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Abstract—In this work, X-ray photoelectron spectroscopy (XPS) was used to study the effect of preliminary
oxidative treatment of a carbon support surface on the results of NO, interaction with model systems prepared
by palladium deposition onto highly oriented pyrolytic graphite (HOPG). It was found that, in Pd/HOPG
samples with the atomic ratios [O]/[C] £ 0.0035, the carbon support was oxidized with the destruction of its
structure to a depth of 10—15 graphene layers. In this case, the palladium particles remained in a metallic
state, and they penetrated into the near-surface layer of the support due to the deep oxidation of adjacent car-
bon atoms. At the atomic ratio [O]/[C] = 0.01—0.02, the result of the interaction changed dramatically. In this
case, the support remained stable, and the palladium particles were oxidized to form an oxide. This finding
explained the high stability of supported palladium catalysts prepared on Sibunit carbon supports in oxidative
catalysis reactions.
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INTRODUCTION

Palladium catalysts supported on carbon supports
are used for selective hydrogenation [1—6], dehydro-
genation [7], reductive dehalogenation [8], the Heck
reaction [1, 9], and many other processes [10] includ-
ing electrochemical oxidation in fuel cells [11—14].
Sibunit, a technical mesoporous carbon with a high
degree of graphitization, is widely used as a support
[15], which has high mechanical strength and resis-
tance to a reaction medium [16—25], in particular, in
oxidative catalysis processes [26]. We found that the
carbon support in Pd/Sibunit catalysts demonstrated
stability in interaction with NO, at temperatures rang-
ing from room temperature to 300°C and a pressure of
10-°—10—5 mbar [27]. At the same time, it was shown
in other our works that the support in the Pd/highly
oriented pyrolytic graphite (HOPG) system was sub-
jected to intense oxidation, which led to the degrada-
tion of 10—15 graphene layers in the structure and the
formation of various surface oxygen-containing car-
bon compounds, at the above pressures of NO, already
at room temperature [28, 29]. In this case, palladium
particles retained a metallic state and penetrated deep
into the graphite. It was suggested that Sibunit is stable
due to the presence of oxygen atoms on its surface,

Abbreviations and notation: HOPG, highly oriented pyrolytic
graphite; XPS, X-ray photoelectron spectroscopy; SEM, scan-
ning electron microscopy; STM, scanning tunneling micros-
copy; £, binding energy; Ey;,, kinetic energy.

which block the sites of the most probable initiation of
carbon support oxidation [27]. In the case of the
Pd/HOPG system studied previously [28, 29], oxygen
was almost absent from the graphite surface at the
moment of deposition of metal particles.

In this work, we used X-ray photoelectron spec-
troscopy (XPS) to study the interactions of NO, with
samples prepared by vacuum deposition of palladium
metal on HOPG with the varied oxygen content of its
surface in order to find out whether oxygen atoms can
participate in the stabilization of graphite with respect to
oxidizing agents when it is chosen as a carbon support.

EXPERIMENTAL

The XPS spectra were recorded using a SPECS
spectrometer (Germany). The conditions of the mea-
surement and processing of the spectra were described
in detail elsewhere [28, 29]. Good electrical contact
between the samples and the holder was ensured due
to the high conductivity of graphite, which excluded
charging during the recording of spectra and, as a
result, eliminated the need to correct the measured
binding energies E,. Atomic ratios were calculated
from the intensities of corresponding photoemission
lines taking into account the atomic sensitivity factors
taken from a reference book [30].

Palladium was supported onto the surface of graph-
ite by vacuum deposition according to a procedure
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Table 1. List of the tested Pd/HOPG samples with indication of palladium particle sizes dpy, [Pd]/[C] and [O]/[C] atomic
ratios, and the conditions of sample preparation and treatment in NO,

Duration of support Conditions Conditions
Sample [Pd]/[C] [O]/IC] dpg, nm | bombardment with |  of modification |oftreatment in NO,,
Artions, s with oxygen mbar X min
Pd/C 0.0067 0.0004 4! 0 No treatment in O, 10~ x 60
Pd/C-A 0.0047 0.0035 31 10 No treatment in O, 1073 x 30
Pd/C(O) 0.0165 0.0093 4—62 0 30°C, 20 min 10~4 x 30
Pd/C-A(O) 0.0227 0.0233 ND3 30 300°C, 20 min 5% 107° x 60

' The average particle size of Pd was determined by scanning tunneling microscopy (STM). 2 The particle size of Pd was determined by

scanning electron microscopy (SEM).

described previously [28, 29, 31]. A series of samples,
which differed in the concentrations of O atoms on the
support surface before the stage of metal deposition,
was prepared (Table 1). The oxygen content in Table 1
is given as the atomic ratios [O]/[C]. The Pd/C sample
was obtained using the initial graphite annealed for
several hours in an ultrahigh vacuum at 600°C. Prior
to the metal deposition procedure, oxygen on the sur-
face of the initial HOPG occurred in an insignificant
amount corresponding to [O]/[C] = 0.0004. The
Pd/C-A sample was prepared on a support that had
been preliminarily etched with Ar* ions without addi-
tional oxygen treatment. A small amount of oxygen
appeared on the surface in the course of etching,
[O]/[C] = 0.0035, due to residual gases present in the
preparation chamber and in the argon injection line
(Table 1). The Pd/C(O) sample was obtained on
graphite exposed to air at atmospheric pressure and
room temperature without pretreatment with Ar*
ions. In the preparation of the Pd/C-A(O) sample,
HOPG subjected to ion etching before deposition of
the metal was additionally kept in air at 300°C; as a
result, a significant oxygen concentration was reached
on its surface (Table 1). Henceforth, the Pd/C(O) and
Pd/C-A(O) samples are conventionally referred to as
oxidized samples.

The amount of deposited palladium in the samples
was estimated by the atomic ratio [Pd]/[C] calculated
from a ratio between the Pd 3d and C 1sline intensities
taking into account the atomic sensitivity factors
(Table 1). The ratio [Pd]/[C] varied in a range from
0.0067 to 0.0227. According to the data of scanning
tunneling microscopy (STM) and/or scanning elec-
tron microscopy (SEM), the average size of palladium
particles in the test samples increased only from 3 to
6 nm with [Pd]/[C] despite a significant scatter in the
surface concentrations of palladium; this fact justified
a qualitative comparison of the results of the action of
NO, on the carbon support in the Pd/HOPG samples.

The samples with deposited Pd were treated with
nitrogen dioxide obtained by the thermal decomposi-
tion of lead nitrate using a source whose design and
principle of operation were described elsewhere [31].
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The particle size was not determined.

The interaction with NO, was carried out at the sam-
ple temperature close to room temperature.

RESULTS AND DISCUSSION

Figure 1 shows the C 1s spectra of palladium sam-
ples on HOPG (Fig. 1a) before and (Fig. 1b) after
treatment in NO,. Graphite was subjected to various
pretreatment procedures before deposition of the
metal. Table 1 summarizes the conditions under which
graphite was processed and the resulting palladium
samples subsequently reacted with NO,. All spectra
shown in Fig. 1a exhibit a line with the binding energy
E, = 284.4 ¢V and a characteristic asymmetric shape,

which corresponds to sp? hybrid carbon in graphite
[32—36]. A peak of plasmon losses at 290.6 eV can be
seen on the tail of the line [33—35, 37, 38]. After inter-
action with NO,, the spectrum of the sample prepared
by Pd deposition onto the initial HOPG (Pd/C)
underwent significant changes, which manifested
themselves in the disappearance of a line with E, =
284.4 eV due to sp? hybrid carbon and the appearance
of new lines with higher binding energies (Fig. 1b,
spectrum /). Additional C 1s lines recorded in spec-
trum / after interaction with NO, were assigned to sp*
hybrid carbon atoms having no bonds with oxygen
atoms (285.0 eV) [34, 39—42], carbon atoms with single
C—O0 bonds in ether and phenolic groups (285.9 eV),
[26, 40—47] and double C=O bonds in carbonyl
groups (287.3 eV) [26, 43, 46, 48—51].

Similar changes occurred in the sample of palla-
dium deposited on graphite preliminarily subjected to
ion etching (Pd/C-A) (Fig. 1b, spectrum 2); however,
judging by the presence of a line with £, = 284.4 eV in

the spectrum, the degree of conversion of sp* carbon in
this case was lower than that in the Pd/C sample. As
follows from the pairwise comparison of correspond-
ing spectra 3 and 4 in Figs. 1a and 1b, the C 1s region
did not undergo any significant changes in the oxi-
dized samples, the preparation procedure of which
included the stage of treatment of a carbon support
with atmospheric air.
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Fig. 1. C 1s spectra of the samples of Pd deposited on HOPG with various preliminary surface preparations (a) before and (b)
after interaction with NO, under the conditions specified in Table 1.

Figure 2 shows the Pd 3d spectra of samples
recorded (Fig. 2a) before and (Fig. 2b) after treatment
in NO,. For all samples in the initial state (Fig. 2a), the
spectrum was a doublet with the binding energy £, (Pd
3ds)) = 335.3—335.6 €V and an asymmetric shape of
spin-orbital components, which is characteristic of
palladium in a metallic state. The binding energy in
the samples was somewhat higher than that of bulk
metal (335.2 €V), and it corresponds to Ey(Pd 3ds,) of
palladium nanoparticles deposited onto carbon sup-
ports [24, 26, 38, 52—54]. After the interaction of the
Pd/C and Pd/C-A samples with NO,, the positions
and shapes of the Pd 3d lines did not undergo signifi-
cant changes, and this fact indicates that the palla-
dium particles retained their original metallic state
(Fig. 2b). At the same time, the intensity of the Pd 3d
lines decreased. In the oxidized Pd/C(O) and Pd/C-
A(O) samples, the decrease in the integral intensity of
the Pd 3d line after interaction with NO, was not so
noticeable, but the appearance of a second doublet
with the binding energy £,(Pd 3d;,,) = 336.4—336.5 eV,

which should be attributed to palladium oxide [55—
65], was observed. In the Pd/C-A(O) sample, the
fraction of PdO was ~23% on a total deposited palla-
dium. In the interaction with NO,, palladium in the
oxidized samples demonstrated behavior similar to
that in the previously studied Pd/Sibunit system, in
which the formation of palladium oxide was observed
after treatment in NO, at a pressure of 10-—10~° mbar
and temperatures 7> 200°C [27].

The Pd M,s VV Auger spectra of samples before
interaction with NO, were characterized by two lines
with kinetic energies of 326.4—327.3 and 331.0—331.9 eV
(Fig. 3a), which should be attributed to small particles
of metallic palladium [62]. We can conclude that a sig-
nificant portion of palladium in all samples retained a
metallic state after the interaction with NO, because the
positions of lines remained almost the same (Fig. 3b).
The bulk palladium oxide PdO exhibited one broad
line with a complex shape in this region with the aver-
age kinetic energy E,;, = 325 eV [61]. The most signif-
icant changes after treatment in NO, occurred with

KINETICS AND CATALYSIS  Vol. 64 No.3 2023
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Fig. 2. Pd 3d spectra of the samples of Pd deposited on HOPG with various preliminary surface preparations (a) before and (b)
after interaction with NO, under the conditions specified in Table 1.

the intensities of the Pd M 5 V'V lines. The lines weak-
ened many times in the Pd/C-A sample, and they
became unobservable in the spectrum of the Pd/C
sample. On the contrary, the Auger line intensities
decreased insignificantly in the oxidized samples (Fig.
3b, spectra 3 and 4).

The intensity of palladium lines can decrease as a
result of the interaction of Pd/HOPG samples with
NO, due to the occurrence of two different processes:
an increase in the particle size of the deposited metal
(sintering) and the introduction of particles into the
near-surface region of the support (encapsulation). In
both cases, with the retention of the total amount of
deposited palladium, the intensity decreased due to
signal screening for a portion of Pd atoms by other
atoms of this metal in the former case and for all atoms
in Pd particles by the support material in the latter
case. It should be noted that the Pd M 5 V'V Auger line
is more sensitive to screening than the Pd 3d photo-
emission line due to a significantly lower Kkinetic
energy of Auger electrons, which causes a smaller
escape depth for them. This should lead to a more sig-
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nificant attenuation of the Auger signal compared to
the signal of the photoemission line, which can be
seen in Figs. 2 and 3 for the spectra of the Pd/C and
Pd/C-A samples. If the interaction with NO, leads
only to the sintering of palladium particles without
their encapsulation by the support, the intensity ratio
1Lyv/ I of the two lines should decrease with the par-
ticle size and asymptotically approximate to the value
inherent in the bulk metal [28, 29]. However, the drop
in the intensity ratio for the Pd/C and Pd/C-A sam-
ples after treatment in NO, was so large that it cannot
be explained solely by particle sintering. Thus, it
should be recognized that palladium metal particles
were inserted into graphite during the interaction of
these samples with NO, [28, 29]. For the Pd/C(O) and
Pd/C-A(O) samples, the intensity ratio did not
decrease so significantly; therefore, it can be consid-
ered that the incorporation of palladium particles into
the support was very insignificant, if any.

The study of oxygen lines for samples containing
palladium is difficult to perform because of the mutual
overlap of the O 1s and Pd 3p; , lines. However, it was
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Fig. 3. Pd M,5 V'V Auger spectra of the samples of Pd deposited on HOPG with various preliminary surface preparations (a) before
and (b) after interaction with NO, under the conditions specified in Table 1.

possible to analyze this spectral region for the Pd/C-A
and Pd/C-A(O) (Figs. 4a and 4b, respectively) sam-
ples and compare the behaviors of these samples with
respect to their interaction with NO,. The spectrum of
the HOPG-A support (Fig. 4a, spectrum /) contained
one low-intensity O ls line with a binding energy of
532.5 eV. The spectrum of this support pretreated in
oxygen, HOPG-A(O), was characterized by two lines
with £,(O 1s) = 531.2 and 533.0 eV and a much higher
intensity (Fig. 4b, spectrum /). These lines can be
assigned to oxygen-containing carbon compounds
with ether C—O—C or phenolic C—OH [26, 41, 43—
46] and carbonyl C=0 [26, 43, 46, 48—51] groups,
respectively. In the analysis of the spectra of samples
with deposited palladium in this region, these O 1s
lines were taken into account under the assumption
that their binding energies, widths at half maximum,
and 1,,(531.2)/1,,,(533) intensity ratios are the same
as those in the spectrum of the HOPG-A(O) support
without palladium. Under these assumptions, the
binding energies of the Pd 3p; , line in the Pd/C-A and

Pd/C-A(O) samples prior to interaction with NO, are
532.8 and 532.5 eV, respectively (Fig. 4a, spectrum 2
and Fig. 4b, spectrum 2), which are 0.3—0.5 eV higher
than the value measured for bulk palladium [55],
probably, due to the small particle size. The metallic
state of the particles was confirmed by the appearance
of a plasmon near the Pd 3p; , line, which was ~6 eV
higher from the main line on the binding energy scale
[55, 56]. The intensity of oxygen lines in the oxidized
sample Pd/C-A(O) noticeably decreased, and the O 1s
lines in the Pd/C-A sample became indistinguishable
against the background of the Pd 3p;, line, appar-
ently, as a result of screening by palladium particles of
the support with oxygen atoms bound to its surface.
After the treatment of Pd/C-A in NO,, the intensity of
the O 1sline in the region under consideration sharply
increased and the line acquired a value of £, = 533.5 ¢V,
while the Pd 3p; ), line became barely distinguishable
against the O ls line (Fig. 4a, spectrum 3). In the
Pd/C-A(O) sample, the intensity of the O 1s lines did
not increase so significantly; however, at the same
KINETICS AND CATALYSIS  Vol. 64
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Fig. 4. O 15+ Pd 3p3 , spectra of graphite (a) subjected to ion etching, (/) HOPG-A, and (b) additional treatment in air at 300°C,
(1) HOPG-A(O), and the samples of Pd deposited on (a) HOPG-A and (b) HOPG-A(O) (2) before and (3) after interaction with

NO, under the conditions specified in Table 1.

time, a distribution between the states of oxygen
changed in favor of compounds with ether and phenol
groups, which correspond to a line with a binding
energy of ~531 eV (Fig. 4b, spectrum 3). The line
belonging to palladium underwent a slight shift toward
higher binding energies by ~0.2 €V, and its intensity
slightly decreased (Fig. 4b, spectrum 3).

Previously, we demonstrated the resistance of a
carbon support in the Pd/C system to oxidants using
the interaction of Pd/Sibunit samples with NO, as an
example and hypothesized that it was caused by sur-
face oxygen present in the composition of Sibunit [27].
In this study, as well as in previous works [28, 29], we
found that the interaction of NO, with palladium sup-
ported by vacuum deposition on graphite, the surface
of which did almost not contain oxygen, led to intense
oxidation of the carbon material already at room tem-
perature, and it was accompanied by destruction of
10—15 or more graphene layers and the formation of
surface oxygen-containing carbon compounds. The
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introduction of oxygen into the composition of
HOPG by its preliminary treatment in air before the
deposition of palladium led to the fact that graphite in
the Pd/O-HOPG system became resistant to NO,. In
this case, the stability of graphite increased with the
surface concentration of oxygen. Based on this obser-
vation, we hypothesized that, in both Sibunit and oxi-
dized graphite, oxygen atoms on the surface of the car-
bon material block sites where oxidation could be ini-
tiated. The maximum atomic ratio [O]/[C] achieved
in this work for HOPG-A after treatment in air was
0.024, which is significantly lower than that for Sibunit
used previously [27]; the [O]/[C] ratios for this Sibunit
in the initial state and after heating in a vacuum at 300
and 600°C were 0.100, 0.075, and 0.058, respectively.
It should be noted that, in the sample prepared on
HOPG subjected to ion etching (Pd/C-A), graphite
showed a slightly lower tendency to oxidize than that
in the sample on vacuum-annealed HOPG (Pd/C).
This result seems unusual because HOPG-A, which
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contains a significant concentration of surface defects,
should be more easily oxidized to NO,. Previously, we
suggested that the observed difference in behavior may
be associated with a higher palladium content of the
Pd/C sample ([Pd]/[C] = 0.0067) than that of the
Pd/C-A sample ([Pd]/[C] = 0.0047). However, in the
light of the results obtained in this work, it should be
concluded that the reason is, apparently, the presence
of a certain amount of oxygen on the surface of
HOPG-A ([O]/[C] = 0.0035), which is several times
greater than that of HOPG ([O]/[C] = 0.0004).

CONCLUSIONS

The results presented show that the introduction of
oxygen into the surface composition of HOPG at the
stage of preparation of model samples with supported
palladium radically changed their properties with
respect to the subsequent interaction with nitrogen
dioxide. Thus, the treatment of Pd/C and Pd/C-A
samples, which were prepared with the use of HOPG
with minimum surface oxygen content as a support, in
NO, was accompanied by the intense oxidation of
graphite and the incorporation of palladium particles
into its surface layers. As a result, the XPS spectra
showed a sharp decrease in the intensity of the photo
and, to an even greater extent, Auger lines of palla-
dium due to screening of the metal by the support
material. Upon the interaction of Pd/C(O) and Pd/C-
A(O) oxidized samples, which were prepared using
HOPG with a relatively high oxygen concentration on
the surface ([O]/[C] = 0.01—0.02), with NO,, the car-
bon support remained almost unchanged, while palla-
dium particles were oxidized to form the oxide PdO. In
addition, the intensity ratios of the palladium and car-
bon lines changed insignificantly, and, consequently,
the surface structure in these samples did not experi-
ence significant destruction.
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