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Abstract

The reactivity of bulk PdO clusters produced by plasma oxidation of Pd(100) towards propene oxidation was characterized using temperature
programmed desorption (TPD) and isothermal oxygen titration. The TPD results were dominated by simultaneous CO, and water desorption in
a peak at 490 K. The only other product observed was a small amount of CO near saturation propene coverages that also desorbed at 490 K.
The propene coverage saturated at exposures between 0.5-1 1, indicating a sticking coefficient close to one. In the titration experiments, CO»
production peaked almost immediately upon exposure to propene, indicating that the propene oxidation rate fell as the surface was reduced. Above
450 K, virtually all of the propene was completely oxidized to CO; and water, while at lower temperatures small amounts of CO were observed
and unreacted propene fragments accumulated on the surface. In comparison, previous results for a well-ordered surface oxide on Pd(100) were
similar in that CO; and water also desorbed simultaneously indicating a similar mechanism, but different in that the sticking coefficient on the
surface oxide was a factor of 20 lower, and the desorption peaked 60 K lower. These differences cause the bulk oxide to be far more active at higher
temperatures than the surface oxide, but the surface oxide displays some activity down to lower temperatures where propene simply accumulates

on the bulk oxide surface.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Although transition metals have generally been considered
more reactive than their corresponding oxides, over the last few
years it has been suggested that under certain conditions the
oxides may be far more active catalysts. The most extensively
studied example has been CO oxidation over Ru where it has
been suggested that RuO, may be more active than Ru at low
temperatures [1-4]. A recent study, however, showed that un-
der stoichiometric conditions the active surface is 1 ml of O in
a state better described as a surface oxide [5]. Palladium ox-
idation catalysis has attracted considerable attention in recent
years because of practical interest in exploiting its high activity
for total hydrocarbon oxidation, and because of lingering fun-
damental questions about whether bulk Pd oxide or adsorbed
oxygen phases on metallic Pd are responsible for the high ac-
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tivity. While low pressure surface science studies have shown
that increasing the oxygen coverage on Pd inhibits the adsorp-
tion of CO and hydrocarbons leading to low reactivities [6-9],
kinetic studies performed at higher pressures have suggested
that PdO is more active than Pd, at least at lower temperatures
[10,11]. A possible reason for this discrepancy is that it has
been difficult to form bulk PdO by exposing Pd single crystals
to molecular oxidants in UHV. Therefore, we have been using
an oxygen plasma to increase the oxygen coverage by 1-2 or-
ders of magnitude above that achievable by dosing O, or NO,
[12—14]. In this paper, it will be shown that the sticking coeffi-
cient for propene on the bulk PdO formed by plasma oxidation
is close to one, allowing it to be highly active under conditions
where the surface oxide formed by exposure to molecular oxi-
dants is unreactive towards propene.

Palladium oxidation is a complex process that involves a
number of surface phase transitions before bulk oxidation oc-
curs [13,15,16]. For Pd(100), initial exposure to oxygen results
in chemisorption atop the surface in p(2 x 2) and c(2 x 2)
structures. Once the c(2 x 2) structure saturates, oxygen moves
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below the surface ejecting Pd atoms onto the surface that either
form islands or attach to pre-existing steps; the surface period-
icity does not change in this stage. After island growth stops,
the surface reconstructs to form (5 x 5) or (v/5 x +/5)R27°
structures, depending on the temperature. The higher tempera-
ture (\/5 X \/§)R270 structure has been attributed to a rumpled
PdO(101) monolayer [17]; throughout the remainder of this pa-
per this phase will be referred to as a surface oxide. Under
UHV conditions it has been difficult to increase the oxygen
coverage much beyond this surface oxide; however, exposure to
either ambient pressure O, or an oxygen plasma leads to three-
dimensional PdO clusters on the surface [11,14,18,19].

We previously characterized the effect of oxygen coverage
on propene oxidation on Pd(100) up to saturation of the sur-
face oxide [7]. In temperature programmed desorption (TPD)
experiments of propene on the (v/5 x +/5)R27° reconstructed
Pd(100) surface, COy and water were produced simultaneously
at 430 K. In contrast, on the p(2 x 2) and ¢(2 x 2) chemisorbed
oxygen phases on Pd(100), propene dissociated to form water
at 430 K while almost all the CO, was formed by oxidation of
surface C at 550 K. These results showed that propene oxida-
tion favors a more facile pathway at high oxygen coverages.
The initial propene sticking coefficient, however, was found
to be a factor of five lower on the (v/5 x +/5)R27° surface
than on the (2 x 2) phases. Isothermal oxygen titration exper-
iments at 500 K showed that propene oxidation is slowest at
the highest oxygen coverages and maximizes just before all
the oxygen is removed from the surface. These results indi-
cated that oxidizing the Pd surface affects propene oxidation
in two contradictory ways: it decreases the propene adsorption
probability, but favors a low activation energy pathway once
the molecules adsorb. Similar measurements for CO also indi-
cated that the surface oxide is relatively unreactive compared
to chemisorbed oxygen phases because of the inability of the
surface oxide strongly adsorb the CO [20-22].

We recently showed that oxygen coverages on Pd(100) could
be increased by almost two orders of magnitude in UHV by ex-
posing the surface to oxygen atoms generated by a microwave
plasma [14]. The additional oxygen is incorporated into the
surface in the form of poorly ordered bulk PdO clusters on
the surface. The oxide clusters decomposed at essentially the
same temperature as the surface oxide. Further, low energy ion
scattering indicated that the surface oxide and the oxide clus-
ters exposed similar densities of Pd sites on the surface. In
this paper, the reactivity of the PdO clusters towards propene
oxidation will be described. It will be shown that unlike the
surface oxide, the propene sticking coefficient on the oxide
clusters is close to one, while the reaction mechanism on the
oxide clusters is similar to that on the surface oxide where
CO; and water form simultaneously. Although the activation
energy for the reaction step was higher on the oxide clusters, the
higher sticking coefficient made the bulk oxide more active at
temperatures above ~450 K. Meanwhile, surface C formed by
hydrocarbon dissociation on the chemisorbed oxygen-covered
metal surface does not desorb until 550 K, making the oxide
clusters more reactive than metallic Pd at least up to that tem-
perature.

2. Experimental

The experimental procedures and facilities have been de-
scribed in detail previously [14]. Briefly, experiments were
performed using a UHV system equipped with the necessary
sources and analyzers for temperature programmed desorption
(TPD), Auger electron spectroscopy (AES), X-ray photoelec-
tron spectroscopy (XPS), ion scattering spectroscopy (ISS), low
energy electron diffraction (LEED), and scanning tunneling mi-
croscopy. Reactive oxygen species were generated using a dif-
ferentially pumped Tectra Gen II microwave electron cyclotron
resonance plasma source. Under typical operating conditions,
the source is estimated to generate an atomic oxygen flux of
2.4 x 1013 em™2s~!. For most of the experiments described
in this paper, the Pd(100) surface was exposed to the plasma
source for 10 min at 550 K, which was previously shown to
produce an oxygen coverage of 10.8 ml, or alternatively a nom-
inal oxide thickness of 3.4 nm [14]. Mounting and preparation
of the Pd crystal has been described previously [12].

Polymer grade propene C3Hg (Airgas Specialty Gases) with
a minimum purity of 99.5% was used in the experiments. The
major impurity in the gas was specified as propane at a typical
level of 4000 ppm. Alkanes do not react with oxygen-covered
Pd under the conditions employed in this study so this impu-
rity does not affect the results [23]. Because the C,H4 frag-
ment from C3Hg has essentially the same mass as CO in the
mass spectrometer traces, C3Dg was also used in some experi-
ments to distinguish combustion products from possible partial
oxidation products. No differences were observed for the CO
(mass 28) and CO; product traces after C3Hg and C3Dg dosing
in TPD and oxygen titration experiments, indicating that ethene
can be excluded as a reaction product. Although the system was
fitted with a capillary array doser, propene was dosed with the
sample turned away from the doser so that doses are calculated
by simply multiplying the increase in background pressure by
the exposure time.

To distinguish CO produced by propene oxidation from CO
produced by CO; cracking in the mass spectrometer, CO, was
leaked into the chamber to determine the CO:CO> cracking ra-
tio for the mass spectrometer in our experimental configuration.
A value of 0.16 was obtained. The contribution of CO, crack-
ing to the CO signal was subtracted in all of the data shown
in this paper by multiplying the CO; trace by this factor. The
relative mass spectrometer sensitivity to CO, and CO was de-
termined by leaking the gases into the chamber and measuring
the increase in the mass spectrometer signal for a given rise in
background pressure as measured by an ion gauge. It was found
that the system was 1.9 times more sensitive to CO than CO5.

Isothermal oxygen titration measurements were used to cal-
ibrate the coverages in the TPD experiments. In these measure-
ments, the surface was exposed to NO; at 550 K which results
in a saturation coverage of 0.9 ml of oxygen [7]; subsequent
exposure to CO above 400 K removes all of the oxygen as
COy [21]. Integrating the rise in the CO, mass spectrometer
signal during the CO exposure then provides a known standard
to which the CO, peak integrals following propene exposure
could be compared.
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Fig. 1. Temperature programmed desorption traces for O,, O, CO,, CO, and
H;O obtained after exposing the plasma-oxidized Pd(100) surface to 0.25 L
propene. The dashed lines highlight the position of the CO, desorption peaks
for propene oxidation on a surface oxides on Pd(100) at 430 K and on
chemisorbed oxygen-covered Pd(100) at 550 K. The data were offset so that
each trace could easily be seen.

3. Results

The reactivity of the bulk PdO clusters was first character-
ized using TPD. Fig. 1 shows the desorption traces for CO»
(44 amu), CO (28 amu), H,O (18 amu), O, (32 amu), and O
(16 amu) for a 0.25 L propene dose; other species correspond-
ing to unreacted propene and potential partial oxidation prod-
ucts were monitored in initial runs, but no evidence of species
other than combustion products were observed. Because of the
large amount of oxygen on the surface, the Oy signal is off-
scale; however, the oxygen atom signal faithfully tracks the O,
signal producing a sharp peak at the same position seen dur-
ing Oy TPD experiments. The small peak in the O signal at
~500 K is due to cracking of water, CO, and CO. The strength
of the oxygen signal indicates that the oxide remained largely
intact after the 0.25 L propene dose. The figure also shows
that CO, and water desorb simultaneously in a peak at 490 K,
while very little CO was seen for this propene dose (the small
CO; and CO peaks at 740 K are attributed to oxidation of C
near the mass spectrometer filament; a small increase in these
signals was seen whenever oxygen was leaked into the cham-
ber). For comparison, the dashed lines in the figure indicate
the temperatures at which CO; was observed after propene was
exposed to the surface oxide and to (2 x 2) chemisorbed oxy-
gen phases on Pd(100) [7]. While CO, forms on the bulk ox-
ide at temperatures intermediate between the surface oxide and
chemisorbed oxygen, the water evolves simultaneously with the
CO, which is similar to the surface oxide but different from
the chemisorbed oxygen phases where water is first observed
followed by CO» at much higher temperatures. At these temper-
atures, H and O on Pd surfaces rapidly combine to form water
which promptly desorbs from the surface [24]. Therefore, the
simultaneous evolution of CO, and water from the surface ox-
ide was attributed to a direct oxidation mechanism in which

rupture of the C—H bonds and oxidation of the carbon back-
bone follow in quick succession, as opposed to lower oxygen
coverages on the metal surface where the molecules dissoci-
ate and then the fragments oxidize [7]. The results indicate that
propene oxidation also follows a direct oxidation pathway on
the bulk oxide clusters but with a higher activation energy than
on the surface oxide.

Fig. 2 shows how the desorption traces evolve as the propene
dose is varied. The figure shows single CO; and H,O peaks at
490 K that do not appreciably change other than an increase
in intensity as the propene dose is increased. The main oxygen
desorption feature at 740 K is largely unaffected by propene ex-
posure, while the weaker lower temperature feature associated
with CO;, CO, and water desorption increases as the propene
exposure increases. The most significant change in the traces
as the propene exposure increases is the increase in CO pro-
duction, from barely detectable below 0.25 L to almost 1/4 as
intense as the CO; peak at 1 L. Taking into account differ-
ences in the mass spectrometer sensitivity to the two species,
integrating the desorption curves indicates that the fraction of
the carbon ending up as CO increases from below the detection
limit at 0.1 to 0.13 at 1 L. The exposure dependence shown in
Fig. 2 is considerably simpler than that previously seen for the
surface oxide [7]. For the surface oxide, increasing the propene
exposure first led to the appearance of a second CO, peak at
550 K, followed by an increase in the amount of CO produced,
followed finally by the disappearance of the 550 K peak and ac-
cumulation of C on the surface. The appearance of the 550 K
peak was due to a reduction of the surface oxide creating metal-
lic regions of the surface where propene could dissociate, while
the shift to CO production, the disappearance of the 550 K
peak and the accumulation of C on the surface could all be at-
tributed to insufficient oxygen on the surface to oxidize all of
the adsorbed propene. In contrast, for the bulk oxide particles
sufficient oxygen remains to prevent a transition to a metallic
phase and so the only change that occurs is an increase in CO
production that can be related to oxygen depletion from the out-
ermost layer of the oxide.

Integrating the CO, and CO curves in Fig. 2 yields the up-
take curves in Fig. 3. The curves show that the propene cover-
age saturates between 0.5 and 1.0 L indicating that the sticking
coefficient was close to one. In sharp contrast, on the surface
oxide, desorption signals were barely detectable after a 1 L dose
and comparison of the uptake data suggests an initial propene
sticking coefficient a factor of 20 lower on the surface ox-
ide [7]. Combining the CO and CO; produced indicates that
the propene coverage saturates at ~0.07 ML where a mono-
layer is defined in this case as number of molecules per number
of Pd atoms on the original Pd(100) surface.

Propene oxidation kinetics were also characterized using
isothermal oxygen titration experiments. In these experiments,
the sample was oxidized by the plasma and then suddenly ex-
posed to a constant propene pressure while potential reaction
products were monitored with the mass spectrometer as a func-
tion of time. Similar to TPD, the rise in the partial pressure
of the reaction products is proportional to their production rate
and the integral of the curves to the total amount of product



298 Y. Yun et al. / Journal of Catalysis 253 (2008) 295-302

a)| co, b)t €O
L L 1L WM%WWM
i I O'SLWWMWWWNWWWWWWW
A b b % LMWMWWMWWMMMMWW
<L 05L &
L025L
- 035L
i 025 L "O'ISLWWWWWMWMWWW
I 0.15L oL
01L T L w L R
T T T T T T T T T T T T T T
300 400 500 600 700 300 400 500 600 700
Temperature (K) Temperature (K)
¢)| H,0 d
) 2 ) | Oxygen (Mass 16)
r 1L
|
| 05L L
% 0.35L L I 1L
% |
- SL
025L L 0.5
] 035L
- )
0.15L ' 025L
0.1L B
. MM”MMWWWWW 0.15L
T T d T ) T T
300 400 500 600 700 L S S SR S B
Temperature (K) 300 400 500 600 700 800 900

Temperature (K)

Fig. 2. Temperature programmed desorption results for a series of propene exposures to plasma-oxidized Pd(100). (a) CO,, (b) CO, (c) HO, and (d) atomic oxygen.
The data for each exposure were obtained simultaneously. The background was similar for each run, the data were offset for clarity.

0.20

Molecules produced /Pd atom
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Fig. 3. Propene uptake curve for plasma-oxidized Pd(100) plotted as amounts
of CO, and CO produced in TPD experiments versus the propene exposure.
The data is corrected for differences in the mass spectrometer sensitivity to the
two species and the CO, cracking contribution to the CO mass spectrometer
signal.

produced [21]. Fig. 4 shows the CO, CO, and H>O mass spec-
trometer traces for a Pd(100) surface oxidized for 10 min by the

plasma and then reduced by exposure to 6 x 10~8 Torr propene
at 500 K. In addition to CO, CO, and H,O, m/e ratios cor-
responding to cracking fragments for other potential oxidation
products such as acetone and propanol were also monitored, but
these showed no increase above background. The CO produc-
tion from CO; cracking was subtracted in the same way as for
the TPD data. The CO trace shows an initial jump up at the be-
ginning and a jump down at the end corresponding to the times
when the leak valve was opened and closed. Such jumps were
observed whenever propene was leaked into the chamber and
can be associated with propene cracking to CQHI in the mass
spectrometer. On the other hand, the much larger initial jump in
the CO; curve can be attributed to propene combustion. Fig. 4
shows that the CO, production rate maximized essentially im-
mediately after the propene was leaked into the chamber; the
rate then slowly decayed to zero. Meanwhile, the CO curve
shows a much smaller decay after propene was leaked into the
chamber, indicating that CO, was by far the predominant car-
bon containing oxidation product but that a small amount of CO
was also produced. The ratio of the CO to CO; signal never sig-
nificantly changed indicating that at 500 K, reduction does not
alter the product distribution. Using estimates of the mass spec-
trometer sensitivities to CO and CO, suggests almost 15 times
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Fig. 4. Isothermal oxygen titration curves showing the rise in CO,, CO, and
H;O partial pressures when 6 x 10~8 Torr of propene was suddenly exposed to
the plasma-oxidized Pd(100) surface at 500 K at = 0 s. Most of the initial rise
in the CO partial pressure is due to propene cracking in the mass spectrometer
causing a rise in the signal at 28 amu. The traces have been offset for clarity.

as much CO, was produced as CO. In contrast to the CO; curve,
water production did not maximize right after opening the leak
valve. Instead, the HO trace reached a maximum 30 s later than
the CO trace, and then slowly returned to the baseline.

Fig. 5 illustrates how temperature affects PdO reduction by
propene. Fig. 5a shows that over the temperature range studied,
CO» production always maximized almost immediately after
propene exposure began, indicating that propene oxidation was
fastest at the beginning of the reaction; i.e., when the surface
was most oxidized. This reinforces the conclusion from the
TPD results that showed a near unity initial sticking coefficient
for the plasma oxidized surface, in sharp contrast to the sur-
face oxide where the sticking coefficient increased after a slow
initial reduction [7]. The CO, peak height, or maximum rate,
increased as the temperature increased indicating that the reac-
tion rate increases with increasing temperature. This also differs
dramatically from the surface oxide where the maximum CO
and propene oxidation rates decreased with increasing temper-
ature, consistent with reactions limited by weak adsorption of
the reactants [7,21]. At 500 K and above, the CO; curves almost
linearly decayed back to the baseline, while at 450 K a second
hump in the CO; curve could be seen, and at the lowest tem-
peratures the curves show small peaks just after the leak valve
was opened. The integrals of the curves are proportional to the
total amount of CO;, and so comparing the curves it becomes
obvious that as the temperature was decreased, the amount of
oxygen removed through complete combustion of propene de-
creased; this is not surprising since the peak temperature in the
TPD experiments was 490 K.

The CO traces in Fig. 5b indicate that the total amount of CO
produced went through a maximum at 450 K. The CO curve
for 450 K shows a peak that coincides with the hump seen in
the CO> curve at the same temperature. Taking into account
the mass spectrometer sensitivities, at the CO peak, the data
suggest that the ratio of the CO to CO; production rates was
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Fig. 5. Isothermal oxygen titration curves recorded at temperatures between
400-550 K. In each case, the surface was suddenly exposed to 6 x 10~8 Torr
propene at t = 0 s while monitoring the rise in partial pressure of (a) CO,,
(b) CO, and (c) HyO. The background partial pressures were similar in each
run; the curves were offset for clarity.

almost 0.5 compared to 0.03 immediately after the leak valve
was opened. The increase in CO production after initial reduc-
tion at 450 K suggests that as the temperature is reduced below
500 K, limitations in the oxygen diffusion rate to the surface
leave insufficient amounts of oxygen on the surface for com-
plete combustion. At 400 and 425 K much smaller bumps in the
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Fig. 6. Temperature programmed desorption data recorded following the oxy-
gen titration experiment performed at 425 K pictured in Fig. 5. The total
propene exposure was 18 L.

CO production rates were observed that can be attributed to the
temperature moving well below the 490 K TPD peak temper-
ature. As a result, propene and propene-containing fragments
accumulated on the surface, as confirmed by TPD experiments
performed after propene exposures that will be described below.
The water traces in Fig. 5c all show longer tails than the
corresponding CO; traces. This may be due to two effects:
(1) slow pumping rate for water compared to CO and CO;
due to stronger adsorption of water on the walls of the vacuum
chamber; and (2) strong adsorption of water on PdO. Although
water does not strongly adsorb on metallic Pd or metallic Pd
with lower oxygen coverages [25], water is considered to ad-
sorb strongly on PdO [10,26]. This would suggest, however,
that water should desorb at higher temperatures than CO, or
CO in the TPD experiments, which was not observed.
Temperature programmed desorption experiments were per-
formed following the lower temperature titration experiments
to characterize the species remaining on the surface; curves
obtained after reaction of the plasma-oxidized surface with
propene at 425 K are shown in Fig. 6. In contrast to room
temperature propene dosing, oxygen containing products were
observed in several different peaks. The lowest temperature
peaks for water, CO and CO» are seen at 490 K, the same as
room temperature propene exposure except with a much larger
CO to CO; ratio. These peaks can be associated with oxida-
tion of nearly intact propene molecules, with the increase in CO
production due to a lower surface oxygen concentration as de-
scribed above. A second CO, peak accompanied by a shoulder
in the CO trace occurred at 540 K, in the temperature regime
where C atoms on Pd surfaces typically react with surface oxy-
gen to form CO and CO; [27-29]. It is therefore tempting to
conclude that these peaks are due to oxidation of dissociated
propene; however, water can also be seen at 540 K in Fig. 6
suggesting that not all of the propene could have completely
dissociated since adsorbed H readily reacts with surface oxy-
gen on Pd at much lower temperatures [30]. Alternatively, the
structure of the lower temperature desorption features could be

influenced by limitations in the oxygen diffusion rate to the
surface. That is, the rate slows just above 490 K as oxygen is
depleted from the surface, and then accelerates as oxygen dif-
fuses back to the surface, allowing oxidation of the remaining
propene fragments. The Oy desorption peak just above 700 K
is consistent with oxygen desorption from either a surface ox-
ide or PdO particles. The higher temperature peaks for CO and
CO, above 700 K could be attributed to oxidation of carbon
rings formed by condensation of C atoms released by propene
dissociation, as similar high temperature TPD peaks were also
observed during carbon oxidation on Pd [31-33]. The oxygen
may come from chemisorbed oxygen which does not desorb
from Pd (100) until over 800 K.

4. Discussion

The TPD results showed that the activation energy for CO,
formation from propene on bulk PdO is intermediate between
that seen for the surface oxide and chemisorbed oxygen. In ad-
dition, water and CO; desorbed simultaneously from bulk PdO,
indicating a direct oxidation mechanism in which adsorbed
propene, or a nearly intact fragment, is oxidized to CO, and wa-
ter. This mechanism is similar to the surface oxide, but different
from metallic Pd surfaces covered with chemisorbed oxygen
where propene dissociates and then the fragments oxidize [7].
The TPD and isothermal oxygen titration experiments both re-
vealed propene sticking coefficients close to one on the bulk
oxide, or a factor of 20 higher than on the surface oxide. To-
gether, these results indicate that the oxide is more reactive for
hydrocarbon oxidation than the metal because of the lower acti-
vation energy direct pathway, and more reactive than the surface
oxide because of the high sticking coefficient. The results raise
several key questions, including: why is the mechanism differ-
ent on the metal than on the surface and bulk oxides? Why is
the activation energy higher on the bulk oxide than on the sur-
face oxide? Why is the sticking coefficient much higher on the
bulk oxide than on the surface oxide?

The differences between the reactivity of the surface oxy-
gen phases cannot be entirely related to differences in how
strongly oxygen is bound to the surfaces. We recently showed
that there is little difference in oxygen desorption kinetics be-
tween the surface and bulk oxides, despite a 0.3 eV difference
in the Pd 3ds,» XPS peak position [34], suggesting that the
oxygen bonding strengths are similar [14]. Although desorption
of chemisorbed oxygen peaks roughly 100 K higher than oxy-
gen from PdO, the stronger bonding does not explain why the
reaction mechanism is different on the chemisorbed oxygen-
covered metal surface. Previous propene TPD experiments
showed that water desorbs from the chemisorbed oxygen-
covered surface at 430 K [7], the same temperature as the
surface oxide. Since at these temperatures adsorbed hydrogen
and oxygen atoms on Pd rapidly react to form water which
promptly desorbs [24], this indicates that the barrier to breaking
C-H bonds on the surface oxide and the chemisorbed oxygen-
covered surface are similar. The desorption of CO, at 550 K
from the chemisorbed oxygen-covered Pd surface, however, in-
dicates a higher barrier to either forming C—O bonds or break-
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ing C—C bonds on the metallic surface. Because oxygen tends
to island at low coverages on Pd surfaces, and because it can be
compressed from a low coverage p(2 x 2) phase to higher cov-
erage c(2 x 2) and reconstructed phases on Pd(100) [13,15,16],
after the water desorbs from the chemisorbed oxygen-covered
surface there is space available for the remaining C atoms to
bond to the metal surface. Carbon interacts strongly with Pd
and thus the higher activation energy for CO, formation on the
chemisorbed oxygen-covered surface can reflect deeper adsorp-
tion wells for both C and O.

The much higher sticking coefficient and somewhat higher
reaction temperature for the bulk oxide compared to the sur-
face oxide cannot be readily explained with the data at hand.
As noted in Section 1, low energy ion scattering indicates that
the surface and bulk oxides expose similar surface densities
of Pd atoms [14], and so the lower sticking coefficient on the
surface oxide cannot be due to an inaccessibility of Pd sites
to propene on the surface oxide. As described above, oxygen
bonding strengths appear to be similar on the bulk and surface
oxides and so this cannot explain the higher reaction temper-
ature on the bulk oxide. Instead, structural effects may play
an important role in determining the reactivity. Although hy-
drocarbon oxidation over Pd catalysts is considered structure
insensitive, this reflects the fact that the structure of the oxide
formed when metallic Pd is oxidized is insensitive to the struc-
ture of the starting surface [18]. In contrast, the surface oxide on
Pd(100) has been assigned to a rumpled PdO(101) plane while
the bulk oxide is in the form of poorly ordered clusters pre-
dominantly in an (001) orientation [17,34]. For PdO, the (101)
orientation is non-polar and so this surface may b expected to
be unreactive compared to polar (001) surfaces with a high den-
sity of defect sites. We are currently investigating the structure
sensitivity of PdO-catalyzed reactions using ordered, epitaxial
PdO thin films.

5. Summary

The reactivity of PdO clusters towards reduction by hydro-
carbons was characterized using TPD and isothermal oxygen
titration experiments, and compared with previous results for
lower oxygen coverage phases on Pd. The PdO clusters were
created by exposing Pd(100) to an oxygen plasma in UHV. Sim-
ilar to the surface oxide, CO, and water produced by propene
oxidation desorbed simultaneously, indicating a direct oxida-
tion mechanism in which CO; is produced by oxidation of
nearly-intact adsorbed propene. This is very different from
chemisorbed oxygen-covered Pd surfaces where the dominant
oxidation pathway is a two step process involving fragmenta-
tion followed by oxidation; oxidation of the surface C requires
higher temperatures to produce CO; than the direct mechanism.
Although the propene oxidation mechanism was similar on the
surface and bulk oxides, there were a couple of important dif-
ferences between the two. First, the CO, and water TPD peak
temperatures were 60 K higher on the bulk oxide suggesting
a higher activation energy for the reaction on the bulk oxide
clusters. On the other hand, the propene sticking coefficient
on the oxide clusters was close to one, a factor of 20 higher

than the surface oxide. As a result of the high sticking coeffi-
cient, CO, production peaked immediately upon exposing the
oxide clusters to propene in oxygen titration experiments, as
opposed to the surface oxide which requires reduction before
substantial reactivity is seen. Thus, for higher temperatures,
above roughly the 490 K CO;, and water desorption peaks,
the oxide clusters are more reactive for hydrocarbon oxidation
than the surface oxide because of the higher sticking coeffi-
cient and more reactive than chemisorbed oxygen on metallic
Pd because of the lower activation energy of the direct oxida-
tion pathway.
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