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Abstract

We present measurements of the desorption kinetics and dissociative sticking probability of methane on the surfaces
of Pd(111) and Pd nanoparticles supported on MgO(100). A molecular beam system was used to directly probe the
fraction of methane molecules that dissociate at the Pd surfaces as a function of the molecular beam energy and incident
angle. Measurements on the Pd(111) surface confirm “normal energy scaling” for the methane dissociative sticking
probability, consistent with an activation barrier normal to the surface, although there may be additional barriers in
other degrees of freedom, but with little corrugation parallel to the surface. Sticking measurements on supported Pd
particles (~3 nm wide) with the methane beam directed normal to the MgO(100) surface results in a large fraction
of the methane/Pd collisions occurring on regions of the particles where the beam direction is far from the local particle
surface normal, resulting in lower sticking probability. We attempt to decouple this effect from the measured sticking
probabilities in order to compare the intrinsic reactivity of the Pd particles with Pd(111). We find that the sticking prob-
ability on ~3 nm Pd particle surfaces is at most twice as large as on Pd(111). This result depends on our assumption
that these annealed Pd particles have the known equilibrium particle shape (truncated half octahedron). We also discuss
the need for detailed structural knowledge of the particles and careful geometric analysis when probing direct collisional
activation barrier crossing using molecular beams. Temperature programmed desorption studies of physisorbed (not
dissociated) methane reveal that the Pd particles bind methane more strongly than Pd(111). Oxygen adsorbs on the
Pd nanoparticles via a mobile, molecular O, precursor state which is transiently adsorbed on the MgO(100) surface.
An induction period is observed on Pd nanoparticles for the titration of adsorbed O by CO gas to make CO, which
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is not observed on Pd(111). This is attributed to inhibition by adsorbed O, whose saturation coverage on the Pd par-

ticles is 41% greater than on Pd(111).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous catalysts consisting of transition
metal nanoparticles dispersed on oxide supports
are pervasive in modern industrial applications,
such as oil refining, organic synthesis, and reduc-
tion of greenhouse gas or other emissions. Under-
standing the effect that the nanometer scale
confinement of matter has on catalytic properties
is a current scientific challenge, since it is clear that
late transition metal particles below ~6nm in
diameter can often have very different chemical
and catalytic reactivity (normalized to metal sur-
face area) than larger particles of the same mate-
rial [1-4]. This may be due to the fact that a
large fraction of the particle’s surface metal atoms
are in sites with coordination numbers much lower
than on larger particles, or special electronic
effects.

Oxide-supported Pd nanoparticles are used to
catalyze low-temperature methane combustion to
reduce NO, emissions inherent to normal air com-
bustion [5]. The reaction depends critically on the
dissociation of methane molecules at the Pd sur-
face. In a previous study of the kinetics of methane
combustion over PdO,/ZnO catalysts, it was pro-
posed that the rate limiting step is the dissociation
of the methane molecule (C—H bond activation) at
a Pd site near an O atom. The observed decrease in
turnover rate with decreasing particle size was
attributed to a decrease in O content with decreas-
ing PdO, crystallite size [6]. On the other hand,
catalytic reactions involving C-H bond activation
in methane on similar transition metals (Ru, Rh,
and Pt) show turnover frequencies that increase
with decreasing particle size [7-9].

Here we study the size effects of small Pd parti-
cles for the adsorption and dissociation of methane
by comparing the reactivity of Pd nanoparticles
supported on MgO(100) thin films to that of a
Pd(111) surface. Extensive studies of Pd particles

on MgO(100) have generated a rich supply of
information about the structure of this system [2],
thus making it an ideal model catalyst upon which
to test Pd particle size effects in methane reactivity.
Understanding nanometer-scale effects in such
model catalyst systems can have a significant
impact in controlled synthesis by technological
catalysts.

Nanometer scale effects in Pd particles sup-
ported on MgO(100) regarding the adsorption/
desorption energetics of CO molecules have been
observed by Henry’s research group [2,10-13].
They demonstrated that the CO oxidation reaction
proceeds as on Pd single crystals for large Pd par-
ticles (13 nm), but that there is a special size effect
for small particles (<7 nm), as evidenced by a high-
er CO, production rate [10]. Isothermal adsorp-
tion-desorption of CO shows similar behavior on
large Pd particles (>4 nm) as on a Pd single crystal.
For smaller particles (<3 nm), the desorption rate
is considerably slower and it is estimated that the
desorption energy is 33 kJ/mol greater [11].

Recent work on Pd deposits on Al,Os/
NiAl(110) by Freund’s group has shown that
CO adsorbs more strongly on small (1 nm diame-
ter) Pd particles than on larger (3-5 nm) particles,
with an adsorption energy difference of about 5-
7 kJ/mol [14]. Temperature programmed desorp-
tion experiments in other groups have shown that
the desorption of O, occurs at significantly higher
temperatures on small (1-2 nm diameter) Pd and
Pt particles than on larger (8-9 nm diameter) par-
ticles supported on a-Al,O3(0001) [15].

Alkane dissociation at transition metal surfaces
typically proceeds via a direct collisional activa-
tion. Exceptions have been noted on (110)
surfaces of Pt and Ir, where a trapping mediated
dissociation pathway exists for sufficiently low
incident beam energy (<30-50 kJ/mol, depending
on surface) [16-18]. It has been argued that such
a pathway cannot exist for methane dissociation
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at Pt(111) due to low non-dissociative trapping
[19] and also due to detailed balance theory based
on measurements of associative desorption of
CH; + H at 240 K which show no indication of
trapping before desorption [20,21]. The depen-
dence of the direct dissociative sticking probability
of methane on the energy and angle of incidence of
the methane molecules has been addressed previ-
ously on several metal surfaces and in this paper
we report this dependence for high translational
energies on Pd(111) and Pd particles on MgO
(100). A clear dependence of the dissociative stick-
ing probability on the translational energy of the
molecule momentum normal to the surface E cos>0
(i.e. normal energy scaling) has been observed for
alkane dissociation at several metal surfaces
including Pd(110) [22], Pt(111) [20,23-27],
Ni(111) [28], Ni(100) [29], Ir(111) [30,31],
Ir(110) [17,18], and W(110) [32]. Non-normal en-
ergy scaling was reported for methane and ethane
dissociation at the Pt(110) surface when the
molecular beam is oriented perpendicular to the
[110] rows [16,18,33,34], where the energy scaling
has been chiefly attributed to the surface corruga-
tion. Studies of the dependence of dissociative
methane adsorption on incident angle have not
been done previously on Pd(111). We will demon-
strate in this work that the dissociation of methane
on Pd(111) exhibits normal energy scaling, as on
Pt(111) [16].

The dissociative adsorption of methane on size
controlled Pd particles on MgO(100) is studied
here. Although Pd is commonly employed as a cat-
alyst in methane combustion reactions, there have
not been previous studies of dissociative methane
adsorption on Pd/MgO model catalyst systems,
nor on size-controlled Pd particles on any other
support. Little is known about how metal particle
size affects dissociation of small hydrocarbons, in
spite of its obvious importance in a variety of cat-
alytic processes. The reaction is studied here using
molecular beams. There is a significant difficulty in
the interpretation of these results due to the geom-
etry of the particles. We will demonstrate below
that on the Pd(111) surface the sticking probabil-
ity of methane depends strongly on incident angle
(normal energy). Thus, the particles are at a disad-
vantage to the flat Pd surface in a comparison of

apparent sticking probability values, since much
of the particle surface is not perpendicular to the
incident methane beam, which we direct normal
to the MgO surface. We address this issue by using
our measurements of the angular dependence on
Pd(111) to compare to measurements on Pd parti-
cles. By assuming a particle shape consistent with
prior observations, we then calculate what the
apparent sticking probability on the particles
would be if the local sticking were the same as
on Pd(111), and compare this to our measure-
ments on particles. This type of correction has
not been applied previously, but should be broadly
applicable to molecular beam studies of particle
reactivity, so that the actual activity of the parti-
cles can be probed and compared to flat metal
surfaces.

2. Experimental
2.1. Apparatus

The experimental apparatus is a molecular beam
surface scattering instrument discussed in detail
elsewhere [35]. This is an ultrahigh vacuum
(UHV) system with base pressure of ~1 X
10" Torr. High quality MgO films have been pro-
duced by vapor deposition of Mg in a background
of 107® Torr O, onto a clean and well ordered
Mo(100) substrate at 600 K [36,37]. The sample
is then annealed at 1000 K in this O, background.
For film thicknesses greater than 30 layers, as em-
ployed in the present work, a sharp low-energy
electron diffraction (LEED) pattern is observed
and temperature-programmed desorption (TPD)
experiments of CO, N», and small alkane molecules
demonstrate surface defect densities comparable to
those obtained by UHV-cleavage of MgO crystals
[35,38,39]. The low electrical and thermal conduc-
tivity of magnesium oxide makes it advantageous
to use a thin film of MgO supported on Mo rather
than a cleaved bulk crystal.

2.2. Pd particle preparation

Coverages of Pd here are defined in units of
monolayers (ML) with one Pd ML defined as the
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2 D density of Mg (or O) ions on the MgO(100)
surface, 1.13 x 10" atoms/cm?, since Pd particles
are known to grow in Pd(100) epitaxy on
MgO(100) [40]. Pd metal (ESPI, 99.99%) was
deposited onto the MgO(100) surface from an
effusive cell (CreaTec) with background pressures
better than 5x 107'° Torr. A Pd deposition rate
of 0.15 monolayers per minute (ML/min) was used
for the 0.15 ML Pd experiment. A deposition rate
of 1.0 ML/min was used for the 0.75 and 1.4 ML
Pd experiments. The deposition rate is controlled
by the temperature of the effusive cell and mea-
sured directly by a quartz crystal microbalance
(QCM XTM/2-Inficon). Haas et al. found the Pd
cluster density to be insensitive to the Pd deposi-
tion flux for deposition on UHV- or Ar-cleaved
single crystal MgO(100) samples at a comparable
temperature (450 K) [41]. The MgO(100) temper-
ature is below 40 K during Pd deposition. In this
low temperature regime, the condensation coeffi-
cient of the metal is expected to be unity [3,41].
Post-deposition annealing to 600 K allows the metal
adatoms to sinter and form three-dimensional
islands on the surface.

For calibration of particle surface area (as de-
scribed below), oxygen adsorption measurements
were also made on a continuous Pd film. This
was grown by deposition of ~100 ML Pd on
Mo(100) at 40 K, then annealing to 600 K. This
was a continuous Pd surface as verified by AES
and will be referred to herein as “Pd film” to be
distinguished from the well-defined Pd(111) sur-
face described in the next section.

2.3. Pd(111) preparation

Experiments on the Pd(111) surface were made
in a similar but separate vacuum chamber. Pt(111)
was used as a substrate for growth of a thick Pd
layer. After annealing to 900 K, the Pd surface
was found to be of a very good quality comparable
to a single crystal Pd(111) surface [42]. Surface
quality was assessed by observing a sharp (1 x 1)
LEED pattern, Kr TPD spectra with a single sharp
peak, and CO TPD spectra identical to those pre-
viously published from Pd(111) single crystals
[43,44]. The Pd layers were stable to 1000 K as
shown by AES which showed good Pd signal,

but no Pt signal until the surface had been an-
nealed above 1000 K. The layers were removed
from the Pt surface by sputtering and annealing
to >1300 K. Pd(11 1) surfaces of equivalent quality
were repeatedly grown on the same substrate.

2.4. Molecular adsorption and temperature-
programmed desorption experiments

TPD measurements were made by depositing
CO,, CO, or CH4 on MgO(100), Pd(111), or on
Pd particles on MgO at low temperature (30 K).
The molecule of interest was deposited on the sam-
ple using a room temperature, unseeded molecular
beam, which was quadruply pumped and im-
pinged on the surface at normal incidence. The
sample was then heated at a controlled rate (0.6
K/s) and quadrupole mass spectrometers (QMS)
were used to measure the desorption rate of the
molecules from the surface.

Adsorption of CO, CO,, or CHy; on the
MgO(100) surface in each case gave rise to a very
distinct monolayer (ML) peak in TPD which satu-
rated first and was cleanly separated from any
higher-coverage TPD peaks [35,38,39]. These satu-
ration ML peaks were time-integrated to find the
QMS signal corresponding to 1 ML of each mole-
cule. In this way, time-integrated QMS signals
were calibrated to units of ML CO, ML CO, or
ML CH, for use in calculation of coverages and
sticking probabilities as discussed below. All CO
and CO, TPD measurements were made using a
QMS that is enclosed in a shroud which has an en-
trance orifice in a line-of-sight with the sample. As
molecules from the sample enter this orifice to the
QMS, they make several collisions with the shroud
surfaces before being deflected into the QMS ion
source. In this way, the molecules are thermalized
to the shroud temperature (constant in all experi-
ments, ~350 K) before being detected, so that no
correction to the QMS signal is necessary to ac-
count for differences in their initial velocities or
temperature. CH; TPD measurements were con-
ducted in the same way for TPD measurements re-
lated to the adsorption of methane on the various
surfaces studied. Control CH,; TPD measurements
were also made with the QMS positioned in the
same non-line-of-sight position used to measure
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the CH4 beam flux in the CH4 dissociation mea-
surements described below, in order to calibrate
the time-integrated signal at that QMS position
into units of ML CHy.

Previous experiments using neutron diffraction
methods have found that the monolayer of meth-
ane adsorbs on MgO(100) in a /2 x./2R45°
square layer [45,46]. This layer has a density of
5.64x 10" c¢cm™2, which we use to convert the
methane exposure from units of ML to the number
of C atoms per cm?. The ML packing densities for
CO and CO, on MgO(100) were found by multi-
plying the CH4 density by the ratio of the liquid
methane molar volume (37.94 cm®/mol) to the li-
quid CO or CO, molar volume (35.42 cm?/mol
or 61.13 cm®/mol, resp.) raised to the 2/3 power
[47]. In this way, ML densities of 5.92 x 10'* CO/
cm? and 4.11 x 10'* CO,/cm? were obtained. In
all three cases, the number of molecules per cm?
equals the corresponding number of C atoms per
cm?, so these units are completely interconvertible
when doing C atom balances below.

2.5. Methane dissociation experiments

Measurements of methane dissociation on the
Pd(111) surface and on MgO-supported Pd parti-
cles were made using supersonic molecular beams
of methane in separate but similar vacuum sys-
tems. For sticking probability measurements on
Pd(111), the incident angle of the methane beam
was varied from 0-56° from sample normal, but
all measurements on the Pd particles were made
with the beam at normal incidence to the
MgO(100) surface. Beam energies from 38 to
71 kJ/mol were obtained by varying the tempera-
ture of the beam nozzle from 470 to 885 K with
a fixed seeding in 99% He. Since the beam was
mostly composed of He, the translational energy
was determined by the formula for a beam of
atoms (ideal gas) given by

5 M
E= 7RTnozz ) 1
2 N <xM + (1 —x)m> ()

where Ty, 1 the beam nozzle temperature, M is
the mass of the seed molecule (methane), m is the
mass of the carrier gas (He), and x is the seeding
ratio (0.01 in this case) [48,49]. Under our nozzle

expansion conditions, the rotational temperature
of the methane is expected to be <30 K and the
vibrational temperature nearly equal to the nozzle
temperature.

The amount of CH,4 dosed to the surface was
controlled by beam shutters and determined by
measuring the methane signal with a background
(i.e., not line-of-sight to sample) mass spectro-
meter. The average QMS signal during the meth-
ane dose for 75> 500 K is thus proportional to
the average methane beam flux, since the sticking
probability is small. Methane TPD experiments
after methane adsorption (non-dissociative physi-
sorption) at 30 K were made in this same sample
and QMS geometry. The resulting TPD peak area
for the saturated methane ML (see above) was
used to calibrate the beam flux into units of ML
methane per second. From this, methane expo-
sures were determined simply from the time length
of the methane dose, in units of ML CH4 or C
atoms per cm®.

The activity of the Pd surfaces for dissociation
of methane was explored by measuring the
fraction of incident molecules that dissociatively
adsorb on the surface from a given methane
exposure. The amount of dissociated methane
was quantified by measuring the resulting coverage
of surface C (C,qs) by titrating with an O, beam
(to make CO and CO,) as described below. The
Pd(111) sample was held at 550 K during methane
beam exposures. Elevated sample temperatures
were used to prevent accumulation of H and CO,
based on the known TPD temperatures for H
and CO on Pd surfaces [11,43,50,51]. A slightly
lower temperature (500 K) was used for the Pd
particles to minimize particle sintering during the
experiments, as discussed below. Luntz and Harris
compiled molecular beam experiments of CH, dis-
sociation on Pt(111) vs. sample temperature and
beam energy [52], which allows us to argue that
this small difference in temperature has less than
a 20% effect of the observed rates, as follows.
The absolute sticking measurements in that work
are very similar to our measurements on Pd(111)
at the same sample temperature and beam energy
conditions. In their results for CH,; normal
incident energy of 60 kJ/mol, the initial sticking
probability decreases by less than 20% when the
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sample temperature was decreased from 550 to
500 K. However, the relative change in initial
sticking with sample temperature has a strong
dependence on normal incident energy of CHy:
at 41 kJ/mol the effect was twice as large and at
123 kJ/mol the effect was much smaller (3%
change) [23,25,52]. Thus, we expect that the
difference in sample temperature will have a
small effect on CHy4 sticking probability measure-
ments at the highest beam energy (71 kJ/mol) in
our study, but may be a larger effect at smaller
energies. If the Pd(111) experiments had been
done at 500 K rather than 550 K, we would expect
that the sticking results would be smaller by less
than 20%.

2.6. Quantifying C,4s coverage by titration with O,

The amount of adsorbed C produced on the Pd
surfaces by each methane exposure was deter-
mined by titrating it from the surface using an
O, beam, with the surface temperature maintained
at 550 K (or 500 K in the case of the Pd particles).
The oxygen molecules dissociate at the Pd surfaces
and react with the C,4s to form the products CO
and COs:

Cads + OLgas - Coads + Oads

COads + OZ,gas - COZ,ads + Oads (2)
By C,q4s above, we do not necessarily imply that
this surface C is in the form of isolated, H-free C
adatoms. The resulting transient desorption
signals of CO (m/e=28) and CO, (m/e =44)
products from the surface were measured by line-
of-sight QMS. Fig. 1 shows the CO, desorption
signal measured on the 0.15 ML Pd particles for
two methane exposures. Also shown in Fig. 1 is
a measurement of the background signal, done
by moving the sample out of the molecular beam
path during the methane exposure, but putting it
back into the beam for the C,q titration step. In
that case we see that the CO, background signal
is approximately a square wave corresponding to
the time of the O, exposure (indicated in Fig. 1).
The CO signal (not shown here) followed a similar
behavior. During each experiment, the oxygen
beam was left on until the CO, and CO signals

14 T T T T

12k ’%02 Beam Duratlon%( i

10|

= 44)

0.8

0.6

04 Background|

0.2

CO, desorption rate (m/e

0.0

50 60 70 80 90 100
Time (s)

Fig. 1. C,qs titration by O, molecular beam [Reaction (2)].
Transient CO, desorption signal measured by line of sight QMS
and plotted vs. time. The O, beam shutter was opened at 60 s
and closed at 90 s in these experiments as indicated in the figure.
A different methane exposure was used for the two experiments
with larger CO, desorption rates. In the case of the third
experiment, the sample was moved out of the beam path during
the methane exposure and put back in position for this C,q
titration step in order to obtain a background CO, measure-
ment. The dashed line in the figure indicates the approximate
background level subtracted from each experiment before
integrating to obtain the C,4s coverage.

return to these baseline levels (indicated by dashed
line in Fig. 1), indicating that the C,4s had been
completely titrated to CO and CO,. The area
under these desorption signals was integrated after
subtracting from the signal this constant baseline
value, measured by the average signal intensity
near the end of the O, exposure for each experi-
ment (indicated approximately by dashed line in
Fig. 1).

The observed transient CO and CO, production
signals were normalized to units of ML CO and
ML CO, using the TPD ML calibration discussed
above. This assumes the same angular distribution
of desorption in the molecular CO and CO, TPD
experiments as in the C titration experiment. The
QMS was positioned at about 30° from sample
normal, near the so-called magic angle (~35°)
[53], to minimize the effect of any possible differ-
ences in angular distribution, e.g. due to differ-
ences in desorption temperature (550 K in C
titration experiments vs. 55 K in CO or 100 K in
CO, TPD experiments). The m/e = 28 signal was
corrected to subtract the amount of m/e =28
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due to cracking expected from CO, [(m/e = 28 sig-
nal due to CO;)=(11% of m/e =44 signal)].
These CO, and corrected CO transient signals,
thus normalized to their ML signals, were con-
verted to C atoms per cm? as described above, giv-
ing directly the number of methane molecules per
cm? dissociated by each beam exposure.

As the amount of deposited C,qs increased,
more CO and CO, were observed. However, the
sticking probability measurements that we report
here were all made in the limit of small CH4 expo-
sures (i.e. initial sticking probability). In this limit,
the CO/CO, production ratio was always observed
to be about 0.45 for the 0.75 and 1.4 ML Pd cov-
erages on MgO(100). For experiments with only
0.15 ML Pd, the CO, and CO signals were weak.
In order to maximize our signal to noise ratio for
this Pd dose, the QMS was set to record only m/
e =44 (CO,), and we assumed that CO was pro-
duced in this same CO/CO, ratio.

2.7. O, saturation on Pd and Oy titration by CO

In order to estimate the total Pd surface area of
the Pd particles, we determined the saturation cov-
erage of O,4s on the Pd/MgO samples as follows.
Following the methane exposure in an initial stick-
ing probability measurement such as described
above, the surface had a low C,4; coverage. This
C coverage was titrated with an O, beam as de-
scribed above, and the O, beam was left hitting
the surface for long enough to saturate the now car-
bon-free Pd surfaces with oxygen. For the O, beam
flux used here, the CO and CO, QMS signals de-
creased back to background by <15s exposure,
and the O, exposure was allowed to continue for
another 15s (see Fig. 1). This is a total exposure
of about three times that required to saturate the
C-free Pd with oxygen, which on the Pd(111) sur-
face corresponds to ~0.25 ML of O,qs and is
achieved after <1 Langmuir exposure [54,55]. The
0O, QMS signal due to the non-sticking O, beam
showed an initial King and Wells-type uptake per-
iod when the beam was started [56] which clearly
saturated in <20s, further confirming that 30s
was sufficient to saturate the surface with oxygen.

This adsorbed oxygen was then removed from
the surface by exposure to a CO beam, producing

an easily measured CO, transient according to the
reaction:

Oads + Cogas - COZAads (3)

This desorption of CO, was measured by the
QMS, and its integrated area, when compared to
the molecular CO, desorption peak area in TPD,
provides the number of O,y atoms per unit
MgO area. Since oxygen does not adsorb on
MgO(100) but does adsorb on the Pd particles,
this quantity will be used to estimate the total sur-
face area of the Pd particles per unit MgO area
(excluding the interfacial area between the particle
and the MgO substrate), as described below.

3. Results and discussion
3.1. Growth of particles

Fig. 2 shows the fraction of the MgO(100) sur-
face area that is covered by Pd particles (i.e., the
“Pd area fraction,” fpq), as a function of Pd cover-
age. These area fractions were estimated from the
measured saturation oxygen coverage, assuming
(1) that the saturation oxygen coverage is propor-
tional to the exposed Pd surface area, and (2) that
the particles have their equilibrium shape as deter-
mined by Henry et al. [2,3], which is a truncated
half octahedron with size-independent aspect ratio
of 0.4. (This assumption is justified below.) For
this shape, the ratio of its exposed surface area
(i.e., accessible for oxygen adsorption) to its foot-
print area (i.e., the projection of its area onto the
MgO surface) is 1.6. Dividing the total Pd surface
area per unit MgO area by this factor yields fpy.
The total Pd surface area per unit MgO area was
determined by dividing the saturation oxygen cov-
erage by that for a continuous Pd film (formed by
deposition of ~100 ML Pd and annealing to
600 K), for which this area ratio is taken to be one.

In Section 3.2 below we show that the satura-
tion coverage of oxygen per unit Pd area was
41% larger on the nanoparticles studied here com-
pared to the continuous Pd film. An adjustment to
account for this difference in saturation oxygen
coverage was made to obtain the Pd area fractions
shown in Fig. 2. The solid curves in Fig. 2 are



S.L. Tait et al. | Surface Science 591 (2005) 90-107 97

<€— 2D particle growth |

Particles / cm’
10" T

e
o

e
>

Area fraction, f,,

1012
10"

0.0 : A i . . — s
0.00 0.25 0.50 0.75 1.00 1.25 1.50 100
Pd coverage (ML)

o
)

Fig. 2. Pd area fraction vs. Pd coverage. Area fraction was
calculated from O, titration experiment [see Reaction (3)] and
was defined to be unity for 100 ML Pd film. Points for particles
have been corrected for difference in O saturation coverage
relative to Pd film, as discussed in the text. Error bars
correspond to one standard deviation in the set of O,q; titration
experiments. Lines represent calculations of area fraction vs.
coverage for particles of equilibrium shape at the number
density indicated. Inset: Ball model of Pd nanoparticles in
truncated square pyramid configuration with aspect ratio of
height/base width = 0.4, as proposed by Henry et al. [2] Top
surface of particle is truncated by the (100) plane and sides are
(111) planes. There are 126 atoms in this particle and it has a
base width of 1.79 nm and a height of 0.78 nm.

calculations of the area fraction versus Pd cover-
age assuming the same equilibrium particle shape
for the particle number densities shown.

The Pd particle number density and average size
were estimated from fpg, using the total volume
of deposited Pd per unit MgO area measured by
the QCM. For the Pd coverages studied (0.15,
0.75, and 1.4 ML), the particle widths (at their
base) were found to be 3.2 +£0.7, 2.6 + 0.4, and
3.4 4+ 0.5 nm, respectively, with number densities
of 3.5F22x10", 34F1.6x10", and 2.7F
1.1 x 10" particles/cm?, respectively. The stated
errors correspond to the uncertainty in the area
fraction (one standard deviation of the measure-
ment set), represented by the error bars in Fig. 2,
and are not intended to indicate the width of the
particle size distribution, which we have taken to
be zero (uniform particles) in this calculation.
These results indicate a low number density of par-
ticles for the smallest coverage (0.15 ML). As the
Pd coverage increased to 0.75 ML the number den-

sity of particles increased. Upon further increase of
the coverage to 1.4 ML no significant change in
number density was observed, indicating that we
had reached the saturation particle density on this
surface. These island densities are consistent with
the range of earlier microscopy observations for
Pd nanoparticles on similarly prepared MgO sur-
faces [2,3,41]. The size of the particles does not
change between 0.15 and 0.75 ML of Pd within
the error bar of our results. However, upon
increasing the coverage from 0.75 to 1.4 ML the
particle size increased as the number density stayed
nearly constant. The accuracy of this method for
determining absolute particle sizes is probably
only + 30%. Generally, an increase in size with
coverage is expected for fixed growth conditions
[2].

Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) were used to
gauge the degree of particle dispersion by compar-
ing the Pd/Mg peak amplitude ratios for 0.15 ML
to 1.4 ML of Pd. In each case, the sample was
cooled below 40 K (after annealing to 600 K) to
make AES or XPS measurements. The Pd/Mg
AES and XPS ratios increased by factors of 11
and 15 respectively between 0.15 and 1.4 ML Pd.
Using well-established formulae for the signal
intensity expected for a given electron energy and
adsorbate film [57], together with published values
for electron inelastic mean free paths [58], we cal-
culated these Pd/Mg ratios assuming different par-
ticle sizes (with their corresponding number
density set by the total Pd coverage) and again
assuming the equilibrium particle shape. The re-
sults showed that these large increases in the Pd/
Mg ratios with Pd coverage could only be repro-
duced if the particle size stays nearly constant
but their number density increases ~10 fold with
Pd coverage. This agrees well with number densi-
ties obtained from the O titration experiments (dis-
cussed above). The absolute values for these
number densities (and particle sizes) could not be
extracted from fitting these ratios with as much
accuracy as using the saturation oxygen coverages,
due to the uncertainty in the ratios of the elemental
sensitivity factors.

Images have been obtained previously with trans-
mission electron microscopy for Pd/MgO(100) by
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Henry et al. [2,3] The observed equilibrium shape
of the Pd particles on MgO(100) has been shown
to be a truncated half octahedron with constant
height/base ratio (0.4) in the particle size range
1-10 nm [2,3], which is consistent with the Wulff-
Kaichew construction [59]. The half octahedron
is truncated by the (100) facet on the top (and bot-
tom) of the Pd particles, and their sides are (111)
facets. A ball model of a particle with this shape
and a base width of 1.8 nm is shown in the inset
of Fig. 2. It has been observed by He scattering
measurements that the onset of surface diffusion
for the formation of Pd clusters on MgO(100) oc-
curs below 400 K (faceting of particles observed)
[60]. It has also been noted that large Pd clusters
(~8 ML deposit) deposited at low temperature
and annealed up to 673 K (total anneal time 2 h)
are able to form well defined crystalline facets,
but are not able to reach the equilibrium particle
shape [3]. The time required for a crystallite to
reach its equilibrium shape has been shown to be
proportional to the radius of the crystal to the
fourth power and also proportional to tempera-
ture (7 ~ r*T) [59]. Since our Pd particles are small
(r <3 nm), those results indicate that our anneal-
ing treatment (30 s at 600 K and then minutes to
hours at 500 K) should be sufficient to reach the
equilibrium shape. Henry et al. [40] estimated the
relaxation time for small nanoparticles (» = 5 nm)
deposited at 673 K to be about 3s. They further
note that flat particles (formed by deposition at
low T) have a much smaller diffusion coefficient
and so relaxation times will be 100 times longer.
Using their estimate of the diffusion coefficient
for flat particles and accounting for the difference
in anneal temperature and especially for the differ-
ence in particle size, we estimate that the relaxa-
tion time for our particles is only ~30 s, which is
on the order of the annealing time we used at
600 K. Furthermore, since the relaxation time is
proportional to temperature [59] the several min-
utes to hours at 500 K will allow ample time to
reach the equilibrium particle shape.

In some cases the same Pd/MgO surface was
used for several consecutive methane dissociation
measurements, in each case restarting from the
clean surface generated by O, titration of the C,q;
and subsequent CO titration of the O,q, all at

500 K. We observed that the saturation oxygen
coverage (exposed Pd surface area) decreased
slowly as a function of the amount of time the
Pd/MgO sample was held at 500 K. This indicates
that the surface area of the particles decreased
slowly due to sintering. Most methane dissociation
experiments were conducted within 5 h of the Pd
dose, where the saturation oxygen coverage de-
creased by <10%. This near constancy verifies
the fact that nearly the same Pd/MgO surface
could be regenerated in this way. Nevertheless, to
correct for the slight decrease in the Pd area frac-
tion with time, the value used with each methane
sticking measurement was the one determined
from the subsequent O,4s saturation coverage
measurement for that run, not from the average
fpa in Fig. 2.

To summarize, these growth studies indicate
that for the Pd coverages studied here, the particles
are near their equilibrium shape, with a width of
~3 nm that probably increases weakly with cover-
age and a number density that increases strongly
with coverage until reaching saturation around

~3x 102 cm™2.

3.2. Kinetics of oxygen adsorption and O,
titration by CO

The kinetics of the adsorption of oxygen on the
Pd particles and continuous Pd film at 500 K were
monitored using the King and Wells method [56],
by measuring the non-sticking fraction of an O,
molecular beam striking the initially clean Pd/
MgO(100) surface. The resulting sticking proba-
bilities versus coverage are shown in Fig. 3. Cover-
age was determined by integrating the sticking
probability and normalizing to 0.25 ML for the
Pd film. The same normalization constant was
used for the Pd particle data, then these data were
further normalized by the measured area fraction
and the ratio of surface area to footprint area of
the particles (1.6) so that this coverage represents
the density of O atoms per surface Pd atom. As
can be seen, the sticking probability is initially
high (~0.7), and decreases rapidly with coverage.
The results on the continuous Pd film (pre-an-
nealed to 600 K) are similar to those reported pre-
viously for Pd(111), except that there S, was only
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Fig. 3. Oxygen sticking probability vs. oxygen coverage on Pd
nanoparticles/MgO (circles) and on a continuous Pd film
(triangles). The coverage was determined by integrating sticking
probability vs. time and normalizing to 0.25 ML in the case of
the film. The oxygen coverage on the particles was normalized
by the same factor as well as the area fraction (0.35) and ratio of
total Pd surface area to footprint area (1.6) to yield the O on the
Pd particle surfaces. That coverage is 0.34 ML, consistent with
the saturation coverage from the O,q, titration kinetics (see
Section 3.2).

~0.4 for Ts =500 K [54]. Interestingly, the initial
sticking probabilities on the surfaces containing
Pd particles (~0.7) exceed the fractional area of
the MgO that is covered by Pd particles (0.35).
Since O, does not irreversibly adsorb on
MgO(100) at this temperature, this proves that
O, molecules must transiently adsorb on the
MgO(100) surface and migrate to the Pd particles,
where they irreversibly stick. The same reverse-
spillover effect has been reported previously for
CO adsorption on Pd/MgO(100) [11].

Fig. 4 shows representative data from the O,q
titration experiments used to measure the satura-
tion oxygen coverage (as described in Section
3.1) for each of the three Pd coverages: 0.15,
0.75, and 1.4 ML, as well as for the 100 ML Pd
film. Here, the Pd surfaces were first saturated with
0,45 using an O, beam, and then exposed to a CO
beam, while monitoring the CO, signal. Also
shown is a QMS signal measured for a CO, beam
reflected from the Pd film at high temperature (i.e.
with negligible sticking), which serves as a measure
of the instrument response time to a step increase
in CO, flux from the sample. We see that in the
O titration from the 100 ML Pd film, the QMS
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Fig. 4. CO, QMS signal vs. time during the titration of O,q, at
Ts =500 K by a CO beam on Pd nanoparticles prepared by
deposition of 0.15, 0.75, and 1.4 ML Pd as well as on a 100 ML
Pd film. At t =60 s, a CO molecular beam of steady flux was
impinged on the sample to react with adsorbed oxygen. A CO,
dose on a continuous Pd film held at a temperature well above
the CO, desorption temperature is also shown to illustrate the
time response of the QMS instrument to the reflected CO,
beam. This curve has been arbitrarily normalized to line up with
the 100 ML Pd curve. We see that in the case of the Pd film, the
CO, signal rises to its maximum as fast as the instrument
response to a step-function CO, beam. The kinetics of the
reaction are clearly quite different on the nanoparticles, where
the signal initially rises only to about 60% of its maximum
value, then rises more slowly to the maximum after about 3-4 s.
We attribute this difference to a larger saturation coverage of
0,4s on the nanoparticles compared to the flat Pd surface,
which inhibits CO adsorption and reaction.

CO, signal rises as quickly as this instrument re-
sponse function. This transient kinetic response
kinetics is identical to that reported for CO titra-
tion of a saturated oxygen adlayer on Pd(111) at
500 K [61], where it is known that saturation oxy-
gen is in a p(2 x 2) structure with 0o = 0.25 ML
[54,55]. In contrast, for the particles the CO, signal
rises immediately to only ~60% of the maximum
value, then maximizes on a much slower time
scale. This striking difference in the kinetics of
the CO oxidation [Reaction (3)], whereby for
nanoparticles there is an induction period before
maximum reaction rate is reached, will be inter-
preted here as indicating that there is a larger O
saturation density on the Pd particles compared
to Pd(111) and the continuous Pd film. This is
consistent with prior, more direct measurements,
in which the saturation coverage of oxygen on
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small alumina-supported (<2 nm) Pd particles was
more than 60% larger than on large, bulk-like par-
ticles (>9 nm), where the authors attributed this
difference as possibly being due to higher oxygen
coverages on the less-closely packed Pd (100)
and (110) surfaces [15]. Thus, we attribute the
induction period on the nanoparticles in Fig. 4 to
a higher oxygen coverage (above 0.25) which
inhibits CO adsorption and thus the initial titra-
tion rate. (CO adsorption is required for this reac-
tion but is not inhibited by 0o =0.25 [61].) We
further assume that the maximum rate is only
reached when the coverage falls to ~0.25.

By integrating the area under the curves in
Fig. 4 on either side of their maxima, we estimated
the initial saturation coverages of oxygen relative
to that coverage where the rate maximizes
(~0.25). This showed that the saturation coverage
of O,qs on the nanoparticles was 41 + 10% larger
than on the continuous Pd film or Pd(111).
Accounting for this increase leads to a decrease
in the calculated Pd area fraction fpy for the Pd
particles relative to the continuous Pd film (Fig. 2).

3.3. Methane molecular adsorption on Pd
nanoparticles and on Pd(111)

Fig. 5 shows TPD spectra of molecular methane
desorption after adsorption of >2 ML methane to
the following surfaces at 33 K: (a) the clean
MgO(100) surface, (b) Pd particles formed by
deposition of 1.4 ML Pd at 40 K, (c¢) surface (b)
after annealing to 600 K, and (d) the Pd(111) sur-
face. The sharp multilayer desorption peak at 38 K
is excluded here. These curves have been off-
set along the y-axis for clarity. A thin dashed line
for each curve indicates its zero signal level. The
desorption feature at 48 K corresponds to methane
desorption from MgO(100) terraces, and the
shoulder at 60 K in curve (a) is due to defects on
the clean MgO surface [35,39]. As Pd coverage in-
creases, this MgO peak decreases and other fea-
tures at 55-85 K appear which we attribute to
desorption from Pd surfaces. The peak at 66 K
for Pd(111) agrees with prior reports [62]. After
annealing the Pd particles, the 48 K TPD peak
for MgO(100) increased in size [curves (c) vs.
(b)], indicating that the particles have sintered,
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Fig. 5. Temperature programmed desorption (TPD) spectra of
methane after a multilayer methane dose below 40 K to: (a)
MgO(100), (b) 1.4 ML Pd deposited on MgO(100) at 40 K, (c)
1.4 ML Pd/MgO(100) annealed to 600 K, and (d) a Pd(111)
thin film.

exposing more of the MgO surface area, as ex-
pected [50,63].

There are two desorption peaks from the Pd
particle surfaces. Annealing sharpens these peaks,
which we attribute to surface ordering. The larger
peak is at a lower temperature than for Pd(111),
indicating that methane binds more strongly to
Pd(111) than to majority sites on nanometer-scale
particles. We interpret this as being due the higher
polarizability of bulk Pd than nanoparticles, since
the non-dissociative methane—Pd attraction (phys-
isorption) is probably due to instantaneous dipole-
induced dipole interactions. The TPD peak at
~78 K on the Pd particles corresponds to ~20%
of the intensity from Pd sites in curve (c), due to
minority sites on the Pd particles which bind meth-
ane more strongly than Pd(111) and may include
Pd(100) sites. In these low-temperature TPD
experiments with a thermal methane beam, no dis-
sociation of the methane was observed. The meth-
ane desorption signal for Pd(111) does not fall all
the way to zero between the multilayer and mono-
layer peaks. This is due to compression of the first
layer of methane molecules as the second layer of
molecules forms [64].

In principle, one could use the intensities of the
methane TPD peaks from Pd sites, relative to that
from the MgO terraces, to determine fpg. How-
ever, in this case it is impossible to unambiguously
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distinguish the TPD signal intensity of methane
desorption from Pd and from MgO surfaces. This
is probably due, in part, to TPD intensity in the
55-85 K range due to methane bound to both Pd
and MgO at particle edges. These would lead to
overcounting the Pd surface area and yield errone-
ously high values for fpq.

3.4. Methane sticking on Pd(111)

Sticking on Pd(111) was measured for three
beam energies and at four angles of incidence.
Fig. 6(a) shows a log plot of the measured initial
dissociative sticking probability as a function of
beam energy at a sample temperature of 550 K.
The different symbol styles correspond to different
angles of incidence. The sticking probability here is
calculated by dividing the number of C atoms per
unit area removed from the surface by the O,
beam (C,q, titration) by the number of methane
molecules which collided with the surface per unit
area (CHy4 dose). We have drawn a linear regres-
sion to these data points to emphasize that there
is not a clear scaling relationship between total
beam energy and sticking probability.

Fig. 6(b) plots the initial dissociative sticking
probability, So, as a function of “normal beam en-
ergy,” defined to be E,oimal = E - cos?0, which can
be interpreted as the fraction of the beam kinetic

energy corresponding to the component of its
momentum normal to the surface. Here again we
draw a linear regression (solid line) through the
data points and see a much better correspondence,
indicating normal energy scaling in this case. This
fit function is

log,ySo = —5.17 + 0.0492 (S/n?;l) (4)
However, we note that the sticking probabilities
at the two highest angles of incidence seem to follow
a different trend than the measurements made at the
two lower angles of incidence. If we exclude the
high angle points from the linear regression (dashed
line), we see a much better fit to the data points:

Enormal
log,,So = —5.97+ 0.0619(kj/m01> ,or (5a)
Enormal
So = 1.07 x 10*%0'143(““"‘). (5b)

We will use this trend line in the analysis dis-
cussed below. The reason that these high angle
points have sticking probability values higher than
this trend line could be due to a small number of
defect sites on the surface. The sticking observed
at these defect sites (e.g. step sites) might have less
angular dependence than sticking on the flat Pd
terraces. If a defect density of 1% is sampled with
the beam at 56° and sticking at defects is the same
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Fig. 6. Initial methane dissociative sticking probability, Sy, on Pd(111) at 7s = 550 K. Symbols correspond to different incident angles
0 of the methane beam as indicated in the legend. (a) S vs. methane beam energy. Solid line is linear regression to data points. (b) Sy
vs. “normal energy,” defined as E - cos?f. Solid line is linear regression to all data points [Eq. (4)]. Dashed line is a linear regression

which excludes points at 43° and 56° incident angle [Eq. (5)].
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as on terraces at normal incidence (0.02-0.03) (i.e.,
sticking at step defects may be insensitive or less
sensitive to incident angle), then the net sticking
probability would be 0.0002-0.0003 (entirely from
defects), which is about what we observe at 56°.
This sticking probability value is also the difference
between the observed sticking probability at 43°
and the linear fit line (dashed line) through the
low angle points.

The dissociative sticking probability on Pd
(111) is 0.0279 for a beam energy of 71 kJ/mol
at normal incidence. Sticking probabilities have
previously been reported for methane dissociative
adsorption on Pd(110) by Valden and coworkers
[22,65] under similar experimental conditions
(Tsampte = 500 K, T)o,71c = 700 K). They found it
to be ~0.03 for normal beam energies of about
70 kJ/mol [22,65], consistent with the present re-
sults. Dissociative sticking of methane on
Pt(111) has been measured to be 0.02-0.06 at
70 kJ/mol (normal) beam energy [26,27], also in
agreement with our measurement.

Sticking probabilities were also measured on a
Pd film formed by deposition of 100 ML Pd on
Mo(100) at 40 K, followed by annealing to
600 K. Sticking probability at normal incidence
at 71 kJ/mol was 0.0363, 30% higher than the mea-
sured value on Pd(111). However, it had a much
weaker dependence on incident angle than for nor-
mal energy scaling, suggesting that this cannot be
simply interpreted as reflecting the behavior of a
Pd(100) surface (i.e. this film may have a high
defect density and/or roughness which weakens
the incident angle dependence of the sticking
probability).

The strong dependence of the sticking probabil-
ity on local angle of incidence, as observed on
Pd(111), will have a significant effect on the mea-
surement of sticking on Pd particles. In the case of
the particles a significant fraction of the methane
beam strikes the Pd nanoparticle surfaces at angles
far from normal incidence.

3.5. CHy, dissociation on Pd nanoparticles on
MgO(100)

In order to correctly calculate the dissociative
sticking probability of methane on the Pd parti-

cles, we need to determine the fraction of the meth-
ane beam which is incident on Pd surfaces. As
shown below, the dissociation of the methane is
a strong function of incident kinetic energy and
so the methane that impinges on the bare MgO
surface between Pd particles is not expected to dis-
sociate (i.e. we assume here that there is no oxide-
precursor mediated dissociation of CHy). Control
experiments on Pd-free MgO(100) proved that
the rate of dissociative sticking of methane on
MgO(100) was negligible.

The Pd area fraction fpy, derived above, pro-
vides the fraction of the MgO substrate covered
by Pd particles and is therefore equivalent to the
probability that a methane molecule incident on
the sample surface will strike a Pd particle. In this
way, we determine how much methane is incident
on the Pd surfaces and exclude from the sticking
calculation that fraction of the methane beam
which impinges on the bare MgO substrate sur-
face. Then the initial sticking probability can be
calculated as

N
SO _ C,adsorbed 7 (6)
de . NC,exposed

where Ncadsorbea 1S the number of C atoms
per cm? of sample area as determined by the C,qs
titration experiment described in Section 2.6 and
N ¢ exposed 1 the number of C atoms exposed (i.e.,
CH, molecules dosed) per cm® of sample area.
Hence, the sticking probability values presented
here can be interpreted to represent the probability
that a methane molecule, incident on the Pd sur-
face at a given beam energy and incident angle,
will break a C-H bond and dissociatively adsorb
on the surface. In the case of the Pd(111) surface,
no area fraction correction was necessary in calcu-
lating the initial sticking probability from the
experimental results [i.e., fpq = | in Eq. (6)].
Sticking probability measurements on the Pd
particles were made at incidence normal to the
MgO(100) substrate for various beam energies.
These are plotted on a log scale in Fig. 7. Here
the different plot symbols correspond to different
Pd coverages. For the 0.15 and 1.4 ML Pd parti-
cles, sticking probability measurements were made
at a wide range of beam energies. The results for
the two Pd coverages are statistically indistinguish-
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able, consistent with their particle sizes being
nearly the same but at different densities, as dis-
cussed above. For the 0.75 ML Pd particles, mea-
surements were only made at 71 kJ/mol, but are in
good agreement with the other Pd coverages. The
sticking probability increases exponentially with
beam energy due to the activation barrier for C-
H bond fission. The points at 71 kJ/mol are aver-
ages of many experiments. Other points represent
a single measurement. We have fit all of these
points to the line

10g19So = —(6.40 £ 0.18) + (0.0620 £ 0.0027) (E‘“‘ ) :

kJ /mol
(7)
For comparison, the linear regression to the
sticking probability points for Pd(111) [dashed

line in Fig. 6(b)] is reproduced here as a dashed
line. We see that the sticking probabilities on
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Fig. 7. Initial methane dissociative sticking probability on Pd
nanoparticles at 7s =500 K as a function of methane beam
energy which was incident normal to the MgO(100) substrate.
Nanoparticle results from three Pd coverages are shown: 0.15
(circles), 0.75 (triangles) and 1.4 (squares) ML. Measurements
on 0.75 ML Pd were only made at 71 kJ/mol. Points at 71 kJ/
mol are averages of several experiments, other points represent
single experiments. Solid line is a linear regression to the points
[Eq. (7)]. After calculating this regression, the points at 71 kJ/
mol were offset along that slope for clarity. Dashed line is the
linear regression to the sticking probability on the Pd(111)
surface [Fig. 6(b), dashed line]. This function was used to
calculate apparent sticking on nanoparticles of the equilibrium
particle shape discussed in the text assuming that the sticking
on the particle surfaces is the same as on Pd(111) (dashed-dot
line).

Pd(111) are higher by a factor of ~3 than those
on the particles for any beam energy. However,
it is important to remember that the particles sam-
ple methane molecules with much lower energy (in
the direction of the local surface normal) in this
measurement due to the high angle of incidence
of the methane beam over much of the particle sur-
face. The incident angle of the methane beam on
the sides of the particles will be greater than on
the tops of the particles or on the continuous
Pd(111) surface. A larger incident angle of the
methane beam (relative to the local particle surface
normal) in a given region of a particle will have
two implications. First, the beam flux will be lo-
cally smaller in that region of the particle surface
than the average flux to the surface. Second, the
sticking probability itself will decrease with inci-
dent beam angle. As discussed in Section 3.4
above, normal energy scaling was observed in
measurements of Sy as a function of incident angle
on Pd(111) [i.e., strong dependence of S, on meth-
ane angle of incidence, see Fig. 6(b)]. Therefore on
the sides of the particles there will be a lower stick-
ing probability due to the geometry of the system.
This means that the Pd particles are expected to
have lower sticking probability than the continu-
ous Pd surface, unless they have much higher
intrinsic reactivity.

In order to correctly compare the methane
sticking probability on the nanoparticles to the
Pd(111) surface, we assume the particle shape is
a truncated half octahedron with an aspect ratio
of 0.4 (i.e., the expected equilibrium shape [2])
and use the measured dependence of sticking prob-
ability on normal beam energy for Pd(111) to
model what the apparent sticking probability
would be on a particle. The sides of the particle ac-
count for 88% its surface area. The methane beam
is incident on the sides of the particle at 55° from
the local surface normal and so the local beam flux
will be lower by a factor of cos 55° compared to
the top of the particle. This beam flux difference
is accounted for by calculating the fraction of
the particle surface area projected into the
MgO(100) plane which corresponds to the sides
of the particle, 0.81. Thus 81% of the methane
beam which strikes Pd will impinge on the sides
of the particle and the remainder will impinge at
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normal incidence (0°) on the top of the particle.
The top of the particle is terminated by the (100)
plane of Pd, but sticking data on that surface are
not available in the literature. However, by using
the normal energy scaling of the sticking probabil-
ity measured on Pd(111), Eq. (5), we can calculate
the expected sticking probability of a methane
beam of total energy E on a particle with the same
intrinsic reactivity as Pd(111) by

Sexpected(E) _ 019 X 10—5.97100.0619E
+0.81 x 10—5.97100.0(>19Ec052557 (8)

where E is in kJ/mol. We do this for many beam
energies in the range shown in Fig. 7 and plot these
values as a dash-dot line. The sticking probability
measured on the Pd particles is about twice the ex-
pected sticking predicted by this model. If this is
the actual particle geometry, these data indicate
that the Pd nanoparticle surface’s intrinsic reacti-
vity for methane dissociation is about twice that
for the Pd(111) surface. Note that the second term
of Eq. (8) is nearly two orders of magnitude smaller
than the first term, due to the strong dependence
of sticking probability on incident angle [see
Fig. 6(b)]. Thus, in this particle model the
apparent sticking is almost completely due to the
top facet of the particles with only a negligible
contribution from the sides.

Fig. 8 plots the initial sticking probability at
71 kJ/mol as a function of Pd coverage on
MgO(100). The sticking was averaged over several
experiments at various methane exposures, all in
the range of small methane exposure (initial stick-
ing). These average values of sticking probability
are plotted vs. Pd coverage (circles). The error bars
correspond to one standard deviation of this calcu-
lation, based on the scatter in the oxygen satura-
tion coverage, O,q titration, and C,q, titration
experiments. For the 0.15 and 0.75 ML Pd parti-
cles, three experiments are averaged here and eight
experiments are averaged for the 1.4 ML Pd parti-
cles. The triangular point represents the apparent
sticking probability we would expect if the sticking
probabilities on the particle surfaces were the same
as those measured on Pd(111). This value was ob-
tained directly from properly averaging our mea-
surements on Pd(111), rather than using Eq. (8).
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Fig. 8. Methane sticking probability vs. Pd coverage. Circles
represent average of several sticking measurements made on Pd
nanoparticles at 7s = 500 K. The error bars correspond to one
standard deviation of the calculated sticking result. The square
point is the measured methane sticking probability on Pd(111)
at Ts = 550 K. The triangular point is a calculation of expected
sticking on truncated half octahedron (equilibrium) particle
shape based on measurement of Sy, at #=0° and 56° on
Pd(111), as described in the text.

We made measurements with a beam energy of
71 kJ/mol at 0° and 56° on Pd(111) and found
sticking probabilities of 0.0279 and 0.000183,
respectively. The former number we take to be
the sticking probability for the tops of the particles
and the latter for the sides (angle of incidence of
beam on particles sides is ~55°). Using the correct
area fractions for the top and side facets (0.19 and
0.81, resp.) we thus estimate a sticking probability
of 0.00545 on the particles, if they have the same
intrinsic reactivity as Pd(111). [Note that this is
slightly higher than what is predicted by Eq. (8),
0.00508.] It is clear that the average sticking prob-
ability on the nanoparticles is about twice that of
the Pd(111) surface (filled triangle), assuming the
truncated half octahedron geometry. The sticking
probability on the Pd(111) surface is represented
by the square symbol.

The absolute sticking probability on Pd nano-
particles at 71 kJ/mol is 0.0103 (average of all par-
ticle sizes), whereas for a particle with the
equilibrium shape but the same reactivity as
Pd(111), we predict a sticking probability of
0.00545. (The sticking probability on Pd(111) at
normal incidence and this same energy is 0.0279.)
The intrinsic sticking probability on the Pd
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nanoparticle surface appears to be about twice that
on the Pd(111) surface according to this analysis.
As noted above, the sides of the particles contribute
a negligible amount to the overall methane sticking
on the particles and so the observed sticking must
be due to sticking on the tops of the particles.
The factor of two enhancement observed may be
partially due to the particles being terminated by
the more open Pd(100) surface rather than the
close-packed (111) surface (i.e. sticking may be
higher on the more open, lower coordination num-
ber particle facets). To our knowledge there has not
been a prior study of methane dissociation on
Pd(100), but this is consistent with prior studies
on Ni(100) and Ni(111), where the dissociative
sticking probability of methane is found to be
~10-fold higher on the (100) surface [Ni(111)
has S, one order of magnitude lower than our re-
sults on Pd(111) (0.0015 at 71 kJ/mol) at the con-
ditions of Figs. 4, 5] [28,66]. In the absence of an
accurate comparison of methane dissociation on
Pd(100) and Pd(111) it is impossible to determine
whether the particle sticking is only due to the dif-
ferences in the packing on these planes.

It was expected at the outset of our study that a
more dramatic (i.e., order of magnitude) effect
would be observed due to the high density of low
coordination atoms on the small nanoparticles. In-
deed, on particles in this size range, approximately
half of the atoms in the top (100) plane of the clus-
ter are along the edges or at the corners of the top
facet. Those edge and corner atoms will have a
much lower coordination (6 or less) to other Pd
atoms compared to the 8-fold coordination of
atoms in the (100) plane. Previous studies have
postulated that a low coordination to neighboring
metal atoms can allow higher reactivity [1,67]. We
find in this case however that even if we assume
that the atoms in the (100) plane have the same
reactivity as (111) atoms, that these edge atoms
would only have at most three-fold higher reactiv-
ity due to their low coordination.

4. Conclusions

We have presented measurements of the initial
dissociative sticking probability of methane on

the Pd(111) surface as well as on MgO-supported
Pd nanoparticles. We have shown that on the
Pd(111) surface, the sticking probability follows
a “normal energy scaling” and that sticking at
high angles of incidence (low normal energy) devi-
ates from this scaling law, possibly due to sticking
at defect sites. The strong dependence of stick-
ing probability on normal energy means that stick-
ing measurements by molecular beam on Pd
particles will be at a disadvantage to the flat Pd sur-
face due to the fraction of particle surface area at
large angles of incidence to the molecular beam.
Indeed, we have shown that the sticking probability
on the particles appears to be a factor of ~3 lower
than on the Pd(111) surface. However, we have
also shown that by carefully considering the
expected equilibrium particle shape and obtaining
the area fraction of the particles experimentally,
we can make a quantitative comparison between
sticking on the particles and sticking on the (111)
surface. In this way, we find that the intrinsic reac-
tivity the surfaces of small Pd particles (~3 nm) for
methane dissociation does not have a significant
(e.g., orders of magnitude) enhancement compared
to Pd(111), but is at most two times larger. We
emphasize the importance of having a good knowl-
edge of particle structure before attempting such a
molecular beam study of nanoparticle reactivity.
This and the analysis discussed in this paper are
of general applicability to future studies of a similar
nature. We also observed that O, can produce O,q;
on the Pd particles via a transiently adsorbed,
mobile O, precursor state on the bare areas of the
MgO(100) support. Finally, the saturation density
of O,q4s on the Pd particles is 41% larger than on a
continuous Pd film, leading to an interesting induc-
tion period in the kinetics of its titration reaction
with CO.
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