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Abstract—The interaction of palladium nanoparticles (average size, ∼3 nm) deposited on the surface of highly
oriented pyrolytic graphite (HOPG) with nitrogen dioxide at room temperature and a pressure of 10–6 or
10–5 mbar was studied by X-ray photoelectron spectroscopy (XPS). It was shown that the structure of several
surface graphene layers was destroyed under these conditions due to the oxidation of carbon at the interface
between Pd and HOPG. The reaction proceeded with the participation of oxygen atoms, which were formed
as a result of the dissociation of NO2 molecules on the palladium surface. Palladium particles retained their
metallic nature, but they penetrated deep into graphite in this case.
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INTRODUCTION
The activity of supported palladium-based cata-

lysts in a particular reaction strongly depends on the
oxidation state of the metal. In particular, in NOx
absorption–reduction catalysts, the rate of oxidation
of NO to NO2 and its further conversion into nitrates
and nitrites under conditions of an oxidizing atmo-
sphere is much higher on metallic palladium than on
its oxides [1]. The reduction of NO2 by methane in the
presence of oxygen [2] and the decomposition of
nitrogen oxides into N2 and O2 [3, 4] also proceed
more actively on metallic palladium, while palladium
oxides are more active than the metal in the oxidation
reactions of hydrocarbons with larger numbers of car-
bon atoms than that in methane [1, 4]. The reaction
medium itself can affect the oxidation state of palla-
dium and, thus, lead to a change in the activity of the
catalyst [5].

Earlier, we performed a number of studies on the
interaction of NO2, which has strong oxidizing prop-
erties, with platinum, gold, and silver nanoparticles
deposited on highly oriented pyrolytic graphite
(HOPG) at room temperature [6–10]. Prior to metal

deposition, the HOPG surface was previously acti-
vated by etching with Ar+ ions under mild conditions
[11, 12]. Interaction with NO2 led to the oxidation of
metal particles with the formation of Pt(II), Pt(IV) [6,
8, 9], Au(III) [7], and Ag(I) oxides [10]. The smaller
the particle size of a metal, the easier its oxidation
occurred [6].

The formation of surface oxygen compounds on
the support itself (HOPG) was also observed upon the
interaction of catalytic systems with NO2 at room tem-
perature; it is likely that these compounds were local-
ized in the region of contact of graphite with metal
particles [6, 7, 9, 10]. In this regard, a study of the
interaction of NO2 with systems containing a metal on
the surface of a carbon support (HOPG) can be of
interest for the regeneration of carbonized catalysts
and for the development of catalysts for the oxidation
of soot formed in the operation of diesel engines. In
the latter case, the use of nitrogen dioxide is justified
by the fact that it can initially be a component of diesel
exhaust gas (~5% of the total amount of nitrogen
oxides [13]) or can be purposefully obtained in it [14].
In this work, using X-ray photoelectron spectroscopy
(XPS), we studied the interaction of NO2 with palla-
dium particles deposited on the activated surface of
HOPG under conditions comparable to those used
previously [6–10] (room temperature and a pressure
of 10–6 or 10–5 mbar). The Pd/HOPG system is also of
interest due to the widespread use of palladium sup-

Abbreviations and designations: HOPG, highly oriented pyro-
lytic graphite; XPS, X-ray photoelectron spectroscopy; STM,
scanning tunneling microscopy; SEM, scanning electron
microscopy; Eb, binding energy; Ekin, kinetic energy of photo-
electrons; I, line intensities in the XPS spectrum; λ, mean free
path of photoelectrons.
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Fig. 1. (a) STM image 200 × 200 nm and (b) size distribution of palladium nanoparticles on the surface of HOPG. 
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ported on carbon for conducting selective hydrogena-
tion [15, 16] and reductive dehalogenation reactions
[17] and the Heck reaction [15, 18], as well as for elec-
trochemical oxidation processes in fuel cells [19–22].

EXPERIMENTAL
A SPECS spectrometer (Germany) equipped with

a 9-channel detector and a PHOIBOS-150 analyzer
was used to measure the XPS spectra. Photoemission
was excited by nonmonochromatized AlKα radiation
with the quantum energy hν = 1486.6 eV. Before mea-
surements, the spectrometer was calibrated using Au
4f7/2 and Cu 2p3/2 lines whose binding energies (Eb) for
the foils of the corresponding metals are 84.0 and
932.7 eV, respectively. With consideration for the good
conductivity of graphite, the measurements of Eb were
carried out without correction for the possible
charging of the samples. In the initial HOPG sample,
the binding energy of the C 1s line was 284.4 eV, which
is in accordance with published data [23–30]. The
spectra were measured at two photoelectron collection
angles of 0° and 45° relative to a normal to the surface.
An analysis of spectral lines with decomposition into
separate components was performed using the
PeakXPS software [31]. The background line was
specified by the Shirley function.

The Pd/HOPG samples were obtained in the
preparation chamber of the XPS spectrometer by vac-
uum deposition of palladium metal on HOPG surface
preliminarily activated by etching with argon ions
(kinetic energy, 0.5 keV; ion current, 50 μA) for 10 s
according to a procedure similar to that used previ-
ously for M/HOPG sample preparation (M = Pt, Au,
and Ag) [6, 7, 9, 10, 12]. Figure 1a shows an image of
a Pd/HOPG sample obtained using a GPI-300.02
vacuum scanning tunneling microscope (NPF Sigma
Skan, Russia) using a platinum needle as a probe at a
bias voltage of 1 V and a tunneling current of 0.3 nA. It
can be seen that the surface of HOPG was uniformly
covered with rounded palladium particles. From the
histogram shown in Fig. 1b, it follows that the particle
size varied in a range from 1 to 6 nm, and the average
value was 3 nm. For comparison, in Pd/HOPG sam-
ples prepared by Kettner et al. [32] with the use of a
similar technique of vacuum deposition on the acti-
vated surface of HOPG, the metal particles had a lat-
eral size of 5.7–6.8 nm and a height of 1.6–1.8 nm. On
the surface of HOPG activated by etching with nitro-
gen ions (N+ + ), palladium particles of size ~1.5–
2 nm were obtained [33].

A source the operating principle of which is based
on the thermal decomposition of lead nitrate in a vac-
uum [6] was used for the treatment of Pd/HOPG sam-
ples with nitrogen dioxide. The treatment was carried out
in the preparation chamber of the XPS spectrometer at
room temperature and a pressure of 10–6 or 10–5 mbar.

RESULTS
Figure 2 shows the Pd 3d and Pd MNN spectra of

the Pd/HOPG sample before and after interaction
with NO2 at room temperature and a pressure of (2)
10–6 or (3) 10–5 mbar for 30 min. The spectra were
measured at a photoelectron collection angle of 0° rel-
ative to a normal to the surface. In the initial sample,
the binding energy Eb(Pd 3d5/2) was (1) 335.6 eV,
which corresponds to metallic palladium in the depos-
ited Pd particles of small size [2, 33–35]. Spectra 2 and
3 indicate that Eb(Pd 3d5/2) and the shapes of the Pd 3d
photoemission line and the Pd MNN Auger line
remained unchanged after sample treatment in NO2.
At the same time, a decrease in the intensity of both

+
2N
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Fig. 2. (a) The Pd 3d XPS spectra and (b) the Pd MNN Auger spectra of the Pd/HOPG sample (1) before and after interaction
with NO2 at room temperature and a pressure of (2) 10–6 and (3) 10–5 mbar for 30 min.
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lines was observed, which was especially noticeable
after interaction at 10–5 mbar; the effect manifested
itself more significantly in the Auger line. The reason
for the decrease in the absolute intensity values of the
3d and MNN lines of palladium can be (1) the agglom-
eration of Pd particles, (2) the formation of a film of
foreign material on their surface, or (3) the penetration
of particles deep into the support. In the first case, the
decrease in intensity was due to a decrease in the num-
ber of palladium atoms in the zone of XPS analysis
with increasing particle size [36, 37]. In the other two
cases, the attenuation of a palladium signal was caused
by the screening of photoemission by a layer of carbon
material.

Figure 3 shows the C 1s spectra of (1) the initial
HOPG, (2) HOPG after bombardment with argon
ions, and (3) HOPG after evaporation of palladium
onto it followed by heating at 300°C. Figure 3 also
shows the spectra obtained after the interaction of the
Pd/HOPG sample with NO2 at room temperature and
a pressure of (4) 10–6 or (5) 10–5 mbar. The spectra
were measured at a photoelectron collection angle of
0° relative to a normal to the surface. Figure 3a shows
spectra recorded in a wider range of binding energies,
which captures a surface plasmon characteristic of
graphite at ~291 eV along with the C 1s line [24, 25, 27,
30, 33]. As can be seen in Fig. 3a, the plasmon inten-
sity remained at the initial level after (2) the etching of
the initial HOPG with Ar+ ions and (3) the subsequent
KINETICS AND CATALYSIS  Vol. 61  No. 4  2020
deposition of palladium. This result contradicts the
data of a study by Favaro et al. [33], where etching with
nitrogen ions led to the complete disappearance of the
plasmon from the C 1s spectrum, which was probably
due to more stringent etching conditions. In our case,
the plasmon peak intensity decreased (4) only after
interaction with NO2. Its almost complete disappear-
ance (5) after interaction with NO2 at 10–5 mbar indi-
cated the amorphization of a surface layer of graphite
caused by the violation of long-range order in the con-
jugated system of π-bonded sp2-hybrid carbon atoms
[38, 39].

The state of carbon with the sp2 hybridization man-
ifested itself in the spectrum of the initial HOPG as a
narrow asymmetric peak characteristic of graphite
with a binding energy of 284.4 eV (Fig. 3a, curve 1),
[23–25, 30, 40]. After ion etching and deposition of
metallic palladium (Fig. 3a, curves 2 and 3), the posi-
tion of the peak and its asymmetry were retained. The
interaction of Pd/HOPG with NO2 (Fig. 3a, curves 4 and
5) led to a shift of the C 1s line toward higher binding
energies and its broadening, which indicated the appear-
ance of new states of carbon.

Figure 3b, where the spectra are presented in a nar-
rower range of binding energies, shows in detail
changes in the C 1s photoemission line during the
interaction of the Pd/HOPG sample with NO2. Based
on published data for graphite (HOPG), graphene,
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Fig. 3. The C 1s XPS spectra recorded for HOPG (1) in the initial state, after (2) bombardment with argon ions, (3) palladium
deposition followed by heating at 300°C, and after the interaction of the resulting Pd/HOPG sample with NO2 at room tempera-
ture and a pressure of (4) 10–6 or (5) 10–5 mbar for 30 min: (a) spectra in a wide range of binding energies, including the region
of surface plasmon detection (~291 eV); (b) spectra in a narrow range of binding energies with decomposition of the C 1s photo-
emission line into components.
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and its derivatives (mainly, for graphene oxide), spec-
tra 4 and 5, which were obtained after the interaction
of Pd/HOPG with NO2, were decomposed into com-
ponents corresponding to sp2 carbon in the structure
of graphite [23–30], sp3 carbon not bound to oxygen
atoms (C–C, C–H bonds) [25, 27, 30, 41], and car-
bon atoms bound to oxygen by ordinary (C–OH, C–
O–C) and double (C=O) bonds [26, 41–44]. In the
decomposition of spectra with the use of the PeakXPS
software, it was assumed that the width and asymme-
try parameters of a component corresponding to the
sp2 carbon are the same as those in the spectrum of the
initial HOPG. The remaining components, including
those of sp3 carbon, were characterized by symmetrical
lines [45]. The spectra given in Fig. 3b indicate that
the interaction with NO2 led to a significant decrease
in the intensity of the sp2-carbon peak with a simulta-
neous increase in the intensity of peaks due to other
components. After carrying out the reaction at a pres-
sure of 10–6 mbar, spectrum 4 exhibited a peak with a
binding energy of 285.1 eV belonging to the sp3 carbon
not bound to oxygen and a peak at 286.2 eV from sur-
face compounds with ordinary C–O bonds. The peak
intensity at 286.2 eV increased after the reaction per-
formed at 10–5 mbar (5) due to a further decrease in
the peak intensity of the sp2 carbon, and an additional
peak with a binding energy of 287.0 eV appeared,
which can be attributed to carbonyl compounds with a
double C=O bond.

To recognize surface components in the XPS spec-
trum, we compared the intensities of individual lines
in the C 1s spectra obtained at different photoelectron
exit angles. Figure 4 shows the C 1s spectra of a
Pd/HOPG sample treated in NO2 at 10–5 mbar with
photoelectron detection at angles of (1) 0° and (2) 45°.
It can be seen that the contribution of a peak due to the
sp2 carbon to the C 1s line intensity decreased (from 44
to 31%) with the angle of detection, whereas the con-
tributions from the sp3 carbon and COx surface com-
pounds simultaneously increased (from 44 to 53 and
from 12 to 16%, respectively). Thus, the processes
leading to the structure degradation of graphene layers
and the formation of COx compounds mainly occurred
on the surface. From a ratio between sp2-carbon signal
intensities before and after interaction with NO2 and tak-
ing into account the mean free path of photoelectrons
emitted from the C 1s level under the action of AlKα
radiation (kinetic energy, ~1202 eV) in carbon materi-
als λ = 3.31 nm [46], we estimated the fractured layer
KINETICS AND CATALYSIS  Vol. 61  No. 4  2020
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Fig. 4. The C 1s spectra of the Pd/HOPG sample after
interaction with NO2 at room temperature and a pressure
of 10–5 mbar with the detection of photoelectrons at angles
of (1) 0° and (2) 45°. 
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graphene layers in the graphite structure.

Figure 5 shows the O 1s (Fig. 5a) and N 1s (Fig. 5b)
spectra recorded for (1) HOPG and Pd/HOPG (2)
KINETICS AND CATALYSIS  Vol. 61  No. 4  2020

Fig. 5. The (a) O 1s and (b) N 1s spectra of (1) HOPG and Pd/H
and a pressure of (3) 10–6 or (4) 10–5 mbar. 
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before and after treatment in NO2 at (3) 10–6 and (4)
10–5 mbar. The lines of oxygen and nitrogen were
absent from spectra 1 of the initial HOPG. In the
region characteristic of O 1s, the Pd 3p3/2 line with a
binding energy of 532.8–532.9 eV was detected after
the deposition of palladium (2). After the interaction
with NO2, the O 1s line with a binding energy of
~533.5 eV (Fig. 5a, curves 3 and 4) additionally
appeared in this region, and a line with a binding
energy of 400.4 eV appeared in the N 1s region (Fig. 5b,
curves 3 and 4). The O 1s line with Еb = 533.5 eV corre-
sponds to oxygen atoms bonded to carbon atoms by
ordinary bonds in C–OH and C–O–C fragments
[47–49]. The N 1s line with a binding energy of 400.4
eV corresponds to nitrogen atoms bonded to the sp2

carbon with the formation of fragments with a pyrrole
structure [33, 40, 41, 50].

DISCUSSION
Unlike platinum, silver, and gold nanoparticles

deposited onto an HOPG surface activated by ion
etching [6–10], the interaction of NO2 at room tem-
perature with the Pd/HOPG system did not lead to the
oxidation of palladium particles. At the same time, the
intensity of lines belonging to palladium significantly
decreased (Fig. 2), and the agglomeration of Pd parti-
cles can be a reason for this decrease. From the spectra
OPG (2) before and after treatment in NO2 at room temperature
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shown in Fig. 2, it follows that the signal from the Pd
MNN Auger electrons with kinetic energy Ekin ≈ 330 eV
was attenuated to a much greater extent than the Pd 3d
signal with Ekin ≈ 1150 eV. Thus, a ratio of the Auger
line intensity to the photoemission line intensity in the
initial Pd/HOPG sample was  = 1.71, and it
decreased to 1.05 or 0.44 after treatment in NO2 at 10–6

or 10–5 mbar, respectively. Changes in the intensities
of metal lines with very different Ekin with increasing
the particle size of this metal on the support surface
were analyzed using the Au/HOPG system as an
example [51]. The intensity ratio between the Au 4f
and Au 3d3/2 lines recorded using AgLα radiation and
having Ekin of ~2900 and ~690 eV, respectively, was
considered. It was shown that the intensity ratio

 for nanometer-size particles was higher
than that for bulk gold, but it asymptotically tended to
that for bulk gold with increasing particle size.

We return to the Pd/HOPG system. The mean free
path of electrons emitted from the Pd 3d level in
metallic palladium is λ3d ≈ 1.55 nm, and that of Pd
MNN Auger electrons is λMNN ≈ 0.66 nm [46]. Because
λ3d > λMNN, the intensity ratio  for palladium
particles several nanometers in size should be greater
than the ratio  = 1.50 for palladium foil,
which is consistent with the results of measurements
performed in the Pd/HOPG sample before the inter-
action with NO2 (  = 1.71). If we assume that
the size of Pd particles increases in the course of inter-
action with NO2, in accordance with an analysis per-
formed previously [51], the ratio  should
decrease with an asymptotic tendency to 1.50. Indeed,
the ratio  decreased but to a substantially
smaller value. Hence, it follows that the agglomeration
of Pd particles, if it occurs, cannot be the only cause of
the observed changes in the intensities of palladium
lines in the XPS spectrum. The decrease in the inten-
sities of the Pd 3d and Pd MNN lines with a simultane-
ous decrease in the intensity ratio  of these
lines to a value lower than that of the foil can be related
to the encapsulation of palladium particles due to the
formation of a film from the fragments of support
material on their surface or to the penetration of parti-
cles deeper into the support. In this case, screening by
an outer layer of carbon material weakens both lines of
palladium, but this concerns to a greater extent the
Auger line due to a lower kinetic energy (and, there-
fore, λ) of the Auger electrons.

Structural changes in the samples of metal
nanoparticles deposited onto the HOPG surface
under the influence of an oxidizing atmosphere were
studied [12, 52, 53]. The scanning tunneling micros-
copy (STM) method was used to study the morphol-
ogy of the activated HOPG surface after treatment in
air at a temperature of about 460°C in the presence of
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supported palladium particles [52]. It was shown that,
in this case, graphite was oxidized with the participa-
tion of atmospheric oxygen as an oxidizing agent and
palladium as a catalyst. As carbon burned out on an
area of the surface, a palladium particle moved to an
adjacent area; as a result of this, a track was formed in
the surface layer of the support. Under these condi-
tions, HOPG did not react with air in the absence of
palladium. Similar results were obtained by Hugento-
bler et al. [53], who studied the oxidation of graphene
layers in the HOPG structure catalyzed by supported
gold particles. Demidov et al. [12] examined the oxi-
dation of the HOPG surface in the course of its inter-
action with a mixture of ethylene and oxygen (1: 1) at
a pressure of 0.25 mbar and a temperature of ≥250°C
with the participation of particles of deposited silver
using scanning electron microscopy (SEM). As in the
case of palladium studied by Yuan et al. [52], the reac-
tion was accompanied by the formation of tracks in
burnt carbon places. It is likely that something similar
was observed in this work, where the use of NO2 as a
stronger oxidizing agent than oxygen allowed us to
oxidize graphite even at room temperature. This
assumption is based on the fact that the graphene
structure of the surface HOPG layer was destroyed
(Fig. 3), as a result of which metallic palladium parti-
cles were immersed in it. This is evident from a
decrease in the ratio  between the intensities
of palladium lines to an anomalously low value.

It was interesting to compare the behaviors of the
Pd/HOPG system considered here and the Pt/HOPG
system studied earlier [6, 8, 9]. Upon the treatment of
the Pd/HOPG system in NO2 at room temperature,
the palladium particles retained their metallic nature
and graphite was intensely oxidized. On the contrary,
the oxidation of platinum particles occurred in the
Pt/HOPG system under similar conditions [6, 8, 9],
whereas the structure of graphite remained
unchanged. This was evidenced by the STM data [9]
and the retention of the initial shape of the C 1s spec-
trum characteristic of graphite [6, 8, 9].

Apparently, the decisive role in the observed differ-
ences in the behaviors of the two systems was played by
different interactions of oxygen atoms formed upon
the dissociation of NO2 molecules with the surfaces of
Pt and Pd particles. Massive palladium can absorb
oxygen atoms in the course of treatment with oxygen
or nitrogen oxides [54–59]. The interaction of
Pd(111), (110), and (100) single crystals with O2 at
temperatures of ≥150°C led to the appearance of a sub-
surface oxygen state [60–63]. It was shown [61, 62]
that so-called subsurface oxygen atoms penetrate into
Pd(110) at a depth of >1.5–2.0 nm. Higher tempera-
tures (>300–350°C) are required for oxygen dissolu-
tion in the bulk of the metal [60, 64]. As the oxygen
concentration in the bulk increased to a critical value,
palladium oxide PdO was formed [64]. The necessity
of using elevated temperatures is due to the fact that,

3MNN dI I
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on single crystals, the penetration of oxygen atoms
into the subsurface region with the subsequent disso-
lution in the bulk at room temperature proceeds too
slowly because of low concentrations of defects on the
surface [60]. Both the formation of subsurface oxygen
[63] and the dissolution of O atoms in the bulk [65]
proceed more efficiently in polycrystalline palladium.
It would be expected that oxygen absorption will occur
even more easily on interaction with palladium
nanoparticles due to a high-defect structure of their
surface [5]. Not only the defect structure of the palla-
dium surface, which is necessary for the transport of O
atoms deep into the metal [63], but also the concentra-
tion of adsorbed oxygen play an important role in suc-
cessful processes leading to the formation of subsur-
face oxygen and surface oxide and the dissolution of O
atoms in the bulk with their further conversion into
bulk oxide. In the case of molecular oxygen, the nec-
essary concentration of adsorbed oxygen is provided
by interactions at elevated temperatures and pressures;
however, with the use of NO2 as a source of oxygen
atoms, high O concentrations on the palladium sur-
face can be achieved at room temperature and moder-
ate pressures (such as those used in this work) [55, 57].

It is likely that the ability of palladium to readily
dissolve oxygen is combined with the high mobility of
the dissolved atoms in the bulk of a metal particle to
provide an efficient approach to the carrier boundary,
including that located under the metal particle. We
can also assume that the dissolved oxygen atoms have
a high oxidizing ability sufficient to oxidize graphite,
at least at the sites where palladium particles are local-
ized on defects created by ion etching. The efficient
consumption of dissolved atoms for the oxidation of
carbon limits the growth of their concentration inside
palladium particles and, as a result, complicates the
formation of an oxide phase.

Previously, we found that a state of atomic oxygen
(according to XPS data, it differed from an oxide state)
was formed at the initial stage of the interaction of
platinum nanoparticles, which were obtained by vac-
uum evaporation onto the surface of oxides (Al2O3,
SiO2, TiO2, and ZrO2), with NO2 [66, 67] or with a
mixture of NO and O2 (1 : 1) at room temperature
[68–71]. Oxygen atoms in this state have a higher oxi-
dative activity than that of platinum oxide particles,
and it manifested itself in the possibility of their reduc-
tion with hydrogen at room temperature [66, 69–71].
It was hypothesized that this state corresponds to oxy-
gen atoms dissolved in platinum particles or, at least,
embedded in the subsurface layer, and their appear-
ance is preceded by the formation of platinum oxide
particles. However, it was found that, in the case of
platinum supported on HOPG, the state of dissolved
(subsurface) oxygen did not form, and the surface car-
bon compounds with oxygen COx appeared instead;
simultaneously, platinum metal particles were con-
verted into the particles of Pt(II) and Pt(IV) oxides [6,
KINETICS AND CATALYSIS  Vol. 61  No. 4  2020
8, 9]. Based on the fact that, according to the XPS data
[6, 9], the state of carbon after the treatment of
Pt/HOPG in NO2 and, according to the STM data
[9], the structure of graphite remained almost
unchanged, it should be recognized that the reaction
of active oxygen atoms with HOPG proceeded only to
an insignificant degree and, apparently, only along the
perimeter of supported platinum particles. It is likely
that the oxygen atoms capable of reacting with carbon
at room temperature in the Pt/HOPG system do not
have an equally high mobility as that in palladium.
They do not penetrate deep into the volume of plati-
num particles, but they diffuse in the subsurface region
to reach a boundary with graphite, where they react to
form surface COx compounds. In the case of the pen-
etration of oxygen atoms into the volume of particles,
low-activity platinum oxides are formed. We also did
not detect the state of dissolved oxygen upon the inter-
action of NO2 with massive platinum (foil) [72].

CONCLUSIONS

The following results were obtained in an XPS
study of the interaction of NO2 with palladium
nanoparticles deposited onto the surface of highly ori-
ented pyrolytic graphite (HOPG) at room temperature
and a pressure of 10–6 or 10–5 mbar:

(1) Significant changes in the C 1s, O 1s, and N 1s
spectra indicated the occurrence of graphite oxida-
tion, which led to the destruction of the structure to
10–15 graphene layers and the appearance of surface
oxygen compounds containing C–OH, C–O–C, and
C=O groups and nitrogen compounds as fragments
with a pyrrole structure.

(2) Under these conditions, palladium retained its
metallic nature. Palladium particles were penetrated
into the subsurface layer of graphite, as indicated by a
decrease in the ratio of the intensity of the Pd MNN
Auger line to the intensity of the Pd 3d photoemission
line with a general weakening of the palladium lines in
the XPS spectrum.

The behavior of palladium strongly distinguished
this metal from platinum, gold, and silver, which were
studied earlier in the form of particles supported onto
HOPG. The deep oxidation of graphite was not
observed upon the interaction of NO2 with M/HOPG
(M = Pt, Au, or Ag) under similar conditions, and the
metals were converted into an oxidized state. The
Pd/HOPG system should be additionally studied in
order to determine the detailed mechanism of carbon
oxidation in the presence of palladium particles. Nev-
ertheless, the data obtained in the study of the
Pd/HOPG system allow us to propose now the use of
palladium catalysts for the low-temperature oxidation
of soot by NO2 molecules in the processes of neutral-
izing exhaust gases from diesel engines.
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