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Abstract—The interaction of the model catalysts Rh/Al,O5, Pd/Al,O5, Pt/Al,O3, and Pt/SiO, with NO,
(mixture of 10 Torr of NO and 10 Torr of O,) was studied by X-ray photoelectron spectroscopy (XPS). Sam-
ples of the model catalysts were prepared under vacuum conditions as oxide films >100 A in thickness on tan-
talum foil with evaporated platinum-group metal particles. According to transmission electron microscopic
data, the platinum-group metal particle size was several nanometers. It was found by XPS that the oxidation
of Rh and Pd nanoparticles in their interaction with NO, occurs already at room temperature. The particles
of platinum were more stable: their oxidation under the action of NO, was observed at elevated temperatures
of ~300°C. At room temperature, the interaction of platinum nanoparticles with NO, hypothetically leads to
the dissolution (insertion) of oxygen atoms in the bulk of the particles with the retention of their metallic
nature. It was found that dissolved oxygen is much more readily reducible by hydrogen than the lattice oxygen

of the platinum oxide particles.
DOI: 10.1134/S0023158412010132

INTRODUCTION

Platinum-group metals (Pt, Rh, and Pd) supported
as ultrafine particles onto the surface of oxides are
widely used as catalysts for different redox processes.
The most important process is the neutralization of
nitrogen oxides (NO,) in the exhaust of automotive
diesel engines, which operate under conditions of
excess air in the working mixture and, as a result, gen-
erate large amounts of NO and NO, [1, 2]. To decrease
the concentration of nitrogen oxides, Toyota proposed
use of NO, storage—reduction (NSR) systems, which
fix nitrogen oxides in the form of nitrates in an oxidiz-
ing atmosphere with subsequent reduction of them to
nitrogen via short-term injection of an excess of fuel
into the working mixture [1, 3]. A typical catalytic
NSR system contains a base component for NO,
absorption (usually, BaO or BaCO;) and a platinum-
group metal supported on y-Al,Oj; as a catalyst for the
oxidation of NO to NO, and then to barium nitrate
and for subsequent reduction of the nitrate to molecu-
lar nitrogen. The activity of an NSR catalyst is deter-
mined by the oxidation state of platinum, which in
turn depends on many factors: the nature and particle
size of the metal, the nature of the support, the oper-
ating temperature, and the composition of the reac-
tion mixture.

It was established that, upon the conversion of plat-
inum metal particles into platinum oxide particles
under the action of the reaction mixture, the catalyst
loses its activity in a key reaction of NO, absorption—
oxidation of NO to NO, [4—7]. In this work, we stud-

ied the changes in the oxidation state of platinum-
group metal particles upon their interaction of NO,
(mixture of NO and O,) with the model catalytic sys-
tems Rh/Al,O;, Pd/AlL,O;, Pt/Al,O;, and Pt/SiO, by
X-ray photoelectron spectroscopy (XPS), which is
highly sensitive to the oxidation states of chemical ele-
ments. Previously [8—10], we demonstrated the effec-
tiveness of XPS for studying changes in the chemical
surface composition of model NSR catalysts upon
their interaction with NO, and other components of
automobile exhaust.

EXPERIMENTAL

The model catalysts were prepared and treated with
NO, and their XPS spectra were measured in a VG
ESCA-3 spectrometer at a residual pressure of <5 x
10~? Torr in the analyzer chamber. The XPS spectra
were recorded using nonmonochromatic Mgk, radia-
tion (hv = 1253.6 eV) at X-ray tube voltage and current
of 8.5 kV and 20 mA, respectively. The pass energy of
the analyzer corresponded to the parameter HV =
20 V. Before the experiments, the scale of binding
energies of the spectrometer was calibrated against the
signal positions of gold and copper metals, Au 4f;,
(84.0 eV) and Cu 2p;,, (932.6 eV), respectively. The
photoemission spectra were processed after the sub-
traction of the background approximated by the Shir-
ley function. The spectra were decomposed into indi-
vidual components using the XPSPEAK program
[11]. The binding energies (BE) corresponding to the
XPS signals of the platinum-group metals supported
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on aluminum oxide were determined relative to
BE(Al 2p) or BE(Al 2s) for Al,O;, which were taken to
be equal to 74.5 and 119.3 eV, respectively. For
Pt/SiO, samples, the Si 2p peak (BE = 103.4 eV) and
the C 1s peak of amorphous carbon, which is accumu-
lated on the sample surface in the course of the mea-
surement of spectra (BE = 284.8 eV), were used as ref-
erence signals.

The model catalysts were prepared in the prepara-
tion chamber of the spectrometer using a procedure
described elsewhere [8, 12, 13]. Aluminum oxide was
prepared as a thin film on tantalum foil by evapora-
tion of aluminum metal in oxygen at a pressure of
107> Torr. The film was additionally heated in oxygen
and in a vacuum at 400°C. The sample was heated by
passing alternating current through the tantalum foil;
the temperature was measured with a chromel—alumel
thermocouple welded to the foil. The SiO, films were
obtained by evaporation of silicon in a vacuum fol-
lowed by annealing in oxygen at 200—300°C. The
thickness of the Al,O; and SiO, films was >100 A, as
was evidenced by the almost complete screening of
signals from the tantalum substrate in the XPS spectra.
The platinum-group metals were supported onto the
surface of an oxide film by evaporation in a vacuum.
The concentrations of Rh, Pd, and Pt were deter-
mined from the Rh : Al, Pd : Al, and Pt : Al (Si) atomic
ratios, which were calculated using the Rh 3d, Pd 3d,
Pt 4f, Al 2p, and Si 2p peak intensities into account
atomic sensitivity factors [14]. The model catalysts
were treated with NO, (NO + O,, 1: 1) in the prepa-
ration chamber at a specified temperature in the range
of 30—300°C and a pressure of ~20 Torr; thereafter,
they were transferred into the analytical chamber
without contact with the atmosphere for recording the
spectra. The reduction of the samples with hydrogen
after their interaction with NO, was also conducted in
the preparation chamber at a pressure of 16 Torr and a
preset temperature between 30 and 300°C.

For evaluating the size of platinum-group metal
particles on the oxide support, several Pt/Al,O; and
Pt/SiO, samples were prepared with the use of carbon
films as substrates. These samples were studied by
transmission electron microscopy (TEM) on a JEM-
2010 microscope (lattice resolution, 0.14 nm; acceler-

1
ating voltage, 200 kV). It was found that small plati-
num particles of size 1—3 nm were dominant in the
samples with the atomic ratio Pt : Al (Si) = 0.05—0.08.

RESULTS AND DISCUSSION

In accordance with the results obtained previously
[8], the treatment of the platinum-group metals sup-
ported on Al,O; (atomic ratio metal : Al = 0.03—0.11)
with NO, at room temperature leads to the formation

' The TEM measurements and image processing were carried out
by V.I. Zaikovskii and E.Yu. Gerasimov.
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of nitrate and nitrite ions bound to the surface of the
oxide support. Figure 1 shows, by the examples of
Pt/AL,O; (Figs. la, 1c) and Rh/AL,O; samples

(Figs. 1b, 1d), that the NO; and NO, ions are charac-
terized by N 1s peaks at binding energies of 407.4 and
404.7 eV, respectively, and also by an O 1s peak with a
binding energy of 533.1 eV.

Along with the formation of NO; and NO, on the
support surface, the state of supported rhodium, palla-
dium, and platinum particles changed, as was evi-
denced by the changes observed in the Rh 3d, Pd 34,
and Pt 4f spectra, respectively. Figure 2 shows the
Rh 3d XPS spectra for the Rh/Al,O; sample before
and after its interaction with NO, at room tempera-
ture. The Rh : Al atomic ratio in the initial sample was
0.11. The binding energy BE(Rh 3d;,,) = 307.9 eV is
higher than the value corresponding to bulk rhodium
metal (307.2 eV [14]); this is usually observed in nano-
sized metal particles. An increase in the measured
binding energy of electrons at the core level of rhod-
ium atoms as the constituents of nanoparticles can be
explained by a lowered density of valence d electrons
near the Fermi level and also by the effect of the final
state, when a positive hole, which appears as a result of
photoemission at the 3d level in the particles, is
screened less effectively than that in the bulk metal
[15]. The shift of the peaks that characterize the small
particles of the platinum-group metal supported on
Al,O; and SiO, to higher binding energies relative to
the peak position of the bulk metal can be as great as
~1.5 eV [15]. In the initial state, the peaks of the
Rh 3ds,,—Rh 3d;,, doublet are asymmetric with a tail
expanding to the side of higher binding energies. The
asymmetric shape of the peaks is characteristic of plat-
inum-group metals, and it is directly related to the
high density of d electrons at their Fermi level [16, 17].
In the bottom spectrum in Fig. 2, the vertical line pass-
ing through the Rh 3ds,, peak maximum divides the
peak into two parts. The ratio of the area of the right-
hand side of the peak (/,) to the area of the left-hand
side (/) can serve as a qualitative estimate of the
degree of peak asymmetry. For the sample of Rh/Al,O,
before its interaction with NO,, the /I, : I, ratio
was 1.48.

After the interaction with NO, at room tempera-
ture, the Rh 3d;,, peak was shifted to higher binding
energies by 1.2 eV, this can be caused by a change in
the chemical state of rhodium particles. Taking into
account this shift and the corresponding binding
energy of 309.1 eV, we can assume that the interaction
with NO, even at room temperature leads to the oxida-
tion of small rhodium particles supported on Al,O;.
In accordance with published data, the values of
BE(Rh 3d; ) for the rhodium oxides Rh,0; and RhO,
are 308.7—308.9 eV [18, 19] and 309—310eV [20, 21],
respectively. The value of BE(Rh 3ds),) obtained in
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Fig. 1. (a, b) N 1s and (c, d) O 1s XPS spectra of (a, ¢) Pt/Al;,O53 and (b, d) Rh/Al,O3 samples (/) before and (2) after the inter-
action with NO,, (10 Torr of NO + 10 Torr of O,) at room temperature. The Pt : Al and Rh : Al atomic ratios in the samples were

0.04 and 0.11, respectively.

this work for the model catalyst sample occupies an
intermediate position between these values. Note that
the binding energy in the small particles of rhodium
oxide can differ from the corresponding value mea-
sured in the bulk oxide because of the difference
between the energies of the final states. In this connec-
tion, the state of rhodium after its interaction with
NO, was treated in this work simply as the oxidized
state without specifying a particular oxidation number.

After the interaction of the Rh/Al,O; sample with
NO,, the shape and position of the Rh 3d signal

KINETICS AND CATALYSIS VWl. 53  No. 1 2012

changed. The peaks became fully symmetric, confirm-
ing the conversion of rhodium metal particles into
rhodium oxide with localization of the 3d electrons far
below the Fermi level [22]. Table 1 illustrates the
changes in Rh 3ds,, peak parameters as a result of the
interaction with NO,.

Figure 3a shows the Pd 3d spectra that characterize
the changes in the palladium particles supported on
aluminum oxide as a result of the interaction of the
Pd/Al,0; model sample with NO, at room tempera-
ture. The Pd : Al atomic ratio in the initial sample was
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Fig. 2. Rh 3d XPS spectra of the Rh/Al,O53 sample (Rh : Al = 0.11) (/) before and (2) after the interaction with NO, (10 Torr of

NO + 10 Torr of O,) at room temperature.

0.06. The binding energy BE(Pd 3d;,,) was 335.4 eV,
which is close to the value characteristic of bulk palla-
dium metal (335.2 eV [14]). After the treatment of the
Pd/AlL,O; sample with NO,, the Pd 3d peak shifted to
higher binding energies by 1.9 eV. In this case,
BE(Pd 3d;,,) became equal to 337.3 eV, which falls in
gap between the ranges of 336.8—337.0 and 337.7—
338.3 ¢V, in which the values of BE(Pd 3d5s),) lie for the
oxides PdO and PdO,, respectively, according to pub-
lished data [23—27]. For the initial sample, the peaks
in the Pd 3d doublet have an asymmetric shape typical
of the metallic state, and the /I, : [, ratio is 1.46. After
the treatment of the sample with NO,, the shape of the

peaks became absolutely symmetric (Table 1), as in
bulk PdO [24], in which the d-electron density at the
Fermi level is much lower than in palladium metal
[28]. Thus, like the supported rhodium particles, the
particles of palladium were oxidized upon treatment
with NO, at room temperature.

Figure 3b shows the Pt 4f spectra of the Pt/Al,O,
sample before and after its interaction with NO, at
room temperature. The problems in the analysis of the
state of platinum in the Pt/Al,O; samples are due to
the overlapping of the Pt 4/ peak with the intense Al 2p
signal, which is due to the support, depicted as the
dashed line in Fig. 3b. The deconvolution of the overall

Table 1. Photoemission peak parameters in the spectra of platinum-group metal particles supported on Al,O5 before and
after their interaction with NO, at room temperature and a pressure of 20 Torr

BE, eV Ly Iym
Sample Atomic ratio Photoemission
Pt(Rh, Pd) : Al peak initial state after treatment initial state after treatment
with NO, with NO,
Rh/Al,0; 0.11 Rh3ds ), 307.9 309.1 1.48 1.00
Pd/Al,0; 0.06 Pd3d; 3354 337.3 1.46 1.00
Pt/Al,O; 0.04 Pt4f; » 72.4 73.5 1.11 1.14
KINETICS AND CATALYSIS Vol. 53 No. 1 2012



AN XPS STUDY OF THE OXIDATION OF NOBLE METAL PARTICLES EVAPORATED 121

ABE=19eV (a)

Al2p (b)

ABE =1.1eV

BE, eV

Fig. 3. (a) Pd 3d XPS spectra of the Pd/Al,05 sample (Pd : Al = 0.06) and (b) Pt 4/ + Al 2p XPS spectra of the Pt/Al,03 sample

(Pt: Al =

spectral contour in the region of Pt 4/ + Al 2p into the
components was carried out using the well-known rela-
tionships between the parameters of the Al 2p and Al 2s
peaks obtained for a pure film of aluminum oxide [8]: the
difference of binding energies ABE = BE(AIl 2s) —
BE(Al12p) = 44.8 eV, the intensity ratio I(Al 2s) :
I(Al2p) = 1.12, and the ratio between the full widths at
half maximum FWHM(AI 2s) : FWHM(AI 2p) = 1.25.
After the separation of the Pt 4fdoublet signal from the
spectrum, the binding energy BE(Pt 4f; ,) for the ini-
tial Pt/Al,O; sample was 72.4 eV, which is much
higher than the corresponding value of 71.2 eV for bulk
platinum metal [14, 29]. Nevertheless, as in the case of
Rh, this value is typical of small metal particles sup-
ported on a nonconducting material. The Pt: Al
atomic ratio in the initial sample was 0.04. The spec-
tral contour was best decomposable into components
when the peaks in the Pt 4f; ,—Pt 4f;,, doublet were
slightly asymmetric with /¢ : I, = 1.11.

sym —

After the treatment of the Pt/Al,O; sample with
NO,, the Pt 4fsignal shifted to higher binding energies
by ~1 eV (Fig. 3b). According to published data, the
binding energy BE(Pt 4f;,) in platinum oxides is
72.4—72.8 eV for PtO [29—31] or 74.2—74.8 eV for
PtO, [29-32]. Thus, in this case, the formation of
platinum oxide particles can also be formally assumed.
However, according to UV spectroscopic data [24], a
considerable decrease in the electron density at the
valence 5d level occurs on passing from platinum
metal to the oxide PtO. It is also well known that thin
films of PtO possess the properties of a p-type semi-
conductor [33]. Based on these facts, we would expect

KINETICS AND CATALYSIS VWl. 53  No. 1 2012

0.04) (1) before and (2) after their interaction with NO, (10 Torr of NO + 10 Torr of O,) at room temperature.

that the formation of platinum oxide particles would
be accompanied by symmetrization of Pt 4f peaks,
which is inconsistent with data given in Fig. 3b and
Table 1.

It should be noted that the accuracy of the determi-
nation of BE and /,, : [, for the Pt 4fpeaks decreased
substantially upon the decomposition of the integrated
spectrum of the Pt/Al,O5 sample. This disadvantage,
which is caused by the overlapping of the Pt 4f and
Al 2p peaks, was absent in the Pt/SiO, system, in
which the photoemission signals of platinum and the
support do not overlap. Figure 4 shows the Pt 4fspec-
tra of the Pt/SiO, sample in the initial state and after
the interaction with NO, at room temperature, 100,
200, and 300°C. Table 2 summarizes the changes in
the Pt 4fsignal parameters. In the initial sample, the
Pt : Si atomic ratio was 0.10 and BE(Pt 4f;,) = 72.1 eV.
The peaks exhibited pronounced asymmetry: I : Ly, =
1.33. After the treatment of the sample w1th NO at
room temperature, E,(Pt 4f;,,) increased by ~1.1 eV,
but the peak shape remained asymmetric. The interac-
tion with NO, at 100 and 200°C decreased the asym-
metry, but an additional increase in the binding energy
did not occur in this case. The Pt 4fpeaks became fully
symmetric after the reaction with NO, at 300°C; in
this case, the binding energy increased additionally
by 0.4 eV.

Thus, after interaction with NO,, the nanoparticles
of platinum metal supported on SiO, can be in two dif-
ferent states depending on temperature. The first state
forms at room temperature, and it is characterized by
the asymmetric Pt 4fsignal with BE(Pt 4f; ,) increased
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Fig. 4. Pt 4 XPS spectra of the Pt/SiO, sample (Pt : Si =
0.10) (1) before and after the interaction with NO,, (10 Torr
of NO + 10 Torr of O,) at (2) room temperature, (3) 100,
(4) 200, and (5) 300°C.

by ~1 eV relative to the initial metallic state. The sec-
ond state forms at elevated temperatures and is char-
acterized by a symmetric Pt 4f signal and by a

Table 2. Binding energies (BE) and asymmetry parameters
(Lys * Lyym) of the Pt 4f; » peak of the Pt/SiO, sample (atomic
ratio Pt : Si=0.10) after treatment in NO,, (10 Torr of NO +
10 Torr of O,) at different temperatures

Treatment conditions BE, eV Lyg: Ly,
Initial sample 72.1 1.33
NO,, 30°C 73.2 1.31
NO,, 100°C 73.2 1.14
NO,, 200°C 73.2 1.22
NO,, 300°C 73.6 1.00

BE(Pt 4f;») value increased by ~1.5 €V relative to the
metal. It was established that these two types of parti-
cles also differ in reactivity toward reducing agents.
Figure 5 shows two series of the Pt 4f spectra of two
Pt/SiO, samples with approximately the same atomic
ratio of Pt : Si = 0.1, which were pretreated with NO,.
at room temperature (Fig. 5a) and at 300°C (Fig. 5b).
For both of the samples after their treatment with
NO,, the reaction with hydrogen was carried out at the
pressure of 16 Torr over the temperature range from
room temperature to 300°C.

Initially, we consider the reduction of the sample
treated with NO, at room temperature (Fig. Sa, Table 3).
After the interaction of this sample with hydrogen at
room temperature, the Pt 4fsignal shifted by 0.4 eV to
lower binding energies. After reduction at 100°C, the
signal additionally shifted in the same direction to a
binding energy of 72.2 eV, which is close to the value of
BE(Pt 4f;,,) for the initial sample. In this case, the
Pt 4fpeaks became more asymmetric, so that the value
of I : I, became almost the same as for the initial
sample. As the temperature was increased to 200°C,
only a small additional decrease in BE(Pt 4f;,) and an
increase in I, : Iy, were observed.

The sample obtained upon the interaction with
NO, at 300°C reacted with hydrogen in a different
manner (Fig. 5b, Table 3). The values of BE(Pt 4f; ,)
and /I : I, remained unchanged up to 200°C. After
conducting the reaction with hydrogen at 300°C, the
Pt 4fsignal shifted by 1.8 eV to lower binding energies.
In this case, the value of BE(Pt 4f; ;) was 0.3 eV lower
than the value for the initial sample of Pt/SiO, before
the reactions. The Pt 4fpeaks acquired the asymmetry
characteristic of platinum in the metallic state once
again.

Judging from the changes in the binding energy and
shape of the Pt 4fsignal in the spectra shown in Figs. 4
and 5b, we can conclude that the platinum particles
oxidize in their interaction with NO, at elevated tem-
peratures of ~300°C. The resulting platinum oxide
particles are fairly stable against hydrogen. Their
reduction occurs only at ~300°C, and it is accompa-
nied by an increase in the particle size, as evidenced by
the considerable decrease in the intensity of the Pt 4f
signal and also by the decrease in BE(Pt 4f;,) by
~0.3 eV relative to the value obtained for the initial
sample. The nature of particles formed upon the inter-
action of supported platinum with NO, at room tem-
perature is more difficult to interpret. On the one
hand, they cannot be ascribed to platinum oxides
because the observed asymmetry in the Pt 4fsignal is
indicative of a considerable density of d electrons at
the Fermi level, and, therefore, the retention of metal-
lic nature in the particles. On the other hand, the con-
siderable increase in the binding energy BE(Pt 4f;),)
suggests a change in the chemical state of platinum
atoms. We assume that, under low-temperature condi-
tions, the insertion (dissolution) of oxygen atoms into
the bulk of platinum metal without the formation of
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(a)

(b)
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Fig. 5. Pt 4/ XPS spectra of two Pt/SiO, samples (Pt : Si = 0.10) treated with NO, (10 Torr of NO + 10 Torr of O,) (a) at room
temperature and (b) at 300°C (/) before and (2) after treatment with NO, and the subsequent interaction with hydrogen at a pres-
sure of 16 Torr and temperatures of (3) 30, (4) 100, (5) 200, and (6) 300°C.

oxide phases occurs as a result of complicated pro-
cesses on the surface of platinum particles with the
participation of NO and O, molecules. It is obvious
that, in this case, the transfer of electrons from plati-
num atoms to the dissolved atoms of oxygen occurs to
result in an increase in BE(Pt 4f; ).

Thus, the interaction of nanosized platinum-group
metal particles evaporated onto the surface of an oxide
carrier with NO, can lead to the formation of RhO,,
PdO,, and PtO, oxide particles. The sensitivity of the
platinum-group metals to oxidation correlates with
the stability of their oxides, which decreases in the fol-

Table 3. Binding energies (BE) and asymmetry parameters
(1ys * Igyy) of the Pt 4f; , peak in the course of the reduction
of two Pt/SiO, samp{es (Pt : Si = 0.10) treated in NO,
(10 Torr of NO + 10 Torr of O,) at room temperature and at
300°C

Treatment NO,, 30°C NO,, 300°C

conditions BE, eV | Iy Iym| BE, eV | It Iy
After treatment 73.2 1.23 73.6 1.00
in NO,
H,, 30°C 72.8 1.22 73.6 1.00
H,, 100°C 72.2 1.39 73.6 1.00
H,, 200°C 72.0 1.54 73.6 1.00
H,, 300°C — — 71.8 1.44

KINETICS AND CATALYSIS VWl. 53  No. 1 2012

lowing order in accordance with the decrease in the
decomposition temperatures of oxides [34]: Rh,0,
(>1000°C), PdO (800—850°C), PtO (560°C), and
PtO, (380—400°C). The particles of more stable rhod-
ium and palladium oxides are formed by interaction
with NO, at room temperature. The particles of less
stable platinum oxides are formed at elevated temper-
atures of ~300°C, whereas the insertion (dissolution)
of oxygen atoms into the bulk of particles with the
retention of their metallic nature supposedly occurs at
room temperature. Oxygen inserted into platinum
metal particles is much more readily reducible with
hydrogen than anionic oxygen in the platinum oxide
particles.
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