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ANALYSIS OF THE OXIDATION STATE OF
PLATINUM PARTICLES IN SUPPORTED CATALYSTS
BY DOUBLE DIFFERENTIATION OF XPS LINES
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In the work the double differentiation of functions describing the Pt4f;, band in the XPS spectra of model
supported Pt/SiO, catalysts is performed in order to determine the number of different chemical states of
platinum particles. The functions for the differentiation are obtained by the deconvolution of the
experimental spectral contour into two spin-orbit components. As a result of the performed analysis of the
number and position of the minima of the second derivative of the function of Pt4f;, the conditions of the
oxidation of platinum particles in the Pt/SiO, sample on treating in a NO + O, mixture and the reduction of

platinum oxide particles on interacting of the PtO,/SiO, sample with hydrogen are determined.
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INTRODUCTION

The solution of problems associated with the analysis of X-ray photoelectron (XPS) spectra of supported platinum
catalysts is difficult due to some problems caused, first of all, by a very low content of platinum. For widely used alumino-
platinum catalysts, the problem of a low platinum concentration is more complicated due to the overlap of the Ptdf
photoemission line (as most suitable for the analysis) with the intense Al2p line of the support, thus often giving incorrect
results. The contribution of the Al2p line to the general spectral contour can be considered by calculating the line parameters
from the parameters of another line of aluminum (Al2s) using the known relations between the parameters [1]. Another
approach to the solution of this problem is to use the Pt3ds, platinum line for the analysis. This line does not overlap with
aluminum lines [2-4], but this line can be recorded only using harder radiation, for example, AgL, (hv =2984.3 eV), which is
not always available.

The analysis of the Pt4f spectra of platinum catalysts is also complicated, even when platinum lines do not overlap
with the lines of other elements contained in catalysts. The binding energy Ey(Pt4f;,) is the most important parameter
considered in the analysis of the Pt4f spectra, and it depends on the degree of platinum oxidation and the size of supported
particles and their chemical environment. The dependence on the particle size is explained by the final state effect, when a
positive hole induced by photoemission on the 4flevel in the particles is shielded less efficiently than in bulk metal [5]. Due
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AlLO3 and SiO, and other non-conducting supports, towards higher binding energies relative to the peak position of bulk
metal can reach ~1.5 eV [5].

The shape of Pt4f;, and Pt4f;,, lines also depends on the chemical state of platinum. The asymmetric shape with
a “tail” elongating towards higher binding energies is typical of bulk metallic platinum. The asymmetry is caused by the
features of the interaction of photoelectrons with a hole on the core level at a high concentration of electrons in the
conduction band near the Fermi level [6]. The shape of the photoemission line can be described by the function derived in
[7]. For supported platinum nanoparticles, the lines show the similar asymmetry [8, 9], although the form of the function
describing photoemission lines in this case can differ from that obtained for bulk metal. At the transition of platinum particles
from the metallic state to the oxide state, the Pt4f lines become symmetric [9]. The symmetry of the lines correlates with the
electrophysical properties of platinum oxides. Thus, PtO oxide is known to be a p-type semiconductor [11], and according to
the data of the ultraviolet photoelectron spectroscopy, its electron density in the conduction band is sufficiently lower than
that of metallic platinum [12].

Owing to the above, it is clear that when the Pt4f spectra of the platinum catalyst cannot be described by one doublet
of the symmetric Pt4f;, and Pt4f;,, lines, it is often difficult to determine the chemical state of platinum particles. Thus, the
observed asymmetry can be due either to the existence of platinum particles in two different chemical states (metallic and
oxide states) or to the presence of only one type of metallic particles in the studied sample of the catalyst.

In the present work, for the determination of the number of different chemical states of platinum particles in the
samples of model Pt/SiO, catalysts in their interaction with the gaseous reaction medium, the double numerical
differentiation of the function describing the Pt4f;, line was applied. The double differentiation of XPS spectra has
previously been applied for the analysis of spectral contours of Cls and Ols carbon fibers [13], as well as for the

determination of the iron distribution over the oxidation states in natural biotite type minerals [14].
EXPERIMENTAL

Preparation of model samples and measurement of XPS spectra. The preparation of samples of the model
catalysts, their treatment in the reaction medium, and the measurement of XPS spectra were carried out on a VG ESCA-3
spectrometer (Great Britain) under the residual pressure in the analytical chamber < 5x107° mbar. The XPS spectra were
recorded using MgK,, non-monochromatic radiation (Av = 1253.6 eV) at a voltage of 8.5 kV, and a current of 20 mA on the
X-ray tube. The transmission potential of the energy analyzer corresponded to the parameter HV =20 V. Before the
experiment, the binding energy scale of the spectrometer was calibrated against the positions of lines of gold and copper in
the metallic state: Audfs, (84.0 eV), and Cu2ps, (932.6 eV). The recorded photoemission spectra were processed after the
subtraction of the background line approximated by the Shirley function. In order to determine the exact values of the binding
energy of the photoemission lines, the Si2p line of silicon dioxide with the binding energy of 103.4 eV was taken as the
internal standard. With this calibration method, the binding energy of the Cls line of amorphous carbon accumulated on the
sample surface during the spectra measurement varied within 284.8-285.0 eV.

The samples of model catalysts were obtained in the preparation chamber of the spectrometer by the procedure
described in [9]. Thin films of the SiO, support were obtained on the surface of tantalum foil by evaporating silicon in
a vacuum followed by oxygen annealing at a pressure of 10~ mbar and temperatures of 300-400 °C. The SiO, film thickness
was estimated to be ~10 nm by reducing the intensity of photoemission lines of the substrate (Ta) during the support
formation. Platinum was deposited onto the support surface by thermal evaporation in a vacuum. The platinum content in the
samples was determined by the intensity ratio of the Pt4f and Si2p photoelectron lines, and taking into account the atomic
sensitivity factors, the Pt/Si atomic ratios were calculated [15]. The sample was heated by passing the current through the
tantalum foil; the temperature was measured by means of the chromel-alumel thermocouple welded on the underside of the
foil.
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Analysis of the XPS spectra recorded in the Pt4f region was started with their deconvolution into two spin-orbit
components Pt4f;, and Ptdfs/,, using the XPSPeak program [16]. During the deconvolution, it was taken into consideration
that the spin-orbit splitting is 3.33 eV, and the integrated intensity ratio of the Ptdf;, and Pt4f5, components is 4:3 [15]. The
Pt4f;, and Ptdfs,, lines were supposed to have the same width (FWHM). The asymmetry parameters set by the program to
define the shape of the spectral line, were supposed to have the same values for Pt4df;, and Pt4f;,. The deconvolution of the
spectral contour in the Pt4f region resulted in two smooth functions formally describing the spin-orbit components Pt4f;, and
Pt4f;,. Fig. 1a shows the deconvolution of the Pt4f spectra of the model Pt/SiO, sample. Further, the function describing
a more intense Pt4f7, component was used for the analysis.

The function describing the Pt4f;, line undergoes the operations listed below, and the results of these operations are
shown in Fig. 1b:

1. Smoothing of the Pt4f;, function by five neighboring points using the Origin 6.1 program (Fig. 15, curve /);

2. Numerical differentiation of the smoothed Pt4f;, function;

3. Smoothing of the first derivative (Fig. 15, curve 2);

4. Differentiation of the smoothed first derivative;

5. Smoothing of the second derivative (Fig. 15, curve 3).

When the above mentioned operations are carried out, curve 3 is obtained, which is characterized by the minimum
whose position corresponds to the peak maximum of the Pt4f;, photoemission line. The two zero values of function 3,
located on either side of the minimum, correspond to the maximum and minimum of first derivative 2, and to the inflection
points on the rising edge and falling edge (on the upgrade and downgrade) of function / describing the photoemission line.
The numerical value of the local maximum located to the left of the minimum (corresponds to the rising edge of the function)
is higher than that of another maximum located to the right of the minimum point (corresponds to falling edge), which is due

to the asymmetric shape of the Ptdf;, spectral line having a “tail” elongating towards the region of higher binding energies.
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Fig. 1. Deconvolution of the Pt4f spectra of the Pt/SiO, sample
(Pt/Si atomic ratio 0.1) into spin-orbit components (a), step-by-step
conversion of the function describing the Pt4f;, line (b): smoothing
(1), differentiation+smoothing of the derivative (2), repeated
differentiation+ smoothing of the second derivative (3).
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RESULTS AND DISCUSSION

Pt/SiO, + (NO + O,). The ease of the investigation of the platinum state in the given system by the XPS method is
due to the fact that the Pt4f line does not overlap with lines of other elements participating in the reaction. Moreover, when
the Pt/SiO, system interacts with a mixture of NO and oxygen, no nitrates and nitrites are formed on the surface of the
support (SiO,), while the supported platinum particles change their chemical state [9].

Fig. 2a shows a set of the spectra recorded in the Pt4f region, when the sample with the atomic ratio Pt/Si ~ 0.3
interacts with a mixture of 32 mbar NO + 32 mbar O, at different temperatures. The treatment of the sample in the reaction
medium was carried out in the preparation chamber of the electron spectrometer, then the sample (without any contact with
the atmosphere) was brought into the analytical chamber to collect spectra. Spectrum [ corresponding to the initial state of
the sample before the reaction is presented by a doublet of asymmetric lines whose shape is typical of platinum in the
metallic state. The binding energy E,(Ptdf;) is 71.6 eV and noticeably differs from the value of the binding energy for bulk
metallic platinum being 71.2 eV. Nevertheless, taking into account the method of the samples preparation and the asymmetric
shape of the lines in the Pt4f spectrum, it should be admitted that platinum is in the metallic state. The observed shift in the
binding energy of Pt4f;, relative to the tabular value for metallic platinum can be explained by the final state effect due to the
fact that the positive hole appearing under photoemission on the 4f level in the particles is being welded not so effective as in
bulk metal; at the same time, the smaller the particle size, the greater the shift value is [5]. The procedure of the double
differentiation of the function describing the Pt4f;, line results in curve / shown in Fig. 2b. Curve [ is characterized by one
minimum whose position at 71.6 €V is in good agreement with the position of the maximum of the Pt4f;, photoemission line.

After the reaction at 200 °C and 300 °C, the Pt4f lines are shifted to the region of higher binding energies by 1.6 eV
(Fig. 2a, spectra 2 and 3). At the same time, the spin-orbit components in the spectrum remain asymmetric. The second
derivatives obtained from the Pt4f;, lines and shown in Fig. 2b as curves 2 and 3, still have only one minimum. This result
gives grounds to consider the platinum particles present only in one chemical state. The positions of the maximum of the
photoemission line and the minimum in the curve of its second derivative coincide. Based on the results obtained previously
[9, 10], this state characterized by an increased value of Ey(Pt4f;,) and the asymmetric shape of the spin-orbit Pt4f;,—Ptdfs,
components, can be interpreted as metallic platinum particles containing dissolved oxygen atoms.
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Fig. 2. Ptdf'spectra (a) and second derivatives of the Pt4f;, functions
(b) for the Pt/Si0, sample (Pt/Si atomic ratio 0.3) in the initial state
(I) and after the interaction with a mixture of
32 mbar NO + 32 mbar O, at 200 °C (2), 300 °C (3), 400 °C (4), and
500 °C (5).
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An increase in the reaction temperature up to 400 °C leads to a pronounced broadening of the line (Fig. 2aq,
spectrum 4). In this case, the shape of the Pt4f;, photoemission line changes so that its second derivative shows two minima
(Fig. 2b, curve 4). This is an important argument to support the idea that after the reaction carried out at this temperature,
there are two different chemical types of Pt-containing particles on the surface of the support. Based on the result obtained,
spectrum 4 was decomposed into two doublet lines with E,(Pt4f;,) being 72.5 eV and 73.8 eV (Fig. 3). The line with a lower
value of the binding energy, which is characterized by the asymmetric shape of its spin-orbit components, as in the previous
case, can be attributed to metallic platinum particles containing dissolved oxygen. The second line with the symmetric shape
of the Pt4f;,—Ptdfs, components and Ey(Ptdf;,) of 73.8 eV should be attributed to the particles of platinum oxide PtO,. The
value of the binding energy found for this type of particles is intermediate between the values characteristic of bulk platinum
oxides PtO and PtO, [17-20].

A further increase in the reaction temperature up to 500 °C gives spectrum 5 consisting of one doublet whose spin-
orbit components are of the symmetric shape, and Ey(Pt4f5,) is noticeably higher than the value typical of bulk metallic
platinum. The second derivative (Fig. 2b, curve 5) represents a function with one minimum, symmetric relative to the axis
running through this minimum. This is the basis to suppose that after the treatment, the samples contain only PtO, particles.

PtO,/SiO, + H,. The hydrogen reduction of platinum oxide particles whose formation is described above, was
performed under a hydrogen pressure of 16 mbar and temperatures ranging from room to 200 °C. Fig. 4a shows the Pt4f
spectra obtained when the PtO,/SiO, sample interacts with hydrogen, and Fig. 45 shows the corresponding second derivatives
of the functions describing the Pt4f;, line. Spectrum / in Fig. 4a and its second derivative (Fig. 4b, curve [) are attributed to
the initial state of the sample before the reaction, in which platinum particles are in the oxidized state. This spectrum and the
corresponding second derivative are taken from Fig. 2 (curves J3).

After the interaction with hydrogen at 50 °C, the spectral lines in the Pt4f;,—Pt4fs, doublet are broadened, the lines
are shifted towards the region of lower binding energies. At the same time, the spin-orbit Pt4f;, component adopts such
a shape that its second derivative has two minima at 73.1 eV and 74.3 eV, which indicates the presence of two states of
platinum in the sample. This is the basis to decompose the Pt4f spectrum into two doublets as shown in Fig. 5 (spectrum 7). It
is obvious that the doublet with a higher value Ey,(Pt4f;,) corresponds to platinum oxide particles, and another doublet formed
by the asymmetric lines with a characteristic “tail” corresponds to metallic platinum particles containing dissolved oxygen.
With an increase in the reaction temperature up to 100 °C, the Pt4f spectrum is still described by two doublet lines; at the

same time the contribution of metallic platinum increases due to a decrease in the contribution of platinum oxide (Fig. 4 b,

1, arb. u.
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Fig. 3. Pt4f spectrum of the Pt/SiO, sample
(Pt/Si atomic ratio 0.3) after the interaction
with a mixture of 32 mbar NO + 32 mbar O,
at 400 °C (/) and its deconvolution into two
doublets (2).
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Fig. 4. Pt4f (a) spectra and second derivatives of the Pt4f;, functions
(b) for the PtO,/SiO, sample in the initial state (/) and after the
interaction with 16 mbar hydrogen at 50 °C (2), 100 °C (3), and
200 °C (4).
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Fig. 5. Pt4f spectral decomposition of the
PtO,/SiO, sample into two doublets after the
interaction with 16 mbar hydrogen at 50 °C (/)
and 100 °C (2).

curve 3, and Fig. 5, curve 2). Platinum oxide particles are completely reduced to metal after hydrogen treatment at 200 °C.
Under these conditions, the second derivative of the Pt4f;, line has only one minimum, and the corresponding Pt4f spectrum

can be described by one doublet with E(Pt4f;,) being 71.6 eV.

CONCLUSIONS

This paper descibes the application of the double differentiation of the function describing the Pt4f;, spectral line for
the correct determination of the number of different platinum states in the samples of model Pt/SiO, catalysts during the
oxidation-reduction interaction with the reaction medium. As a result of the performed analysis of the spectra, it is
determined that with an increase in the interaction temperature of Pt/SiO, with the NO + O, mixture, at the early stage, the

dissolution of oxygen atoms occurs in metallic platinum particles. After the treatment at 400 °C, the simultaneous presence of
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two states of platinum (metallic platinum particles with dissolved oxygen and PtO, platinum oxide particles) is observed. By
the reduction of the oxidized sample with hydrogen, the inverse order of the change in the platinum states is observed.

This work was carried out in the framework of the government order for the Boreskov Institute of Catalysis Siberian
Branch, Russian Academy of Sciences. The work was supported by the Council of Grants of the President of Russian
Federation (Program for State Support for Leading Scientific Schools of the Russian Federation, Grant NSh-5340.2014.3).
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