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Abstract—The interaction between oxygen and polycrystalline palladium (Pd(poly)) at P, = 2.6 x 10-6-
10 Pa and 7'=300-1300 K was studied by the thermal desorption (TD) method. The interaction between O, and
Pd(poly) is governed by the O, pressure and the sample temperature. At low pressures of Pg, (<1.3 X 107 Pa),
O, is chemisorbed dissociatively on the Pd(poly) surface. During chemisorption, the O,4,—surface bond energy
and the O, sticking coefficient gradually decrease as the surface coverage 6 increases. At P, 2 1072 Pa and
T <500 K, after the saturation of the O,y layer (8 ~ 0.5), O,4, atoms penetrate under the surface layer of the
metal to form surface palladium oxide. At P02 > 1 Paand T > 500 K, after the saturation of the surface oxide

film 2 ML in thickness (n ~ 2), O,4, atoms penetrate into the oxide film and then into the subsurface palladium

layer and diffuse deep into the metal bulk. As a result, the oxygen uptake at 700 K is n ~ 50. Upon heating, the
surface oxides decompose, desorbing O,, which gives rise to a low-temperature TD peak with 7,,,,, = 715 K.

The release of oxygen inserted in the subsurface layers of palladium shows itself as a distinct high-temperature

TD peak with T,,,,, =2 750 K.

DOI: 10.1134/S0023158409010054

Palladium is extensively used as the main compo-
nent of catalysts for a wide variety of important cata-
lytic processes, including the neutralization of automo-
tive exhaust gases [1], ammonia oxidation [2], and
methane combustion in gas turbines [3]. Palladium is
employed in these processes owing to its high activity
in hydrocarbon, CO, and H, oxidation and in NO reduc-
tion. In addition, PdO shows a high activity in oxidation
reactions [3]. The wide use of palladium in industrial
catalysis has stimulated extensive investigation of the
mechanisms of adsorption of O,, H,, NO, CO, and CH,
and the catalytic reactions of these molecules on palla-
dium single crystals by modern methods. Particular
attention is focused on the interaction between oxygen
and palladium, because the resulting different PdO
phases exert a considerable effect on the catalytic oxi-
dation reactions on palladium [3].

The interaction between oxygen and a transition metal
is known to include three basic steps, namely, (1) the dis-
sociative chemisorption of O,, (2) the insertion of oxygen
atoms into the metal lattice, and (3) the formation of sur-
face and bulk metal oxides. The most thoroughly studied
step of the interaction in the Pd—O, system is the dissocia-
tive chemisorption of O, on various palladium crystal
faces at low O, pressures (<107 Pa). For example, O,
chemisorption at P, < 107 Pa and T = 100-600 K on

Pd(poly) [4, 5], Pd(111) [6-10], Pd(100) [11-15], and

31

Pd(110) [16-21] was studied in detail by thermal des-
orption (TD) [5-7, 9, 10, 12, 13, 15, 18, 21], low-
energy electron diffraction (LEED) [6, 8, 10-17], scan-
ning tunneling microscopy (STM) [10, 15, 19, 20], and
high-resolution electron energy loss spectroscopy
(HREELS) [8, 14]. It was demonstrated by LEED and
STM that O, chemisorption on palladium single crys-
tals yields various ordered adsorption structures [6, 8,
10, 11-15, 19, 22, 23]. For example, oxygen chemi-
sorption on the Pd(111) surface successively yields a
p(2 x 2) structure with a chemisorbed oxygen surface

coverage of 0 = 0.25 and a (ﬁ X ﬁ )R30 structure
with © = 0.33 [6, 8, 10]. Oxygen chemisorption on
Pd(100) results in p(2 X 2) (6 =0.25) and ¢(2 X 2) (0 =
0.5) [11-15]. Oxygen chemisorption on Pd(110) gives
(2x3)-1D(0=0.2) and c(2x4) (6 =0.5) [19, 22, 23].
The saturation of the Pd(111), Pd(100), and Pd(110)
surfaces with adsorbed oxygen (O,) is followed by the

formation of the (ﬁ x A3 )R30, c(2 x2),and c¢(2 x 4)
structures with O,y coverages of 6 = 0.33, 0.50, and
0.50, respectively.

The insertion of chemisorbed oxygen atoms into
palladium subsurface layers, resulting in surface recon-
struction structures, was studied in [10, 11, 13-15, 19,
22-30]. It was found that O,y insertion and surface
reconstruction in various palladium samples take place
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after the saturation of the chemisorbed oxygen layers
(6 ~0.5) at T= 500 K. For example, during NO, chemi-
sorption on Pd(111), a new metal layer with a rectangu-
lar cell (3.94 x 6.38 A) and then with a square cell
(6.79 x 6.79 A) forms in the O,y layer with a p(2 X 2)
structure. As this takes place, O atoms penetrate into the
subsurface palladium layer [10]. For Pd(100), it was
demonstrated by LEED [11, 13, 14] and STM [15] that
a p(5 x 5) reconstruction structure (6 = 0.64) similar to
the (110)PdO face initially forms in the c(2 X 2)
adsorbed oxygen layer, and at © > 0.64 this is followed

by the formation of the reconstruction structure (ﬁ X

ﬁ )R27 (6 = 0.8), which is related to the (001)PdO face.
For the Pd(110) surface, the formation of —Pd—-O-Pd—
chains running in the [110] direction is observed at the
earliest stage of O, chemisorption at 7> 200 K. These
chains gradually form added row-type reconstruction
structures. This is followed by the formation of a
(2 X 3)-1D structure at © < 0.2 and a ¢(2 X 4) structure
at 0 =0.2-0.5[19, 22, 23]. It was established that, after
the saturation of the chemisorbed oxygen layers (0 ~
0.5) in various palladium samples, O,y penetrate into
the subsurface layers of the metal [24-29]. For exam-

ple,at72550K and P, 2 1073 Torr, O atoms penetrate
into the Pd(poly) bulk; at 7= 1050 K and P, =3.5X

102 Torr, palladium absorbs ~350 ML of oxygen (n ~
350) [24]. It is believed that a solid solution of oxygen
in the metal lattice forms under these conditions

because these Py, values are far below the dissociation

pressure of the bulk oxide PdO. For Pd(111), TD exper-
iments revealed high-temperature O, desorption peaks
at T ~ 1100 K. These peaks are attributed to the diffu-
sion of oxygen inserted in the metal [25]. It was dem-
onstrated by TD, LEED, XPS, and HREELS that, after
the saturation of the O,y layer on Pd(111) at 7> 520—
530 K, oxygen atoms penetrate into the subsurface
metal layers and n reaches ~2 [26, 27]. For Pd(110), it
was shown by TD and work function (A¢) measure-
ments that, at 7= 270-300 K and an O, exposure of =1—
1.5 L (L = Langmuir; 1 L = 107 Torr s), the saturation
of the ¢(2 x 4)-O (0 = 0.5) adsorbed layer is followed
by the insertion of O,y atoms into the subsurface palla-
dium layers: n ~ 1.8 at T= 475 K and an exposure of
7228 L [28, 29]. DFT calculations [30] demonstrated
that oxygen atoms from the O,y layer chemisorbed on
Pd(111) at © > 0.5 can occupy tetrahedral holes
between the first and second metal layers. At 6 > 0.5,
the insertion of O,y under the surface layer is energeti-
cally more favorable than oxygen chemisorption on the
surface because of the O,q—surface bonding markedly
weakened by the repulsive O,4,—0,4, interactions.

Thus, by studying the interaction of O, with differ-
ent palladium crystal faces by a variety of physical
methods, it was demonstrated that the saturation of the
chemisorbed oxygen layers (0 ~ 0.5) is followed by the

insertion of O,y into the subsurface palladium layers.
This insertion of oxygen can cause surface reconstruc-
tion. However, O, insertion into the subsurface layers
has not been studied in detail and it is unknown how
this process depends on the O, pressure and the sample
temperature. The purpose of this work was to gain
insight into the insertion of O atoms into the subsurface
zone of polycrystalline palladium by investigating the
interaction between O, and Pd(poly) at O, pressures of
1076-10 Pa and temperatures of 300-1300 K and to see
how the insertion of O atoms depends on the O, pres-
sure and sample temperature.

EXPERIMENTAL

Experiments were carried out in an LEED-240 ultra-
high-vacuum spectrometer (Varian) with an AES ana-
lyzer (HCVA-850, VG) and a quadrupole mass spec-
trometer (Q-7, VG). The spectrometer was pumped with
an ion pump down to a residual pressure of (1-2) X
1078 Pa. It was additionally equipped with a catalytic
chamber vacuumizable with a diffusion pump. This
chamber allowed the samples to be treated in wide
ranges of O, pressure (10°-10% Pa) and temperature
(300-1600 K). The sample was a 10 x 5 x 0.1 mm piece
of polycrystalline palladium (Pd(poly)) foil. The sam-
ple temperature was measured with a W—Re thermo-
couple (W/Re 5%—W/Re 20%) welded to the lateral
surface of the sample. Before oxygen adsorption, the
impurity carbon was removed from the foil by treating

it with O, at T'= 500-600 K and P, =1 Pa followed

by heating to 7 = 1300 K in a vacuum. As the sample
was purified, it underwent gradual recrystallization. It
was found by scanning electron microscopy (SEM) that
the surface of recrystallized palladium consists of 10-
to 100-um crystallites [31]. According to X-ray crystal-
lographic data, ~32% of the crystallites are (100)-ori-
ented, ~18% of them are (111)-oriented, ~34% are
(311)-oriented, and ~15% are (331)-oriented. The
residual level of carbon on the palladium surface was
determined by Auger electron spectroscopy (AES) and
X-ray photoelectron spectroscopy (XPS). The amount
of oxygen sorbed by the sample was derived from TD
spectra and XPS data. The saturated oxygen adsorption
layer on the Pd(poly) surface was formed at 500 K by
exposing the sample to O, (~200 L). Saturation of the
palladium single crystal faces (111), (100), and (110)

with chemisorbed oxygen is known to yield (J3 x

J3)R30, ¢(2 % 2), and ¢(2 x 4) structures with 0 = 0.33,
0.5, and 0.5, respectively [6, 8, 10, 11-15, 19, 22, 23].
The Pd(poly) sample used in this work consisted
largely of (111)- and (100)-oriented crystallites, so it
was accepted that the saturated oxygen adsorption layer
on this sample at 500 K forms at an O, exposure of
180 L and is characterized by 6 = 0.5. A detailed
description of our experimental setup and sample pre-

KINETICS AND CATALYSIS  Vol. 50

No. 1 2009



INTERACTION BETWEEN OXYGEN AND POLYCRYSTALLINE PALLADIUM 33

treatment and experimental procedures is presented
elsewhere [31].

RESULTS AND DISCUSSION

Interaction between Oxygen and Pd(poly)
at P, =2.6 X 105-10 Pa

The interaction between oxygen and palladium on
polycrystalline palladium foil was studied at 7= 500—

600 K and P, =2.6 X 1075-10 Pa by the TD method.

Figure 1 plots the number of oxygen monolayers (n)
sorbed by Pd(poly) as a function of O, exposure. These
data were obtained in the exposure range from 107! to
10° L at 500 and 600 K. Because of the wide O, expo-

sure range, the sample had to be treated at different P,

values between 2.6 x 10% and 10 Pa. At the top of Fig. 1,
we indicate the P, intervals in which the O, exposures

were performed. At P, > 107 Pa, the sample was

exposed to oxygen at a certain Py for 0.5-180 min until

the preset exposure dose was reached. The oxygen
uptake was determined from the ratio of the area of the
TD spectrum of the sample exposed to a given oxygen

pressure P for the corresponding time to the area of

the TD spectrum recorded after the saturation of the
adsorption layer at 7= 500 K and an exposure of 180 L
(6=0.5). It is clear from Fig. 1 that, at low pressures of

Py, 2.6 X 107 Pa, the oxygen coverage of the surface

increases rapidly to 6 = 0.5 as the O, exposure is raised
to 200 L (region A). This is due to the dissociative
chemisorption of O, and the gradual formation of satu-

rated ¢(2 X 2), c(2 x 4), and (/3 X /3 )R30 adsorption
layers on the (100), (110), and (111) crystallite faces,
respectively, with a chemisorbed oxygen coverage of
0~0.5]16,8, 10, 11-15, 19, 22, 23]. Upon an increase
in P, from 1072 to 10 Pa, the oxygen uptake gradually

increases from 6 = 0.5 to n ~ 2.0 as the O, exposure is

raised from 200 to ~2 x 107 L (Fig. 1, region B). This
may be due to the insertion of oxygen atoms into the
subsurface layers of palladium followed by the forma-
tion of oxide-like reconstruction structures. The inser-
tion of O,4 in the subsurface metal layers and the for-
mation of reconstruction structures was observed ear-
lier for Pd(111), Pd(100), and Pd(110) single crystals
after the saturation of the oxygen adsorption layers at
0~ 0.5[10, 11, 13-15, 19, 22-30]. In the O, exposure
range 107'-2 x 107 L, the oxygen uptakes at 500 K
(curve /) and 600 K (curve 2) are similar (Fig. 1).
Therefore, neither the formation of the adsorption layer
at 0 <0.5 nor O, insertion into the subsurface Pd(poly)
layer yielding reconstruction structures at n = 0.5-2.0
depends significantly on the sample temperature
between 500 and 600 K. At higher O, exposures of
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Fig. 1. The amount of oxygen sorbed by Pd(poly) (n) as a
function of the O, exposure at 7= (/) 500 and (2) 600 K. A,

B, and C are the P02 intervals in which the corresponding

exposures were performed. See text for details.

>2 x 107 L (Fig. 1, region C), the O, uptake at 600 K is
much higher than the O, uptake at 500 K. For example,

at an exposure of 2 x 10% L, the oxygen uptake is
~2.0 ML at 500 K and n ~ 11.3 at 600 K. The accelera-

Parameters of oxygen adsorption on Pd(poly) at 600 K (TD
spectra are shown in Fig. 2)

SES’;H;‘;T Py, . Pa Exposure 0, uplt/?lﬁe ),
(a)
1 2.6x107° 10s 0.07
2 2.6x107° 20's 0.14
3 2.6x107° 50's 0.23
4 2.6%x 107 30s 0.35
5 2.6%x 107 5 min 0.45
6 2.6%x 107 15 min 0.50
7 1072 15s 0.81
8 10! 10 min 0.92
9 107! 30 min 0.93
10 10! 50 min 1.01
11 10! 85 min 1.08
12 10! 120 min 1.17
(b)
1 2.6%x 107 15 min 0.5
2 5 ” 0.84
3 7 ” 1.52
4 8 ” 1.93
5 10 ” 3.03
6 15 ” 4.19
7 20 ” 5.38
8 30 ” 6.13
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Fig. 2. Oxygen TD spectra recorded at 3 = 10 K/s after the
treatment of Pd(poly) at 600 K. The adsorption conditions
are specified in the table. The spectrum numbers are the
same as in the table.

tion of oxygen sorption on Pd(poly) at 600 K relative to
oxygen sorption at 500 K, observed at exposures of
>2 x 107 L, may be due to the insertion of O atoms into
deeper palladium layers. At n = 1.0, a high-temperature
peak at 7> 750 K appears in the TD spectrum, which
shifts progressively to higher temperatures as n
increases (Fig. 2, table). This indicates the release of
oxygen dissolved in palladium, because PdO decompo-
sition yielding O, takes place at 7~ 600 K [10].

Figure 2 shows the oxygen TD spectra recorded at a
sample heating rate of = 10 K/s after O, adsorption on

Pd(poly) at 600 K and P, = 2.6 X 10°-30 Pa. The

shape and intensity of spectra /-6 (Fig. 2a) and the way
they vary as the O, exposure is increased from 0.2 to
180 L are similar to those observed earlier for the same
sample after O, adsorption at 7' = 500 K [31]. There-
fore, the formation of the adsorption layer on the
Pd(poly) surface depends insignificantly on the sample
temperature between 500 and 600 K. For example, the

change in the TD peak temperature (7,,,,) from 875 K
(spectrum /) to 800 K (spectrum 4) in Fig. 2a indicates
second-order O, desorption from the disordered chemi-
sorption layer with Ey., = 230 kJ/mol [31]. The low-
temperature peak at 7 ~ 700 K in spectra 5 and 6 in
Fig. 2a indicates O, desorption arising from the decom-
position of the adsorption structure c(2 X 2) of the satu-
rated O, layer on the (100) crystallite faces. In this
structure, the O,4—surface bond energy is substantially
reduced by the repulsive lateral O,4—0O,4 interactions
(€, ~ 10 kJ/mol); as a consequence, O, is desorbed at a
lower temperature (700 K) with E4., = 150 kJ/mol [31].

Raising Pg, (21072 Pa) causes an increase in the
number of sorbed oxygen monolayers (n > 0.5) and
marked changes in the O, TD spectrum. Figure 2a pre-
sents O, TD spectra recorded after oxygen adsorption
at Py, =107 Pa (spectrum 7) and P, = 10" Pa (spec-
tra 8—12). It is clear from spectra 7—/0 that, as n
changes from 0.81 to 1.01, the intensity of the low-tem-
perature peak (~715 K) increases. It is possible that this
peak is due to the decomposition of oxide-like surface
reconstruction structures that form on Pd(111) [10] and
Pd(100) [11, 13—15] as the oxygen uptake increases
from n = 0.5 ton ~ 2.0. At n = 1.0, the TD spectrum
exhibits a new high-temperature peak with 7, =750 K
(Fig. 2a, spectra /1, 12). Raising P, above 5 Pa causes

a further increase in the oxygen uptake (n > 1.0) and in
the intensity of the TD peak with 7,,,,, > 750 K. Figure 2b
shows the O, TD spectra recorded for the sample

treated with O, at 600 K and P = 5-30 Pa for 15 min

(spectra 2-8). Spectrum / was obtained after a 180 L
exposure of the sample to O, at P, =2.6 X 107 Pa. For

spectra /-8, the oxygen uptake changes from n = 0.5 to
6.13. Clearly, as P is raised from 5 to 30 Pa, n grad-

ually increases from 0.84 to 6.13. As n increases, the
intensity of the TD spectrum grows and T, shifts pro-
gressively to higher temperatures (Fig. 2b). For exam-
ple, T,... = 700 K at n = 0.84 and T,,,, = 785 K at
n=6.13 (spectra 2, 8). An analysis of the spectra pre-
sented in Fig. 2 has made it possible to identify the
phase resulting from the interaction between O, and

Pd(poly) at O, pressures of 107 to 30 Pa. At low pres-
sures of Py < 107 Pa, the TD spectra show a high-

temperature peak indicating O, desorption from the
disordered chemisorbed layer and a low-temperature
peak indicating repulsive lateral interactions in the
saturated chemisorbed O,y layer. At higher pressures

of Py 2 102 Pa, the low-temperature TD peak with

Trax ~ 715 K gradually grows as n increases (n > 0.5).
After the saturation of the adsorbed oxygen layer
(6 ~0.5) on various palladium samples, a further
increase in O can cause both the formation of
oxide-like reconstruction phases [10, 11, 13-15] and
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the insertion of O atoms into the metal bulk resulting in
a solid solution of oxygen in the palladium lattice [24—
29]. The reconstruction structures form on the (111)
and (100) palladium surfaces at an oxygen uptake of
n = 0.5-2.0 and decompose with O, desorption at 7' =
650-700 K [10, 15]. Therefore, the low-temperature O,
TD peak with T,,,, ~ 715 K in spectra 7—/2 in Fig. 2a
may be due to the decomposition of the oxide-like
reconstruction structures that have formed on the

Pd(poly) surface at P, 2 102 Pa and n > 0.5. As the

oxygen uptake increases at n > 1.0, a high-temperature
peak with 7,,,, > 750 K appears in the O, TD spectrum.
Atn 2> 2.2, the formation of clusters on the Pd(111) sur-
face was revealed by STM [10], and it was hypothe-
sized that these clusters are PdO particles. Note, how-
ever, that the thermal decomposition of PdO particles
with O, desorption occurs at 7 ~ 600 K [10]. Therefore,
it can be assumed that the high-temperature peak
observed in the O, TD spectra for Pd(poly) at n > 1.0
and 7> 750 K (Fig. 2a, spectra /0—12; Fig. 2b, spec-
tra 2—8) is due to the release of oxygen from the sub-
surface palladium layers, because T, of this peak
shifts to higher temperatures as n increases, occurring
at 750 K for n ~ 1.0 and at 785 K for n ~ 6 (Fig. 2b).
Thus, O, desorption takes place at much higher temper-
atures (>750 K) than would be observed for the decom-
position of PdO particles (~600 K).

Chemisorption and Desorption of O, on Pd(poly)
at Low Pressures of P, < 1.3 x 107 Pa

Oxygen adsorption and desorption at low pressures
(P, <1.3x 107 Pa) on the polycrystalline palladium

(Pd(poly)) surface consisting of 10- to 100-pum crystal-
lites with (100), (111), (311), and (311) faces (~32,
~18, ~34, and ~15%, respectively) were studied in
detail in an earlier work [31]. It was found that the main
kinetic features of O, adsorption and desorption on
Pd(poly) are determined by the formation and decom-
position of the oxygen adsorption structures p(2 X 2)
and ¢(2 X 2) on the (100) and (111) crystallite faces.
These processes are governed by the repulsive lateral
interactions between chemisorbed oxygen atoms. The
repulsion between O,y atoms reduces the chemisorbed
oxygen atom—palladium surface bond energy (D(Pd—
0)). As a consequence, the initial stages of O, chemi-
sorption on the (100) crystallites yields the simple
structure p(2 X 2), in which O,y atoms occupy third-
nearest neighbor (3NN) adsorption sites and do not
interact with one another; accordingly, D(Pd-O) takes
its maximum value [31]. As the O,y coverage of the
surface increases, the denser structure ¢(2 X 2) forms, in
which O,y atoms occupy next-nearest neighbor (2NN)
adsorption sites. Repulsive interactions arise between
these atoms, causing a decrease in D(Pd—0).
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Fig. 3. (a) O,4,—Pd(poly) surface bond energy and (b) the
sticking coefficient versus the oxygen coverage of the sur-
face.

Figure 3a plots D(Pd-O) as a function of the O,
coverage of the surface. The D(Pd—0O) values were
determined from the equation 2D(Pd—O) = D(O-0O) +
g, where D(O-0) is the dissociation energy of the O,
molecule (498 kJ/mol) and ¢ is the heat of adsorption of
0,. Since g = Ey., — E,4s (Ege, 15 the activation energy of
O, desorption) and the activation energy of adsorption
(E,q) 18 low (<10 kJ/mol), it can be assumed that g ~
E 4. In the calculation of D(Pd—O), which depends on
the oxygen coverage of the surface, we used E,. data
for different © values, which were derived from O, TD
spectra [31]. As is clear from Fig. 3a, D(Pd—O) is about
364 klJ/mol for 6 < 0.2-0.3, decreases rapidly at 6 =
0.2-0.3, and reaches its minimum value of ~324 kJ/mol
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Fig. 4. Amount of oxygen (n, ML) sorbed by Pd(poly) at
500 K as a function of the O, exposure time at P02 =

(H 1072, 2) 1071, (3) 1, and (4) 10 Pa.

at 0 ~ 0.5. From the D(Pd-O) values at 6 ~ 0 (D(Pd—
0)y) and 6 ~ 0.5 (D(Pd—-0),s), it is possible to deter-
mine the energy of the repulsive lateral interaction
between chemisorbed atoms (g,,). Taking into account
the lateral surroundings of O,y at 6 = 0 and 0.5, we
obtain ¢,, = (D(Pd-0), — D(Pd-0),5)/4 = 10 kJ/mol.
Figure 3b plots the dependence of the oxygen sticking
coefficient (s) on the chemisorbed oxygen coverage of
the surface. The s(0) dependence was calculated from
O, chemisorption kinetic data obtained earlier [31]. At
0 < 0.15, s is invariable and is 0.7 (Fig. 3b). This may
be due to the formation of the p(2 X 2) structure on the
(100) and (111) faces [31]. At 0 >0.15, s decreases rap-
idly to become ~10~3 at 6 ~ 0.5. This is possible due to
the formation of the ¢(2 % 2) structure on the (100) face
[31]. It was also found for O, chemisorption on Pd(111)
that s decreases rapidly as 0 increases and that s < 10~
at 6 > 0.3-0.4 [27]. At the pressures examined (<1.3 X
107), longer exposure to O, does not cause any
increase in 0. This is likely due to the substantial
decrease in the O, adsorption rate upon the saturation of
the adsorption layer (s < 107). For this reason, a wide
range of O, pressures (2.6 x 10°-30 Pa) was used in
our study of oxygen insertion into palladium.

Formation of a Surface Oxide on Pd(poly)
Figure 4 illustrates the kinetics of oxygen sorption
by Pd(poly) at O, pressures of 1072 to 10 Pa at T =
500 K. For all of these pressures, the oxygen uptake

increases rapidly at the early stages of the process (¢ <
1-2 min). At t > 1-2 min, n increases insignificantly,

gradually reaching the saturation level. Raising P,
causes an increase in the oxygen uptake at saturation.

For example, at P02 =102 10", 1.0, and 10 Pa, the
oxygen uptake in 65 min is 0.8, 1.0, 1.2, and 1.5 ML,
respectively. At these P values, extending the expo-

sure time from 65 to 150 min does not cause any signif-
icant change in the oxygen uptake. Thus, the time-
dependent oxygen uptake data (n(¢)) for the interaction

between O, and Pd(poly) at 7= 500 K and P, = 10—

10 Pa (Fig. 4) indicate a rapid stage (<1-2 min) and a
slow stage (>1-2 min). In an earlier study [32], a simi-
lar time dependence of the oxygen uptake was observed
for the growth of an oxide film on Rh(poly). An analy-
sis of the n(f) data suggested the following growth
mechanism for the oxide film on Rh(poly). A layer of
physically adsorbed (O,),q, molecules forms on the
oxide film surface in an O, atmosphere. The heat of
adsorption of these molecules is ~20 kJ/mol. The disso-
ciation of the oxygen molecules in this layer yields O,
atoms, which penetrate into the oxide film, diffuse to
the oxide/metal interface, and interact with Rh atoms.
This is how the oxide film grows. Because the heat of
adsorption of (0O,),4, is low, the adsorption—desorption
equilibrium between the O, molecules in the gas and
the (O,),4s molecules and, accordingly, the steady-state
(O,),4s coverage of the oxide film surface at 7' = 400-
600 K are established quite rapidly. Thus, the O, pres-
sure determines the (0O,),4, coverage of the surface,
which is a factor in the rate of O atom insertion into the
oxide film and, accordingly, in the film growth rate. It
is likely that, after the saturation of the O,y layer (0 ~
0.5) during the interaction between O, and Pd(poly) at

T'=500Kand P, = 1072-10 Pa, further oxygen uptake

proceeds via the above mechanism. A layer of physi-
cally adsorbed (O,),q, molecules forms on the surface
of the saturated O,y layer. The O, pressure determines
the (O,),qs coverage of the Pd(poly) surface, which, in
turn, determines the rate of the insertion of O, into the
subsurface layer and, accordingly, the amount of oxy-
gen sorbed by palladium. From the oxygen uptake data
as a function of O, exposure (Fig. 1) and from O, TD
spectra (Fig. 2), it follows that, at n = 0.5-2.0, a recon-
struction structure or a surface oxide forms on
Pd(poly). A simultaneous analysis of these data and the
data presented in [32] suggests that the n(f) dependence
plotted in Fig. 4 indicates the growth of a surface oxide

on Pd(poly) at 500 K and P, = 102-10 Pa. It was

demonstrated earlier that oxide-like reconstruction
structures form on Pd(111) and Pd(100) at 6 > 0.5 [10,
11, 13-15].

The penetration of O, into the subsurface layers of
palladium may take place via the insertion mechanism.
This mechanism was deduced for O,4, on Pd(111) from
the results of DFT calculations of the bond energy for
0,4 on the surface and for O atoms in the tetrahedral
and octahedral holes between the first and the second
layers of the metal [30]. It was demonstrated that, in the
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chemisorbed O,y layer on Pd(111) at 6 ~ 0.5, the E, 4
values for O,y and for O atoms in the tetrahedral holes
between the first and second layers of the metal are sim-
ilar because of the decrease in E, 4 for Pd-O,4. This
bond weakening arises from the repulsive lateral O,4—
0,4 interactions. As a result, at 0 > 0.5, the insertion of
O atoms under the surface layer is energetically more
favorable than further oxygen chemisorption on the
surface. The insertion of O,y yields a linear O 4—Pd*—
O, structure, where O,y is an O atom chemisorbed on
the surface, Pd* is a surface atom of the metal, and O,
is an oxygen atom occupying a tetrahedral hole
between the first and the second layers of the metal. The
O, atom is bonded both with the Pd* atom and with a
Pd atom from the second layer. This O, —Pd*—O,
structure is stable owing to O,y and O, being strongly
bonded to the surrounding Pd atoms. The strength of
these bonds is due to the fact that the Pd* atoms par-
tially screen the repulsive interactions between O,4, and
O, and the relaxation shifts of the Pd atoms surround-
ing Oy, result in the optimization of the Pd—O,,, bond.

Insertion of Oxygen into the Pd(poly) Bulk

Figure 5 plots the amount of oxygen sorbed by
Pd(poly) as a function of the time of exposure to O, at

600 K and different P, values. For all O, pressures, n

initially increases to ~1.0 (¢ < 1-2 min), and this is fol-
lowed by an induction period, in which n grows only
slightly with time. The induction period is followed by
a comparatively rapid increase in n until saturation. As

Py is raised, the induction period shortens and the oxy-

gen uptake at saturation increases markedly (curves /-3).
At Py, = 107" Pa, the induction period is 120 min and

no significant increase in n is observed over this time
(n~1,curve ]). At Py = 1 Pa, the induction period has

a shorter duration of 60—80 min and is followed by a
rapid growth of n to ~12 (curve 2). At P, =10 Pa, the

induction period is as short as 5-10 min and ~17 ML of
oxygen is sorbed in 120 min (curve 3). It follows from
the dependence of n on the O, exposure (Figs. 1, 4) and
from O, TD spectra (Fig. 2) that, at n = 0.5-2.0, a sur-
face reconstruction structure or a surface oxide forms
on Pd(poly); at n > 2, O atoms penetrate deep into the
subsurface layers of palladium. In the n(f) curves
shown in Fig. 5, which were obtained at 600 K, n varies
between 1 and ~17; therefore, these curves correspond
to the formation of a surface oxide on Pd(poly) and to
the insertion of O atoms into the palladium bulk. At a

low pressures of P (107! Pa), the (O,),4s coverage of
the surface is very low and, accordingly, the rate of O,

insertion into the subsurface layer of palladium and the
rate of subsequent surface oxide formation are slow. As

a consequence, the oxygen uptake at this P value is
n=0.8-1.2,so curve / in Fig. 5 describes the formation
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Fig. 5. Amount of oxygen (n, ML) sorbed by Pd(poly) at
600 K as a function of the O, exposure time at Py =

(H 1071, (2) 1, (3) 10 Pa.

of the surface oxide on Pd(poly). Raising Py, to 1.0 Pa

causes a marked increase in the (O,), 4, coverage of the
surface and, accordingly, accelerates the formation of
the surface oxide. On the surface of the oxide film, O,
atoms form in the (O,),4 layer. These atoms penetrate
into the surface oxide and then into the subsurface lay-
ers of the metal. No data concerning the activation
energy of diffusion (Ey;) of oxygen atoms in palladium
have been found in the literature. It is likely that Eg;s for
O atoms in palladium is similar to Eg; for oxygen in
rhodium, because oxygen diffuses in all metals via the
same insertion mechanism [33]. Estimation of Ey; for
oxygen in rhodium led to a value of ~200 kJ/mol [33].
Therefore, Eg; for O atoms in the palladium lattice can
be 150-200 kJ/mol, so there is significant diffusion of
O atoms in palladium at 7 = 600 K. As a result, the O
atoms penetrate deep under the surface layer and build
up progressively in the subsurface zone of palladium.
This is why palladium sorbs as much as ~12 ML of

oxygen at 600 K and P, = 1.0 Pain 140 min, as dem-

onstrated by curve 2 in Fig. 5. The shape of this curve
is determined by the superposition of the oxygen sorp-
tion curves referring to oxide film formation and to the
insertion of O atoms into deep subsurface layers of pal-
ladium. As a consequence, curve 2 in Fig. 5 indicates an
induction period of 60—80 min followed by an increase

in the oxygen uptake. Raising P to 10 Pa causes a

further increase in the (O,),q, coverage of the surface
and accelerates the formation of the surface oxide film
and the insertion of O atoms into the subsurface layers
of palladium. As a result, the surface oxide is formed in
5-10 min and ~17 ML of oxygen are sorbed in 120 min
(Fig. 5, curve 3).
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Fig. 6. Temperature dependences of the amount of oxygen
(n, ML) sorbed by Pd(poly) at an O, exposure time of 2 h

and P02 = 10 Pa derived (/) from TD spectra and (2) from

O-KL,3L,3 Auger spectra obtained using the XPS tech-
nique.

In order to study the effect of the sample tempera-
ture on oxygen sorption by palladium, we treated
Pd(poly) with O, in a wide temperature range (300-
700 K). Figure 6 plots the temperature dependences of
the amount of oxygen sorbed by Pd(poly) for samples

exposed to oxygen at P, =10 Pafor2hata given tem-

perature between 300 and 700 K. Curve / was derived
from TD spectra; curve 2, from Auger spectra of oxy-
gen (O-KL,;L,;) obtained using the XPS technique. The
concentration of sorbed oxygen was determined using
O-KLy;L,;5 spectra with Ey;, = 514 eV because the main
photoelectron peak of oxygen (O 1s, BE=529.3¢eV) is
overlapped with the stronger Pd 3p;, peak [34]. It is
clear from curve / that, as the temperature is raised
from 300 to 700 K, the oxygen uptake increases to n ~
50. Two characteristic portions can be distinguished in
this curve. The first is between 300 and 500 K, in which
n changes only slightly (from 0.8 at 300 K to 1.8 at
500 K). The second portion is between 500 and 700 K,
in which n grows markedly (from 1.8 at 500 K to 50 at
700 K). Since n = 0.5-2.0 is the range in which the sur-
face oxide forms on Pd(poly), oxygen sorption at 300—
500 K is due to the formation of an oxide film. No fur-
ther oxygen sorption takes place at 300-500 K, because
the diffusion rate of O atoms in palladium at these tem-
peratures is extremely low. At 7> 500 K, the diffusion
of O atoms in palladium is much more rapid. As a con-
sequence, as the sample temperature is raised, the O
atoms penetrate deeper into the metal bulk and, accord-
ingly, the oxygen uptake at 7> 500 K is higher (Fig. 6,
curve /). For example, ~2 ML of oxygen is sorbed in

2hat Py =10Paand 500 K, while the oxygen uptake

at 700 K is n ~ 50. The temperature dependence of the
oxygen uptake derived from the O-KL,;L,; spectra
(curve 2) differs significantly from the same depen-
dence derived from the TD spectra. According to
curve 2, n increases only slightly with increasing tem-
perature (from 1.5 at 500 K to 2.2 at 700 K). This radi-
cal difference between the oxygen uptake data obtained
by XPS and TD is due to the small analytical depth of
the XPS method. Under the conditions examined, the
analytical depth of XPS is <15-20 A [34, 35]. In the TD
method, oxygen can be released from deeper layers of
the metal at a sample temperature of 7= 500-1300 K.
The same fact that n from TD spectra is much larger
than n from XPS data was observed for oxygen sorbed
in the subsurface layers of Pd(110) [34, 35].

CONCLUSIONS

The interaction between O, and Pd(poly) at O, pres-
sures of 1010 Pa at temperatures of 300-700 K
includes O, chemisorption, the formation of a surface
oxide film, and the insertion of oxygen atoms deep into
the subsurface layers of palladium. The interaction
between O, and Pd(poly) is governed by the O, pres-
sure and the sample temperature. At low pressures of
Py, <13 X 107 Pa, oxygen undergoes dissociative

chemisorption on the (111), (100), and (110) crystallite
faces of polycrystalline palladium. During chemisorp-
tion, as the O,y coverage of the surface (0) increases,
the O,—surface bond energy D(Pd-O) gradually
decreases from 364 kJ/mol for 6 ~ 0 to 324 kJ/mol for
0 ~ 0.5 because of the repulsive lateral interactions
between O,4, atoms (€,, = 10 kJ/mol). Because of the
decrease in D(Pd—0), the O, sticking coefficient (s) for
Pd(poly) falls from 0.7 at 6 < 0.15 to ~1073 at the point
of surface saturation with O,y (6 ~ 0.5).

At higher O, pressures of =107 Pa and T < 500 K,
after the oxygen chemisorption layer is saturated (6 ~
0.5), O,y atoms penetrate under the surface layer of the
metal and form a palladium oxide film on the surface
because of the decrease in D(Pd-O) for O,4. The inser-
tion of O,y may be due to the formation of linear O,4—
Pd*—O,, structures in which the inserted oxygen atom
(O, 1s strongly bonded both with the surface palla-
dium atom Pd* and with a Pd atom in the second layer
of the metal [30]. The resulting O,4—Pd*-O,, struc-
tures may be fragments of the surface oxide. The O,
penetrating into the subsurface layers come from the
adsorbed (O,),4 layer. The steady-state (O,),q, cover-
age is established during the equilibration between
(Oy) 45 and (O,),4s and is determined primarily by P .

As a consequence, raising P, from 102 to 10 Pa

causes an increase in the (O,),y coverage, thereby
accelerating the formation of the surface oxide. This
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leads to an increase in the oxide film thickness from n =
0.8 at 102 Pa to n = 1.5 at 10 Pa. The thermal decom-
position of the surface oxide gives rise to a low-temper-
ature O, peak (7, = 715 K) in the TD spectrum.

In the interaction between O, and Pd(poly) at P, 2

1 Paand T > 500 K, after the formation of the saturated
surface oxide film with n ~ 2, the O,4, atoms that form
in the (O,),4, adsorption layer penetrate into the oxide
film and then into the subsurface layer of palladium and
diffuse deep into the metal bulk. Raising the O, pres-
sure (=1 Pa) and the sample temperature (>500 K)
accelerates oxygen sorption. The O,y atoms penetrat-
ing the oxide film again come from the (O,),4 layer, the
(0,).4s coverage being determined by the O, pressure.
As a consequence, raising Py, causes an increase in the

(0O,),4s coverage and, accordingly, in the oxygen insertion
rate. The activation energy of the diffusion of O atoms in
palladium is between 150 and 200 kJ/mol [33]. Accord-
ingly, raising the sample temperature (>500 K)
enhances the diffusion of O atoms in palladium; as a
result, the O atoms penetrate deep under the palladium
surface and build up in the metal bulk. At 700 K and

Py, =10 Pa, the oxygen uptake in 120 min is ~50 ML.

Upon heating, the oxygen inserted in the subsurface
layers of palladium gives rise to a distinct high-temper-
ature TD peak with 7, =750 K.
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