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Abstract—The interaction of the Pt/SiO, model catalysts as thin films on the surface of tantalum supports
with a mixture of NO + O, (1 : 1) was studied by X-ray photoelectron spectroscopy. The pressure of the reac-
tion mixture was varied from 6 to 64 mbar, and the temperature was varied from room temperature to 500°C.
Two types of the catalysts, in which the Pt/Si atomic ratios were ~0.1 and ~0.3 (0.1-Pt/SiO, and 0.3-Pt/SiO,,
respectively) according to the XPS data, were studied. In 0.1-Pt/SiO,, the particles of platinum predomi-
nantly had a size from 1 to 2.5 nm; a wide Pt particle size distribution in a range from 1 to 15 nm with a max-
imum at ~4 nm was characteristic of 0.3-Pt/SiO,. The interaction of all of the samples with NO + O, at room
temperature led to the dissolution of oxygen atoms in the bulk of platinum metal particles. As the reaction
temperature was increased, PtO, platinum oxide particles were formed: from small Pt particles in 0.1-Pt/SiO,
at 300°C and from larger particles in 0.3-Pt/SiO, at 400—500°C. It was established that the reactivity of plat-
inum oxide particles toward hydrogen also depended on the particle size. The small particles of platinum
oxide were converted into platinum metal under the action of hydrogen (16 mbar) at 300°C. The coarse par-
ticles of PtO, in the samples of 0.3-Pt/SiO, were reduced much more easily starting with room temperature.
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INTRODUCTION

The oxidation number of platinum is a factor
responsible for the activity of supported platinum cat-
alysts. It was established that, in the NO, storage
reduction (NSR) systems, which are used for the neu-
tralization of nitrogen oxides in exhaust gases, the cat-
alyst loses its activity in the course of a key stage of the
process: the oxidation of NO into NO,, when plati-
num particles, which are the constituents of the cata-
lyst, are converted into an oxidized state under the
action of a reaction atmosphere. The ease of the con-
version of supported platinum into the particles of
platinum oxides depends on the nature of the support,
the temperature, the composition of a reaction atmo-
sphere, and the dispersity of platinum.

Lee and Kung [1] considered an example of the
effect exerted by the size of platinum particles on their
oxidation in the composition of a Pt/y-Al,O; catalyst.
In a comparison of catalysts with platinum dispersity
of 4.4 and 82% in the reaction of NO oxidation, it was
found that the specific activity of the less dispersed
catalyst was higher by two orders of magnitude. The
reason for this behavior is that coarser platinum parti-
cles are less inclined to oxidation; therefore, platinum
remains in an active metallic state in the course of
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reaction in the case of a coarsely dispersed catalyst.
Olsson and Fridell [2] found that the rate of NO, dis-
sociation gradually decreased in the course of the
interaction of Pt/Al,O; with NO, at 350°C. With the
use of X-ray photoelectron spectroscopy (XPS), it was
established that the rate decreased due to the forma-
tion of platinum oxides. Because of this, the rate of
catalyst deactivation in a reaction atmosphere con-
taining NO, increased with the dispersity of platinum
because smaller platinum particles were more easily
converted into oxides. Benard et al. [3] found an anal-
ogous manifestation of the size effect for the Pt/SiO,
catalysts: activity in the reaction of NO oxidation
increased with the particle size of supported platinum.
Mulla et al. [4] noted a fourfold increase in the activity
of Pt/Al,O; in the oxidation of NO at 300°C in a reac-
tion atmosphere containing 300 ppm of NO +
170 ppm of NO, + 10% O, (the balance N,) once a
freshly prepared sample was subjected to sintering.
Villani et al. [5] found the influence of the particle size
of platinum supported onto different oxide carriers in
a more complex catalytic process, which occurs with
the participation of NO: the oxidation of carbon in an
atmosphere containing NO, oxygen, and water vapor.
They demonstrated that there is an optimum particle
size of platinum for this process, 20—40 nm (at 3—4%
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dispersity), which corresponds to an optimum particle
size in the reaction of NO conversion into NO, in this
reaction atmosphere.

Kalinkin et al. [6] used XPS and scanning tunnel
microscopy (STM) for studying the interaction of NO,
with the particles of platinum evaporeted onto the sur-
face of highly oriented pyrolytic graphite at room tem-
perature and a pressure of 3 X 10~®mbar. It was found
that, under these conditions, only small platinum par-
ticles of size ~2.5 nm underwent oxidation with the
formation of PtO and PtO, particles, whereas larger
particles (~5.5 nm) remained in a metallic state.

Previously, the interaction of the Pt/Al,O; and
Pt/Si0O, thin-film model catalysts with a reaction mix-
ture of 10 mbar of NO + 10 mbar of O, was studied in
[7]. The size of platinum particles in the test samples
was 1—3 nm. The oxidation of nanosized platinum
particles under the action of a reaction atmosphere
occurred only at elevated temperatures (~300°C).
Interaction at room temperature also led to a change
in the state of platinum particles, which was suppos-
edly caused by the dissolution of oxygen atoms in the
bulk of particles with the retention of their metal prop-
erties. It was found that oxygen dissolved in the parti-
cles of platinum metal entered into reaction with
hydrogen much more easily than the particles of plat-
inum oxide. In this work, we carried out a comparative
XPS study of two Pt/SiO, model systems with different
platinum particle size distributions in a reaction with a
mixture of NO and oxygen and the subsequent reduc-
tion of the oxidized samples in hydrogen in order to
examine the effect of particle size on the oxidation—
reduction processes with the participation of sup-
ported platinum particles.

EXPERIMENTAL

The preparation of model catalyst samples, their
treatment in a reaction atmosphere, and the measure-
ment of XPS spectra were carried out on a VG ESCA-3
instrument (Vacuum Generators, the United King-
dom) at a residual pressure of <5 X 10~ mbar in the
analytical chamber of the instrument. The XPS spec-
tra were recorded with the use of the Ko , X-ray line
(hv = 1253.6 eV) of nonmonochromatic MgKo radia-
tion at an X-ray tube voltage of 8.5 kV and a current
intensity of 20 mA. The pass energy of the analyzer
corresponded to the parameter HV = 20 V. Before the
experiments, the scale of binding energies of the spec-
trometer was calibrated based on the positions of the
gold Au4f; , (84.0 eV) and copper Cu2p;,, (932.6 V)
lines. The photoemission spectra were processed after
Shirley background subtraction. In the determination
of the exact values of the binding energies of photoe-
mission lines, the Si2p line of silicon dioxide, whose
binding energy was taken equal to 103.4 ¢V, was used
as an internal standard. In this calibration procedure,
the binding energy of the Cls line of amorphous car-
bon, which was accumulated on the sample surface in

the course of spectral measurements, varied within a
range of 284.8—285.0 eV.

The samples of model catalysts were obtained in
the preparation chamber of the spectrometer in accor-
dance with a published procedure [8—10]. The thin
films of SiO, were synthesized on the surface of tanta-
lum foil by the vacuum evaporation of silicon followed
by annealing in oxygen at a pressure of 10~> mbar and
a temperature of 300°C. The sample was heated by
passing the current through the tantalum foil; the tem-
perature was measured with the aid of a chromel—
alumel thermocouple welded to the reverse side of the
foil. The SiO, films formed ensured the almost com-
plete screening of the photoemission lines of tantalum
in the XPS spectra. This allowed us to conclude that
the thickness of SiO, films was no smaller than 10 nm.
Platinum was supported onto the surface of silicon
dioxide by thermal evaporation in a vacuum. The plat-
inum content of the samples was determined based on
the intensity ratio of the photoelectron lines Pt4f and
Si2p, from which the Pt/Si atomic ratio was calculated
taking into account atomic sensitivity factors [11]. In
the Pt4f spectra of the freshly prepared Pt/SiO, sam-
ples, the spin-orbital components Pt4f;, and Pt4f; ),
had an asymmetric shape with a tail elongated toward
higher binding energies; this shape is characteristic
of platinum metal. Along with the binding energy
Ey(Pt4f; ), the degree of line asymmetry, which is cal-
culated in accordance with a published procedure [7],
is important for evaluating the chemical state of plati-
num. In platinum oxides, the Pt4f;, and Pt4f;, lines
are symmetrical.

We prepared and studied two series of samples
with the relative platinum concentrations Pt/Si =
0.1 (0.1-Pt/SiO, samples) and Pt/Si ~ 0.3 (0.3-Pt/SiO,
samples). The model catalyst samples were treated
with a mixture of NO + O, (molar ratio, 1 : 1) in the
preparation chamber at 30—500°C and a pressure of
6—64 mbar. Then, the samples were transferred into
the analytical chamber without contact with the atmo-
sphere for the recording of XPS spectra. After treat-
ment in the mixture of NO + O,, the samples were
reduced in hydrogen at 30—300°C and a pressure of
16 mbar.

The particle size of platinum supported on SiO,
was estimated by transmission electron microscopy
(TEM) on a JEM-2010 instrument (JEOL, Japan) at
an accelerating voltage of 200 kV and a lattice resolu-

tion of 0.14 nm.1 For this purpose, the Pt/SiO, sam-
ples with the Pt/Si atomic ratios of ~0.1 and ~0.3 were
prepared in accordance with the procedure described
above by the sequential supporting of SiO, and Pt onto
carbon films on copper gauzes, which are traditionally
used as substrates in TEM.

! The TEM measurements and image processing were performed
by V.I. Zaikovskii and E.Yu. Gerasimoyv, the staff members of the
Boreskov Institute of Catalysis, Siberian Branch, Russian Acad-
emy of Sciences.
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Fig. 1. TEM images of the thin-film (a) 0.1-Pt/SiO, and (c) 0.3-Pt/SiO, samples on carbon substrates and (b, d) the par-
ticle size distributions of platinum, respectively. NV is the total number of particles taken into account in the plotting of

the distributions.

RESULTS AND DISCUSSION

0.1-Pt/SiO, and 0.3-Pt/SiO, Samples
in the Initial State

Figure 1 shows the TEM micrographs of the frag-
ments of test model catalysts prepared on the sub-
strates of a perforated carbon film. In the 0.1-Pt/SiO,
sample with a relatively low platinum content (the
Pt/Si atomic ratio = 0.1) (Fig. 1a), the Pt particles have
a narrow size distribution (Fig. 1b); in this case, the
size of the majority of them falls in a range from 1 to
2.5 nm. In the 0.3-Pt/SiO, sample with a higher plati-
num content (the Pt/Si atomic ratio ~ 0.3) (Fig. 1c),
the evaporated metal particles have a wide size distri-
bution (Fig. 1d). The distribution curve exhibits an
asymmetrical peak with a maximum at ~4 nm and a
strongly elongated tail toward greater particle sizes.
A considerable portion of particles falls in a range from
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3 to 5 nm, but particles whose size reaches 15 nm are
also observed.

According to the XPS data, the binding energies
E,(Pt4f;5) in the 0.1-Pt/SiO, and 0.3-Pt/SiO, samples
are 72.2 and 71.6 eV, respectively. The values obtained
are noticeably different from the binding energy of
bulk platinum metal, which is 71.2 eV. Nevertheless,
based on the sample preparation method and taking
into account the asymmetric line shape characteristic
of bulk platinum in the Pt4fspectrum, we assume that
platinum occurs in a metallic state. The shift of the
Pt4f;, binding energy relative to a tabular value for
platinum metal observed in the samples is explained by
the final state effect related to photoemission from
supported small metal particles. It is believed that the
shift is caused by the fact that a positive hole at the 4f
level, which results from photoemission, in the parti-
cles is screened less effectively than in the bulk metal;
in this case, the smaller the particle size, the greater
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Fig. 2. Pt4f XPS spectra of the (a) 0.1-Pt/SiO, and (b) 0.3-Pt/SiO, samples (/) before and after interaction with a mixture of
NO + O, at room temperature and exposures (mbar min) indicated in parentheses.

the shift [12]. In addition to the lines of platinum, the
lines of silicon (Si2p, 103.4 eV and Si2s, 154.2 eV), sil-
icon dioxide oxygen (Ols, 532.5 V), and carbon from
the substrate (Cls, 284.9 eV) can also be seen in the
spectra. Analogous Pt4f, Si2p, Si2s, and Ols spectra
were obtained for the samples prepared on the tanta-
lum substrates.

Interaction of Platinum Particles with NO + O,
at Room Temperature

The samples prepared on the tantalum substrates
were used in the study of the interaction of the Pt/SiO,
model systems with the reaction mixture (NO + O,).
The treatment of the samples in the reaction mixture
did not lead to the appearance of lines in the Nls
region and to changes in the Ols region. The most sig-
nificant changes observed in the spectra are related to
a change in the state of platinum. Figure 2 shows the
Pt4f spectra measured after the contact of the 0.1-
Pt/SiO, (Fig. 2a) and 0.3-Pt/SiO, samples (Fig. 2b)
with the reaction mixture at room temperature. In
each of the above spectra, a heavy line shows the asym-
metrically shaped Pt4f;, component having a tail
elongated toward greater binding energies. This asym-
metric shape is characteristic of the photoemission
lines in the spectra of platinum group metals; it is
caused by the high density of d electrons at the Fermi
level in them [13, 15]. To more clearly visualize the

asymmetry, a corresponding symmetrical line was
drawn for each of the spectra in Fig. 2 by reflecting the
left-hand half of an experimental component with
respect to a vertical line that passes through a maxi-
mum.

Table 1 and Fig. 2a show changes in the parameters

of the Pt4f line in the course of reaction of the 0.1-
Pt/SiO, sample with NO + O, at room temperature.
The total exposures given in the third column are the
sums of the products of reaction mixture pressures
(column 1) and contact times (column 2). Initially,
E,(Pt4f; ) rapidly increased with exposure, and it
increased by ~1.0 eV at an exposure of 193 mbar min.
The value of Ey(Pt4f;,,) remained unchanged as the
exposure was further increased. The line width and the
Pt/Si atomic ratio did not change in the course of
interaction, and the line shape remained asymmetric.
Previously, a similar behavior of the XPS spectra of
platinum in the model samples was interpreted as the
dissolution of oxygen atoms formed upon the dissoci-
ation of NO (NO,) in the bulk of supported metal par-
ticles [7, 8]. It is assumed that, in this case, platinum
retained its metallic state, and an increase in the value
of E,(Pt4f;,) was caused by electron transfer from
platinum atoms to dissolved oxygen atoms. Because
the Pt/Si atomic ratio remained almost unchanged
under the given conditions, it is believed that the dis-
solution of oxygen does not lead to the agglomeration
KINETICS AND CATALYSIS  Vol. 56
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Table 1. Changes in Pt 4f; , line parameters and Pt/Si atomic ratios upon the contact of the Pt/SiO, samples with a mixture

of NO + O, at room temperature

Pressure, mbar Contf‘ri;tlme’ Totr;lalbz);pr(r)jgre, E,, eV FWHM*, eV Pt/Si Asymmetry
0.1-Pt/SiO,
0 0 72.2 2.2 0.10 1.34
6 0.5 3 72.8 2.3 0.11 1.23
6 5 33 73.1 2.2 0.10 1.27
12 5 93 73.1 2.3 0.11 1.24
20 5 193 73.2 2.2 0.10 1.24
20 3 253 73.2 2.3 0.11 1.35
64 5 573 73.2 2.2 0.11 1.31
0.3-Pt/SiO,
0 0 71.6 2.0 0.34 1.26
6 0.5 3 72.3 2.2 0.34 1.53
6 5 33 72.4 2.4 0.36 1.50
20 5 133 72.6 2.5 0.35 1.47
20 5 233 72.6 2.5 0.37 1.48
32 5 393 72.7 2.5 0.37 1.45

* FWHM is the full width at half maximum.

of particles and does not have a noticeable effect on
their size.

The interaction of 0.3-Pt/SiO, with NO + O, at
room temperature was also accompanied by a mono-
tonic increase in FE,(Pt4f;,) as the exposure was
increased (Table 1, Fig. 2b). This sample is character-
ized by a wide platinum particle size distribution
(Fig. 1d). It is obvious that, in this case, small particles
(~1—2 nm) behave just as in 0.1-Pt/SiO,; however, it is
likely that the contribution of these particles to the
integral Pt4f peak is small. Thus, it is possible to state
that, in this case, the basic contribution to the dis-
placement of the Pt4fline is ensured by relatively large
particles (~3—15 nm), and the dissolution of oxygen in
these particles also occurs effectively. Note that, in
contrast to the 0.1-Pt/SiO, sample, upon the contact
of 0.3-Pt/SiO, with the reaction mixture, the Pt4fline
was broadened and its maximum was simultaneously
shifted (Table 1). In our opinion, this broadening is
based on the structure peculiarities of the sample
caused by the presence of platinum particles with dif-
ferent sizes on the support surface. It is believed that
the saturation concentration of dissolved oxygen
depends on particle size. For example, the smaller the
particle, the more oxygen atoms per platinum atom
can be dissolved. In this case, after the treatment of the
0.3-Pt/SiO, sample, the Pt4fline in small particles will
be more largely shifted than in large particles to cause
the broadening of the integral line. As in the 0.1-
Pt/SiO,sample, the absence of changes in the Pt/Si
atomic ratio indicates that substantial changes in the
particle size did not occur upon the interaction of the
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0.3-Pt/SiO, sample with NO + O, at room tempera-
ture.

Oxidation of Platinum Particles on Interaction
with NO + O, at Elevated Temperatures

Figure 3 shows the Pt4fspectra of the 0.1-Pt/SiO,
(Fig. 3a) and 0.3-Pt/SiO, samples (Fig. 3b) after con-
tact with the mixture of NO and oxygen at elevated
temperatures and a pressure of 64 mbar. The bottom
spectra in Fig. 3 belong to the samples in the initial
state, and they duplicate the bottom spectra in Fig. 2.
The spectra arranged directly above them duplicate
the top spectra in Fig. 2.

On the interaction of the 0.1-Pt/SiO, sample with
a mixture of NO + O,, an increase the temperature in
a range from room temperature to 200°C did not
change the position of the Pt4f; , line (Fig. 3a); this
fact indicates the absence of changes in the state of
platinum particles. In this case, the line retained its
asymmetric shape characteristic of the metallic state,
although the degree of asymmetry decreased with
temperature (Table 2). The line width also decreased
in this case; this was likely due to the gradual leveling
of dissolved oxygen concentration in different plati-
num particles before the stage of the formation of an
oxide phase. As judged from small changes in the Pt/Si
atomic ratio (Table 2), the particle size insignificantly
changed in this case.

After treatment at 300°C, an additional shift of the
Pt4f; , line by ~0.4 eV toward greater £, was observed
(Table 2, Fig. 3a). The binding energy of 73.6 eV cor-
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Fig. 3. Pt4/ XPS spectra of the (a) 0.1-Pt/SiO, and (b) 0.3-Pt/SiO, samples (/) before and after interaction with a mixture of

NO + O, at different temperatures.

responds to the oxidized state of platinum. It is diffi-
cult to accurately establish the nature of the oxide
because a value of 73.6 eV occupies an intermediate
position between the values characteristic of the bulk
platinum oxides PtO and PtO, [15—18]. Subsequently,
we designate this state as PtO,. As expected, the Pt4f
line became symmetrical upon the formation of plati-
num oxide particles (Table 2). The Pt/Si atomic ratio
decreased by a factor of ~2, as compared with the value
that characterized the sample in the initial state (Table
2). This can be due to a change in the size and shape of
platinum particles upon their transfer into an oxidized
state.

For the 0.3-Pt/SiO, sample in a temperature range
from room temperature to 300°C, the Pt4fline gradu-
ally shifted to the region of high binding energies
(Table 2, Fig. 3b). In a temperature range from room
temperature to 200°C, a small narrowing of the Pt4f
line with the retention of a significant degree of asym-
metry occurred simultaneously with the shift. This
behavior of the sample, which possesses a wide plati-
num particle size distribution, can be explained as fol-
lows: It is obvious that, as in the case of 0.1-Pt/SiO,
with small platinum particles, an oxide phase was not
formed in the 0.3-Pt/SiO, sample at a temperature
lower than 200°C. It is believed that the concentration
of dissolved oxygen in the larger particles of platinum
increases with temperature. This leads to the leveling

of oxygen concentrations in the large and small parti-
cles and, as a result, to the narrowing of the Pt4fline.

Note that, after the reaction performed at 300°C, a
large portion of platinum was not converted into
oxide. After the reaction at 400°C, the shape of the
spectrum considerably changed, and it could not be
described by one doublet line. In Fig. 3b, a spectrum is
decomposed into two doublet lines; the spin-orbital
components of one of them are comparatively narrow
and have an asymmetric shape (Table 2). The binding
energy E,(Pt4f;,) of this line is 72.5 to eV. This value is
close to Ey(Pt4f;,) after a contact of the sample with
the reaction mixture at room temperature. The second
line is relatively wide and symmetrical, and the bind-
ing energy E,(Ptdf;,) corresponding to it is 73.7 €V,
which is characteristic of the particles of platinum
oxide (PtO,) [7]. After an increase in the reaction tem-
perature to 500°C, a spectrum that can be described by
one doublet line with binding energy corresponding to
oxide particles was obtained (Fig. 3b). The line is
broad and almost symmetrical (Table 2). After the
reaction at 500°C, the Pt/Si atomic ratio in the 0.3-
Pt/Si0O, sample decreased by almost an order of mag-
nitude (Table 2); this fact suggests a considerable
increase in the size of the particles as a result of their
agglomeration.

KINETICS AND CATALYSIS Vol. 56
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Table 2. The temperature dependence of Pt 4f; , line parameters and Pt/Si atomic ratios on the contact of the Pt/SiO,
samples with a mixture of NO + O,*

0.1-Pt/SiO, 0.3-Pt/SiO,

A - Epev | FWHITE L pysi e | state of Pt | £y, eV FWHMES - pysi e
g;i/‘é?gz Pt 72.2 2.2 0.10 | 1.35 |Pt 71.6 2.0 0.34 1.52
230 |P—Oy, =+ | 732 22 0.11 | 131 |P—Og | 727 25 0.37 1.45
50 | P—Oy, 7322 22 0.12 | 136 |P—Oy | 727 25 0.34 1.39
100 | P—Oy, 732 2.0 0.10 | 1.14 |P—Og | 729 2.4 0.35 1.22
150 | Pt—Og, 732 2.0 0.10 | 117 |P—Og | 73.0 23 0.30 1.24
200 | POy, 732 1.9 0078 | 1.14 |P—Oy | 732 23 0.23 1.23
300 | PO, 736 1.9 0.049 | 1.00 |P—Oy | 732 2.6 0.13 1.22
100 j - - - [P0y | 725 2.1 o |76
PO, 737 27 1.00

500 — — — — — |pwo, 737 2.9 0.037 | L11

Dashes indicate that the 0.1-Pt/SiO, sample was not treated in the reaction mixture at temperatures of 400 and 500°C.
* The contact time of Pt/SiO, with a mixture of 32 mbar of NO + 32 mbar of O, was 5 min at all of the temperatures.

** FWHM is the full width at half maximum.

#x% Pt—Qyg;, refers to the particles of platinum metal with oxygen dissolved in them.

Reduction of PtO, Particles in Hydrogen

Figure 4 shows the Pt4f spectra of the 0.1-Pt/SiO,
(Fig. 4a) and 0.3-Pt/SiO, samples (Fig. 4b) measured
in the course of the reduction of platinum oxide parti-
cles, which were formed as a result of the preliminary
oxidation of the supported particles of platinum metal
in NO + O,, in hydrogen. The bottom spectra charac-
terize the samples in the initial state, and the spectra
arranged above them were obtained after treatment in
the reaction mixture at a temperature that leads to the
formation of platinum oxide (PtO,) particles.

It is evident that the treatment of the 0.1-Pt/SiO,
sample in hydrogen in a temperature range from room
temperature to 200°C did not have an effect on the
spectral characteristics of the Pt4f line (Table 3,
Fig. 4a). We can conclude that the particles of plati-
num oxide in the highly dispersed sample are not
reduced by hydrogen under these conditions. As the
reaction temperature was increased to 300°C, the
position, shape, and intensity of the line changed. In
this case, the spectrum was described by two doublet
lines, the most intense of which belonged to the metal-
lic state. In this doublet, the lines have a characteristic
asymmetric shape (Table 3). The binding energy
E,(Pt4f; ;) of 71.8 €V is lower than that in the sample
in the initial state (72.2 eV). The weakening of the
binding energy along with a decrease in the Pt/Si
atomic ratio by a factor of ~2.5 unambiguously indi-
cate that the particle size of platinum increased after
oxidative and reductive treatments. The components
of the second less intense doublet line have a symmet-
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rical shape. The binding energy E,(Pt4f;,) = 73.5 eV
of this line is almost the same as that in the sample with
oxidized platinum particles. Note that, in this case, we
did not observe the state of dissolved oxygen. This
result seems expected because the reactivity of oxygen
dissolved in platinum is higher than that of oxygen in
platinum oxide [7].

After treatment in NO + O, at 500°C, the
0.3-Pt/SiO, sample was characterized by the spectrum
that consisted of one wide doublet line, which belongs
to the oxide particles of PtO, (Fig. 4b). Based on the
fact that the 0.3-Pt/SiO, sample in the initial state had
a wide platinum particle size distribution, we can
hypothesize that the particles of PtO, obtained as a
result of interaction with NO + O, are also character-
ized by a wide size distribution. In contrast to the
highly dispersed 0.1-Pt/SiO, sample, in this case, the
reduction of oxide begins even at room temperature
upon the addition of hydrogen. In this case, the initial
spectrum is split into two doublet lines, one of which
with a binding energy of 74.1 eV belongs to the oxide
PtO,, and it is likely that the other with an asymmetric
shape of doublet components and Ey(Pt4f;,) =
72.5 eV belongs to metallic platinum, which contains
dissolved oxygen (Table 3, Fig. 4b). As the reduction
temperature was increased to 100°C, the qualitative
composition of particles on the surface remained
unchanged, but the fraction of platinum metal in the
spectrum increased. Oxide was completely reduced to
the metal after interaction with H, at 200°C. The
binding energy E,,(Pt4f; ,) after reduction was 71.6 €V,
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Fig. 4.Pt4f XPS spectra of the (a) 0.1-Pt/SiO, and (b) 0.3-Pt/SiO, samples (/) before and (2) after the oxidation of supported
platinum particles in a mixture of NO + O, at (a) 300 and (b) 500°C and the subsequent reduction in hydrogen at different tem-
peratures. Pressure of hydrogen, 16 mbar; interaction time, 2 min.

which coincides with the value determined for the ini-
tial sample. Note that the Pt/Si atomic ratio remained
unchanged in the course of treatment in hydrogen.
This fact allowed us to state that the particle size of
supported platinum in the coarsely dispersed sample
did not increase in the reduction process. It is interest-

ing that, in the finely dispersed sample, agglomeration
was observed both at the stage of oxidation and as a
result of the reduction of platinum nanoparticles; in
the coarsely dispersed sample, the agglomeration
of particles was noticeable only at the first stage of
oxidation.

Table 3. The temperature dependence of Pt 4f; , line parameters and Pt/Si atomic ratios on the contact of the Pt/SiO, sam-

ples oxidized in a mixture of NO + O, with hydrogen

0.1-Pt/SiO, 0.3-Pt/SiO,
T,°C s _ ® -
state of Pt | E,, eV | TWHM™ | po/gi | 8YM- | oo of Pt | £, eV | TWHM | pygy | asym
eV metry eV metry
PtO,/SiO, | PtO, 73.6 1.9 0.049 1.00 |PtO, 73.7 2.9 0.037 1.11
~30 PtO, 73.6 1.9 0.052 1.00 |PtO, 74.1 2.3 0.039 1.00
Pt—Og ** | 72.5 2.2 ' 1.75
100 PtO, 73.6 1.9 0.054 1.00 | PtO, 73.5 2.4 0.036 1.00
Pt—Oy; 72.0 2.3 ’ 2.00
200 PtO, 73.6 2.0 0.052 1.00 |Pt° 71.6 2.2 0.040 1.69
300 PtO, 73.5 2.4 1.00
0 0.041 — — — — —
Pt 71.8 2.2 1.24
Dashes indicate that the 0.3-Pt/SiO, sample was not treated in hydrogen at a temperature of 300°C.
*FWHM is the full width at half maximum.
** Pt—OQy;s refers to the particles of platinum metal with oxygen dissolved in them.
KINETICS AND CATALYSIS Vol. 56 No. 6 2015
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Thus, in this work, we discovered that the interac-
tion of the Pt/SiO, model supported catalysts with a
mixture of NO + O, led to the dissolution of oxygen
atoms in the bulk of platinum metal particles and to
the formation of platinum oxide (PtO,) particles. A
comparative study of the samples of two types of cata-
lysts, which differed in the amounts of supported plat-
inum and particle size distributions, showed that the
dissolution of oxygen in platinum readily occurred
even at room temperature regardless of particle size. At
the same time, the conversion of platinum metal par-
ticles into oxide particles is an activated process, and
the oxidation temperature decreases with decreasing
the particle size. The ease of the reduction of the oxi-
dized platinum particles in hydrogen also depends on
the particle size: the larger the oxide particles, the
lower the temperature at which they can be returned to
the metallic state.
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