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Abstract 

Objectives. The main aim of this review is to summarize the existing knowledge on the use of X-ray 
photoelectron spectroscopy (XPS) for the characterization of nanoparticles and nanomaterials.
Results. XPS or electron spectroscopy for chemical analysis can provide information on the 
qualitative and quantitative composition, valence states of the elements of the samples under 
study, the chemical composition of the surface and interfaces that determine the properties of 
nanoparticles and nanostructured materials. The review describes the role of several different 
methods for the characterization of nanomaterials, highlights their advantages and limitations, 
and the possibilities of an effective combination. The main characteristics of XPS are described. 
Various examples of its use for the analysis of nanoparticles and nanomaterials are given in 
conjunction with additional methods to obtain complementary information about the object under 
study.
Conclusions. XPS provides depth information comparable to the size of nanoparticles (up to 
10 nm depth from the surface) and does not cause significant damage to the samples. Two  
disadvantages of XPS analysis are sample preparation requiring a dry solid form without 
contaminations and data interpretation. XPS provides information not only on the chemical  
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identity, but also on the dielectric properties of nanomaterials, recording their charging/discharging 
behavior. Chemical information from the surface of nanoparticles analyzed by XPS can be used 
to estimate the thickness of nanoparticle coatings. XPS has a high selectivity, since the resolution 
of the method makes it possible to distinguish a characteristic set of lines in the photoelectron 
spectrum at kinetic energies determined by the photon energy and the corresponding binding 
energies in elements. The intensity of the lines depends on the concentration of the respective 
element. Obtaining a sufficiently complete picture of the properties of nanomaterials requires the 
use of a group of complementary instrumental methods of analysis.

Кeywords: X-ray photoelectron spectroscopy, nanoparticles, nanomaterials, valence states  
of elements, surface, interfaces, diffraction methods, spectral methods
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Аннотация 

Цели. Основная цель данного обзора – обобщить существующие знания об использовании 
метода рентгеновской фотоэлектронной спектроскопии (РФЭС) для характеризации  
наночастиц и наноматериалов.
Результаты. Метод РФЭС или электронной спектроскопии для химического анализа  
может предоставить информацию о качественном и количественном составе,  
валентных состояниях элементов исследуемых образцов, химическом составе поверхно-
сти и границ раздела, которые определяют свойства наночастиц и наноструктурных  
материалов. В обзоре описана роль нескольких различных методов для харак- 
теристики наноразмерных материалов, подчеркнуты их преимущетва, ограничения  
и возможности эффективной комбинации. Описаны основные характеристики РФЭС.  
Приведены различные примеры ее использования для анализа наночастиц и наномате- 
риалов в совокупности с дополнительными методами для получения комплементарной  
информации об изучаемом объекте. 

ОБЗОРНАЯ СТАТЬЯ
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Выводы. РФЭС предоставляет информацию о глубине, сравнимой с размером наночастиц 
(до 10 нм глубины от поверхности), и не вызывает значительного повреждения образцов. 
Двумя недостатками анализа РФЭС являются подготовка образцов (требуется сухая  
твердая форма без загрязнения) и интерпретация данных. РФЭС предоставляет  
информацию не только о химической идентичности, но и о диэлектрических свойствах 
наноматериалов, регистрируя их поведение при зарядке/разрядке. Химическая инфор- 
мация с поверхности наночастиц, проанализированная с помощью РФЭС, может  
использоваться для оценки толщины покрытий наночастиц. РФЭС обладает высокой 
селективностью, поскольку разрешающая способность метода позволяет различить 
характерный набор линий в фотоэлектронном спектре при кинетических энергиях, 
определяемых энергией фотонов и соответствующими энергиями связи в элементах.  
Интенсивность линий зависит от концентрации соответствующего элемента. Получе-
ние достаточно полной картины свойств наноматериалов требует использования груп-
пы взаимодополняющих инструментальных методов анализа.

Ключевые слова: рентгеновская фотоэлектронная спектроскопия, наночастицы,  
наноматериалы, валентные состояния элементов, поверхность, границы раздела,  
дифракционные методы, спектральные методы
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INTRODUCTION

As a rapidly growing class of materials, 
nanostructures are of great interest for many 
applications. Several methods are used to characterize 
the size, crystal structure, elemental composition,  
and many other physicochemical, chemical, and  
physical properties of nanoparticles. The different 
strengths and weaknesses of each method make  
it difficult to choose the most appropriate one,  
and a combined approach to characterization is  
often required. In addition, it is necessary that  
researchers from different fields overcome the  
problems of reproducibility and reliable  
characterization of nanomaterials after their synthesis 
and further processing (e.g. annealing steps).

Determination of the structure, qualitative and 
quantitative chemical composition of nanomaterials 
consisting of nanoparticles (quantum dots) or  
nanofilms (two-dimensional structures), and the 
relationship of these characteristics with spectral 
properties is one of the central problems in the  
study of nano-objects.

The method of X-ray photoelectron spectroscopy 
(XPS) or electron spectroscopy for chemical analysis,  
as shown in the proposed review, can provide  
information on the qualitative and quantitative 
composition, valence states of the elements of the 
samples under study, the chemical composition of  
the surface and interfaces that determine the  
properties of nanostructured materials.

The number of studies using XPS has increased 
more than 15-fold over the past 30 years. In the last 
year alone, XPS has been mentioned in more than  
9000 published articles.

XPS is not usually considered as a method  
with horizontal (lateral) nano-resolution. However, 
the electrons detected by this method travel  
distances measured in nanometers and can be  
used to obtain sufficient information about the  
structure of nanometer-sized samples on the 
surface and in the near-surface layer. Although the  
possibility of obtaining information at the nanometer 
scale from samples with a flat surface seems more 
obvious, XPS data can be used to determine the 
composition of nanoparticles. It is also possible  
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to obtain information about coatings and layers in 
nanoparticles under conditions where other surface 
investigation methods cannot be applied.

The main purpose of the review is to summarize  
the existing knowledge on the use of the XPS method  
for the characterization of nanoparticles and 
nanomaterials.

NANOMATERIALS

Nanomaterials are materials that have linear 
dimensions in one or more directions from a few nm  
to 100 nm (Fig. 1). Restrictions on the size of 
nanostructures make it possible to divide them  
into zero-, one-, two-, and three-dimensional [1–3].

Nanomaterials occupy an intermediate position 
between atoms and bulk crystalline and amorphous  
solids. In this regard, the unique properties of  
nanoparticles are determined by surface (high ratio  
of the fraction of surface atoms to volume) and  
quantum-size effects, especially when the particle  
sizes are comparable with the correlation radii of  
physical phenomena (the mean free path of electrons, 
phonons, the size of the magnetic domain or  
exciton, etc.). The electronic properties of the material 
depend on these factors, from which many physical  
and physicochemical characteristics follow, for 
example, the presence of unique optical, electrical, 
magnetic, mechanical, catalytic properties, as well  
as the possibility of surface functionalization [2, 3]. 

Features of the electronic properties, which 
manifest themselves as the particle size approaches  
nanometers, are described in monograph [3] and  
a number of review articles (see, for example, [4–7]). 
Quantum size effects of semiconductor nanoparticles 
are described in textbooks [8–10]. The size effects  
are also considered in articles [11, 12], the description  
of the influence of the size of nano-objects on their 
various properties is given in [13].

In addition to size, in some cases, the shape 
(magnetic nanocrystals) also has a great influence  
on the properties of particles [2]. Catalytic activity  
and selectivity, electrical and optical properties,  
and melting temperature are also highly shape  
dependent [14].

Metals that do not exhibit or weakly exhibit  
catalytic activity in the ordinary state may turn  
out to be active catalysts in the nanoscale state.  
The increase in activity is explained by charge  
transfer from the substrate and is more pronounced 
for particles with the smallest size [15–19] and  
those consisting of transition metal oxides [20–24]. 
Zeolites are often used as a matrix for stabilizing  
metal nanoparticles, since the particle size can  
be limited by the channel width [25–31].

In [32], copper oxides (Cu2O, CuO) were  
deposited on the surface of SiO2 and ZrO2 substrates.  
It was shown that the values of the binding energy  
and the modified Auger parameter [33] for copper  
oxide strongly depend on the degree of dispersion  
of the deposited phase and the type of substrate.  

Fig. 1. Nanoparticles with a core–shell structure of various shapes: (a) spherical concentric,  
(b) hexagonal (hexahedral), (c) nanoparticles containing several cores covered with one shell,  

(d) multilayer concentric spherical nanoparticles (nanomatryoshka), (e) particles with a removable layer [2].

(a) (b) (c)

(d) (e)
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Thus, from the Wagner plots [33], it is possible to 
determine not only the chemical state of the metal  
in the deposited layer, but also the particle size 
distribution [34] (Fig. 2).

One of the modern methods for obtaining 
nanostructures in the form of thin oxide films under 
ultrahigh vacuum conditions followed by in situ  
analysis is the reduction of the surface of higher  
metal oxides by bombardment with inert gas ions  
(He+, Ne+, Ar+) or the oxidation of the metal surface  
with O2

+ ions. This technique was used to modify  
and study pressed powdered higher oxides of 
molybdenum and tungsten [35], tungsten oxide [36],  
the surface of metallic vanadium [37], niobium oxide 
[38], and tantalum oxide [39, 40].

A review article [2] is devoted to core–shell 
nanoparticles, according to which these nanoparticles 
are used in biomedical and pharmaceutical  
applications, catalysis, electronics, and are used to 
achieve a high quantum yield and create photonic 
crystals (Fig. 3). Applications are also described 
in [41–43]. Supramolecular systems in general,  
including nanoparticles, nanomaterials, and structures 
based on them, are described in [44].

Fig. 2. Wagner plots describing the change in binding  
energies, kinetic energies, and modified Auger parameters 
for Cu 2p3/2 and Cu L1VV copper lines. The arrow shows 
the increase in particle size; empty squares correspond  

to bulk oxides [34].

Fig. 3. Fields of application of core–shell nanoparticles [2].
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Study of nanomaterial properties

Work [45] is devoted to the commercialization  
of nanobiotechnologies. Many of the physical  
and chemical parameters needed to understand  
the properties of objects are often unpublished  
and most likely not defined at all. Bureau  
International des Poids et Mesures, Consultative 
Committee for Amount of Substance: Metrology in 
Chemistry and Biology, and Technical Committee  
of the International Organization for Standardization  
(TC ISO 229) determined the requirements for 
nanomaterials in relation to the environment, 
health and safety, toxicology, and also approved a 
list of necessary physicochemical properties and  
parameters of nanomaterials (16 in total) related  
to the chemical and physical state of the surface [46].

Review [47] is devoted to the methods 
of studying nanoparticles and nanomaterials.  
Review [48] summarizes research tools and  
methods for studying the surface of solids and  
surface layers developed over the past 50 years. 
Publication [49] describes the determination of 
nanomaterials in the environment by various methods.

The papers [11, 48, 50] describe the 
necessary requirements for the correct analysis of  
nanoparticles:

1) in situ analysis or immediately after synthesis;
2) understanding the interactions (and time 

dependence) of particles placed in a working  
environment (biological, solutions, catalysis, etc.);

3) the need for analysis by several methods;
4) development of new methods of analysis,  

or increasing the resolution and sensitivity of  
already used methods to obtain more accurate  
information about the structure of nanomaterials.

Since nanomaterials, like colloidal systems, are 
qualitatively different from the bulk substance, it  
can be assumed that methods previously developed  
for colloidal systems can be used to analyze 
nanomaterials. However, despite the similarity of  
these objects, colloidal phenomena can lead to  
the degradation of nanomaterials [51].

Ultra-microscopy using visible light can  
determine the limiting particle size of the order  
of 200 nm (taking into account the boundaries  
of the visible range of 400–700 nm), and using  
ultraviolet—up to 100 nm. When light scattering 
is used, the limiting determinable size of  
nanoparticles is 2–5 nm, which is an adequate  
approach for nanoparticle sols. The limitation 
of this method is the need to measure dilute 
sols and a significant difference between  
the refractive index of the dispersed phase  
(nanoparticles) and the dispersion medium [52].  
Other methods based on the scattering of light  

by particles are nephelometry and turbidimetry,  
suitable for estimating particle sizes in dilute sols.  
To determine the particle size distribution, 
ultracentrifugation and the construction of  
sedimentation curves are used. To determine the  
surface potential of charged particles (ζ potential), 
measurements of electrophoretic braking and  
electro-osmosis are carried out [52].

The method of X-ray diffraction with a particle  
size of less than 5 nm becomes severely limited  
in terms of analytical information, there is no 
surface sensitivity, and a sufficiently large amount  
of substance and time are required for analysis. 
Electron microscopy, X-ray diffraction, and electron  
diffraction are more versatile and have a  
resolution sufficient for studying nanomaterials [3].

The Mössbauer spectroscopy method provides 
information on the short-range order of the  
structure of matter and magnetic properties at  
different temperatures and external magnetic fields [52].

Transmission electron microscopy (TEM), atomic 
force microscopy (AFM), Brunauer–Emmett–Teller 
(BET) specific surface area measurements provide 
information on size and size distribution, particle  
shape, and surface properties. TEM can also  
determine the crystallinity of a sample. AFM  
determines the height distribution, location, and size  
of particles. If this information is lacking, the  
BET method is used, provided that the particles  
have a narrow size distribution, are spherical in  
shape and are not porous. An estimate of the external  
size (hydrodynamic diameter) of a particle of  
regular shape can be determined by the method  
of dynamic light scattering [3, 52].

Scanning electron microscopy (SEM) is used  
to determine the structure and size distribution  
of particles, but is inefficient for measuring samples 
consisting of complex nanoparticles (for example,  
with a core–shell structure), since it provides  
information only about the size distribution for 
the whole particle. Under the action of an electron  
beam, the surface structure changes. SEM gives 
inadequate results when determining the particle  
size less than 20 nm. The method of electron  
diffraction on a selected region has limitations  
associated with measuring the signal from a large  
number of crystalline particles (to determine  
crystallinity) and a sufficiently large fraction of 
amorphous nanoparticles in a crystalline matrix  
for their detection [52].

Electrophoretic light scattering (laser  
Doppler electrophoresis) is used to determine the  
charge on the particle surface.

Infrared spectroscopy and paramagnetic  
resonance spectroscopy determine the presence  
of adsorbed light molecules and functional groups  
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on the surface of particles and the degree of  
substitution of surface atoms. When measuring 
absorption and luminescence spectra in the optical 
region, one can determine the surface roughness,  
film thickness, and particle size due to the  
difference in the properties of nanomaterials from  
bulk materials [3, 52].

Thermal analysis (thermogravimetry), differential 
thermal analysis and differential scanning calorimetry 
allow you to study phase transitions in a substance, 
including glass transition and crystallization into 
various polymorphic phases. Using these methods, 
the characteristics (temperature, energy) of the 
above processes and the phase composition of the  
resulting nanoparticles are determined. When  
carrying out isothermal calorimetric titration, it 
is possible to determine the ability of sorption  
of proteins and biologically active substances [52].

There are also other methods such as  
vibrational and superconducting quantum  
interference device magnetometry (superconducting 
quantum interferometer is a supersensitive  
magnetometer used to measure very weak magnetic 
fields), energy dispersive and X-ray absorption 
spectroscopy, electron energy loss spectroscopy,  
X-ray spectroscopy of absorption near the edge 
and with high resolution (fine structure) [3, 52]. 
Works [53–56] are devoted to modern methods of 
studying nanoparticles and nanomaterials, up to the  
determination of the structural dynamics of individual 
molecules in the femtosecond range.

XPS is one of the most reliable methods  
for determining the electronic structure and  
stoichiometry of solids. General information about 
measurements of samples by this method is given,  
for example, in [57]. Some deviations of the results  
may occur due to adsorbates present on the surface  
of the studied particles [58].

General conclusions about the analysis  
of nanoparticles

Some of the main unresolved issues in  
the field of nanoparticle research are the  
following [52, 59]:

1) the instability of nanomaterials and  
nanoparticles, which significantly increases the 
requirements for the influence of the analysis tool, 
external conditions, measurement conditions and  
time on the materials under study;

2) a significant proportion of atoms or molecules  
and the possible influence of surface impurities, elemental 
enrichment or depletion and сontamination;

3) the need to use complementary methods 
to increase the significance (correctness) of the  
information received;

4) change in the physical properties of  
nanomaterials, for example, the mean 
free path of electrons or the etching rate  
of surface atoms by ions, associated with size and 
environment;

5) increased requirements for sample preparation 
for analysis.

XPS OF NANO-OBJECTS

With the development of nanotechnologies,  
the role of XPS as a surface analysis method  
has increased significantly. A feature of this method  
is the possibility of qualitative and quantitative  
chemical analysis of the surface layers of a  
substance—multiphase and multicomponent thin  
films, particles, and powders on the surface. It is  
possible to analyze the fine structure of the  
spectra and determine the charge and chemical  
states of the detected elements. Determination of 
the qualitative and quantitative composition is  
acceptable in depth (profiling) and on the surface 
(mapping).

The lateral resolution of electron spectrometers  
is usually a few micrometers and exceeds the  
size of typical nanoparticles by at least three  
orders of magnitude, so the area of information  
collection is determined by the shallow depth  
of analysis based on the mean free path of  
photoelectrons. The analytical depth is 4–10 nm  
for polymers, and 0.5–2.5 nm for metals and  
oxides. Another advantage is that XPS is a non- 
destructive analysis method, which allows signal 
accumulation from low-intensity components. The 
exception is polymeric and photosensitive samples,  
for which slight photodissociation and radiolysis 
are possible. The lower limit of the determined 
concentrations is ~0.1 at. %, which corresponds to  
1–10 ng of a substance or 0.01–0.05 of a monolayer.

General provisions

XPS measurements are usually carried out  
under ultrahigh vacuum conditions to prevent  
adsorption of molecules and contamination of the 
surface during the measurement process. Recently,  
near-atmospheric pressure systems (near-ambient 
pressure XPS) have also been developed and used,  
both with synchrotron sources and conventional  
X-ray tubes [60, 61].

Under conditions of ultrahigh vacuum, it is  
possible to analyze impurities and surface defects,  
and at elevated pressure, it is possible to study  
reactions on the surface, in particular, catalysis.  
Many photoelectron spectrometers are combined  
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with in situ sample preparation tools such as  
molecular beam epitaxy, pulsed laser deposition, 
chemical vapor deposition, magnetron sputtering,  
and ion bombardment. The XPS method in relation  
to the study of classical objects, for example,  
the surface of solids, is described in detail in  
a number of textbooks and monographs [62–67].

Structure of the device

The main components of a modern electron  
XPS spectrometer (Fig. 4) are a radiation source,  
a device for mounting and introducing a sample,  
an energy analyzer, and an electron detector  
located in an ultrahigh vacuum chamber [68–71].

The radiation sources in the XPS method,  
as a rule, are X-ray tubes with a metal anode,  
which give soft characteristic X-ray radiation 
with an energy of the order of several keV, which 
makes it possible to carry out a qualitative and  
quantitative elemental analysis of the sample  
surface, determine the chemical state (oxidation  
state) of elements, and also investigate the electronic  
the structure of valence states near the Fermi  
level (with a rather low resolution of the spectra)  
[70, 72–74]. The energy resolution of the XPS  
method is determined primarily by the bandwidth  
of the exciting radiation. The resolution can be  
increased using monochromators, which also leads  
to some side effects [75–79].

XPS is a method of integral analysis due to  
the rather large diameter of the X-ray beam. Local 
analysis is possible when the spectrometer is  
equipped with sharp-focus X-ray tubes with a beam 
diameter of 100–500 µm.

As a detector in XPS, a secondary electron  
multiplier is used, which is a proportional electron 
counter and amplifies the signal by a factor  
of 106–107. Industrial spectrometers use channel  
electron multipliers or large area detectors or  
vidicon detectors [69, 70, 72].

To ensure a sufficient mean free path of  
electrons without energy dissipation and loss of  
analytical information, as well as to maintain  
surface cleanliness, ultrahigh vacuum with a  
pressure of 10−6–10−8 Pa is maintained in the  
spectrometer during measurements, supported 
by various types of pumps. The requirement for 
surface cleanliness imposes a limitation on the  
materials used in the spectrometer device.

There are a number of methods developed  
from classical XPS. These are valence band XPS 
(using gas-discharge sources), energy loss  
spectroscopy (on such features of the electronic  
structure of the sample as surface and bulk plasmons,  
shake-up satellites, asymmetric core lines, and  
multiplet splitting), photoelectron diffraction. 
Modification of the spectrometer design led to the 
appearance of photoelectron spectroscopy with  
angular resolution and the introduction of synchrotron  
and ultraviolet radiation sources [62, 68, 70, 72].

Method basics

Spectra measurement. When analyzing a  
sample, the survey spectrum is first measured  
over a wide range of binding energies. The survey 
spectrum consists of photoelectron and Auger  
lines, satellites from an X-ray source and shaking  
and contains a background of inelastically scattered 
electrons. Following that, the boundaries of  
photoelectron lines are determined and the spectra  
of individual lines are measured [70, 71] (Fig. 5).

Mathematical processing of the spectra is  
described in detail in the sources [80–82]. There  
are also some additional data tables that allow  
one to manually or programmatically subtract the 
spectrum features (X-ray satellites) associated  
with the non-monochromaticity of the source  
[75, 83].

Determining the chemical state of atoms on  
the surface is possible by changing the binding  
energy of the line with a change in the environment 
of the atom (chemical shift). There are a large 
number of works on theoretical calculations of 
the chemical shift and absolute binding energy, 
however, in practice, insufficiently accurate  
knowledge of the numerical parameters required  
for calculations leads to the need to refer the  
obtained experimental data to the data measured 
for standard samples. The rules for determining  

Fig. 4. Block diagram of an X-ray photoelectron  
spectrometer.
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Fig. 5. X-ray photoelectron spectrum  
of molybdenum upon excitation by Mg Kα  

radiation, recorded at an analyzer transmission  
energy of 100 eV [70, 71].

the chemical shift indicate that the chemical shift  
of the element line depends on the oxidation 
state of the element in the compound under  
study, which is equivalent to the electron density 
distribution between the atom and adjacent  
atoms, or the charge on the atom [70, 83]. Under 
conditions of electrostatic charging, which occurs  
when measuring poorly conducting or dielectric 
samples, the spectra are completely shifted to the  
region of high binding energies. In some cases,  
this effect can be minimized by irradiating the  
sample surface with a compensating low-energy  
electron beam. In other cases, for the qualitative 
determination of elements or chemical states,  
either assignment to lines with a reference binding  
energy (for example, Ag 3d, Au 4f, or C 1s) is used,  
which may not be true with differential charging, 
or the determination of the qualitative composition  
and forms of the substance by the usual or modified  
Auger parameters [83].

Quantitative analysis in XPS

Classical quantitative analysis via photoelectron 
spectra is based on the fact that line intensities  
are directly proportional to element concentrations 
and elemental sensitivity factors [68–70]. Most 
of the parameters of the photoemission process 
significantly depend on the material, their  
ratio is close to a constant value, so the fraction of  
atoms of a given type Cx in the sample can be  
determined by Eq. (1):

                                                                (1)
1 https://xpslibrary.com/%CF%83-sf-asf-and-rsf/. 

Accessed April 01, 2023.

where Ix is the line intensity, Sx is the elemental  
sensitivity factor. A set of elemental sensitivity  
factors is required for each X-ray source with  
a different angle between the source and the energy 
analyzer. The sensitivity factors for a homogeneous  
sample are determined as the product of the  
photoionization cross section of the atomic shell σi  
and the mean free path for photoelectrons of a given  
line λi [83].

A table of theoretically calculated photoionization 
cross sections for atomic orbitals (from lithium to 
uranium) was given in the reference book1. The  
National Institute of Standards and Metrology (NIST) 
maintains six databases applicable to XPS and  
Auger spectroscopy. These are databases on the 
binding energies of photoelectronic lines in XPS,  
on the elastic scattering cross sections of electrons,  
on the mean free paths of electrons in a substance,  
on the effective electron (in)elastic mean free paths  
in a substance, on modeling electronic spectra for  
surface analysis, and on backscattering correction  
factors for Auger-spectroscopy.Critical reviews  
[84–87] are devoted to the evaluation of these data.

When determining atomic concentrations, the 
following assumptions are usually made:

1) in the area of analysis, the sample is  
homogeneous or polycrystalline (up to the  
information depth of measurement over the entire 
analyzed area);

2) reflection and refraction of X-rays is negligible;
3) reflection and inelastic scattering of  

photoelectrons is small;
4) the probability of photoionization of core  

levels does not depend on the environment of atoms  
(low matrix effect);

5) the area of the X-ray beam exceeds the area of 
the sample.

Changes in the elemental sensitivity factors 
of transition metals in different compounds can be  
taken into account using the experimental values 
measured for different standard samples [83].

When the composition of the sample is 
inhomogeneous, calculations by Eq. (1) lead to  
errors. These deviations can be eliminated by taking  
into account additional factors affecting the peak 
intensities [70–73]:

1) measurement of elemental and complex,  
close in composition, standard samples under the  
same conditions as a sample of unknown  
composition;

2) introduction of corrections for the depth  
of exit and the atomic density changed in  
comparison with the standard (matrix correction);

https://xpslibrary.com/%CF%83-sf-asf-and-rsf/


Analysis of nanoparticles and nanomaterials using X-ray photoelectron spectroscopy

144

Тонкие химические технологии = Fine Chemical Technologies. 2023;18(2):135–167

3) modeling the spectra obtained for the  
assumed concentration gradients, if they are well  
known, and performing a multicomponent fitting,  
taking into account the resulting background of 
inelastically scattered electrons.

Ultraviolet photoelectron spectroscopy (UPS)

According to the principle of operation, UPS  
is similar to XPS [73, 75, 83, 88]. As radiation  
sources, gas-discharge lamps are used, which,  
depending on the pressure of the inert gas, emit  
lines of He I (21.2 eV) and He II (40.8 eV) or  
Ne I (16.9 eV) and Ne II (26.8 eV) with a very small 
linewidth (less than 0.02 eV). In lamps, a capillary  
discharge with a cold cathode occurs [88].

UPS is not a method for quantitative surface 
analysis, since it does not give a quantitative  
estimate of the atomic concentrations of elements  
on the surface. The lines in the region of the 
valence band have a large width (3–5 eV), and  
the intensity depends on the bonds formed by the  
element and differs for a number of compounds. 
Therefore, the shape of the valence band spectra  
differs for isomers and allotropic modifications,  
which is used to distinguish between surface  
compounds, for example, amorphous carbon,  
graphite, and highly oriented porous carbon [88].

This method makes it possible to record the  
spectra of states of valence electrons near the  
Fermi level and quasi-core levels with a low binding  
energy with a high energy resolution and intensity.  
UPS in the variant with angular resolution was  
intensively used in studies of the binding energy of 
adsorbates with the surface, and when measuring  
the photoelectron spectra of a smooth surface of  
single-crystal samples at different polar and  
azimuthal angles, it is possible to construct a band 
structure [88].

XPS with synchrotron excitation

The use of synchrotron radiation sources for 
excitation of photoemission offers advantages 
over X-ray tubes commonly used in laboratory  
instruments. Synchrotron XPS measurements  
can be more efficient due to the unique  
characteristics of synchrotron radiation compared 
to X-rays, especially with respect to nanomaterials 
[89]. The most important advantages are 
high intensity and brightness, the possibility  
of tuning the radiation energy, high energy  
resolution, and low linewidth after the monochromator  
(depends on the radiation energy, is less than  
0.1 eV for energies of the order of keV).

The concept of brightness includes illumination 
and angular divergence of the beam. Due to the  
fact that synchrotron sources have a brightness  
109 times higher than laboratory sources and a  
small beam size, they are able to provide higher 
lateral resolution and signal-to-noise ratio. This  
can be especially significant when measuring  
spatially separated nanoparticles at low surface  
coverage [89].

The high energy resolution of modern electron 
analyzers, ultraviolet and synchrotron radiation, high  
angular resolution (fractions of a degree), and  
ultralow temperatures have made it possible to  
make significant progress in experimental studies  
of the electronic structure of the valence bands  
of solids. As a result of such experiments,  
experimental Brillouin zones, Fermi surfaces, and  
zone dispersion maps are obtained, which  
previously could only be obtained from quantum 
chemical calculations.

The width of the photoelectron peaks is  
determined by the convolution of three components: 
the natural linewidth, the resolution of the  
electronic analyzer of the spectrometer, and the  
width of the exciting radiation. The natural width  
of the lines depends on the atomic orbital from  
which the photoemission occurs and is usually in  
the range of 0.13–0.70 eV (for Ag 3d5/2 it is 0.33 eV).  
In instruments with synchrotron sources and X-ray  
tubes, approximately the same electron analyzers  
are used, and the difference in resolution is due  
to the width of the X-ray line. The linewidth  
of synchrotron radiation is a function of the  
radiation energy and monochromatization and  
is much lower than that of X-ray tubes. This makes 
it possible to track small (smaller) chemical  
shifts [90].

Currently, there are new methods of XPS  
with synchrotron radiation or free electron lasers  
at high pressure. One of the promising and fairly  
new areas is the study of heterogeneous processes  
at the solid–liquid interface, which includes 
the preparation of thin liquid films and XPS  
measurements at high (atmospheric) pressure  
(Fig. 6) [91–93]. Chemical shift measurements can 
provide high chemical selectivity for both molecules  
on the surface and the substrate. In XPS experiments  
with X-ray quanta with an energy of ~1 keV, it is 
possible to create pressures in the range of several  
Torr and even higher due to the generation of 
photoelectrons with a high kinetic energy and a  
long mean free path [91].

In [93], the interface between metallic nickel  
and an aqueous solution of KOH was studied using 
synchrotron radiation sources, differential pumping 
systems between the sample and an electron analyzer. 
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Excitation was carried out by radiation converted 
into a standing wave, which was achieved by using  
a multilayer Si/Mo mirror as a substrate and increased 
the depth resolution [93]. Previously, the same team  
of researchers carried out work to determine the 
surface layer of α-hematite (Fe2O3) adjoining a solution 
containing high concentrations of NaOH and CsOH 
[91]. The measurements were carried out at elevated 
pressure, using a multilayer substrate that provides  
the formation of a standing wave (ambient pressure 
XPS (AP XPS); standing wave ambient pressure 
photoelectron spectroscopy). Using XPS with angular 
resolution, it was determined that when moving  
away from the surface of hematite as a solid, there  
is a mixed hydrated layer with adsorbed NaOH,  
then a layer of NaOH and CsOH adsorbate, and  
then a layer of hydrocarbon contamination. Thus,  
the experimental data are consistent with the  
theoretical models. As another example of the use 
of the AP XPS method, one can cite the work [94],  
where core–shell nanoparticles consisting of  
strontium/calcium fluoride in ethylene glycol were 
studied.

Freezing is used to measure biological samples  
or thin liquid films on a surface in addition to  
measurements at elevated pressure. The study of 
electrocatalysts for fuel cells using XPS is described  
in review [95]. From the simulation of water  
adsorption on the Pt (111) surface, it followed that  
a thin ice film is bound to the metal surface by  
metal–oxygen and metal–hydroxyl bonds. Also in  
the review, the structure of iodine adsorbate on the  

Fig. 6. Investigation of heterogeneous processes  
at the solid–liquid interface  

using XPS [91].

surface of a gold single crystal was studied with  
a change in the voltage between the surface and  
the solution, which is of interest from the point  
of view of the oxidation/reduction potential of the  
iodide–ion/iodine pair associated with oxidative 
desorption and reductive deposition on the surface. 
Similar results were obtained for Pt (111) and Pt (111) 
surfaces with 0.5 Ru, Ru (0001) monolayers.

In the same work, a linear correlation was  
found between the adsorbate chemical shift and  
the adsorption energy of ultrathin metal films and 
molecules. Further, for real fuel cells consisting 
of platinum on a carbon carrier, the relationship  
between the oxidation state and the chemical shift  
and the spin–orbit splitting, which are different  
for oxide and metallic platinum, was determined. 
For catalyst particles consisting of an alloy of  
various metals (Pt/Ni, Pt/Ru, Pt/Ru/Ni), the dependence 
of the binding energy of platinum lines and the  
rate of methanol oxidation were determined. Other 
metals were present in the particles in the oxidized  
form (Ni(OH)2 and Ru/RuO2/RuO3) and acted as  
oxygen donors in this process [95].

It was shown in [96] that the binding energy  
of the surface of an oxide nanoparticle in solution  
is related to the surface potential. This result was 
obtained by measuring a microjet containing silicon 
oxide nanoparticles. On the surface of oxides, due 
to interaction with hydroxyl groups in aqueous  
solutions, a charge is formed, which depends on 
the composition of the oxide, pH of the solution,  
its composition, concentration of components,  
particle size, and the electric field determines many 
physical and chemical properties of the particles.

The acidity and basicity of the surface groups  
can be determined from the change in the binding  
energy of the element. In [97], the polymers were  
sorted by increasing Lewis basicity with increasing 
sodium sorbed on the surface of the film. In [98],  
a linear relationship was found between the  
difference between the binding energies of the  
Sb 3d5/2 and Cl 2p lines and the basicity for  
rapidly frozen solutions of SbCl5 with various Lewis 
bases in dichloroethane. The form of the linear 
relationship between the chemical shift of the O 1s  
line in metal oxides Mg, Al, Si, the Fermi level  
potential, and the isoelectric point was determined. 
When the list of oxides was extended with oxides  
of zinc, copper, nickel, titanium, and iron, a linear 
dependence of the difference in binding energies  
(the sum of chemical shifts) of metal and oxygen  
lines on the potential of the isoelectric point  
and the potential of the Fermi level was found [97, 98].

Another measurement option implemented 
at elevated pressure with synchrotron radiation 
is the measurement of the spectrum of a gas jet 
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without electrical contact with the substrate and the  
spectrometer holder. In [99], the flow of an aerosol  
of nanoparticles passing through rather narrow  
guides (nozzles) was measured. The short mean free  
path of electrons in Si nanoparticles coated with SiO2  
and the sufficiently large particle size (d = 14 ± 2 nm) 
made it possible to neglect the elastic scattering of 
photoelectrons, the shift in binding energies due  
to quantum size effects (manifested at d < 4 nm), and 
charging.

Layered structures

To determine the concentration profile of  
elements in depth, etching of the sample surface  
with an ion beam, for example, with Ar+, O2

+ ions 
[100, 101]), ion sputtering with C60 clusters with  
a low destructive power for organic materials  
[102–104], profiling by a beam of ionized water  
clusters [105] followed by measurement by non-
destructive methods of surface analysis, methods 
of surface ion probing (Rutherford backscattering 
spectroscopy, secondary ion mass spectrometry,  
glow discharge atomic emission spectroscopy) 
[106], X-ray microanalysis with an electron probe  
combined with calculations by the Monte Carlo [107]. 
In order to determine the depth profile of elements,  
XPS is used in XPS versions with resolution in  
terms of the analysis angle [108] and analysis of  
the shape of peaks and background [109–114].

To determine the qualitative composition in a  
surface layer with a thickness of more than 5–10 nm,  
the most applicable method is ion sputtering. This 
procedure has its drawbacks, such as preferential 
sputtering of atoms of one kind, atomic mixing  
and radiation-stimulated diffusion, which limits  
the final depth resolution. In some cases, elements  
are reduced to lower oxidation states.

Information depth

The depth of penetration of X-rays into the  
sample is much greater than the emission depth  
of photoelectrons. The intensity of the photoelectron 
beam from depth d decreases exponentially with 
increasing depth, according to Eq. (2) [86, 115]:

                                                  (2)

where λ is the electron mean free path, I∞ is the 
photoemission intensity of an infinitely thick layer,  
and θ is the photoemission angle relative  
to the surface normal.

According to this equation (when integrated  
over the ratio d/λ), more than 95% of the  
photoemission comes from a surface layer with a 
thickness of 3λcosθ. The corresponding thickness  
is called the depth of analysis (Fig. 7).

To estimate the contribution of elastic and  
inelastic scattering of electrons in a material, 
two concepts are introduced into the intensity of  
photoelectron lines: the inelastic mean free  
path (λ) and the effective attenuation length 
[83]. The first term assumes that photoelectrons  
can lose energy only due to inelastic collisions,  
while the second term also takes into account  
elastic interactions, so this parameter depends on  
the detection angle.

Information depth is the maximum depth in  
the normal direction to the surface from which  
useful information can be obtained. It is usually  
given as the thickness from which a given  
percentage of the signal (95% or 99%) comes out  
and can be determined from the depth distribution 
function of the element, or, in general, from the  
mean free path of the photoelectron in the  
selected sample [83].

Multilayered structures

Measurements of signal intensities and  
determination of theoretical thicknesses for flat  
surfaces covered with several flat layers are  
described in [115]. As an example, equations are  
given for the intensities of two consecutive  
layers and a substrate [116]: outer layer (3),  
second layer (4), and substrate (5):

                          (3)  

Fig. 7. Dependence of the analysis depth (information 
depth) on the detection angle and kinetic energy  

of photoelectrons [86].
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  (4)

    (5)

In the above Eqs. (3)–(5), IB, IS1, IS2 are the  
intensities of photoelectrons from the substrate, upper  
and lower layers, respectively, d1 and d2 are the  
thicknesses of the outer and second layers, λS1 and  
λS2(i, j, k) are the average the mean free path of  
electrons with the energies corresponding to lines i, j, k, θ  
is the angle of the analyzer with respect to the normal  
of the sample surface.

However, usually the exact values of the signal 
intensities from the bulk materials that make up the  
layers are not known. Then, for the case of a  
two-layer sample, the equations for the photoemission 
intensity of a thin film on a substrate can be written as:

                       (6)

                             (7)

The layer thickness d1 is found by Eq. (8):

                                        (8)

If it is difficult to theoretically predict the  
exact value of the signal intensity from a bulk  
material, then the ratio of such photoemission  
intensities of two different substances is found by 
sequentially measuring the intensity of signals from  
two pure materials in the same installation. The  
above Eq. (8) also does not take into account  
differences in the mean free paths, which is true for 
elements with a compound film with similar binding 
energies (and photoelectron kinetic energies), for 
example, a metal with an oxide film.

One of the first proposed for the analysis of  
thin multilayer films was the Hill equation [117]. It  
was used to determine the thickness of the oxide  
film on the silicon surface. The film thickness can  
be calculated by Eq. (9):

                          (9)

In the presence of a large number of layers,  
the corresponding multipliers are introduced, as  
shown in the previous equations. For example, for 
an oxide film on a silicon surface, consisting of  
intermediate oxides and dioxide, Eqs. (10)–(13) were 
used [118]:

   (10)

                          (11)

                            (12)

                       (13)

In Eqs. (10)–(13), for partial thicknesses of the  
oxide components , the electron decay 
length is denoted as , and R is the ratio of the  
photoemission intensities of the oxide and oxide  
forms, R0 = 0.9329 is the ratio for SiO2 and Si,  
which can be calculated from the atomic densities, 
attenuation length and stoichiometry (14):

                                          (14)
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Similarly, the concentrations of elements 
are calculated in structures that are a non- 
continuous homogeneous layer on the surface or  
in the depth of the sample, introducing the ratio  
of the layer area to the analyzed area into the  
calculations [119].

There is also a method [80–82, 120–122]  
based on the analysis of the background shape2.  
With a deeper occurrence of the component in  
the sample, the background signal increases in the 
region with a higher binding energy, and vice versa.  
For most metals, alloys, and oxides, the energy  
distribution of photoelectrons and the observed  
spectrum, after correction for the spectrometer 
transmission function, are expressed in terms of  
the two-parameter universal cross section according  
to equation (15):

              (15)

where F(E) is the signal intensity at a point with  
energy E without electron scattering (primary  
excitation spectrum), J(E) is the experimentally  
measured photoelectron spectrum, E is the  
photoelectron binding energy, E' is also the  
photoelectron binding energy, but used not to  
determine the signal at a particular point, but as  
a variable for integration; B = 2866 eV and  
C = 1643 eV2. For solids, such as light metals  
(for example, Al and Si), a simple two-parameter  
equation does not describe plasmon energy losses, for 
which a three-parameter Eq. (16) is introduced:

             (16)

Table 1. Rules for estimating the depth distribution from the Ap/B1 ratio, where B1 is the adjusted parameter  
for the background line at a point 30 eV away from the maximum, and Ap is the area of the photoelectron peak

Ap/B1 Depth distribution

≈25 eV Uniform

>30 eV Mostly on the surface

<20 eV Predominantly deep in the sample

For thin layered  structures, two-parameter Eq. (15) 
is written as Eq. (17):

    (17)

In this equation, the parameter B1 is chosen  
so that the intensity of the background line  
exactly coincides with the intensity of the  
experimental spectrum J(E) at a distance of 30 eV  
from the peak maximum (thus, the background  
is subtracted in the range up to 30 eV towards  
higher binding energies beyond the peak position).  
Then the depth distribution of atoms can be  
estimated from the parameter B1 and the peak area  
Ap from Table 1. The attenuation depth L is  
determined from Eq. (18):

                                                     (18)

Here B0 = 3000 eV2, λ is the mean free path  
of photoelectrons, and θ is the photoemission  
angle with respect to the surface normal. After 
determining L, the depth distribution of atoms can be 
estimated from Table 2.

As an example of the use of Eqs. (3)–(5) or  
(6)–(8), the thickness of thin oxide films on  
transition metals may be determined [123–125]. 
The thickness of the oxide–hydroxide film on the  
surface of an alloy of niobium and zirconium  
(consisting of water, hydroxide, oxide, and metal  
layers) was determined in the same way during  
oxidation under atmospheric conditions with high 
humidity [126]. If the film consists of several  
oxide and hydroxide forms or contains water,  

2 http://www.quases.com/. Accessed April 01, 2023.
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Table 2. Depth distribution estimation rules based on the attenuation depth L

L Depth distribution

−6λi < L < 6λi Uniform

−3λi < L < 0 Mostly on the surface

0 < L < 3λi Predominantly deep in the sample

Fig. 8. Layered structure of a thin mixed oxide-hydroxide 
film on the surface of zirconium and niobium. The letters 
denote: a is the thickness of the water film, b is the total 
thickness of the hydroxide and water films, d is the total 
thickness of the coating layer of water, hydroxide, and 
oxide films, x is the thickness of the film corresponding  

to the oxidized metal [126].

the calculation of the thickness of ultrathin  
films is carried out for all elements that make up  
the films. In [126], the fine structure of the spectra  
of the Zr 3d, Nb 3d, and O 1s lines was studied  
(Figs. 8–10).

Classification of samples in XPS  
with angular resolution

The thickness profiling of samples is possible  
not only with a change in the X-ray energy, but  
also with a change in the photoelectron detection  
angle. Angle-resolved XPS (AR XPS), based on the 
dependence of the peak intensity on the detection  
angle, has been used for more than 35 years as a  
non-destructive method for analyzing the surface 
structure. The accuracy, limitations, and problems  
of the method are presented in [127] from a  
theoretical point of view, and in [118] from a  
practical point of view, but only for a system  
consisting of a thin SiO2 film on Si.

Fig. 9. Fine structure of the spectrum of the O 1s 
oxygen line with indicated peaks corresponding  

to oxygen in the composition of water,  
metal hydroxide, and oxide [126].

Fig. 10. Fine structure of the spectra of zirconium  
and niobium lines with indicated peaks corresponding 

 to the metal and various oxide forms [126].
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Angular-resolved XPS is based on quantitative 
expression (19) relating the measured photoelectron 
intensity IA(θ) to the concentration profile c(z):

           (19)

In this expression, θ is the detection angle  
with respect to the normal, z is the depth of the  
layer from which photoemission occurs, CF(z, θ)  
is the factor responsible for elastic scattering effects,  
and f(z) is the concentration profile of the selected 
element. With this designation, the signal intensity  
from a standard sample of known composition will  
be equal to I0λcosθ at  f(z) = 1.

According to equation (19), with a sufficient 
number of measurements, it is possible to obtain f(z)  
by inverse transformation, but this procedure is 
extremely sensitive to errors in determining the area 
(intensity) of the peaks [127]. A serious limitation  
of the method is the need for very flat sample  
surfaces (to eliminate shading), which means the  
absence or special consideration of nanostructures  
on the surface [60, 127, 128] and measurements 
in directions that do not coincide with high  
symmetry directions (axes).

Depending on the complexity of the analysis, 
samples in XPS with angular resolution are  
divided into the following groups.

1. Simple samples. They usually consist of  
an element coated with an oxide film. To  
determine the thicknesses, the Hill equation [117] is 
used, which is the most accurate and simplest  
approach for quantifying the thickness of layers  
in XPS with angular resolution. If there is a  
significant difference between the energies of  
electrons from the coating layer and the substrate, 
the Thickogram method is used to determine the  
thicknesses [129].

2. Fairly simple samples. Multilayer samples  
for which a step-by-step method of thickness  
estimation is used [70–72]. Later, a layering method 
was proposed that estimates the average thickness  
and amount of substance in each layer. On such 
constructions it was impossible to determine the  
depth scale. Therefore, nowadays the focus is more  
on diffuse profiles, and not on those with clear  
boundaries, as was customary in the layering  
method. The relative amounts of one form or another  
of a substance or element are built on the depth  
scale [70, 72].

3. Complicated samples. Samples for which  
the preliminary concentration profile is unknown.  
For their analysis, the methods and software  
described in [130, 131] are used.

Concentration profile analysis

The uncertainty in calculating the concentration 
profile of elements in AR XPS is expressed by  
the depth resolution Δz. By definition, this is the  
thickness of the sample layer in which the  
calculated component concentration changes 
from 16% to 84% (assuming that the real sample  
has a sharp boundary). This choice allows us  
to define Δz as twice the standard deviation 2σ;  
when choosing 10% and 90% concentration,  
Δz = 2.36σ. If the depth profile function has 
an exponential rather than a Gaussian form, 
as in the case of electron depth attenuation,  
Δz (16–84%) = 1.67σ.

When analyzing the concentration profile by  
the AR XPS method, proceed as follows. First, 
the detector signal is corrected for the analyzer  
transmission function, since the detection efficiency 
depends on the kinetic energies of the electrons.  
Further, the cascade of secondary electrons from  
the high-energy side of the peak is adjusted to a  
straight line and such a background is subtracted.  
After that, a model spectrum is generated, taking  
into account the depth distribution of the  
components. Finally, the model spectrum is corrected 
for the experiment, which can be performed using 
the QUASES-Generate software [130, 131]. This 
software allows you to build spectra of a wide  
variety of concentration profiles, including buried  
and non-immersed layers (Frank–Van der Merwe), 
islands (Volmer–Weber), islands on the layer  
surface (Stranski–Krastanov), and exponential profile. 
The paper [132] gives an example of a program  
developed for interpreting data obtained from 
measurements in AR XPS.

Direct formulas and transformations are used  
to go from theoretical concentration profiles and  
phase parameters to specific line signal intensities 
(spectrum modeling), while inverse transformations  
are required to obtain concentration profiles. Inverse 
Laplace transforms are sensitive to fluctuations in  
the input intensity ratios and spectrum noise.  
Detailed calculations of the concentration profile, 
formulas, and errors in the calculations are given  
in [133].

To calculate the profiles of ultrathin films  
with sharp boundaries, the method of least entropy 
is successfully used. The uncertainty inherent  
in AR XPS is reduced as follows: each component  
is defined as a continuous layer (square profile)  
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defined by three parameters (depth, thickness,  
and density), which fits within the limitation of  
parameters that can be extracted to three per element 
[134, 135].

The analysis is carried out separately for  
each component. The composition of the film is 
determined empirically, only after matching the 
individual components in depth. The composition  
is calculated from the ratio of concentrations,  
without reference to stoichiometric coefficients, which 
makes it possible to evaluate the changes that occur 
during sample preparation. The method makes it  
possible to take into account discrepancies, and 
with a smaller discrepancy than when using inverse 
transformations [136]. The above formulas and 
calculations are limitedly applicable, since real 
samples can have not only a rough surface, but  
also an inhomogeneous coating or planar  
(two-dimensional) inhomogeneities of the composition.

Conclusions on data processing  
by the AR XPS method

Based on the results of the conference on  
AR XPS [136], the following main conclusions  
were made.

First, for homogeneous films, the relative error  
in determining the thickness depends on the calibration 
of the instrument, while for inhomogeneous films, 
deviations are possible depending on the specifics  
of the distribution of components. Different thickness 
ranges require their own calibration by changing the 
effective mean free path of electrons.

Second, for thin films of unknown composition, it 
is difficult to switch from a qualitative dimensionless  
profile to a quantitative depth distribution, and for  
certain and limited systems, the use of AR XPS and 
intensity modeling leads to depth distributions that  
are close to real, without an exact match.

The information obtained by the AR XPS  
method is limited to three parameters per substance. 
Determination errors are the sum of limited depth 
resolution and unknown or variable composition  
of the sample, and the depth resolution Δz/z  
exceeds 0.8 [136].

Small structures with a size on the order  
of the attenuation lengths of the radiation of  
characteristic electrons (or the mean free path) can  
be well described as smooth homogeneous layers,  
which mainly depends not on the structure, but  
on the size of the elements.

Including elastic scattering of electrons in 
calculations, both for modeling and for calculating 
experimental data, can increase the amount of  
structural information due to the use of  
photoemission angles exceeding 65°.

Further development of precise quantitative 
determination in AR XPS requires the development 
of a theory of the angular and energy distribution  
of photoelectrons and their exit from a solid body, 
including elastic scattering, which is theoretically  
well described, inelastic scattering that occurs in  
the volume of a solid body (bulk excitations), and  
surface excitations that occur when crossing  
the solid–vacuum surface [136].

Ion etch profiling

The possibilities of non-destructive layer-by-layer 
depth analysis in the XPS method are limited by 
the use of angular resolution and variation of the 
excitation radiation energies. The concentration  
profile of the components over the depth of the  
sample can be determined by the XPS method in 
the destructive variant with ion etching. A number 
of processes occur on the surface that change  
the qualitative and quantitative composition of the 
sample: atomic mixing in cascades of ion collisions, 
leading to implantation of recoil atoms, distortions  
of the crystal lattice during collisions, and the  
formation of defects (vacancies, substitutions,  
and agglomerates). Irradiation with ions of inert  
gases leads to insignificant changes, since it causes 
distortion of the sample only due to knocking  
out, displacement of atoms and selective sputtering.

Irradiation with ions of reactive gases, such 
as oxygen, leads to a significant change in the  
chemical composition and density of the sample 
due to the formation of new compounds. When a  
surface is irradiated with high energy ions, thermally 
activated diffusion and segregation occur [70–72].

To optimize the ion etching process, the 
pressure in the analysis chamber and the preparation  
chamber is kept as low as possible (10−8 Pa and  
below) to prevent possible contamination by  
sputtered atoms after etching. The area of analysis 
must be smaller than the spray area and be in its 
center. To improve depth resolution and eliminate  
the effect of photoemission on the sample, lines 
with low photoelectron kinetic energy (high binding  
energy) should be measured. The ion energy should  
not exceed 1 keV at high ion masses (heavy inert  
gases or cluster sources), and the ion source should 
produce a raster (point) beam [71, 72].

For smooth samples, etching with a large  
deviation from the normal (>60°) can be used; for  
rough samples—close to normal. The ion beam 
must contain a minimum amount of impurities and  
neutral atoms and must fall into the same region  
from several positions. This is possible when  
using multiple sources or when rotating the sample.  
In general, the sample to be etched should have a  
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smooth surface, an amorphous, non-crystalline  
structure, consist of a single phase and elements 
with close sputtering yields, have good thermal and  
electrical conductivity, and have low counter  
diffusion and Gibbs segregation [137]. Atoms  
removed from the surface can then be analyzed  
by secondary ion mass spectrometry.

Features of the XPS spectra of complex objects

The size, shape and location of nanoparticles  
affect the experimental data obtained from XPS,  
causing a change in the binding energies of the  
peaks and Auger parameter values, the absolute  
and relative intensities of the peaks of various  
elements excited by X-rays at different energies  
or at different angles to the sample [50, 59].

In particular, for nanoparticles of noble metals  
of group VIII on SiO2 and Al2O3 substrates, a  
positive shift in binding energies was shown  
compared to bulk metal samples [138].

The formation of a photo-hole as a result of 
photoemission affects all surrounding electrons and  
leads to a change in the binding energy and  
kinetic energy of the electron [139, 140]. The initial  
state contribution reflects changes in the charge 
density on the atom due to the chemical and  
geometric environment. The final state contribution  
arises from differences in the screening of core holes  
that appear during photoemission. Photoemission 
can lead to several types of end states. The shielding 
efficiency of core holes depends on a certain  
element (intraatomic shielding), on the environment 
(atom coordination number), and on the interaction  
with the substrate (interatomic shielding).

In the case of nanoparticles, strong electronic 
interaction with the substrate can make a significant 
contribution to interatomic screening [141]. The  
binding energy shift for nanoparticles on a substrate  
can also be contributed, to a lesser extent, by the  
effects of the initial state. This is charge transfer  
between particles and the substrate and hybridization  
of electronic states in them.

According to the Koopmans theorem, for a  
molecule with a filled shell, the binding energy of 
an electron in the state (orbital) i is equal to the  
orbital energy of this state with the opposite sign.  
This theorem makes it possible to identify the  
calculated energies of orbitals with ionization  
potentials, but it does not take into account electronic 
relaxation.

Intramolecular relaxation consists in the 
rearrangement of the remaining surrounding  
electrons relative to the photo-hole, leads to a  
decrease in energy and occurs when the molecules  

of a substance are hemisorbed on the surface, and  
their energy levels are shifted compared to a free  
gas or liquid. This leads to a change in the binding  
of the electron to the core (the effect of the initial  
state) and relaxation or polarization screening  
(the effect of  the final state).

The authors of [142] indicate the following 
mechanisms for changing chemical shifts due to the 
effects of the initial state:

1) interatomic charge transfers during the  
interaction of a metal with an oxide (deposited  
layer or clusters with a substrate), which was  
observed during the oxidation of transition metals 
on oxides, with the appearance of chemical shifts  
of more than 1.5 eV;

2) the appearance of an electric field from the 
effective charges of the substrate or metal layer  
(charging on non-conductive substrates) and the  
influence of the electric field of the charge of  
the interface;

3) chemical shifts of the core levels of surface 
atoms, which include a contribution from atoms  
with a reduced coordination number and are caused 
by the rehybridization of valence levels—intraatomic 
charge transfer. Usually, these are small negative  
shifts up to −0.3 eV.

The effects of the final state, as indicated  
above, affect the screening of core holes after 
photoemission and depend on the environment  
of the atom. In the case of dominance of the final  
state effects, the shift of the binding energy is  
inversely proportional to the cluster size. Figure 11  
shows the dependence of the binding energy on  
the cluster size [142].

Fig. 11. Binding energy of the Cr 2p3/2 core level as a function  
of the thickness of the Cr layer on the SrTiO3 (100) substrate. 
The inset shows the dependence of the chemical shift on the 
reciprocal radius of Cr clusters on the same substrate [142].
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The initial and final state contributions can  
be distinguished by using the Auger parameter.  
The concept of the Auger parameter is based on the 
following assumptions:

1) for the same element in the same compound  
and sample, there is a fixed difference between the 
energies of two lines (Auger and photoelectron);

2) corrections for the charge shift of lines  
when measuring individual lines are insignificant,  
since they are not used in estimating the Auger  
parameter;

3) work function corrections also do not affect  
the value of the Auger parameter, and the vacuum  
energy level can be correlated with the Fermi level.

Measurement of the Auger parameter can be  
one of the few possible ways to identify the  
element and its form in the sample in the presence  
of a static charge on semiconductor materials and 
dielectrics, since it is difficult to determine the  
vacuum energy level in them. The Auger parameter  
α (20) is introduced as the difference between the  
kinetic energies of the two main Auger and  
photoelectron peaks measured on the same spectrum. 
The coincidence of one of the involved levels  
of the Auger transition with the level of  
photoelectron emission is not mandatory:

                                       (20)

In Eq. (20), α is the Auger parameter, C', C'', C'''  
are the levels between which the Auger  
transition occurs, C is the level from which  
photoemission occurs, Ekin is the kinetic energy of the 
photoelectron.

Since, in the case of choosing different levels,  
the value of the Auger parameter could be negative, 
the term modified Auger parameter, α', (Eq. (21))  
was introduced, corresponding to the sum of the  
Auger parameter α and the photon energy hν,  
or the binding energy Eb and the kinetic energy Ekin of  
the Auger electron:

                          (21)

A detailed description of the theory with  
examples of how the Auger parameter changes  
with the chemical state of matter is given in  
review [139]. The paper [140] gives examples of  
studying samples of various compositions: alloys, 

modified silicon surfaces, oxides, mixed oxides,  
thin films, glass, metal clusters, oxide systems on 
substrates, interfaces between metal and organic  
matter, free molecules, and liquid solutions.

Calculation of signal intensities  
from spherical particles

For the first time, the significance of the  
surface structure was realized in the study  
of heterogeneous catalysts, which can be  
characterized as a powder consisting of core–shell 
nanoparticles. One of the reviews considering  
the quantitative analysis of rough surfaces [143]  
gives the historical development of quantitative  
analysis and includes formulas for correcting  
volumetric sensitivity factors, formulas for various  
layers on the surface, including continuous, carbon 
contamination and spherical particles, as well as  
formulas describing shape distortion. peak in the 
presence of covering layers.

For core–shell nanoparticles, several models  
have been developed that are applicable to powder 
samples. Most of these models make the following 
assumptions [144]:

1) for powders, an approximation of a simple 
sphere or even a hemisphere is given, introducing  
a simplification that the signal intensity from  
randomly located particles in the powder is  
equivalent to the signal intensity from a single  
particle;

2) elastic scattering of photoelectrons in a solid  
is neglected;

3) the relative mean free paths for a given 
photoelectron line are the same in the core  
and shell.

The simple sphere approximation implies that  
the angular distribution of photoelectrons in powders  
is isotropic. The other two assumptions were made 
in [144] and were consistent with experiments  
for functionalized gold nanoparticles. Divergences  
in the dependence of the intensity of photoemission  
of the particle core as a function of radius were  
observed only for particle sizes less than the mean  
free path, when the XPS method no longer  
becomes surface-sensitive, but volume-sensitive  
(Fig. 12).

Thus, the authors of the paper argue that  
the model of a single sphere for a powder sample  
is valid without any special refinements due to the  
random distribution of particles over the substrate  
and the absence of layer periodicity [144].

Attempts to quantify the photoemission intensity 
of spherical particles and flat shells on them were  
made in a number of works, for example, in one  
of the early detailed studies [145].
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The application of the theory described above  
for finding the thickness of thin films to spherical  
layers covering particles leads to an overestimation  
of the shell thickness [116, 146]. An approach to  
solve this problem introduces the effective layer  
thickness, deff, which denotes the film thickness 
determined by the electron analyzer. For planar thin 
layers, this thickness is constant in all regions of  
the sample; for spherical particles, it varies.

For uncoated spherical clusters, the photoemission 
intensity can be calculated from Eq. (22) [115]:

                    (22)

where λ is the mean free path, x = r/λ, and r is the  
cluster radius.

Further, the intensity of the signal from the shell  
can be calculated as the difference between the  
intensities of the signals from a spherical particle  
with the same diameter and a core made of the shell 
material. Equation (23) includes the attenuation of  
the core signal on a uniform shell layer, but the real 
thickness is different. Thus, the intensity can be 
approximately calculated as:

                                (23)

In Eq. (23), the average shell thickness and  
mean free paths of the corresponding photoelectrons  
in the core (λC) and shell (λS) are introduced,  
respectively.

Extended Eq. (23) in the form (24) includes 
additional factors [147]:

                   (24)

Numerical determination of the photoemission 
intensity of layers is given in [116] for spherical 
and cylindrical Si3N4 particles coated with a  
layer of hydrocarbon contamination. Particle  
hemispheres were divided into 9 segments of 10°,  
in each of which deff was determined from the  
average angle; photoemission intensities of the  
segments were multiplied by geometric correction  
factors proportional to the projection of the segment  
area and summed up (Fig. 13).

Based on the results of [115], the coefficients  
for spherical and cylindrical objects were obtained  
from geometric considerations. The equations 
and calculations were tested on two series of  
experiments with oxidized Si3N4 particles and  
aluminum foil. The possibility of such calculations  
was confirmed using the XPS MultiQuant  
software, the library of which includes all the  
necessary parameters. It is shown that the use of  
the flat layered structure model leads to an overe 
stimation of the layer thicknesses.

For hemispherical particles on a substrate,  
the photoemission intensity was also calculated  
using Eq. (25) given in [148]:

                                     (25)

Here n is the density of particles, R is the radius, 
λads is the mean free path of photoelectrons in the  
surface layer. 

The intensity of the signal from the substrate, 
respectively, was calculated by Eq. (26):

Fig. 12. Dependence of the Au 4f7/2 line intensity 
 as a function of the particle radius.

(The solid line shows the volume-to-surface ratio  
S/V = 3/R for a sphere. The vertical arrow indicates  

the mean free path of the photoelectrons in this line.)
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Fig. 13. Axial sections and top view of a sphere and a cylinder with two layers of coatings, made to sum 
the signal from the material of the core and two coating layers. Sectional sections are identical,  

but the shapes and ratios of the projected areas differ [115].

                              (26)

Both of Eqs. (25, 26) are valid only for  
normal detection, and for the ratio of the  
photoemission intensities of the same layers  
measured at an angle θ, the same equation looks as 
follows (27):

                     (27)

The coefficient f is found from the graph  
according to the desired angle to the normal and the  
ratio R/λ. The same correction factor can be  
calculated by Eq. (28):

                        (28)

where A and R' are correction parameters, B is the  
asymptotic value [149].

Another theoretical approach for calculating the 
photoemission intensities of spherical particles of the  
core–shell structure was proposed in [150, 151]). 
This model assumes that the particles have spherical  
symmetry and the core is in the center, the core radius  
is r, and the shell thickness is d. Then the signal  
intensity from the particle core I(λAL, d, r) will be  
equal to (29):

                       (29)

and the explanation of the functions included in (29)  
can be represented by Eqs. (30)–(33):

                                                    (30)

                                                        (31)

                                                       (32)
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                                    (33)

In this model, λAL is the effective attenuation  
length. If the angle from the normal does not  
exceed 60° and the elastic scattering effects are  
small, the mean free path λ can be used. The atomic 
sensitivity factors are given by the equation for  
S(λAL, r), where n is the atomic density, I0 is the  
signal intensity from the bulk material with a clean 
surface, which is proportional to the atomic sensitivity 
factor at a given photon energy. Further, h(δ,ρ)  
and k(ρ) are empirically obtained functions with  
three given constants: β1 = 0.00288984, β2 = 0.05135594, 
β3 = 0.45982462.

If the theoretical intensity of the photoemission  
of the core can be expressed as IС( , d, r), where  

 is the average attenuation length of the  
photoelectrons corresponding to the elements  
of the core, then the theoretical intensity  
of the photoemission of the shell (34) can be  
described  as:

                     (34)

 

where  is the average attenuation length 
of photoelectrons from the shell. The first term  
corresponds to the intensity of the signal from a  
spherical particle of radius (r + d) consisting of the  
shell material, the second corresponds to the  
intensity of the signal from a particle of radius r,  
of the same composition. The theoretical ratio of the 
intensities of photoelectron lines (35) of the shell  
and core will be equal, respectively [152, 153]:

                                             (35)

The above equations were used to calculate 
the shell thickness in bimetallic nanoparticles  
with a core consisting of gold, platinum, and  
rhodium, and a shell made of iron oxide [89]. This  
method was used to determine the growth of  
oxide shells on spherical silicon particles (with  
an initial radius of 5 nm) under normal conditions  
[154, 155].

The relative concentrations of oxide forms  
of silicon in the oxide shell can be found from  
Eq. (36) [150]:

                                                             (36)

where μ is the ratio of atomic densities in silicon 
(4.96·1022 cm−3) and silicon dioxide (2.27·1022 cm−3).

Software

To simulate Auger electron and X-ray photoelectron 
spectra and improve the accuracy of determinations  
in the routine analysis of samples of complex 
composition, the SESSA software was developed 
[156]. The program contains the necessary  
physical parameters and gives an estimate of the 
intensities of peaks and electronic spectra, energy  
and angular distributions of photoelectrons, taking  
into account elastic and inelastic scattering for  
multilayer thin films. Theoretically, the processes of 
formation of signal intensities on complex samples  
are described in a number of works, for example,  
[157]. Examples of use are given in [158].

In the SESSA software, the calculation 
of electron energy losses occurs in the infinite  
medium approximation, and the decrease in the peak 
intensity in XPS arises due to losses due to surface 
excitation and internal excitations (due to the  
appearance of a static hole in the process of  
photoemission) [159]. A one-step model that takes  
into account both of these phenomena and is  
based on the semi-classical dielectric response 
model is introduced into the QUEELS-XPS 
software, which performs a quantitative analysis 
of the intensity of the background formed  
by electrons with energy loss.

The Tougaard algorithm underlying the 
QUASES program is based on the assumption that  
the elastic scattering of electrons can be neglected  
to estimate the depth distribution from the  
background shape on the low-energy side  
of the peaks [84]. Verification of this assumption  
using the SESSA software on two types of  
samples of different Cu/Au configuration and  
similar Si/SiO2 structure is given in [86] (Fig. 14).

In [160], the QUASES-Tougaard software  
was used to analyze gold nanoclusters on the  
surface of polystyrene. Spherical gold nanoclusters  
were deposited on polystyrene substrates and  
survey spectra were studied. The sample was  
presented in the form of spheres with a diameter  
of 2R with surface coverage f1. For quantitative 
calculations, the spheres were conditionally divided  
into 9 coaxial cylinders of equal area and different  
heights (Fig. 15).
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Fig. 14. X-ray photoelectron spectra obtained from samples 
with different effective thicknesses of the gold layer  
(from 0.2 to 2.4 nm). As the thickness of the gold  

layer increases, the photoelectron peaks C 1s and Au 4f shift, 
and the intensity of the peaks and the background  
of inelastically scattered electrons increases [160].

Fig. 15. Separation of spheres of radius 2R into 9 coaxial 
cylindrical shells with equal area and different heights  

in vertical and lateral projections was performed  
to calculate the total signal intensity [160].

In [86], the program generated spectra for 
samples containing gold and copper in the form  
of various compounds and alloys, as well as 
for silicon and silicon dioxide, with different  
distributions over the depth and area of the  
sample. In [161], the surface was coated by  
deposition of vanadium oxide and cerium oxide  
on aluminum oxide substrates, and cerium oxide  
and cadmium sulfide on titanium oxide substrates.  
The experimental spectra obtained were in good 
agreement with those generated in the program.

Overcoming the challenges of nanoparticle analysis

The main parameters studied in the  
characterization of nanoparticles are the size and 
shape, qualitative and quantitative composition, 
the size distribution function of nanoparticles, the  
degree of aggregation, surface charge and surface  
area, and the chemical composition of the surface  
of particles of the core–shell type [3, 51, 162, 163].  
The average size, size distribution and organic  
ligands present on the surface of the particles  
can influence the properties and possible applications 
of the nanoparticles. In addition, the structure  
of nanoparticles and their chemical composition 
should be investigated both at the first stage  
after the synthesis of nanoparticles and for a  
sufficiently long time after synthesis due to the  
influence of the aging effect of nanoparticles [3, 51].

The results of methods for measuring the 
physicochemical parameters of nano-objects 
significantly affect the prediction of the use of  
these materials for commercial purposes.  
At present, the scientific community is faced with t 
he task of further improving the accuracy and  
resolution of many methods for the analysis of  
nanoparticles and nanomaterials [49, 51, 162–165]. 
However, there are significant problems in the  
analysis of nanomaterials due to the lack of suitable 
standard materials for calibrating analytical  
instruments, difficulties associated with sample 
preparation for analysis and interpretation of 
data in situ and operando, especially in large-
scale production, as well as their analysis  
in complex matrices [49, 164].

Obtaining a sufficiently complete picture of  
the properties of nanomaterials requires the use of  
a group of complementary instrumental methods 
of analysis [3, 44, 63–67]. Of particular interest  
are ultrafast spectral and diffraction methods, which 
make it possible to understand the connection  
between the elements of the structure–dynamics– 
function triad. Significant success in their application  
to the study of nano-objects is associated with the 
development of synchrotron radiation technologies  
and free electron lasers, which provide X-ray  
sources of high brightness and high temporal  
resolution [53–56]. As applied to nano-objects,  
the use of ultrashort X-ray pulse 
diffraction makes it possible to study  
heterogeneous processes at the solid–liquid surface 
interface, which includes the preparation of thin liquid 
films and XPS measurements at high (atmospheric) 
pressure [60, 61, 91, 94, 165], structural dynamics  
in extreme conditions, which makes it possible to  
provide information about the behavior of nano- 
objects in states far from equilibrium.
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CONCLUSIONS

The review depicted a number of methods for 
the synthesis and preparation of nanomaterials with 
a wide range of their applications. With the expansion 
of the production of nanoparticles, more reliable  
rapid methods of analysis will be required. Currently,  
the analysis is focused not only on the characterization  
of the core of nanoparticles, but also on surface 
ligands that affect their physical properties. Due to the  
difficulties with reproducibility and reliability in 
determining the physicochemical parameters of 
nanomaterials, a combined approach is required to 
find their required properties. Some issues in the  
field of nanomaterials research remain unresolved. 
This review describes the role of a number of  
methods for characterizing nanomaterials, highlights  
their advantages and limitations, as well as the  
possibilities of effective combination, presents both  
general and modern operando methods that are used 
to monitor the formation kinetics and properties of 
nanoparticles.

XPS is the most widely used analytical method  
for chemical surface analysis and is also used to 
characterize nanoparticles and nanomaterials. Its  
physical principle is based on the photoelectric effect.  
XPS is a powerful quantitative method useful for 
elucidating the electronic structure, elemental 
composition, and oxidation states of elements in  
a material. It can also analyze ligand exchange 
interactions, nanoparticle surfaces, and core–shell 
structures.

Compared to microscopy methods such as  
TEM and TEM/EELS (electron energy loss  
spectroscopy in a transmission electron microscope),  
which use transverse spatial resolution to identify 
elements in the transmission direction, XPS examines  
the composition of a material by analyzing the  
spectrum of ejected electrons. As an added  
benefit, XPS provides depth information similar  
to the size of nanoparticles (up to 10 nm deep  
from the surface) and does not cause significant  
damage to samples. Two disadvantages of XPS  
are the need for careful sample preparation (requires 
a dry solid form without contamination) and data 
interpretation.

XPS is a reliable and useful tool for the  
quantitative study of proteins as well as peptides 
adsorbed at interfaces. The method can also  
characterize the molecular interface. Chemical 
information from the surface of nanoparticles  
analyzed by XPS can be used to estimate the  
thickness of nanoparticle coatings. XPS also provides 
information about their dielectric properties by  
recording the behavior of nanomaterials during  
charging/discharging.

The advantage of the high sensitivity of XPS 
should be emphasized, since each element has  
a certain characteristic set of peaks in the  
photoelectron spectrum at kinetic energies determined 
by the photon energy and the corresponding  
binding energies, and the intensity of the peaks  
depends on the concentration of the corresponding 
element.

Originally existing as a method for carrying 
out measurements and research under conditions 
of ultrahigh vacuum, XPS has also been developed  
in application to processes and objects that occur  
and exist at higher pressures comparable to  
atmospheric pressure. Therefore, the range of possible 
measurement samples has expanded to include  
solutions (for example, solutions of nanoparticles),  
thin liquid films, and biological objects. The changes 
affected the design of the device and also affected  
the radiation sources. It became possible to use  
synchrotron and ultraviolet sources, access to the 
measurement of new spectra, for example, the spectra 
of the valence band, and the determination of the 
corresponding characteristics of matter. One of the  
main problems solved by the XPS method is the 
measurement of the composition and structure of  
layered samples and samples of a complex, 
inhomogeneous structure (spherical particles) and 
the determination of the concentration profile of  
elements in them. Another problem associated with 
quantitative analysis is the technique for subtracting  
non-linear background, especially under complex  
spectra of samples containing several different 
overlapping lines. To solve these problems, special 
software has been created, the principle of which  
is to approximate the model spectrum for the  
proposed structure of the sample to the experimental 
spectrum.

However, despite all the difficulties and  
problems associated with the analysis of  
nanomaterials, XPS successfully makes it possible 
to determine the charge states of elements, the  
composition and structure of the surface of various 
samples (and the list of possible samples and  
methods for their analysis is constantly expanding)  
by performing in situ and operando analysis. In 
combination with methods that make it possible  
to study the physical structure and structure of  
samples, the XPS method is able to provide  
sufficient information for the processes of obtaining  
and using nano-objects.
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