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Many energy-storage and energy-conversion systems are based on the complexity of material 

architecture, chemistry and interfacial interactions. To understand and thus ultimately control the

energy applications calls for in situ/operando characterization tools. Over the years, in 

situ/operando soft x-ray spectroscopy has been developed for the studies of gas molecules, 

molecular liquids, catalytic, and electrochemical reactions. Soft x-ray spectroscopy offers 

electronic structure characterization of materials in energy conversion, energy storage, and 

catalysis regarding functionality, complexity of material architecture, and chemical interactions. 

It has been shown how to use the powerful in situ/operando soft x-ray spectroscopy 

characterization techniques of interfacial phenomena and how to reveal the mechanism of charge

transfer and chemical transformation of solid/gas and solid/liquid interfaces of energy storage 

and catalytic materials in a realistic environment. It has been demonstrated how to overcome the 

challenge that soft x-rays cannot easily peek into the high-pressure catalytic or liquid 
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electrochemical reactions. The unique design of in situ/operando soft x-ray spectroscopy 

instrumentation and fabrication principle and examples of experiments are presented.

Keywords: electronic structure, energy storage, interface, operando, spectroscopy, x-ray 
fluorescence
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Introduction

Interfacial phenomena are crucial in a verity of energy devices and chemical reactions. For 

example, Li ion batteries, catalysis, and photoelectrochemical cells. The functionalities of such 

energy devices under operational conditions are determined by the chemical reactions and charge

transfer process happened at the solid/liquid or solid/gas interfaces.

In general, electronic structure ultimately determines the properties of matter, and it is 

therefore natural to anticipate that a description of the electronic structure of functionalized 

systems will lead to a progress in energy science and technology, not inferior to the one we have 

seen in recent years. Soft x-ray spectroscopy has some basic features that are important to 

consider. Soft x-ray originates from an electronic transition between a localized core state and a 

valence state. As a core state is involved, elemental selectivity is obtained because the core levels

of different elements are well separated in energy, meaning that the involvement of the inner 

level makes this probe localized to one specific atomic site around which the electronic structure 

is reflected as a partial density-of-states contribution. The participation of valence electrons gives

the method chemical state sensitivity and further, the dipole nature of the transitions gives 

particular symmetry information. Additionally, the substantial penetration of soft x-rays offers 

bulk-sensitivity probing.

Synchrotron based x-ray absorption spectroscopy (XAS) became an important tool as 

early as the 1990s for the characterization of materials as well as for fundamental studies of 

atoms, molecules, adsorbates, surfaces, liquids, and solids. The particular assets of XAS 

spectroscopy are its element specificity and chemical sensitivity. O K-edge and 3d-transition-

metal L-edge XAS was first utilized for measuring the covalent mixing of the metal 3d and 

oxygen 2p states in a series of 3d-transition-metal oxides1–3 and high-Tc superconducting 

properties exhibited cuprates.4 XAS was also a most fundamental probe of the electronic and 

geometric structure of molecules. In addition, high-resolution XAS can detail the chemical 

bonding and vibrational structures of molecules.5, 6

Synchrotron radiation sources producing intensive tunable monochromatized x-ray beams

have opened up new possibilities for soft x-ray emission spectroscopy (XES). The possibility to 

select the energy of the excitation has created an extra degree of freedom compared to the 

traditional spectroscopy pursued with high-energy electron or characteristic x-ray excitation. The

energy selectivity makes it possible to perform resonant excitation (i.e., exciting to particular 
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empty states).7–9 The introduction of selectively excited soft x-ray emission has opened a new 

field of study by disclosing many new possibilities of resonant inelastic soft x-ray scattering 

(RIXS). With this technique one can measure resonantly excited Ti L-edge and N K-edge signals

in TiN10 and site selectivity in high-Tc superconducting materials,10–12 low-energy excitations in 

correlated materials,13 femtosecond dynamics14 and chemical bonding mechanism15–17 by 

detuning from, for example, resonance.

Soft x-ray absorption and consequent decay through x-ray emission at the C K-edge was 

assumed to be two independent one-photon processes. However, resonant inelastic scattering 

from diamond suggested the presence of a correlation between the absorption and emission 

processes.11 Such energy dependence at the C K-edge was also observed from the x-ray 

fluorescence of condensed C60, and the strong intensity modulation of constituent spectra is 

detected with varying excitation energy up to 10 eV above threshold.18 A recent work from Feng 

et al. observed the exciton–photon coupling (EPC) with two different phonons in graphite and a 

significantly different coupling strength was reported for the first time.19 The C K-edge at 

different detection geometry has also been investigated using the high-resolution spectrometer 

(hrRIXS) and high-throughput spectrometer (htRIXS) with the emitted x-ray photons detected at 

90 and 160 relative to the incident photon beam, respectively. The difference in the RIXS 

features is attributed to the different momentum transfer between the spectrograph geometries.20

Characterization of soft x-ray spectroscopy

Soft x-ray absorption spectroscopy provides information about the unoccupied states. The atomic

nature of the core hole implies elemental and chemical selectivity. The probability of such a 

transition is related to the x-ray absorption cross section. The core vacancy left by the excited 

core-level electron is filled by an electron from the valence orbital, thereby soft x-ray emission 

also gives direct information about the chemical bonding. An interest in the technique is 

presently booming due to the advent of third generation synchrotron radiation sources started in 

the middle of 1990s.
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Figure 1. The energy diagram of x-ray absorption and emission excitation processes (a); the C 

K-edge x-ray absorption and emission spectra of graphite and diamond (b); the Mn L-edge x-ray 

absorption spectra of Mn at the different oxidation states (c). 

For example, in carbon K-edge absorption, the carbon 1s electron is excited to empty 

electronic states in the carbon conduction band (shown in Figure 1a), and the dipole selection 

rule provides a tool to study locally the C 2p character of the unoccupied valence band. Figure 1b

displays the XAS of graphite and diamond, both are made of pure carbon atoms. Carbon has an 

atomic number of 6 and has a 1s22s22p2 configuration in the electronic ground state. The atoms in

the diamond structure are tetrahedrally bonded to their four nearest-neighbors using linear 

combinations of 2s, 2px, 2py, and 2pz orbitals in a sp3 configuration. So, the XAS spectrum of 

diamond presents a spectral of * character rising from 289 eV. In contrast, in the graphite 

structure, strong in-plane bonds are formed between a carbon atom and its three nearest-

neighbors from 2s, 2px, and 2py orbitals; this bonding arrangement is denoted by sp2. The 

remaining electron with a pz orbital provides only weak interplanar bonding, but it is responsible 

for the semimetallic electronic behavior in graphite. Thus, the XAS spectrum of graphite 

presents a spectral of π* at 285 eV and * character rising from 291.5 eV. Figure 1c shows an 

example for the XAS study of 3d transition-metal compounds. The Mn L-edge XAS spectra of 

different Mn compounds show different spectral profiles in corresponding to the different 

oxidation states. The main L3 peak positions (and centroids) for these Mn oxides are 638.5 eV 
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(Mn2+), 640.2 eV (Mn3+), and 642.0 eV (Mn4+) suggesting a higher energy shift for higher 

oxidation states, respectively, which provides additional spectral information beyond the 

chemical shifts. In addition to the inherent elemental selectivity of x-ray spectra, energy selective

excitation allows separation of features that pertain to different atoms of a sample. Emission 

from chemically nonequivalent sites of the same atomic species can be separated as shown in the

Figure 1b.

The intensity of these secondary electrons or the photons can be measured as a function 

of incoming photon energy. This will reflect the absorption cross section as the intensity of the 

secondary electrons/emitted photons are proportional to the absorbed intensity. Because of the 

short mean free path of electrons, the total-electron-yield (TEY) detection method is very surface

sensitive (typically under 5 nm). If the out coming photons are detected, the x-ray absorption 

under total-fluorescence-yield (TFY) detection becomes bulk probing (about 100–200 nm) due 

to the comparatively larger attenuation lengths.

The emission is originating from an electronic transition between a valence state and a 

localized core state. The energy of the emitted x-ray is equal to the difference in energy of the 

two states. The involvement of the inner level makes this probe localized to one specific atomic 

site around which the electronic structure is reflected as a partial density of states (DOS) 

contribution. Chemical sensitivity is obtained when the resolution of the detected emission lines 

is high enough to resolve fine structure. The line shapes are determined by the valence electron 

distribution and the transitions are governed by dipole selection rules. For solids essentially a 

partial DOS mapping is obtained.
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Figure 2. (a) The experimental sample schemes and electron/fluorescence yields being detected 

for XAS and XES measurements. Schematics of the experimental setup for (b) gas/solid 

interface catalysis studies and (c) solvation and desolvation studies at the liquid/solid interface.

Soft x-ray spectroscopy characterization can also be surface or bulk sensitive depending 

on the selected experimental geometries. When the incident angle of the excitation x-ray is set to 

be <5 degrees to the surface, the XAS and XES signals from the surface (as the layer-1 in Figure

2a) are enhanced. For an example, in such an experimental scheme, the monolayer of O2 and CO 

molecules on the top of Ni(100) surface or Cu(100) surface were studied by XES.21 In the XES 

study, the intensity ranging from the main feature to the sharp edge at the Fermi level reveals that

there is strong hybridization of the O 2p states with the Ni 3d band, while the Cu 3d band is 

found deeper below the Fermi level (≈2 eV) than the Ni 3d band. With selective resonant 

excitations, XES reveals the details of the surface chemical bond and provides direct evidence 

for interaction effects: N2 and C6H6 molecules adsorbed on Ni (100), and it was found that that 

all outer and inner valence orbitals of the molecule change due to the surface interaction.22 The 

use of x-ray transmission windows such as SiN allows the probing of gas/solid interface (Figure 
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2b) and liquid/solid interface (Figure 2c) under operando conditions, which will be introduced in 

later sections.

Resonant x-ray emission is a good candidate for investigating the symmetry problem. 

This is because the discrete nature of core-excited states prepares the symmetry for the emission 

step, and the dipole character of the absorption or emission then leads to simple selection. First-

row molecules, such as N2 and O2, are ideal candidates, because the possible symmetry breaking 

depends only on electronic structure and electronic motion. The results provide direct evidence 

that the inversion symmetry is not broken in the core-excited states. Furthermore, the 

experiments themselves demonstrate a new experimental technique of broad applicability for 

studies of electronic structure and excitation dynamics in free atoms and molecules. As shown in 

Figure 3, high resolution RIXS spectra excited as indicated in the inset at the 1s–11π* resonance 

in gas phase O2 are dominated by a vibrational progression in the 0–2 eV and a structure in the 

6.5–8 eV energy-loss range, corresponding to transitions to the electronic ground state. The 

vibrational intensities associated with the electronic ground state allow for an accurate 

determination of the development of the vibrational wave packet in the intermediate state and its 

crucial parameters. 23, 24

Figure 3. Soft x-ray spectroscopy experimental study of monolayer of O2 adsorbed on Ni(100) 

and Cu(100) (a); N2 and C6H6 molecules adsorbed on Ni (100) (b); resonant XES of O2 

molecules (c); and high resolution RIXS of O2 (d). 23, 24
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The basic bulk probing of soft x-ray spectroscopy is a very useful asset in materials 

research, as very often the decisive structure for a certain property lies buried in an interface or 

below a capping layer. For example, in a study of Si(100) buried in GaAs (similar scheme to the 

layer-3 in Figure 2a), it has been demonstrated that it is in fact possible to extract detailed 

information about DOS.25 By irradiating the sample with a bright source, it is possible to detect 

characteristic fluorescence from buried layers. The ability to probe a buried structure with 

respect to the chemical bonding to the surrounding matrix is applied to one monolayer (ML) of 

Si buried at 100 Å depth in a GaAs matrix. In the Si L-emission spectra from three different 

samples, 1 ML, 3 ML and bulk Si, Si local, s and d partial DOS are extracted. Clearly detectable 

differences as compared to the bulk Si DOS are observed. And the theoretical calculations 

showed good agreement with the experimental spectra and allowed for a quantitative analysis.26 

The layer thickness and the distribution over atomic sites were concluded to be very important 

for the total spectra. With proper experimental setup, XAS and XES from solid/gas and 

solid/liquid interfaces can be probed under operando conditions.

In situ/operando study of samples under gas and liquid environment

In contrast to hard x-ray absorption measurements, soft x-ray requires ultra-high vacuum (UHV) 

conditions which are required in this photon energy range. Additionally, many soft x-ray and 

electron detectors are operated under UHV conditions. Thus, soft x-ray absorption and emission 

spectroscopy in materials research has been commonly performed on solid-state samples in UHV

conditions since 1980s.1–4
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Figure 4. (a) Instrument development to handle the gas and liquid samples under UHV 

conditions including differential pumping to provide a pressure change as a continuous function 

or using an x-ray transmission membrane window to provide a pressure change as a step 

function. (b) The transmission (%) of membrane windows made from C, SiN, or Al as a function

of energy (eV).

As demonstrated in Figure 4, there has been extensive instrumentation development to 

handle the gas and liquid samples under vacuum conditions for soft x-ray experimental studies. 

In general, it has been two main schemes: (1) using differential pumping capability to provide a 

continuous pressure change in a monotonic function with two or more stages.27–29 (2) using an x-

ray transmission membrane window to provide a pressure change in a step function with a 

commonly used silicon nitride window.24

The soft x-ray spectroscopic view of local hydrogen-bonding structures in liquid water 

has been a hot scientific topic over the years. Various experimental methods to handle the liquid 

water samples were developed: (1) sample is kept in Helium atmosphere at a pressure of 760 

Torr, and is separated from the high vacuum of the beamline by a Si3N4 window, for which liquid

water was obtained by water flowing over a metal plate with the surface of the water film;30 (2) 

liquid water is realized in a liquid jet produced using fused silica nozzles;31 (3) ice and water 

samples were condensed from vapor onto a cooled copper substrate. The samples were 
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investigated in the temperature range of −40 to 0°C;32 (4) liquid water was contained in a silicon 

nitride membrane window sealed cell.33–37

The soft x-ray-transmission-window based gas cell design enabled the potential of gas-

phase RIXS that has long been recognized by the early studies: O2-gas molecule,24 CO2-gas 

molecule,14 and C2H2, C2H4, and C2H6–gas molecules.38 The high-resolution RIXS allows for 

well-resolved vibrational progressions and then observation of the spatial quantum beat effect in 

vibrational RIXS of molecular oxygen.23, 39

Cell schemes for the characterization of surfaces and interfaces

The large attenuation length makes soft x-ray spectroscopy a tempting choice for studying buried

interfaces and modifications of solid surfaces and thin films in gas atmosphere and liquid 

environment. As the schematic shown in Figure 5, different geometries were used to probe the 

gas/solid and liquid/solid interface due to the different mean free path of soft x-rays in gas and 

liquid phase. For gas/solid interfaces, a thin solid sample is deposited on the substrate while for 

the probing of liquid/solid interfaces, a thin solid sample is fabricated on the x-ray transmission 

membrane window.

The concept has been used in various experimental systems, including electrochemical 

corrosion, Mg battery, photoelectrochemical devices, and nanoparticle oxidation. In the study of 

electrochemical corrosion of copper in aqueous NaHCO3 solution, an in situ/operando flow 

liquid cell was used.40 The body of the cell made from a UHV compatible polymer, polyether 

ether ketone (PEEK), a Si3N4 membrane held by a silicon frame separated the electrolytes in the 

flow liquid cell from the UHV (10–9 Torr) in the endstation. A thin copper film with a Cr 

adhesive layer was deposited on the Si3N4 membrane and Pt and Ag wires are used as the counter

and pseudo-reference electrode. Such a setup enables the probing of Cu L-edge XAS during the 

cyclic voltammetry (CV) and opens the way for in situ investigations in batteries and catalysis. 

In a separate work, a static liquid cell was used to observe the electrochemical deposition of 

magnesium form [Mg2(μ-Cl)3∙6(OC4H8)]+ under operando conditions.41 Operando condition 

XANES disclosed the presence of an interfacial Mg intermediate at the electrode/electrolyte 

interface below the equilibrium Mg/Mg2+ potential. Additionally, for the first time, operando 

substrate-film-cell assembly as a photoelectrochemical cell was reported in the oxygen K-edge 

near edge x-ray absorption fine structure (NEXAFS). Two different electron hole transitions in 
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hematite of a PEC photoanode were probed under operando conditions, and the Fe 3d hole is 

proved also to be active for H2O activation, though it is less energetic than the O 2p hole.42 As an

example for the gas/solid interface, the x-ray absorption spectroscopy investigations of Co 

nanoparticle reaction in the presence of gases at atmospheric pressure has been demonstrated 

with examples of Co and H2 Fischer–Tropsch reactions.43

Figure 5. Thin solid film fabricated on the substrate for the probing of gas/solid interface (a, c)

and deposited  on the x-ray transmission membrane window for  the  detection  of  liquid/solid

interface (b, d).
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Figure 6. Schematic diagram of the scientific issues and the required environments for pressure

dependent studies. 40, 44

As previously discussed, in the past decades, different techniques such as flow cell and 

liquid jet, have been developed to overcome the incompatibility between the vacuum 

requirement for soft x-ray studies and the (near-)ambient pressure reaction environments. These 

approaches enable the scientists to understand more about the relations between the electronic 

structure and the performance of materials. As shown in Figure 6, a pressure of ~1 bar can be 

reached with the SiN-membrane-window-based flow cells. However, since plenty of important 

chemical and physical processes such as many catalytic reactions occur at higher pressure, 

extending the capabilities of current instruments especially in the pressure range of operation is 

becoming more urgent.

Novel liquid flow systems have been developed and a pressure of ~100 bars have been 

reached. Ca L-edge soft x-ray absorption spectra of 5M CaCl2 aqueous solution at 1 to 41 bars 

have been collected.44 The results show that the burst pressure of the membrane is strongly 

dependent on the size and thickness of the windows. For instance, as shown in the lower right of 

Figure 6, the pressure of ~45 bars can be reached with a 100-nm-thick, 75 μm × 75 μm Si3N4 
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membrane window. Additionally, a thicker silicon wafer substrate and the optimized mounting 

of wafer with less deformation can also help to reach a higher pressure.

Summary

In summary, in situ/operando soft x-ray spectroscopy is an irreplaceable technique to understand

and ultimately control the energy storage or conversion, catalysis and electrochemical reactions.

The elemental sensitivity nature and the large attenuation length makes soft x-rays suitable for

the probing of buried interfaces,  at both gas/solid and liquid/solid interfaces. Such interfacial

phenomena are of critical significance in the understanding of the mechanism of charge transfer

in energy-storage and catalytic reactions, and the probing of the species is only possible under

operando conditions. Through the design of  in situ/operando instruments with capabilities to

probe such interfaces at (near-)ambient pressure and at higher pressures, the intermediate species

can  be  resolved  at  their  realistic  working  condition,  benefiting  the  future  design  of  novel

catalysts and energy-storage devices.
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Figure captions

Figure 1. The energy diagram of x-ray absorption and emission excitation processes (a); the C 

K-edge x-ray absorption and emission spectra of graphite and diamond (b); the Mn L-edge x-ray 

absorption spectra of Mn at the different oxidation states (c).

Figure 2. (a) The experimental sample schemes and electron/fluorescence yields being detected 

for XAS and XES measurements. Schematics of the experimental setup for (b) gas/solid 

interface catalysis studies and (c) solvation and desolvation studies at liquid/solid interface.

Figure 3. Soft x-ray spectroscopy experimental study of monolayer of O2 adsorbed on Ni(100) 

and Cu(100) (a); N2 and C6H6 molecules adsorbed on Ni (100) (b); resonant XES of O2 

molecules (c); and high resolution RIXS of O2 (d).

Figure 4. (a) Instrument development to handle the gas and liquid samples under UHV 

conditions, including differential pumping to provide a pressure change as a continuous function 

or using an x-ray transmission membrane window to provide a pressure change as a step 

function. (b) The transmission (%) of membrane windows made from C, SiN, or Al as a function

of energy (eV).

Figure 5. Thin solid film fabricated on the substrate for the probing of gas/solid interface (a, c) 

and deposited on the x-ray transmission membrane window for the detection of liquid/solid 

interface (b, d).

Figure 6. Schematic diagram of the scientific issues and the required environments for pressure

dependent studies.
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