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Abstract: X-ray photoelectron spectroscopy (XPS) technology is extensively applied in the field
of catalysts, offering deep insights into their electronic structures and chemical composition. The
development of advanced techniques based on XPS instrumentation allows for a deeper and more
holistic exploration of the characteristics of catalytic materials. This mini-review introduces and
summarizes the primary applications of XPS-based analysis methods, including ion scattering
spectroscopy (ISS) for analyzing single atomic layers, angle-resolved XPS, high energy X-ray sources
and argon ion sputtering, each providing different depths of information about a sample. It also
summarizes the use of inert atmosphere transfer devices and high-temperature reactors for quasi in
situ monitoring as well as the integration of in situ techniques, including light irradiation XPS, to
study catalysts’ behavior under realistic conditions.
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1. Introduction

Surface characterization techniques are vital for the study of catalytic materials because
catalytic reactions typically take place on the surface. Electron spectroscopy for chemical
analysis (ESCA), well-known by the name of XPS [1,2], measures core-level binding energies
(BEs) of ejected photoelectrons from atoms at or near a material’s surface. The detection
limit of the relative atomic proportion of surface elements (except H and He) is generally
considered to be 0.1–1% [3–6]. The analysis depth of XPS is typically around 10 nm, which
is not due to the limited penetration ability of X-rays, but rather due to the inelastic mean
free path of emitted photoelectrons from the material’s surface. Hence, XPS is widely
employed in studying the electron transfer mechanism of heterogeneous catalysts. It can
provide detailed insight into the elemental composition and chemical states of a surface,
which are critical for understanding catalytic activity. XPS can also assess the stability and
deactivation mechanisms of catalysts as well as study the interfaces and interactions of
composite systems.

In recent years, the capabilities of XPS have been significantly enhanced by using various
functional attachments that open up new avenues for research in the field of catalytic materials.
For instance, the elemental distribution across the depth of a thin film (<10 nm) can be investi-
gated through angle-dependent or angle-resolved XPS (ARXPS) by varying the take-off angle
of the ejected electrons from the film surface. Utilizing a high-energy X-ray source (Ag Lα or
Cr Kα) facilitates non-destructive depth profiling (<50 nm) [7,8]. Synchrotron radiation X-ray
photoelectron spectroscopy allows for a broader range of non-destructive depth analysis by
varying the energy of incident X-rays [9–12]. Coupled with argon ion etching techniques, this
enables XPS analysis to penetrate to significantly deeper levels, even extending into the scale of
micrometers [13,14]. Catalysts that react after high temperature pre-reduction or in a reducing
atmosphere are very sensitive to air; therefore, special handling is required when they are
transferred for XPS testing. Inert atmosphere transfer devices ensure that catalytic materials to
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be tested do not make contact with air during the transfer process. A high-temperature catalytic
reactor enables quasi in situ monitoring, which is crucial for understanding the mechanisms
of catalytic reactions and the deactivation mechanisms of catalysts. In situ characterization
methods could provide the actual reaction conditions by introducing a range of environmental
variables, including elevated temperatures, exposure to light, and specific atmospheric condi-
tions (near-ambient pressure XPS, NAPXPS), which allows real-time observation of the structure
of catalysts and reaction products during the reaction process.

This mini-review focused on the applications of XPS functional accessories and in situ
techniques in the characterization of catalytic materials. The applications of XPS functional
accessories included ISS, high energy X-ray sources, and argon ion etching. Quasi in situ
testing included the applications of inert atmosphere transfer devices and high-temperature
catalytic reactors. We also reviewed the progress of in situ light irradiation XPS. The
advantages, limitations and outlooks of these techniques were also discussed.

2. Conventional XPS Technology and Functional Accessories (Analysis at
Different Depths)

The distinctive technical attributes of XPS render it a vital instrument for surface analy-
sis, particularly within the realm of catalysis studies [15–18]. J. Y. Zhang et al. [19] used XPS
to analyze the valence state of elements on the surface of prepared Ni-based electrocatalysts.
By measuring the Ni 2p3/2 and Ni 2p1/2 peaks, it was determined that Ni on the sample
surface exists in the form of Ni2+, potentially forming a NiO surface layer. When combining
XPS results with electrochemical tests and X-ray Absorption Spectroscopy (XAS) results,
new insights into the structure of the active sites of the electrocatalysts were provided, es-
pecially the identification of low-coordinated Ni2+ centers (with pyramidal symmetry) and
high-valence state Ni (Ni3+) species, which facilitated the electrocatalytic oxygen evolution
reaction. XPS was used by Wang’s group to identify the oxidation states of Pt in the alloyed
Pt single-atom catalysts [20]. The absence of Pt0 peaks in the Pt 4f region confirmed the
absence of Pt nanoparticles in the samples, which was consistent with observations from
a high-resolution transmission electron microscopy (HR-TEM). The presence of both Pt2+

and Pt4+ species in the catalyst indicated an electron transfer interaction between Pt and its
supporting substrate, ruthenium (Ru). The characterization of defect sites is crucial for the
study of catalytic material activity. XPS plays a key role in characterizing defect sites. By
analyzing the binding energy and intensity changes of photoelectron peaks, it can reveal the
chemical status and electronic structure of a material’s surface, plus identify and quantify
surface defects such as oxygen vacancies, thereby gaining an in-depth understanding of
the impact of these defects on the material’s performance. Q. P. Huang et al. [21] used XPS
analysis to demonstrate that the formation of oxygen vacancies can induce charge transfer
from CeO2 to Fe2O3 and redistribute the interfacial electron density, which contributes to
enhancing the material’s high-efficiency electrochemical water oxidation activity. XPS can
also be used to analyze the structure and composition of Pt-Au bimetallic nanoparticles,
as well as changes in the alloying process and the distribution of elements on a surface at
different temperatures. This provides important information for understanding the surface
catalytic activity and stability of bimetallic nanoparticles [22].

Expanding the functionality of an XPS instrument with related accessories enables it
to perform testing and analysis at varied depths using various analysis methods, including
from the monoatomic layer on the material’s surface to depths approaching the scale of
micrometers. These methods are presented in order of increasing depth, allowing them to
probe different regions of a material from its outermost surface to its inner structure.

2.1. ISS (The Analysis Depth Is Less than 0.5 nm)

ISS, also named LEIS (Low-energy ion scattering spectroscopy), is a highly surface-
sensitive technique that can detect the outermost atomic layer of a surface, providing
information on the top monolayer of atoms [23–26]. Common ISS is equipped on an XPS
instrument, with inert gas introduced into the argon ionization chamber for ionization.
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The electron energy analyzer of XPS can measure the kinetic energies of surface-scattered
ions by reversing the analyzer’s polarity. In addition, there are also independent ISS
instruments, such as HS-LEIS (high sensitivity-low energy ion scattering), which can be
used in combination with ion etching to achieve higher-resolution depth profiling [27,28].

In the realm of heterogeneous catalysis, reactions take place at the outermost atomic
layer of solid catalysts. Therefore, ISS is of crucial importance in the fundamental study of
catalysis as well as in the optimization of industrial catalysts. R. Lang et al. [29] used ISS for
studying the Pt migration on the surface of Fe2O3 during the calcination process. The Pt:Fe
atomic ratio within the outermost surface layer decreased from 0.45 to 0.18 as the calcination
temperature was increased from 773 K to1073 K while under flowing air (Figure 1), while the
total Pt content determined by inductively coupled plasma spectrometry-atomic emission
spectrometry (ICP-AES) remained unchanged. This indicated the migration of Pt atoms
into the near sub-surface region of the Fe2O3 support.
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Figure 1. ISS data for 1Pt/Fe2O3-NP before and after calcination [29]. Copyright 2019
Nature Communication.

J. Hu et al. [30] used HS-LEIS for illustrating a more in-depth understanding of the
synergistic effect among CuZnAlOx catalysts (Figure 2). For the Cu/Al2O3 catalysts, after
H2 reduction, the surface copper content showed a decreasing trend with an increase
in reduction temperature. This could be due to the aggregation of copper particles at
high temperatures leading to a reduction in the number of surface copper atoms. After
sputtering (using Ne+ as the ion source for sputtering), the ratio of Cu to Al intensity
decreased, indicating that no additional overlayers were formed and the aggregation of
copper was the main reason for the decrease in surface copper content. For the Cu/ZnO
catalysts, similarly, the surface copper content significantly decreased with an increase
in reduction temperature, suggesting more pronounced aggregation of copper particles
or coverage by other substances. Yet, after sputtering, the ratio of Cu to Zn increased,
indicating that during the sputtering process, the copper signal intensified while the zinc
signal decreased. This phenomenon indicated that a ZnOx overlayer may have formed on
the surface that was gradually removed during sputtering, causing the copper signal to
become more prominent. Combined with other characterizations, it was suggested that
Cu+, Cu0, and the adjacent highly defective ZnOx overlayer could work together to exert
catalytic activity.
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Figure 2. HS-LEIS data of 5 wt.%Cu/Al2O3 (A,B) and 5 wt.%Cu/ZnO (C,D) under different treatment
conditions ([O]: oxidation, [H]: reduction, Sputtering: Ne+ etching) [30]. Copyright 2021 Elsevier.

2.2. Angle-Resolved XPS (The Analysis Depth Is about 1~10 nm)

Angle-dependent XPS is a standard feature on many instruments that enables non-
destructive surface analysis at different depths (at a maximum within 10 nm for Al Kα

X-ray sources) of a sample by tilting the sample holder (Figure 3). Another method, ARXPS,
obtains data at different depths by changing the photoelectron collection angle without
tilting the sample holder (Figure 4). ARXPS is faster than traditional angle-dependent
XPS measurements, and the analysis area remains the same and does not vary with the
angle of electron emission. While ARXPS can provide more precise surface analysis, it
often requires dedicated instrument configurations. ARXPS is highly sensitive to the
chemical compositions, electronic states, and atomic arrangements at various depths,
providing valuable insights into the properties of materials in a non-destructive manner. It
is particularly useful for studying thin films, multilayers, and the effects of environmental
processes on surfaces, making it a powerful tool for investigating enrichment effects and
preferential orientation of molecules at the surface [31–33].
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Figure 3. When the sample undergoes rotation with the X-ray source and detector remaining
stationary, the effective depth decreased by a factor a factor of cos θ. λ represents the electron’s
inelastic mean free paths. d is the analysis depth at take-off angle of 90◦; d* is the analysis depth at
take off angle of (90◦ − θ).
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Figure 4. The X-ray source and sample holder remain stationary while a two-dimensional detector
collects electrons at various angles.

Daniel Hemmeter et al. [34] used ARXPS for investigating the enrichment of platinum
(Pt) complexes at the surface of ionic liquids (ILs) (Figure 5). By measuring the intensity
of photoelectrons emitted at different angles, ARXPS could discern the concentration
differences between the surface and the bulk, revealing the enrichment phenomenon of Pt
complexes at the IL’s surface. ARXPS assisted researchers in understanding how surface-
active ligands influence the distribution of Pt complexes on ILs. Notably, fluorinated
ligands exhibited surface activity that, akin to buoys, pulled the metal complexes toward
the surface. When comparing the signal intensities for 0◦ and 80◦ emission angles, ARXPS
unveiled the orientation of Pt complexes in the surface layer, with fluorinated side chains
pointing towards the vacuum and the metal center positioned below. In summary, ARXPS
was not only employed to analyze the surface enrichment and orientation of Pt complexes
in ionic liquids, but it was also combined with surface tension measurements for providing
in-depth insights into the design of catalyst systems.
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emission (red). All spectra were recorded at room temperature [34]. Copyright 2023 Wiley.
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We collaborated with Ma’s group to use ARXPS technology to characterize a catalyst
structure that was designed for the electrocatalytic reduction of carbon dioxide [35]. A
core-shell structure was created through the self-assembly of cetyltrimethylammonium
bromide (CTAB) bilayers on the surface of gold nanorods (GNR). The CTAB bilayer acts as
an analogue to a chloroplast membrane, facilitating the coordinated transport of carbon
dioxide and protons. ARXPS was employed to confirm the presence of CTAB molecules
on the GNR surface, and depth-resolved analysis was conducted to further investigate the
molecular arrangement of the surface-modified CTAB molecules. The N 1s peak observed
at a shallow analysis depth indicated that the polar headgroups of the CTAB molecules
were oriented towards the exterior of the GNR surface. The emergence of additional
nitrogen species at higher probing depths confirmed the formation of a bilayer structure of
CTAB molecules on the GNR surface.

2.3. High Energy X-ray Source (X-ray Sources Involved in This Article Have an Analysis Depth of
Less than 50 nm)

Currently, common XPS equipment typically uses a fixed-energy X-ray source (Al
Kα, 1486.7 eV). Utilizing synchrotron radiation as the light source for XPS provides a
broader range of X-ray energies, enabling synchrotron radiation XPS (SRXPS), also known
as hard X-ray photoelectron spectroscopy (HAXPES), in order to achieve higher energy
resolution and/or deeper analysis depth. However, synchrotron radiation beam sources are
currently not very abundant. In recent years, the capacity to measure XPS data with both
Al Kα and high-energy X-ray sources on a single device enhances its analytical capabilities.
Conventional dual-anode instruments benefit from the Mg Kα source (1253.6 eV) to mitigate
interference from Auger electrons that occur for Al Kα. However, the modest energy gap of
around 230 eV between the two sources means that some significant elements and alloys can
still exhibit auger electron interferences for both. Besides, non-monochromatic dual anodes
typically offer lower resolution and may necessitate the analysis of X-ray satellites for data
interpretation. In contrast, a high-energy X-ray source like Ag Lα (2984.3 eV) presents a
substantial energy difference of about 1500 eV from the Al Kα and is also monochromatic.
This feature simplifies the differentiation of Auger electron interferences, particularly for
3d transition metals where the LMM Auger peaks overlap critical regions when using
either Al Kα or Mg Kα X-rays. We used monochromatic Al Kα, monochromatic Ag Lα,
and non-monochromatic Mg Kα as X-ray sources for GaN analysis (Figure 6). Different
separations of Ga LMM and N 1s spectra results were obtained with three anode materials.
The Ga LMM was overlapped with N 1s on Mg and Al anodes, while it was completely
separated on Ag anodes, leading to the easy analysis of N 1s [36]. Furthermore, for the
interference between spectral peaks of different elemental orbitals, such as Ni 3p and Al 2p,
the binding energy does not change with the alteration of the X-ray source. Employing a
high-energy X-ray source can yield information from inner orbitals, like Al 1s. This enables
the analysis of aluminum’s chemical state (Figure 7). An additional application lies in
determining the depth profile of elements [7]. The Ag Lα source offers deeper probing
capabilities, but it has an intensity approximately 50 times less than the Al Kα source, which
limits its application to a certain extent. In addition, other commonly used high-energy
X-ray sources such as Cr Kα (5414.7 eV) can further improve the analysis depth of XPS,
which is particularly useful for analyzing multi-layer thin films or samples with complex
structures [37–39].

Mark A. Isaacs et al. [8] acquired the Mg 2p spectrum utilizing monochromated Al
Kα and Ag Lα excitation sources. They employed inelastic mean free paths of 4.6 nm and
8.1 nm, respectively, to evaluate the vertical distribution of magnesium. The Mg to Si atomic
ratio was determined to be 0.05 for the Ag Lα source and 0.008 for the Al Kα source. These
findings confirmed that magnesium was located deep within the SZ/MgO/MM-SBA-15
framework, consistent with the expected mesopore localization.
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2.4. Mono Argon Ion and Argon Cluster Ion Etching (The Analysis Depth Is about 10 nm~2 µm)

Argon ion beam techniques allow researchers to delve into the surface and subsurface
regions of catalytic materials to obtain comprehensive information about their chemical
composition and state [40]. The application of argon etching technology in the charac-
terization of catalytic materials generally involves surface cleaning, to remove surface
organic contaminants, and depth analysis, to characterize the distribution of elements
along depth or the characterization of core-like shell structures composed of different
elements [14]. Recently, sputtering by cluster Ar ions has become of scientific and technical
interest compared with mono Ar ions because of how the former causes less chemical and
electronic damage to a sample’s surface. Various dimensions of Ar clusters can be formed
by the adiabatic expansion of Ar gas in a nozzle as it passes from a high-pressure side to a
vacuum chamber [41–43], where it is then ionized, separated, and accelerated. The energy
per Ar atom would be very low for large number clusters, such as 10 keVAr1000

+ mode,
whose energy per Ar atom is about ~10 eV. The low-energy cluster mode is generally used
for the removal of surface organic contamination or the in-depth analysis of organic films,
while the high-energy cluster mode (20 keVAr500

+) can provide an in-depth analysis of
inorganic materials [44,45].
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We cooperated with Q. Hua et al. [46] to illustrate the valence states and depth
distribution of Sn in C12A7:e− nanoparticles using XPS combined with argon ion etching
technology. It was observed that the Ca/Al ratio remained constant regardless of the
sputtering depth, whereas the ratios of Sn/Al and Sn/Ca exhibited a decline with a higher
surface concentration (Figure 8A,B), which indicated that the distribution of Sn within the
Sn-doped C12A7:e− nanoparticles is not uniform. We also compared the valence states and
depth distribution of Sn in the C12A7:e− nanoparticles during the Ar+ ion (1 keV) and Ar
cluster ion (10 keV Ar1000

+) sputtering process. Figure 8C,D show that both Ar+ ions and
Ar cluster ions result in the reduction of surface Sn4+ (~487.5 eV). However, the binding
energy and the relative proportion of Sn4+ for Ar+ ion etching were lower than those for
Ar cluster ion sputtering, indicating that the reduction of Sn4+ under the Ar+ ion etching
mode was more severe.
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We cooperated with L. Zhang et al. [47] to employ argon cluster sputtering to charac-
terize sub-surface elemental and chemical state information. In the case of the composite
sample 10% NiS/m-CN-160-12, XPS results indicated the surface was covered by amor-
phous Ni(OH)2 layers that obscured the underlying NiS species from the XPS analysis.
After sputtering by a 10 keVAr1000

+ argon cluster, the surface layers were removed, allowing
the detection of NiS species that were not initially accessible.

In order to explore the interfacial interaction of TpBpy/20%NaTaO3 composites
(TpBpy, constructed from triformylphloroglucinol (Tp) and 2,2′-bipyridine (Bpy)), we
worked with Dai’s group [48] using argon clusters to remove a surface organic TpBpy layer.
The XPS signal of Ta 4f within the composite became more intense with increasing etching
time. Furthermore, the binding energies of Ta 4f in the TpBpy/20%NaTaO3 composite
negatively shifted compared to those of pure NaTaO3 during the argon ion etching process,
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suggesting an increased electron density around NaTaO3 within the heterostructure. This
finding, along with in situ XPS and density functional theory (DFT) calculation results,
demonstrated the transfer of photogenerated electrons from NaTaO3 to TpBpy, implying
the formation of an S-scheme heterostructure between TpBpy and NaTaO3.

3. Quasi In Situ XPS

XPS has been established as one of the best analytical techniques to probe the com-
position and electronic structures of catalysts [49]. Nevertheless, the drying process and
exposure to air during the transfer between chambers can lead to contamination and the
introduction of unwanted functional groups on the surface of the catalyst. This inter-
ference can obscure the spectroscopic signals that reveal the characteristics of the active
sites [50,51]. Especially for air-sensitive catalysts, particularly after high-temperature re-
duction or post-reaction, it is necessary to transfer the sample into the spectrometer under
inert atmosphere protection, or to perform the reaction directly in the instrument’s built-in
reaction chamber and then immediately transfer it to the analysis chamber for testing.
However, it is worth noting that traditional XPS spectrometers operate under ultra-high
vacuum (UHV) conditions, which pose significant limitations in real time monitoring under
actual reaction conditions [52]. Recently developed XPS spectrometers capable of operating
in the mbar pressure range allow for the study of the catalyst’s surface under reaction
conditions, facilitating the in situ real-time description of the interactions between the
catalyst and the gases or vapors involved in the reaction [53]. However, there is still a
difference between the chamber pressure and the actual reaction pressure. This review will
concentrate on methodologies that enable the utilization of conventional laboratory XPS
instruments to investigate air-sensitive catalysts and to conduct experiments in a quasi in
situ fashion.

3.1. Transfer of Samples under Inert Atmosphere

An inert transfer device facilitates the loading of air-sensitive samples within a glove-
box. After loading, a sealed valve is closed to ensure that the samples are preserved under
either a vacuum or an inert gas environment. The samples are subsequently transferred
from the glovebox to the analytical instrument. A flange is directly attached to the pre-
vacuum chamber of an XPS instrument (Figure 9, left). When the pressure inside the
pre-vacuum chamber matches the desired level, the gate valve is opened to allow the
transfer of the samples into the main chamber of the instrument for further analysis [54]. If
the sample chamber is directly connected to the glove box directly, samples can be loaded
and transferred within the glove box (Figure 9, right).
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The valence state of Ir affected the selectivity of the CO2 hydrogenation reaction. In
D. Ma’s work [55], XPS was employed to examine the oxidation state of iridium in the
20Ir/Ce-OH samples extracted at various time intervals during the synthesis process. The
Ir 4f XPS spectra in Figure 10A revealed that only Ir3+ species were resolved throughout
the entire synthesis process, indicating that the iridium species were not reduced during
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the preparation. The surface chemistries of the Ir/Ce catalysts after the CO2 hydrogenation
reaction (referred to as Ir/Ce-used catalysts, see Figure 10B) were also evaluated. For the
catalyst with 20 wt.% iridium loading, a symmetric peak in the Ir 4f XPS spectrum was
attributed to metallic iridium. When the iridium loading was decreased to 15%, the Ir 4f
peak broadened and shifted to a higher energy, suggesting that the iridium species were
partially positively charged. A further reduction in iridium loading to 5 wt.% showed a
0.5 eV shift in the Ir 4f peak position compared to the 20 wt.% loaded catalyst, confirming
partial oxidation of the iridium species. All catalysts involved in this work were transferred
by inert gas transfer.
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ture at different time intervals (A) and the Ce 3d, O 1s, Ir 4f spectra of the Ir/Ce-used catalysts
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G. C. Zhang et al. [56] used XPS to investigate the surface electronic structures of
copper (Cu), indium (In), and oxygen (O) species in Cu-based catalysts. The catalyst was
transferred into the XPS transfer chamber within a vacuum glove box. The amount of Cu+

and oxygen vacancies is correlated with the catalytic performance.

3.2. High Temperature Cat Cell

Inert transfer techniques facilitate the possibility of conducting quasi in situ XPS
tests. However, the process traditionally involves sample collection and transfer, which
may lead to surface alterations because of exposure to air or other environmental factors.
To circumvent this issue and enable more flexible investigation of the catalyst’s surface
elemental information under various reaction conditions, a high-temperature gas catalytic
reaction chamber is introduced (See Figure 11). H2, CO, CO2, CH4, and other non-corrosive
gases can be introduced into the chamber and subjected to reactions at specific temperatures.
This advancement allows catalysts to be directly transferred to the analysis chamber for
testing without the need for intermediate handling, thus minimizing the risk of surface
changes [57–59].
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Cu-based catalysts are widely used in many important chemical reaction processes,
including syngas conversion, CO/hydrocarbon selective oxidation, methanol steam re-
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forming, and alcohol dehydrogenation, etc. W. B. Fan’s group [60] designed and prepared
a Cu/SiO2 core-shell structure catalyst with an extremely high stability using the typical
C1 reaction of methanol dehydrogenation to prepare methyl formate as the model reaction.
A high-temperature gas reaction cell system was used to study the catalyst under different
reaction temperatures, reaction times and loadings (Figure 12). The relationship between
the catalyst surface, the active species, and the product in the catalytic reaction was system-
atically revealed, and it was possible to deeply understand the reaction induction period,
catalytic mechanism and reaction path. XPS analysis revealed the state of copper species
on the surface after reduction at different temperatures. Quasi in situ XPS monitored the
changes in copper species on the catalyst surface during the reaction process, such as the
rapid oxidation of Cu0 to Cu+ and the subsequent gradual reduction back to Cu0 during
the methanol dehydrogenation (MDM) reaction; the regeneration capability of the catalyst
could also be evaluated.
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Figure 12. XPS spectra of Cu-based catalysts. (A) Cu 2p and Cu 2p3/2 XPS spectra of calcined
xCu@mSiO2, regenerated 7Cu@mSiO2 and copper phyllosilicate (7Cu/mSiO2-cp); (B) in situ Cu 2p
XPS and Cu LMM spectra of Cu-based catalysts reduced at 573 K; (C) in situ Cu 2p XPS and Cu LMM
XAES spectra of Cu-based catalysts after reaction of 6 h; (D) in situ Cu 2p XPS and Cu LMM spectra
of 7Cu@mSiO2 reduced at different temperatures [60]. Copyright 2018 Wiley.

A high-catalytic activity and high-stability catalyst Ni/CeO2 for C-O hydrogen hy-
drolysis of biomass-derived furanic compounds was prepared by F. W. Li’s group [61]. The
structural characteristics of Ni species in the xNi/CeO2 catalyst and the evolution of Ni
species during preparation were analyzed by a quasi in situ XPS technique. By analyzing
the correlation between XPS results and catalytic activity data, the roles of surface Ni0

and Niδ+ species in C=C hydrogenation and C-O hydrogenolysis were identified, with
Ni0 inferred as the active center for C=C hydrogenation and Niδ+ for C-O hydrogenolysis.
By changing the Ni load to optimize the relative contents of Ni0 and Niδ+, the kinetics
matching of C=C hydrogenation and C-O hydrolysis reaction rates was achieved, and the
best catalytic performance was obtained.

Furthermore, the latest technological advancements now permit the introduction of
light sources within the aforementioned high-temperature gas reaction chambers of XPS
instruments. This capability enables the study of catalytic reactions under in situ light
irradiation followed by quasi in situ XPS analysis (Figure 13).
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4. In Situ Irradiated XPS (ISI-XPS)

Conventional XPS can gain accurate information about the chemical state of atoms
and the electron transfer between composites. ISI-XPS is an advanced analytical technique
that has been increasingly utilized in the study of photocatalytic materials. This technique
allows for the direct observation of electron transfer and interfacial bonding under light
excitation (simulating real reaction conditions), providing real-time information on the
dynamics of photogenerated charges within a photocatalytic system [62–64]. ISI-XPS can
capture changes in the valence band maximum due to light exposure, allowing for the
determination of key parameters such as the bandgap and band bending. By analyzing
the chemical state of dopants under light exposure, this technique can identify the type
of doping in semiconductors [65,66]. Additionally, variations in binding energy at peak
positions under different light exposure conditions can be used to study charge transfer
dynamics and monitor changes in the surface potential of photoresistors [67]. Employing a
short-pulse laser as the excitation source and XPS as the probe enables the investigation of
ultrafast electron processes within the material, such as electron excitation, thermalization,
and relaxation [68]. UPS is often used in conjunction with this technique in order to
characterize the band structure of materials. P. Zhang’s group [69] published a review on the
development of ISI-XPS in electrospinning photocatalysis, and K. L. Huang’s group [70] has
also contributed an extensive review article to the field of in situ characterization techniques,
including ISI-XPS, as applied in photocatalysis. These two reviews cover some of the
typical studies that involved in situ illumination XPS prior to 2022, but do not contain
many experimental details. ISI-XPS is operated based on traditional XPS spectroscopy
by introducing an ultraviolet and visible light source. Generally, there are two ways to
introduce light: one is to irradiate through the observation window during the test, and
the other is to introduce optical fibers into the vacuum chamber through a flange and
connect to an external light source (see Figure 14). In consideration of X-ray radiation, the
observation window of an XPS instrument is typically constructed with two layers of glass.
The inner layer is made of quartz glass, while the outer layer is made of lead glass. Both
glass types have a certain absorption of light in different ultraviolet wavelengths, so when
irradiating through the observation window, one should pay attention to the selection of
irradiation wavelength, or the operator can also remove the lead glass directly.
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We cooperated with H. J. Gu et al. [71] to utilize ISI-XPS (ultraviolet wavelength light)
to verify the surface charge transfer process between CdSe and MXene. While the binding
energy of Cd 3d and Se 3d peaks shifted positively under light irradiation, the binding
energy of Ti 2p peaks shifted negatively, suggesting the transfer of electrons from CdSe to
MXene (Figure 15).
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We cooperated with W. Luo and Q. Xiao’s group [72] to demonstrate the applica-
tion of ISI-XPS in investigating the surface chemical states and electronic properties of
ruthenium (Ru) cocatalysts supported on Ga-doped La5Ti2Cu0.9Ag0.1O7S5 (LTCA) pho-
tocatalysts. The ISI-XPS measurements were conducted under visible light irradiation
conditions in order to monitor the changes in the Ru 3d XPS spectra of the Ru (CN = 3.4)
AC/LTCA sample at different time intervals. A significant finding was that the binding
energy of the Ru 3d5/2 core levels exhibited a negative shift with increasing irradiation
time, indicating a decrease in the oxidation state of Ru. After 20 min of irradiation, an
approximate shift of −0.18 eV was observed, which suggested that the photocatalyst LTCA,
acting as the light absorber, generated a substantial number of electrons under irradiation.
These photogenerated electrons were then transferred to the surface Ru atomic clusters,
which became enriched with electrons and enhanced the photocatalytic H2 production
activity. Experiments that involve altering the wavelength of irradiation light are cru-
cial for understanding the photoelectron transfer process at the semiconductor interface.
Y. M. Huang et al. [73] discovered that photogenerated electrons were transferred from
COF-TpBpy (a covalent organic framework assembled with bipyridine linkages) to VNbC
(VNbC solid-solution MXene heterostructures) using ISI-XPS, thereby enhancing electron
transfer efficiency in the entire photocatalytic process.

P. Zhang’s group [74] investigated how different light energies affect the behavior of
photogenerated electrons within heterojunction catalysts by systematically changing the
wavelength from the visible to the ultraviolet range (700 to 350 nm). The study revealed the
dynamics of photogenerated electron transfer at the heterogeneous interface, demonstrating
how the transfer process was influenced by the wavelength of the incident light. Their
recent work has conducted a quantitative analysis of the number of photogenerated electron
transfers in heterojunctions using variable wavelength in-situ irradiation [75].
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5. Conclusions and Prospective

In conclusion, the integration of advanced XPS techniques has not only revolutionized
the characterization of catalytic materials, but has also provided a multi-dimensional
perspective on their behavior under various conditions. The ability to probe the surface and
subsurface regions with high precision, combined with the capability to monitor reactions
in real-time, has significantly deepened our understanding of catalytic processes. The
application of ISS has shed light on the dynamics occurring at the atomic level, which is
pivotal for the design of efficient catalysts. High-energy X-ray sources can reduce certain
interferences from Auger peaks and elicit information from more inwardly located electron
orbitals. Argon ion etching has further bridged the gap between surface analysis and bulk
properties, offering insights into the distribution and state of elements within the material’s
depth. ISI-XPS has been a revolution, particularly in the field of photocatalysis, where
understanding the behavior of materials under light irradiation is crucial. It has allowed
researchers to directly observe the migration of photogenerated charges and the formation
of intermediates, which are often elusive under ex situ conditions. The development
of quasi in situ XPS methodologies has addressed a critical need in catalysis research:
minimizing the impact of air exposure during sample transfer.

In response to the XPS instrument-related techniques mentioned above, we offer the
following suggestions. Additionally, we have also provided an outlook on the related
advanced techniques that are expected to be widely used in the characterization of catalytic
materials in the future.

5.1. Improve the Quality of XPS Data Analysis

The power of XPS techniques and the accessibility of sophisticated commercial in-
struments make XPS a favored tool among researchers. First, it is essential to ensure the
correctness of the test results. Peak splitting can occur due to differential charging, where
the signal from an element is in the same chemical state while two distinct areas have
varying local conductivity [76]. Secondly, it is important to ensure that XPS data is analyzed
correctly. A recent survey of several high-quality journals indicated that approximately
40% of the XPS peak fits presented are entirely inaccurate, with an additional 40% being
questionable [77]. For example, the areas of peaks do not follow 2:3 areas ratios for the
spin-orbit splitting of the 3d signal [78]. Furthermore, the overlap interference between
different elemental peaks, such as the overlap between auger peaks and orbital peaks,
or the overlap of different orbital peaks, sometimes can be mistakenly attributed to new
chemical species.

5.2. Further Study the Shift and Intensity Change of Spectra Peak in ISI-XPS Experiments

For semiconductors, exposure to ultraviolet or visible light can excite electrons to
transition from the valence band to the conduction band. This excitation and the subsequent
movement of charge carriers lead to alterations in the electron density surrounding the
atoms in the excited state, which in turn affects the BE of the inner electrons. Once the
illumination ceases, the photogenerated electrons should revert to the valence band and
recombine with the holes, restoring the initial BE of the constituent atoms to their original
states. Most of the reported work to date has focused on comparing the changes before
and after light exposure, with little mention of the comparison between the peak positions
after light exposure and their initial positions. In practice, our experiments revealed that
the initial BE could not fully revert after turning off the light, which may be attributed to
the thermal effect or surface reconstruction under light, and needs to be further studied.
Additionally, influenced by the density of the outer electrons, there will also be some
differences in peak intensity before and after light exposure, which should also be of
concern to researchers.
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5.3. The Measurement of Electrical Band Gap

In the photocatalysis field, the energy band structure of the semiconductors is impor-
tant for mechanism studies. XPS and UPS are typically used to measure the position of the
valence band maximum. The Tauc plot technique is a common approach for estimating
band gaps, yet its accuracy can be inconsistent, particularly when differentiating between
direct and indirect band gaps. For a more thorough and precise analysis, supplementary
experimental methods such as XPS, UPS, and Inverse Photoelectron Spectroscopy (IPES)
are recommended. However, these methods may not always be readily available [79]. This
difference is due to the excitonic effects and the Coulomb interaction between the photo-
generated electron-hole pair, which are not accounted for in the initial state measurements
by XPS, UPS, and IPES. Therefore, further development of IPES techniques is required for
more conclusive mechanistic studies.

5.4. Further Optimizing In Situ XPS to Deepen the Study of Catalytic Reaction Mechanisms

Because of electrons’ limited IMFP, XPS has traditionally been confined to high-
vacuum conditions, which minimize the interaction between photoelectrons and gas
molecules, thereby reducing signal loss [80]. D. Weingarth et al. [81] applied ultra-high
vacuum XPS tools for in situ investigations of electrochemical systems in ionic liquids as
electrolytes. With the development of differential pumping systems in the early 2000s,
ambient pressure XPS (APXPS) and near-ambient pressure XPS (NAP-XPS) gradually came
into view for in situ/operando studies of catalytic systems, such as gas-solid phase catalysis
and electrocatalysis [82]. However, the insights gleaned from such in situ or operando
methodologies might not always align perfectly with the true conditions of the reaction,
primarily due to inherent limitations in the cell’s construction. This discrepancy could lead
to a partial and potentially misleading understanding of the catalytic process. Furthermore,
reaction intermediates and surface species on catalysts change dynamically over time, so
in situ XPS technologies still suffer from lower sensitivity and spatiotemporal resolution.
Therefore, we believe that enhancing instrument sensitivity (reducing the time for each
scan), optimizing rapid scanning modes for testing, and decreasing the analysis spot size
to capture changes in smaller areas could be potential directions for future development.
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