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Antibacterial properties of silver are widely used for centuries to 
treat a wide class of diseases. Currently, there is an increased interest 
in the use of Silver Nanoparticles (Ag NPs) for medical purposes, 
the eff ect of which diff ers from massive silver particles or objects. 
Numerous studies have been devoted to the discovery of a correlation 
between the characteristics of Ag NPs and their useful properties. For 
these purposes, a large number of methods are used to characterize 
certain properties of Ag NPs. But since the treatment involves 
direct contact with the tissue, the data on the surface properties 
of nanoparticles and composites based on them are of particular 
interest. In this case, one of the eff ective methods of analysis is X-ray 
photoelectron spectroscopy. Th is method is surface-sensitive with an 
information depth of about 10 nm and provides information about 
the elemental composition of the surface and the chemical state of 
atoms. Unfortunately, in a large number of works devoted to the 
study of Ag NPs by XPS, the data needed to establish a correlation 
between the chemical composition of the surface and the antibacterial 
properties of Ag NPs are oft en absent. 

Oft en, authors determine the presence of silver atoms in the 
material or only their concentration.

Th e conclusion about the chemical state of silver atoms is carried 
out without taking into account surface charging or on the basis of 
approximate values of binding energies [1-7], and the results of the 
curve-fi tting procedure are given without specifying the widths of the 
peaks. It should be noted that when recording the Ag 3d spectra of 
pure silver and its oxides under the same conditions, the widths of the 
peaks diff er noticeably. According to [8-10] FWHM of the Ag 3d5/2 
peaks for Ag, Ag2O and AgO are 1.2, 1.53 and 1.75 eV, respectively.

Th e use of incorrect data on the binding energy leads to incorrect 
conclusions about the chemical state of silver atoms [11-13]. At 
present, the most accurate values of the Ag 3d5/2 peak binding energies 
for solid silver are 368.327 and 368.299 eV for Al Kα and Mg Kα , 
respectively. Th e corresponding kinetic energies for Ag M4N45N45 peak 
and Auger parameters are 357.855, 357.902, 726.182 and 726.201 eV, 
respectively [14]. Th e binding energies above 368.327 and 368.299 eV 
should be assigned to the Ag0 state, while those below them - to Ag+ 
or Ag2+ states. Th e fi rst assignment is based on the cluster size eff ect, 
which refl ects the binding energy dependence on particle size [15-18]. 
Th e set of BE, KE and AP compiled in accordance with NIST XPS 
Database rules [19] is presented elsewhere [20].

It is well known that when analyzing silver nanoparticles, some 
problems arise that do not always allow us to determine in which 
chemical state silver atoms are and which of them is responsible for 
antibacterial properties.  Th e purpose of this communication is to 
attract the attention of researchers to the features of the interpretation 
of Ag 3d photoelectron spectra of Ag NPs.

Th e main problem is the diffi  culty of distinguishing the states 
of Ag0 and Ag+, since the binding energies of photoelectron peaks 
are fairly close. Th e surface charge of the sample as a result of the 
photoemission of electrons also introduces additional uncertainty. 
To take it into account, as a rule, the C 1s spectrum is used with 
attribution the binding energy in the range of 284.6 - 285.2 eV to the 
main peak. Th is range is quite large and does not allow determining 
the binding energy of the Ag 3d5/2 peak with the required accuracy. 
Th e modifi ed Auger parameter, which is the sum of the binding 
energy of the Ag 3d5/2 photoelectron peak and kinetic energy of the 
Ag M4N45N45 Auger peak, is widely used to determine the chemical 
state of silver atoms. But in this case, there are two problems as well.

Th e fi rst is the diff erence in the information depth of photoelectrons 
and Auger electrons, i.e. the summation of signals from near-surface 
layers of various thicknesses occurs. In this case, Auger electrons are 
more surface-sensitive than photoelectrons. Th e second problem is 
that the time of registration of the Auger spectrum is usually much 
longer than the time of registration of the photoelectron spectrum 
due to a wider range, which can lead to the decomposition of silver 
oxides if they are present in the subsurface layer.

Th e next feature is the manifestation of the size eff ect in 
photoelectron spectra, i.e. dependence of the position of the 
photoelectron peak on the size of nanoparticles. It consists in increasing 
the binding energy of the photoelectron peak with decreasing particle 
size. In some cases, the size eff ect helps to distinguish the Ag0 state, 
since the Ag+ and Ag2+ states are characterized by a shift  to the low-
energy region. Th e decrease in the size of Ag NPs leads to an increase 
in the binding energy and peak width and can reach 1.4 eV [21]. 
Th ese changes are due to the infl uence of the initial state contribution 
and fi nal state eff ect. Lopez-Salido et al found that for Ag NPs on 
HOPG the latter is about 0.1 eV and it is independent on the particle 
size, while the positive shift  is mostly determined by the initial state 
contribution [22]. From general point of view the fi nal state eff ect 
should depend on the conductivity of a support and it may play a 
signifi cant role when such supports as chitosan and cellulose are used 
for biomedical applications. Another reason for positive energy shift  
may be related to diff erent secondary emission coeffi  cients of Ag NPs 
and non-conducting neighboring regions. Th erefore, a combination 
of various processes should be taken into account to describe the 
positive binding energy shift . It should be stressed again that the shift  
is characteristic of Ag0 state.

Another feature is the possible manifestation of diff erential 
charging, when areas with diff erent electrical conductivities and the 
secondary electron emission coeffi  cient acquire a diff erent surface 
potential, which infl uences the position of the photoelectron peak. 
Th is phenomenon is traditionally considered as negative, but, 
nevertheless, it can be used for surface analysis in the controlled 
diff erential charging mode, when a positive or negative mixing voltage 
is applied to the sample holder. In this case, the photoelectron spectra 
from regions with good conductivity will shift  by a larger amount 
than from regions with poor conductivity. Since surface atoms are 
more active than bulk atoms, the possibility of their reaction with the 
environment becomes very high, and for nanoparticles one should 
expect a core-shell structure.

Summarizing the written above, it should be noted that for 
understanding the antibacterial properties of silver nanoparticles, 
reliable information about their chemical composition and 
interaction with the support is needed. When analyzing the chemical 
composition of Ag-containing composite by XPS, the following 
procedures must be met:

• Calibration of the energy scale of the spectrometer.

• Accounting for surface charging. In the case of using the C 1s 
spectrum, a state with a well-defi ned binding energy must be 
deconvoluted in it. One of the most reliable sources for the 
binding energies of chemical groups is [23]. 

• When deconvoluting diff erent states in the Ag 3d spectra, one 
should take into account the diff erence in the peak the widths 
of Ag0, Ag+ and Ag2+ states. 

• When registering the Auger spectrum, determine the position 
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of the peak used to determine the Auger parameter, then 
move to another area of   the sample not exposed to X-rays 
and record the spectrum in a narrow energy range. Th e 
subsequent registration of the photoelectron spectrum used 
to take into account surface charging.

Applying a bias voltage to the sample holder in the presence of a 
good electrical contact may allow the detection of areas with diff erent 
physical and chemical characteristics.
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