are significantly 

smaller than that of IrO2, reflecting a nar

rower bandwidth of the 5d orbitals, likely 

due to the lack of translational periodicity 

in the nanostructure, larger Ir-O bond 

lengths, and lower structural symmetry.

The authors propose that the large 

crystal field and orbital overlap of the Ir 

5d orbitals in IrBL-Red and IrOx-Red are 

key factors determining the states of the 

Ir 5d orbitals in these materials. Structural 

details further contribute to significant 

differences in their orbital states. The 

distinct electronic and atomic structures 

of IrBL-Red and IrOx-Red under oxidative 

conditions result in varying OER activ

ities. However, reliable comparisons of 

OER activity require detailed investigations of the active surface 

sites and areas, which presents a challenge in amorphous cata

lysts. Therefore, future in situ/operando studies to monitor the 

evolution of electronic and atomic structures will be particularly 

critical for elucidating structure-activity relationships.

RIXS IN MONITORING CHANGES IN ELECTRONIC 

STRUCTURE DURING THE REDOX PROCESS

In addition to the electronic structure itself, the changes in 

electronic structure have greater relevance to the reaction 

and degradation mechanisms, which thus attract more 

attention.6,10,15,33,34,71,77–89 With the advancement of third-gen

eration synchrotron radiation sources, the brightness and 
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photon detection efficiency of RIXS technique have been signif

icantly enhanced. Furthermore, the development of high-effi

ciency spectrometers has enabled mRIXS to acquire data 

across a broad working energy range of up to 1500 eV within 

shorter data acquisition times.29 These advancements have pro

pelled the development of in situ/operando RIXS in probing elec

tronic structure changes.

Figure 6A demonstrates the design of a flow cell for in situ RIXS 

investigations, which is used to study the reaction mechanisms 

of MnOx catalyst toward OER in 0.1 M borate buffer electrolyte.78

The Mn element belongs to the 1st line of d-block metals, which 

has gradually gained prominence in catalysis and batteries. Nine 

potential points were selected based on the potential cycling 

curves (Figure 6B) to investigate the structural transformations 

at different OER stages. Figure 6C presents the XAS curves at 

the Mn L3 and L2 edges of the MnOx catalyst at different OER 

stages. It can be seen that the Mn L3 peaks related to MnIII are 

suppressed while the peaks for MnIV are enhanced by increasing 

the OER potential from 0.75 to 1.45 V. Meanwhile, the Mn L2 

edge generally positively shifts as the potential increases, which 

is consistent with the increasing oxidation state of Mn at higher 

potentials. Notably, within this potential range, the OER does 

not take place yet. Based on Figure 6C, it appears that the oxida

tion state of MnOx does not significantly change above 1.45 V 

until the OER begins at 1.6 V (Figure 6B). Therefore, it is intriguing 

to investigate what occurs on the catalyst between 1.45 and 

1.6 V.

The in situ RIXS in Figure 6D can provide more information 

beyond XAS. The investigated incident energies are selected 

based on Figure 6C. If we look at the in situ RIXS curves at 

each incident energy, it can be found that the peak positions 

are independent of the applied potential. Moreover, the peaks 

related to d-d transitions and charge transfer rarely change at 

increased incident energy. These results indicate that the 

required energy to trigger d-d transitions and charge transfer is 

similar for different Mn oxidation states. That is to say, increasing 

the applied potential has a negligible effect on the band gap. On 

the other hand, interestingly, the peak intensity, especially for 

charge transfer collected at Mn L3 edge, is significantly 

increased by 8%–10% along with the increased potential from 

1.45 V to above 1.75 V (right inset of Figure 6D). This implies 

that the charge transfer takes place at > 1.45 V, although the 

oxidation state does not change in this potential range 

(Figure 6C).

Figure 5. RIXS spectra and DFT calculations of different iridium-based materials 

(A and B) RIXS spectra vs. Ei of IrBL-Red and IrOx-Red. IrBL-Red: The maximum intensity is located around 3.4 eV. There is no clear intensity below 2 eV. IrOx- 

Red: The maximum intensity is located around 3.2 eV. The low energy loss region below 2 eV shows a finite scattering intensity. 

(C) RIXS spectra of IrO2 (Rutile). The low-energy region below 3 eV (indicated by A, red font) is fitted with two peaks at around 0.5 and 2 eV, and the high-energy 

region above 3 eV (indicated by B, blue font) is fitted with two peaks at around 3.7 and 5.3 eV. 

(D) DFT calculations of the 5d orbitals for IrO2. The excitations in the A region (red font) originate from excitations within the π states. The transitions from π to σ 
states contribute to the B region (bule font) excitations. 

(E and F) The high-energy excitations in IrBL-Red and IrOx-Red fitted with three Gaussian functions. One broad Gaussian function is added to describe the broad 

low-energy excitation in IrOx-Red. 

(A–F) Reproduced with permission.24 Copyright 2021, American Chemical Society.
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By combining the XAS and RIXS results, some conclusions 

can be achieved in understanding the electronic structure 

change for MnOx catalyst during OER operation: 1) +4 is the 

highest oxidation state for Mn involved in OER; 2) the oxidation 

of MnOx is completed before 1.45 V and is not directly involved 

in OER; 3) the charge transfer (from O to Mn) is necessary for 

OER which requires potential higher than 1.75 V.

The above example uses RIXS with soft X-rays to investigate 

the electronic structure change at Mn L edges. Accordingly, 

the RIXS can also be conducted using hard X-rays, e.g., studying 

Figure 6. In-situ characterization of MnOx catalyst via XAS and RIXS in an electrochemical flow cell 

(A) An illustration of the flow cell for the in-situ XAS and RIXS experiments. 

(B) Cyclic voltammograms curves in 0.1 M borate buffer solution (pH = 9.2) for the electrodeposited MnOx catalyst on the substrate (red) and the Au/Si3N4 

substrate (gray). 

(C) In-situ sXAS-PFY at Mn L2 and L3 edge for MnOx in 0.1 M borate buffer solution (pH = 9.2) with no applied potential (as dep.) and at different applied potentials. 

The dash lines represent the incident energies to perform RIXS. Backgrounds show the regions corresponding to the specific oxidation state of Mn. 

(D) In-situ RIXS for MnOx in 0.1 M borate buffer solution (pH = 9.2) with no applied potential (as dep.) and at different applied potentials. The typical features are 

highlighted by the colored backgrounds. 

(A–D) Reproduced with permission.78 Copyright 2019, Wiley-VCH.
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the Mn K edge. As illustrated in ref. 90, the (La0.5Sr0.5)0.99MnO3-β 

(denoted as LSM50) as the electrode is investigated at 500◦C for 

electrochemical cathodic polarization. As shown in Figure 7A, 

the RIXS maps around the Mn K edge for the reference samples 

including MnO, Mn2O3, and MnO2 have two typical regions: one 

is marked as A, which represents the 1s spin-down transition to 

3d and another B region means the spin-up transition. Particu

larly, the reference MnO does not demonstrate the typical B re

gion, which is likely due to the occupied high-spin electrons in all 

the 3d orbitals for Mn2+. Consequently, only spin-down transi

tions are permitted, while the region B representing spin-up tran

sitions is forbidden. Inversely, one or more empty orbitals are in 

the Mn ions with higher oxidation states such as Mn3+ and Mn4+, 

so that both spin-up and spin-down could take place in Mn2O3 

and MnO2.

Based on the database for the reference MnOx samples, the in 

situ RIXS of the LSM electrode presents both regions A (spin- 

down) and B (spin-up) at OCV. As the cathodic overpotential in

creases, the signal for region B is suppressed. Such a potential- 

related electronic structure change is attributed to the reduced 

Mn oxidation state (e.g., from 3d3 to 3d4; no Mn2+ with 3d5 

configuration is formed in this work) at high cathodic overpoten

tial and the decreased number of spin-up transitions. In addition 

to Mn elements, the RIXS is also helpful to investigate the evolu

tion of electronic structures for other TMs such as Ni and 

Co.7,13,14,91,92

As mentioned above, studying the light elements such as O 

and N is challenging by XAS, which, fortunately, can be well 

investigated by RIXS.6,33,34,57,62,77,88,93–96 Understanding the 

electronic structure change of oxygen is extremely important 

for Li-ion batteries. For example, the layered lithium-TM oxides, 

e.g., LiCoO2,97 have been intensively investigated and widely 

used as cathode materials for Li-ion batteries due to the high 

theoretical capacity (274 mAh g− 1), conductivity, and density. 

However, its practical discharge capacity, while maintaining an 

acceptable level of cycle reversibility, is only ∼173 mAh g− 1 

(Li1-xCoO2, x = ∼ 0.63; 4.45 V versus Li/Li+). Increasing the 

charge cut-off voltage is a promising strategy to enhance the ca

pacity, as demonstrated by the increase to ∼185 mAh g− 1 at 

4.5 V versus Li/Li+ and ∼220 mAh g− 1 at 4.6 V versus Li/Li+. 

Figure 7. RIXS analysis of Mn oxidation states in reference samples and in-situ LSM50 electrode at various potentials 

(A) Mn K edge RIXS maps for the three reference samples including MnO (Mn2+), Mn2O3 (Mn3+), and MnO2 (Mn4+). 

(B) In-situ RIXS maps for LSM50 electrode at 500◦C in the air at OCV, − 600 mV, − 700 mV and − 800 mV. 

(A) and (B) Reproduced from ref. 90 Open Access article.
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However, a higher cut-off voltage adversely leads to fast de

gradation. It is thus important to monitor the degradation 

mechanisms and develop advanced stable materials for Li-ion 

batteries.

Recent progress demonstrated that LiCoO2 (LCO) doped by 

trace Ti-Mg-Al (denoted as TMA-LCO) presented excellent 

cycling stability at 4.6 V versus Li/Li+.79 As shown in Figures 

8A–8C, the stability for bare LCO and TMA-LCO is similar if the 

cut-off voltage is set as 4.3 V. Not surprisingly, once the cut-off 

voltage is selected up to 4.6 V, although the initial capacity is 

increased, the stability for bare LCO deteriorates significantly. 

For TMA-LCO, its stability at a cut-off voltage of 4.6 V is superior, 

maintaining a capacity of 174 mAh g− 1 after 100 cycles at 0.5 C. 

In addition, the capacity for full LCO/graphite and TMA-LCO/ 

graphite pouch cells are 51.3 mAh g− 1 and 178.2 mAh g− 1, 

respectively, after 70 cycles (not presented in Figure 8), confirm

ing the stability of TMA-LCO cathode material for Li-ion battery.

The improved stability can be partially due to the suppressed 

oxygen redox reaction in TMA-LCO, which is confirmed by RIXS 

investigations. The RIXS is employed because the conventional 

XAS at the O K edge has limitations in resolving lattice oxygen 

contributions due to strong metal 3d-oxygen 2p hybridization. 

As shown in Figure 8D, the O K edge mRIXS of bare LCO pre

sents an obvious isolated point, representing the oxidation of 

O2− at a deeply delithiated state. In contrast, such a feature 

cannot be observed for the TMA-LCO (Figure 8E). Considering 

the probing depth for RIXS is ∼150 nm, this phenomenon sup

ports that the oxygen redox rarely happens in the outer shell of 

TMA-LCO. The stable oxygen contributes to the overall battery 

stability at a high voltage of up to 4.6 V. Even after 20 cycles, 

the TMA-LCO demonstrates significantly better oxygen stability 

than bare LCO, as shown in Figure 8F. This indicates that the 

oxygen redox reaction is a key factor that affects the cycling 

stability of the layered oxide cathode materials, which is 

consistent with other reports and can be well studied by 

RIXS.32–34,71,95,98–101

In recent years, high-resolution RIXS has been successfully 

employed to study the vibrational spectra of molecular spe

cies in energy materials, revealing the dynamic evolution of 

molecular species during the cycling process of energy 

materials.32–34,61,84,86,88,89,96,102–105 A representative example 

is the oxygen redox process in lithium-ion battery electrodes. 

Combined O K edge XAS and RIXS studies on Lix[Ni0.65 

Co0.25Mn0.1]O2 (Figure 9A) reveal that as lithium ions are ex

tracted (x < 0.75), the integrated intensity under the O K spectral 

peak increases significantly, confirming the formation of oxygen 

hole states (O− ). Simultaneously, a new RIXS excitation feature 

at an emission energy of ∼56.5 eV provides direct spectroscopic 

Figure 8. Cycle performance, charge-discharge curves, and RIXS analysis of bare LCO and TMA-LCO half cells 

(A) Comparison of cycle performances using half cells with bare LCO and TMA-LCO. 

(B and C) The charge-discharge curves of half cells with (B) bare LCO and (C) TMA-LCO at the 1st, 5th, 10th, 50th, and 100th cycle. 

(D and E) O K edge mRIXS for (D) bare LCO and (E) TMA-LCO charged at 4.6 V. 

(F) RIXS spectra for bare LCO and TMA-LCO at different stages including the pristine state, 4.6 V charged states, and the 3.0 V discharged state after the 20th 

cycle with an X-ray excitation energy of 531 eV. 

(A–F) Reproduced with permission.79 Copyright 2019, Springer Nature.
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evidence for oxygen participation in charge compensation. 

Notably, the emergence of new electronic states in the O 2p 

band and their progressive enhancement during delithiation 

reflect the reconstruction of oxygen electronic states from a sin

gle hybridized configuration to competitive multi-state coupling. 

This oxygen-involved redox mechanism offers a novel pathway 

to transcend the capacity limits of conventional electrode mate

rials and establishes critical theoretical connections between 

battery reaction kinetics and capacity degradation mechanisms.

However, oxygen evolution pathways may exhibit significant 

material dependence. For instance, Hu et al.84 demonstrated 

that while LiCoO2 undergoes oxygen charge compensation 

and O-O bond shortening during delithiation, it does not form 

(O2)n− dimers or release gas—a stark contrast to the pronounced 

O-O bond formation in Li-rich Li2RuO3. This divergence high

lights the regulatory role of local coordination environments 

on oxygen reaction pathways. Recently, Hirsbrunner et al.86

identified a novel vibrational RIXS feature in the O K pre-edge re

gion (>533 eV) for two cathode materials, LixNi0.90Co0.05 

Al0.05O2 (NCA) and Li1.2Ni0.13Co0.13Mn0.54O2 (LRNMC), attrib

uted to hydroxyl (OH− ) group formation. Nevertheless, the pre

cise bonding sites and accumulation pathways require further 

investigation.

Similarly, recent studies have expanded the application of 

RIXS to probe chemical reaction dynamics, despite the stringent 

resolution requirements imposed on spectrometers.87,106–108

Reuss and colleagues106 have constructed a coupled system 

integrating a liquid jet with an X-ray spectrometer (Figure 9B) 

to monitor the changes in the oxidation state of Mn at the surface 

of La0.6Sr0.4MnO3 (LSMO) in both aqueous (LSMO*H2O) and 

alkaline (LSMO*H2O/KOH) environments during reactions. 

Leveraging the megahertz sample exchange frequency enabled 

by the liquid jet technique, high-resolution monitoring was 

achieved. For LSMO*H2O, as the voltage increased from 0 to 

3.9 V, the intensity of the first transition band (639–643 eV) in 

the iPFY spectrum decreased, while the intensity of the second 

transition band (peaking at 652.5 eV) increased (Figure 9C). 

This variation indicates a change in the Mn oxidation state at 

the LSMO surface with increasing voltage, potentially transition

ing from a higher Mn3+/4+ mixed-valent state to a lower Mn3+ or 

Mn2+/3+ mixed-valent state. In contrast, for LSMO*H2O/KOH, the 

iPFY spectrum at 0 V resembled that of LSMO*H2O. However, as 

Figure 9. X-ray spectroscopy analysis of O and Mn redox behavior of electrode materials and design of liquid jet coupling system 

(A) O K edge RIXS and XAS spectra (TFY mode) of Lix[Ni0.65Co0.25Mn0.1]O2 excited at the peak of the absorption resonance (indicated by the arrow). 

(B) Schematic diagram of the coupling system between liquid jet and X-ray spectrometer. 

(C) In-situ Mn L edge iPFY of LSMO*H2O for varying voltages. 

(D) In-situ Mn L edge iPFY of LSMO*H2O/KOH for varying voltages. 

(A) Reproduced form ref. 61 Copyright 2017, Elsevier. 

(B–D) Reproduced form ref. 106 Open Access article.
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the voltage increased, an enhancement in the low-energy transi

tion shoulder of the in situ iPFY spectrum was observed, exhib

iting similar spectral evolution to LSMO*H2O during voltage 

scanning (Figure 9D). This suggests that, in the presence of alka

line solution, the application of voltage also induces changes in 

the Mn oxidation state at the LSMO surface, resulting in the for

mation of a lower Mn2+/3+ mixed-valent state. Notably, the Mn 

variations in the two systems differ, potentially due to alterations 

in the chemical environment and electronic structure at the 

LSMO surface induced by the alkaline solution. These findings 

support the notion that, under more realistic oxidation condi

tions, the LSMO-catalyzed OER involves dynamic Mn redox 

cycling between multiple oxidation states. Consequently, there 

remains a pressing need for further development of in situ 

characterization devices or methodologies to capture the evolu

tion of catalyst electronic structures with greater precision and 

under conditions that more closely mirror actual reaction 

environments.

RIXS IN QUANTITATIVE ANALYSIS

Quantification is another unique application of RIXS.57,62,109–112

Quantification is important in understanding energy conversion 

and storage applications. For example, in addition to the stability 

effects as discussed in Figure 10, it has been proposed that the 

oxygen redox reaction in LiNixCoyMnzO2 oxide (can be regarded 

as a derivative from LiCoO2) cathodes significantly contributed 

to the enhanced capacity during lithium-ion battery charging 

and discharging.110 In this regard, the redox reaction of lattice 

oxygen is of significance in improving the capacity, working 

voltage, and cycling lifetime.

Dai et al.110 quantified the redox reactions of both Mn and lat

tice oxygen in Na2/3Mg1/3Mn2/3O2 for Na-ion battery. The elec

trochemical charging and discharging curves for Na2/3Mg1/3 

Mn2/3O2 at 0.1 C are shown in Figure 10A, where the indicated 

points at different stages are tested by RIXS. Figure 10B pre

sents the O K edge mRIXS for the electrodes at different states 

of charge during the initial charge and discharge. The features 

at an emission energy of ∼525 eV are attributed to the O2− states 

in typical TM oxides while that at 523.7 eV is associated with the 

oxygen redox reaction, which appears only if the potential rea

ches 4.2 V and becomes stronger if further charging. Inversely, 

this feature gradually weakens and disappears when the poten

tial is below 2.5 V. Figure 10C demonstrates the super-partial 

fluorescence yield analysis (sPFY) of the emission energy feature 

at 523.7 eV, which is extracted from mRIXS. The main changes 

are at the excitation energy of 531 eV, which emerges after the 

charge plateau, reaches the top at the fully charged state, and 

then decreases. By combining the RIXS information of O K 

edge and Mn L edge, the quantification of Mn redox and O redox 

can be conducted as shown in Figure 10D, where the reversibility 

of lattice O redox in the initial cycle is calculated as 79%.

Similarly, such a RIXS-based strategy is applicable to investi

gate the contribution and reversibility of lattice oxygen redox to 

the battery cycling performance after different cycles. The re

sults support that the O redox activities are stable after 50 cycles 

and are maintained at 87% after 100 cycles. The above results 

and discussion are based on the Na2/3Mg1/3Mn2/3O2 electrode 

for the Na-ion battery. Similar RIXS-based approaches have 

been extended to Li-ion battery materials, such as Li1.17Ni0.21 

Co0.08Mn0.54O2.110

RIXS is also applicable for studying materials beyond metal 

oxides: it can be used to track and quantify the change of occu

pied 3d states in the metal chalcogenides, e.g., VS4, which has a 

superior theoretical capacity of 1196 mAh g− 1 (assuming com

plete reaction from VS4 to Li2S) and is therefore promising for 

Li-ion battery applications. As shown in Figure 11A, the mRIXS 

of pristine VS4 exhibits a typical parallel line to the elastic line, 

representing the d-d excitations.113 Intensity of the d-d excita

tions is related to the hybridization strength of V 3d-S 3p. 

Remarkably, the d-d excitations feature decreases in intensity 

after discharge to 1.0 V (Figure 11B) compared to that of the pris

tine VS4. Further, it can hardly be observed when discharge to 

0.05 V (Figure 11C); meanwhile, the d-d excitation recovers after 

charging (Figures 11D and 11E). Similar trends are also observed 

in the following cycles (Figures 11F-11I).

Besides, the features at emission energy of 514.5 eV and 517 

eV correspond to V 3d-S 3p hybridization and pure V 3d states, 

respectively. These two properties are dependent on the charge 

and discharge states. As shown in Figures 11B-11E, the V 3d-S 

3p hybridization decreases along with the discharge process 

(Figures 11B and 11C); while the pure V 3d becomes dominant 

along with the discharge process. During the subsequent charge 

cycle, the V 3d-S 3p state reappears, while the intensity of pure V 

3d state diminishes (Figures 11D and 11E). Similar trends are 

observed in the following cycles (Figures 11F-11I). By plotting 

the intensity ratio of V 3d-S 3p to pure V 3d vs. the charge and 

discharge time, the quantification of the hybridization strength 

of V and S can be viewed as shown in Figure 11J. It is quite clear 

that the V-S hybridization decreases during discharge due to the 

conversion of VS4 to Li2S and metallic V, which then increases 

during the subsequent charge process, indicating the partially 

reversible intercalation and VS4 conversion reaction. Similarly, 

the related intensity ratio vs. cycle number can be plotted as 

shown in Figure 11K. For all the charged states, the ratio does 

not change much, in contrast to the significant changes for the 

discharged states for different cycles. These results support 

that the charged products after different cycles are similar while 

those for discharged products are quite different. After 10 cy

cles, the reversibility of the reactions and capacity remarkably 

decreases.

Another interesting application of RIXS in quantification is to 

monitor the concentration change of an electrode. For example, 

in Li-S batteries, the mechanisms of lithium polysulfide formation 

and the related reaction with host and electrolyte during 

discharge are important.114 As shown in Figure 12A, the mRIXS 

of the representative Li2S4 presents two typical excitation en

ergies: the one at 2470.7 eV represents the pre-edge (S and 

Li2Sx); another one at 2473.0 eV is attributed to the contribution 

of Li2S from S and Li2Sx. These two excitation energies were 

used to quantify the relative amount of Li2Sx and Li2S based on 

the linear combination fit and database of reference samples. 

As shown in Figure 12B, the in situ RIXS curves at lithium polysul

fide pre-edge (i.e., 2470.7 eV) at different discharge states are 

conducted. The curves can be deconvoluted into S (blue) and 

Li2Sx (red). Meanwhile, another set of RIXS at 2473 eV in 
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excitation energy is conducted and shown in Figure 12C, which 

consists of the S + Li2Sx (blue) and Li2S (red). Based on the fitting 

results, the relative amounts of S, Li2Sx, and Li2S can be plotted 

against the discharging process (Figure 12D).

SUMMARY AND PERSPECTIVE

The electronic structures of TMs and light elements have at

tracted wide attention for the research and development of 

renewable energy conversion and storage applications. This is 

because these elements play key roles in determining the ki

netics of chemical reactions involved in batteries, fuel cells, 

and electrolyzers. Traditional experimental techniques, such as 

XPS and XAS, have been well accepted as powerful tools to 

study their electronic structures, but these still suffer from 

some limitations. As such, the emerging RIXS technique, itself 

a combination of X-ray absorption and emission spectroscopies, 

can provide comprehensive information for both occupied and 

unoccupied orbitals, shedding light into the electronic structures 

of TM and light elements. In this review, we briefly introduce the 

applications of RIXS in understanding the electronic structure, 

monitoring the changes of the electronic structure during the en

ergy conversion and storage process, as well as the quantitative 

analysis of different features. The purpose of this paper is to 

trigger the interest of using RIXS in material study for renewable 

energy conversion and storage applications. However, the ap

peal of RIXS is not limited to electronic structure alone, as it 

can be also used for solid/liquid or solid/gas interface analysis 

of materials and energy storage systems,40,52,62,85,94,115 probing 

bandgap transitions and electronic correlations of the material 

system in semiconductors for photo-involved industries, and 

so on.72,116

Figure 10. Charge-discharge profiles and RIXS analysis of Na2/3Mg1/3Mn2/3O2 electrode redox reactions 

(A) The initial charge and discharge curves of the Na2/3Mg1/3Mn2/3O2 electrode at 0.1 C. The charge and discharge states for the RIXS study are named and 

marked with arrows. 

(B) The mRIXS of Na2/3Mg1/3Mn2/3O2 electrodes at different charge and discharge states as indicated in Figure 10A. The key O redox feature is indicated by the 

red arrows. 

(C) sPFY spectra extracted from mRIXS by integrating the characteristic 523.7 eV emission-energy range, as indicated by the horizontal purple dashed lines in 

Figure 10B. 

(D) Contribution of O redox during charging and discharging, assuming a linear relationship between the amount of O redox and the peak area at 531 eV of sPFY 

curves. 

(A–D) Reproduced with permission.110 Copyright 2018, Elsevier.
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A lot of people have carried out XAS/XES,117–124 X-ray reflec

tivity experiments,125–128 and XPS.129 We should note that RIXS 

is not well known by the community in energy conversion and 

storage as there is not much work yet using RIXS in studying en

ergy conversion and storage applications such as batteries, fuel 

cells, and electrolyzers. This is likely because the conducting of 

RIXS experiments highly relies on the limited synchrotron light 

sources (RIXS is essentially a photon-hungry technique),130 as 

well as the increasing demand to comprehensively and deeply 

understand the reaction and degradation mechanisms of key 

materials for energy conversion and storage devices in recent 

years. To extend the application range of RIXS, the develop

ments of high flux density, even next-generation synchrotron 

light sources, and more advanced beamline end stations are 

necessary.

With the construction of more beamlines for RIXS experi

ments and its increasing application in future research, an inte

grated RIXS database encompassing various materials in 

renewable energy conversion and storage will be established. 

This database will serve as a valuable resource for the scientific 

community, facilitating comprehensive analysis and compari

son of RIXS data across different materials and systems. We 

believe scientists will gain a deeper understanding of this tech

nique, driving its widespread adoption in the fields of energy 

conversion and storage. Here, a list of global RIXS facilities is 

provided in Table 1 referring to the publication by Groot 

Figure 11. RIXS analysis of VS4 electrode at various charge-discharge states and cycle numbers 

(A–I) V L edge mRIXS of VS4 electrode at different charge and discharge states. The mRIXS for the pristine electrode was measured using VS4 without any 

electrochemical processes. 

(J and K) Intensity ratio change of the V 3d-S 3p hybridized states to the pure V 3d states as a function of (J) state of charge and (K) cycle number. 

(A–K) Reproduced with permission.111 Copyright 2018, Elsevier.
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et al.,131 and their key parameters are summarized for 

reference.

Beyond the expansion of the RIXS database, future research 

may also explore synergies with advanced analytics (e.g., ma

chine learning). While machine learning is not a necessity, it 

does offer a potentially beneficial tool for analyzing and interpret

ing RIXS data more efficiently and accurately. By leveraging 

advanced algorithms and computational techniques, machine 

Figure 12. RIXS analysis and discharge curve of Li-S battery with evolution of cathode components 

(A) The RIXS map for the typical Li2S4. 

(B and C) The operando sulfur RXES spectra at the excitation energy of (B) 2470.7 eV and (C) 2473 eV using a Li-S battery at the beginning of the discharge 

process. 

(D) The discharge curve of the Li-S cell, together with the evolution of relative intensity ratios of sulfur, Li2Sx and Li2S within the battery cathode during the 

discharge process. 

(A–D) Reproduced with permission.112 Copyright 2016, American Chemical Society.
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Table 1. Continued

Synchrotron Beamline/Station Energy range Resolution/Resolving power (RP)

Diamond Light Source 

(DLS), Harwell, UK

I20 Si (111): 4.5–20 keV; 

Si (311)+: 7–34 keV

ΔE/E, Si (111): 1.3 × 10− 4; 

ΔE/E, Si (311)+: 2.8 × 10− 5

I21 250–3000 eV E/ΔE: 10000–40000@1000 eV; combined 

energy resolution at 930 eV: 100 meV (high 

flux mode), 60 meV (high resolution mode), 

35 meV (ultra-high resolution mode)

ELETTRA, Trieste, Italy BACH 44–1650 eV 0.006 eV@44 eV, 0.35 eV@1650 eV, 0.025 

eV@500 eV; 

E/ΔE: 6.6 × 103@870 eV, 1.5 × 104@530 eV, 

1.2 × 104@400 eV, 1.2 × 104@90 eV, 

1.6 × 104@50 eV, 5.5 × 103@1650 eV

PAL-XFEL, Pohang, Korea XAS/XES endstation135 270–1200 eV 1500@900 eV (RIXS)

Pohang Light Source 

(PLS II), Pohang, Korea

1C 2.1–23 keV (DCM Si (111)), 5–23 keV (Mo/ 

B4C multilayer, ∼1%BW); 

2.3–16.8 keV for RIXS

∼16 meV (dispersion compensation 

module, DCM) (RIXS)

NanoTerasu, Hyogo, Japan BL02U 450–1000 eV high resolution mode: 40000@532.5 eV, 

25000@930 eV; 

ultrahigh resolution mode: 55000@532.5 

eV, 50000@930 eV

Super Photon Ring-8 GeV 

(SPring8), Hyogo, Japan

BL11XU 6–70 keV; 

6–12 keV for RIXS

ΔE/E: ∼1 × 10− 4; 

∼1 eV for RIXS

BL12XU 4.5–30 keV 1.4 × 10− 4 (Si (111) bicrystalline 

spectrometer); 

1 × 10− 5–1 × 10− 7 (high-resolution 

monochromator); 

0.01–1 eV for RIXS

BL07LXU136 250–2000 eV E/ΔE: >10000

Taiwan Photon Source 

(TPS), Hsinchu, Taiwan

41A 400–1200 eV E/ΔE: 40000–60000 (initial target), 100000 

(final goal)

SIRIUS, Ribeirão Preto, Brazil IPÊ 100–2000 eV; 

200–1200 eV for RIXS

60000@930 eV, cff = 5; 

E/ΔE: ∼8000, target RP > 30000 (with full 

length undulator, RIXS)

Shanghai Synchrotron Radiation 

Facility (SSRF), Shanghai, China

BL09U 20–2000 eV (250–1700 eV for RIXS) maximum 35000@867 eV; 

60–90 meV@930 eV for RIXS

Canadian Light Souce (CLS), 

Saskatoon, Canada

10ID-2 REIXS 95–2000 eV ΔE/E: 5 × 10− 5@100 eV, 1.3 × 10− 4@1000 

eV

Advanced Photon Source 

(APS), Argonne, USA

27-ID-B 5–14 keV ΔE/E: 3 × 10− 6; 

10–200 meV for RIXS

30-ID-B,C 23.7–23.9 keV ΔE/E, cryo-cooled Si (111): 1 × 10− 4; 

ΔE/E, six-bounce Si HRM (high-resolution 

monochromator): 4 × 10− 8; 

∼1.5 meV for HERIXS

(Continued on next page)
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learning could potentially aid in the discovery of new materials 

with optimal properties for energy conversion and storage ap

plications, as well as the optimization of existing materials and 

systems. However, the decision to incorporate machine 

learning will depend on the maturity of RIXS technique and 

the expertise of the research team.

Furthermore, the broader impact of RIXS on material charac

terization and in situ/operando studies cannot be overlooked. 

RIXS provides unique insights into the electronic structures 

and chemical environments of materials, enabling researchers 

to monitor and understand the dynamic changes that occur 

during energy conversion and storage processes. This capa

bility is crucial for the development of more efficient and sus

tainable energy technologies.

In conclusion, the future of RIXS in the fields of energy con

version and storage is promising. By establishing an integrated 

RIXS database, exploring synergies with other technologies 

(including potential applications of machine learning), and 

deepening our understanding of material characterization and 

in situ/operando studies, RIXS will play an increasingly impor

tant role in advancing our understanding and development of 

renewable energy technologies.
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125. Zabolotnyy, V.B., Fürsich, K., Green, R.J., Lutz, P., Treiber, K., Min, C.-H., 

Dukhnenko, A.V., Shitsevalova, N.Y., Filipov, V.B., Kang, B.Y., et al. 

(2018). Chemical and valence reconstruction at the surface of SmB6 re

vealed by means of resonant soft x-ray reflectometry. Phys. Rev. B 97, 

205416. https://doi.org/10.1103/PhysRevB.97.205416.

126. Chen, Y.Z., Trier, F., Wijnands, T., Green, R.J., Gauquelin, N., Egoavil, R., 

Christensen, D.V., Koster, G., Huijben, M., Bovet, N., et al. (2015). 

Extreme mobility enhancement of two-dimensional electron gases at ox

ide interfaces by charge-transfer-induced modulation doping. Nat. 

Mater. 14, 801–806. https://doi.org/10.1038/nmat4303.

127. Chen, Y., Green, R.J., Sutarto, R., He, F., Linderoth, S., Sawatzky, G.A., 

and Pryds, N. (2017). Tuning the two-dimensional electron liquid at oxide 

interfaces by buffer-layer-engineered redox reactions. Nano Lett. 17, 

7062–7066. https://doi.org/10.1021/acs.nanolett.7b03744.

128. Liao, Z., Gauquelin, N., Green, R.J., Macke, S., Gonnissen, J., Thomas, 

S., Zhong, Z., Li, L., Si, L., Van Aert, S., et al. (2017). Thickness dependent 

properties in oxide heterostructures driven by structurally induced metal- 

oxygen hybridization vriations. Adv. Funct. Mater. 27, 1606717. https:// 

doi.org/10.1002/adfm.201606717.

129. Aghbolaghy, M., Soltan, J., and Sutarto, R. (2017). The role of surface 

carboxylates in catalytic ozonation of acetone on alumina-supported 

manganese oxide. Chem. Eng. Res. Des. 128, 73–84. https://doi.org/ 

10.1016/j.cherd.2017.10.002.

130. Zimmermann, P., Peredkov, S., Abdala, P.M., DeBeer, S., Tromp, M., 

Müller, C., and van Bokhoven, J.A. (2020). Modern X-ray spectroscopy: 

XAS and XES in the laboratory. Coord. Chem. Rev. 423, 213466. 

https://doi.org/10.1016/j.ccr.2020.213466.

131. de Groot, F.M.F., Haverkort, M.W., Elnaggar, H., Juhin, A., Zhou, K.-J., 

and Glatzel, P. (2024). Resonant inelastic X-ray scattering. Nat. Rev. 

Methods Primers 4, 45. https://doi.org/10.1038/s43586-024-00322-6.

132. Proux, O., Nassif, V., Prat, A., Ulrich, O., Lahera, E., Biquard, X., Men

thonnex, J.-J., and Hazemann, J.-L. (2005). Feedback system of a 

liquid-nitrogen-cooled double-crystal monochromator: design and per

formances. J. Synchrotron Radiat. 13, 59–68. https://doi.org/10.1107/ 

s0909049505037441.

133. Weinhardt, L., Steininger, R., Kreikemeyer-Lorenzo, D., Mangold, S., 

Hauschild, D., Batchelor, D., Spangenberg, T., and Heske, C. (2021). 

X-SPEC: a 70 eV to 15 keV undulator beamline for X-ray and electron 

spectroscopies. J. Synchrotron Radiat. 28, 609–617. https://doi.org/10. 

1107/s1600577520016318.
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