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Displacement of chemisorbed12CO from Pdˆ110‰ by adsorbing hot precursor 13CO molecules

P. Junell, M. Hirsima¨ki, and M. Valden*
Surface Science Laboratory, Tampere University of Technology, P.O. Box 692, FIN-33101, Tampere, Finland

~Received 12 November 2003; published 12 April 2004!

The dynamic displacement from CO precovered Pd$110% surface by incident CO is investigated as a function
of surface temperature and translational energy by employing a molecular beam surface scattering technique
with supersonic molecular beams of isotopically labeled13CO. A strong and kinetically prompt displacement
of preadsorbed12CO by incoming13CO molecules is observed. The displacement kinetics are found to be only
weakly dependent on the translational energy. The activation energy of desorption for CO in an adlayer of 0.65
ML is found to decrease from 1.3 eV to 52 meV due to the presence of gas phase CO. Direct collision induced
desorption, thermodynamic displacement, and dynamical displacement processes such as collisions with hot
precursors, local hot-spot formation, and electronic nonadiabaticity are discussed.

DOI: 10.1103/PhysRevB.69.155410 PACS number~s!: 68.49.Df, 68.43.Mn, 82.20.Pm
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I. INTRODUCTION

In the past, the mechanisms of CO adsorption and des
tion have been extensively investigated on a wide variety
transition metals. This interest stems from the central r
that CO plays in several technologically important surfa
processes such as automotive and process catalysis or
recently in fuel cell technology where CO acts not as a
actant but a reaction inhibitor. As a result, the kinetics a
dynamics of CO adsorption and desorption are well kno
from experiments conducted under ultrahigh vacuum~UHV!
conditions. However, under UHV conditions the gas ph
molecules have large mean-free paths and hence, their
getics are determined by the ambient temperature of the
roundings~i.e., UHV chamber walls!, which often equals to
;300 K. This has obvious implications on how well we c
relate molecular level information obtained in UHV expe
ments to the results from experiments conducted at elev
pressures, where the number of highly energetic molecule
non-negligible and the low rates of highly activated pr
cesses are compensated by the high molecular flux to
surface.

In the early ‘‘isotope jump’’ experiments by Yamad
et al.1–3 it was observed that the dynamic equilibrium b
tween the gas phase CO and the CO adlayer on Rh, Ru,
Pd surfaces was maintained by an exchange process in w
the incident gas phase CO induced desorption from the
layer. These experiments were, however, carried out i
background pressure of CO and consequently, only a lim
amount of information about the kinetics of the exchan
mechanism or molecular level detail was obtained. A p
neering molecular beam study of NO adsorption on C
Ni$100% by Hamzaet al.4 demonstrated that extremely d
tailed information concerning displacement mechanisms
be obtained in UHV by employing supersonic molecu
beams. The use of a nearly monoenergetic and highly c
mated supersonic beam allowed the energy selective pro
of the displacement process up to the high-energy tail of
Maxwell-Boltzmann distribution of the gas phase molecu
without the need for high pressures or temperatures.

Since then other molecular beam investigations h
shown that not only desorption of molecules5–12 but a wide
0163-1829/2004/69~15!/155410~6!/$22.50 69 1554
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variety of surface processes are activated by the interac
between the gas phase species and adsorbates. Atom
molecules incident from the gas phase facilitate surface p
cesses such as dissociation of molecules,13 recombinative de-
sorption of atomic species,14 migration of adsorbates,15 and
even chemical reactions between two coadsorbed speci16

It is evident that the interactions between gas phase spe
and the adlayer can affect virtually every elementary surf
reaction step and more experiments are required in orde
better understand when these interactions need to be ta
into account and how they may modify surface processe

In this manuscript we employ a supersonic molecu
beam and isotopically labeled CO to investigate the effec
13CO molecules impinging on a12CO precovered Pd$110%
surface. We find that the incident13CO molecules effectively
disrupt the adlayer, leading to rapid12CO displacement and
subsequent13CO adsorption. The displacement mechanism
operative both at low~27.4 meV! and high~276 meV! trans-
lational energies (ET) of the incident CO molecules and onl
weakly dependent on the surface temperature (TS). Based on
our experimental results we argue that the CO displacem
is driven by a dynamic displacement mechanism involvin
hot-precursor state for CO molecules.

II. EXPERIMENT

We employed in our experiments a supersonic molecu
beam apparatus described in detail elsewhere.17 The 9 mm
39 mm Pd$110% single crystal surface~Metal Crystals and
Oxides, Ltd.! was cleaned by Ar1-ion bombardment at 900
K followed by annealing at 1050 K and reactive oxyg
treatments.18 The CO beam flux (;0.1 ML s21,1 ML59.4
31014 cm22) was calibrated with a capillary calibrated lea
of a known flux.ET of the molecular beam was varied in th
range of 24.7–276 meV by seeding CO in He, Ar, or Kr a
constant nozzle temperature of 300 K. TheET distribution of
the molecular beam was determined for every experimen
using the time-of-flight~TOF! technique. The rotational tem
perature of CO molecules was also determined from
width of the ET distribution19 and was always found to b
less than 50 K. Prior to each measurement Pd$110% was satu-
rated with 12CO at 350 K by backfilling the chamber wit
©2004 The American Physical Society10-1
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12CO. The saturation coverage at 350 K is 0.65 ML lead
to the formation of a Pd$110%c(432)-CO phase20 which
was confirmed by low-energy electron diffraction~LEED!.
Subsequently, the12CO atmosphere was pumped off prior
setting the surface temperature for the experiment
switching on the13CO beam for 120 s. Both12CO and13CO
signals were measured simultaneously during the13CO ex-
posure. A variable aperture plate in our beam apparatus
lowed experiments to be performed both on the entire sam
area Bbeam51.6 cm) and only on the central part of th
sampleBbeam50.8 cm). All displacement experiments we
conducted by utilizing the 0.8 cm beam. Temperature p
grammed desorption~TPD! experiments were carried out a
ter each beam experiment in order to determine the fi
12CO and13CO coverages and to detect any CO dissociati
Potential beam patch effects in adsorption and displacem
kinetics as well as in TPD spectra were controlled by repe
ing some experiments with 0.8 and 1.6 cm beams. Our
perimental setup did not permit angle-resolved meas
ments. All sticking probabilities (S0) reported in this
manuscript have been determined by using the direct re
tivity method by King and Wells.21 Reaction gases12CO
~99.9%! and13CO ~99% isotopic purity!, He ~99.9999%!, Ar
~99.9999%!, and Kr ~99.995%! were supplied by AGA, Ltd.
~Finland!.

III. RESULTS

Figure 1 shows a typical experiment in which a beam
13CO (ET5276 meV) seeded with He is directed at a12CO
precovered Pd$110% surface (u12CO50.65 ML and TS
5350 K) at normal incidence while the mass spectrome
signals form/e529 (13CO) andm/e528 (12CO) are simul-
taneously monitored. Att50 s the beam shutter is opene

FIG. 1. An experiment showing strong12CO (m/e528) dis-
placement from a saturated12CO/Pd$110% by an incident13CO
(m/e529) molecular beam as determined by quadrupole m
spectrometer~QMS!. The surface temperature (TS) was 350 K and
the translational energy (ET) of 13CO molecules was 276 meV
Hatched areas correspond to13CO uptake and the displaced12CO.
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and the13CO molecules impinge on the surface. The be
shutter is closed att5120 s. The uptake of13CO and the
desorption of12CO are indicated by the hatched areas. T
most striking feature in Fig. 1 is the kinetically prompt an
continuous desorption of12CO during13CO exposure.12CO
desorption rate peaks at the beginning of the experiment
subsequently decreases in an exponential fashion. The13CO
uptake is also significant. The highS0 (;0.6) for 13CO ad-
sorption on the precovered12CO/Pd$110% is interesting, con-
sidering that the surface was initially saturated with CO. T
high S0 and the rate at which12CO desorption proceeds du
ing the beam exposure are clear evidence of a dramatic
ruption of thec(432) 12CO adlayer by incident13CO. The
analysis of the uptake curve reveals that the adsorption
netics for 13CO on 12CO/Pd$110% are Langmuirian:S0 de-
creases linearly with the increasing13CO coverage and doe
not exhibit the Kisliuk-like behavior unlike on the clea
Pd$110%.18,22

Figure 2 presents the12CO coverage (u12CO) as a function
of the 13CO uptake coverage (u13CO) on Pd$110% at 325 K as
determined for the initial12CO coverage of 0.65 ML.ET was
276 meV.12CO is displaced at a relatively constant rate a
the total coverage remains constant at 0.6560.05 ML. The
constant total CO coverage and the linear trend can be
sidered as evidence of a displacement mechanism in wh
on average, each13CO molecule induces the displacement
one 12CO molecule. The plateau in the low13CO coverage
regime~up to 0.05 ML! is most likely caused by the differen
detection limits for 12CO and 13CO. Due to higher back-
ground level of12CO, our detection limit is close to 0.05 ML
for 12CO, whereas the detection limit for13CO is lower by
order of magnitude. After a sufficiently long13CO exposure,
the entire12CO adlayer is eventually displaced and the s
face is entirely covered by the13CO molecules.

The temperature programmed desorption~TPD! spectra in
Figures 3~a! and 3~b! were measured following a13CO beam
exposure (ET5276 meV) on a12CO/Pd$110% surface at 300

ss

FIG. 2. 12CO coverage as a function of13CO uptake during the
13CO beam exposure on a saturated12CO/Pd$110% at 325 K. Trans-
lational energy of13CO molecules was 276 meV.
0-2
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K (u12CO50.65 ML). In the Fig. 3~a! 12CO/Pd$110% was ex-
posed to13CO for 5 s. The subsequent TPD shows that m
of the 12CO adlayer is still intact, but a buildup of13CO can
already be seen. Exposing the12CO/Pd$110% surface to13CO
for 120 s led to the displacement of most of the12CO layer
as shown by Fig. 3~b!. Both experiments confirm that th
thermal desorption from the coadsorbed12CO–13CO adlayer
exhibits the same TPD features that have been reported
viously from the pure12CO adlayer.23 No new desorption
features or shifts in the peak positions can be seen. Fur
more, the 5 s exposure and the subsequent TPD demons
that the adsorbed12CO molecules are not being selective

FIG. 3. Temperature programmed desorption~TPD! experi-
ments conducted after a saturated12CO/Pd$110% surface was ex-
posed to a 276 meV13CO molecular beam at 300 K for~a! 5 s and
~b! 120 s. A linear heating rate of 3 K/s was employed.
15541
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replaced by13CO from any particular adsorption sites. N
formation of CO2 or other carbon compounds was observe
thus confirming that no CO dissociation had occurred dur
the experiments.

Figure 4 shows the effects ofTS and ET on the 12CO
displacement by13CO on Pd$110%. Experiments were con
ducted at TS5200– 350 K for ET527.4 meV and ET
5276 meV. Displacement experiments could not be p
formed above 350 K due to the thermal desorption of12CO.
As was already seen in Fig. 1, the results in Fig. 4 do
exhibit any discernible delay between the onset of the d
placement and the opening of the beam flag. HighTS was
found to increase the rate of12CO displacement. This can b
attributed to the weakening of the CO-Pd bond at hig
temperatures. For highET the initial displacement of12CO is
fast, whereas lowET yields somewhat lower initial rates an
slower decay.

This data set allows us to estimate the cross section
the preadsorbed12CO displacement by the incident13CO
molecules by employing the rate-equation model by Tak
et al.24 In Takagi’s kinetic model, the desorption of adsorb
CO can proceed via two pathways:~i! isothermal desorption
into vacuum and~ii ! desorption induced by the gas pha
CO. Desorption is accompanied by adsorption at a vac
site or by the displacement of a preadsorbed CO molec
The model consists of following three rate equations
preadsorbed12CO coverage (u28), impinging CO coverage
(u29) and total coverage~u!,

2
du28

dt
5ku281

1

2
su28F29, ~1!

du29

dt
52ku291

1

2
su28F1s~u!F29, ~2!

2
du

dt
5ku2s~u!F, ~3!
g
of

f

FIG. 4. CO displacement transients showin
12CO mass spectrometer signal as a function
13CO exposure time on a saturated12CO/Pd$110%
at 200–350 K for13CO translational energies o
27.4 and 276 meV.
0-3
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where F is the incoming flux (molecule/cm2 s), s is the
cross section (cm2/molecule) for displacement,k1 is the rate
constant for isothermal desorption of CO, ands(u) is the
coverage dependent sticking probability of CO. The mole
lar beam flux was known ands(u) was experimentally de
termined. The unknown parameters (k1 ands! were obtained
by fitting the Takagi’s model to the experimental data sho
in Fig. 4. Figure 5 shows the quality of the fit at select
surface temperatures forET527.4 meV. Similar results were
obtained for the higher translational energy.

Figure 6 presents the cross-section~s! for 12CO displace-
ment by 13CO on Pd$110% as a function of inverse surfac
temperature for incidentET of 27.4 meV and 276 meV. The
solid lines represent fits of the Polanyi-Wigner functions
5s0 exp(ED /RT) to the data wheres0 is the preexponentia
factor, ED the activation energy of desorption,R the gas
constant, andTS the surface temperature. The cross sect
for 12CO displacement at 300 K is almost the same at l
and highET with s(27.4 meV)53.73310216 cm2/CO mol-
ecule ands(276 meV)53.30310216 cm2/CO molecule. It
can be seen that the cross section for12C16O induced desorp-
tion from 13C18O/Ni$100% ~Ref. 24! is one order of magni-

FIG. 5. Selected plots of the12CO coverage as a function o
13CO (ET527.4 meV) exposure time on a saturated12CO/Pd$110%
at 300~.!, 325 ~n!, and 350 K~d!. Solid lines correspond to fits
to a Polanyi-Wigner function.

FIG. 6. Cross-section ~s! of 12CO displacement on
12CO/Pd$110% as a function of the inverse surface temperature (TS)
for 27.4 meV~.! and 276 meV~n! 13CO molecules.
15541
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tude higher (3.5– 6.6310215 cm2/CO molecule) than our
result for CO/Pd$110%, although their results were obtaine
at TS5368– 400 K. A better agreement is found with cro
sections obtained from other systems such as Kr1N2 /
Ru$001% (2.5310215 cm2/Kr atom),10 H1CO/Cu$111%
(;1310216 cm2/H-atom),7 and D1N2 /Ru$001% (7.6
310216 cm2/D atom).25 The fits yield anED of 44 meV
which is dramatically less than that of;1.1 eV reported by
Ravalet al. for CO/Pd$110% without the gas phase CO.20 In
comparison, on CO/Ni$100% the presence of the gas pha
CO reduced the activation energy of desorption from 1.4
to 224 meV.24

IV. DISCUSSION

The major finding of this work is the rapid and eventua
complete displacement of the CO chemisorbed layer
Pd$110% by gas phase CO. Furthermore, our energy selec
molecular beam experiments show that the displacem
mechanism is almost equally effective at high incident en
gies as well as for the lowET CO molecules typically found
in a Maxwell-Boltzmann gas at room temperature. As t
displacement process does not significantly depend on thET
of the impinging molecules, it seems likely that the displac
ment process is as efficient with Maxwell-Boltzmann g
~for instance, in the case of backfilling the chamber with C!
as it is in our molecular beam experiments. In the discuss
below, we consider the following mechanisms:~i! direct col-
lision induced desorption,~ii ! thermodynamic displacemen
~iii ! dynamic displacement by hot-spot formation, ho
precursors, or electronic nonadiabaticity.

In collision induced desorption either a direct collision
incident 13CO with preadsorbed12CO or a collision between
the impinging13CO and a neighboring Pd atom results in t
desorption of a chemisorbed12CO molecule. This displace
ment mechanism has been found to be operative, in part
lar at high incidence energies, for CO1O2 /Pt$111% ~Ref. 11!
and Xe1O2 /Ag$110%,13 Ar1CH4 /Ni$111%.6 If the 12CO
desorption transient observed in Fig. 1 were collision
duced, a heavy inert atom with a sufficiently highET should
induce a similar desorption transient. This collision induc
desorption mechanism was investigated by repeating the
periment shown in Fig. 1 by using a high-energy Kr bea
(mKr584 a.m.u.,ET51.03 eV) instead of13CO. The direct
mechanical energy transfer between the Kr atoms in the
lecular beam and the chemisorbed CO molecules was
mated to be 75% of the translational energy of the Kr ato
in the Baule~impulsive! limit.26 Similarly, in a Kr-Pd colli-
sion 98% of theET of the Kr atom is transferred to a P
atom. These values are already close to chemisorption en
of the CO molecules on Pd$110% (;1.1 eV).20 Yet, energetic
Kr atoms did not induce any detectable12CO desorption.
This indicates that the rapid12CO desorption shown in Fig. 1
cannot be attributed to the direct collision induced desorpt
mechanism or to the mechanical disruption of the lattice n
the adsorbate as was suggested for Xe-induced recomb
tive desorption of D from Ni$111%.27 However, this experi-
ment leaves open the role of internal degrees of freedom
impinging molecules, which will be discussed later.
0-4



d
g
to
ac
e
m

d
c

an

w
t

ce

a
cu
ug
ch

o
is
t

t

an
c

ee

t
on
ro
er
-

c
is

-
th
e

C
no
a

er
io
ia

im
s

ei

tu-
g
i-

e of

ted to

n-

s
or

ical
m.
of
ten-
t
the
/or

t

sor
ld

the
all
o-

rby
, un-
er

ad-
-
les
ion
the
ntly
t

-
ob-
ated
CO

ally

n
e
tive
O.
tion
gh

be
the
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In the thermodynamic displacement mechanism, the
sorption of the adsorbed species is facilitated by the stron
bound adsorbate forcing the more weakly bound species
local higher coverage in which the increasing lateral inter
tion eventually becomes repulsive. This mechanism has b
previously associated with the displacement of Xe fro
Pt$111% by CO adsorption.25 However, since we employe
chemically identical CO species in our experiments su
compression mechanism is not very plausible. Bending
tilting of the adsorbed12CO by incident13CO could, con-
ceivably, increase the strength of lateral interactions. Ho
ever, we note that no new features or shifts can be seen in
TPD spectra in Figs. 3~a! and 3~b!. The absence of shifts
suggests that the mixed12CO–13CO adlayer is not signifi-
cantly compressed. Also, if the lateral interactions play
critical role one would expect to see preferential displa
ment of the more weakly bound12CO. This would result in
the population of the low temperature TPD state by13CO at
;400 K. However, both the high temperature TPD feature
475 K and the low-temperature shoulder are equally oc
pied as seen in Figs. 3, thus providing us strong eno
evidence against the thermodynamic displacement me
nism.

Dynamic displacement mechanisms are characterized
the nonthermal manner by which an incident gas phase m
ecule removes surface bound species. Dynamic mechan
have been previously associated with the displacemen
mostly molecular adsorbates (N2 , CO, and O2) by reactive
atoms~O, N, and H! ~Refs. 7, 8, 10! although displacemen
by incoming molecules has also been reported.5,11The details
of the energy transfer process are still largely unknown
several explanations ranging from hot precursors and lo
hot spots to the creation of electron-hole pairs have b
proposed.

The creation of electron-hole pairs in general is known
require large charge transfers and the formation of the str
CO chemisorption bond could certainly involve such p
cesses. Upon CO chemisorption on Pd charge is transf
both from molecule’s 5s orbitals into the surface with con
comitant back donation from the metal into 2p* orbitals of
the CO molecule. In their elegant paper Diekho¨ner et al.25

employed H and D atoms to distinguish between the effe
of electronic nonadiabaticity and hot precursors in the d
placement of N2 on Ru$0001%. In their experiments, a differ
ent isotopic effect was expected depending on whether
electron-hole pair creation played an important role or if m
chanical energy transfer~hot spot or hot precursor! domi-
nated. Unfortunately, relatively heavy molecules such as
render any isotopic effects negligible and thus we can
employ Diekho¨ner’s method to determine the extent of non
diabatic electronic effects on Pd$110%.

In both hot-precursor and hot-spot mechanisms the en
required for displacement is supplied by the thermalizat
of the incident molecule and these mechanisms essent
differ only in how fast the thermalization process is.25A local
hot spot is created when the thermalization occurs in a t
scale comparable to the lattice relaxation times. The relea
energy disrupts the bonds between the surface and the n
boring adsorbates leading to displacement.
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Displacement mediated by a hot-spot formation on a sa
rated12CO/Pd$110% surface would require efficient trappin
of 13CO into an extrinsic precursor state before it could m
grate to an adsorption site and chemisorb. The existenc
an extrinsic precursor state would also support the highS0 in
seen Fig. 1 and such a process has, in fact, been sugges
account for the NO adsorption on a saturated CO/Ni$100%.4

Therefore, a similar explanation could in principle be i
voked here. However, we findS0 for 13CO chemisorption on
12CO/Pd$110% and the displacement cross section~see Fig.
6! to be independent onET . This is in contrast to the result
from NO1CO/Ni$100% where the presence of a precurs
state resulted in decreasingS0 with increasingET .4 Thus our
results would seem to rule out the existence of the class
precursor state and consequently the hot-spot mechanis

A hot precursor, on the other hand, is characteristic
systems featuring highly corrugated adsorbate-surface po
tial energy surfaces~PES!. In this mechanism, a significan
amount of the molecule’s incident energy is converted by
convoluted PES into parallel motion along the surface and
into the rotational and vibrational states of the moleculebe-
fore the impact. In our previous investigation we found tha
the CO chemisorption on a clean Pd$110%, particularly at low
ET , is dominated by a steering-mediated hot-precur
channel.28 It is conceivable that a similar hot precursor cou
play a role in the efficient12CO displacement. Although the
thermalization of a hot-precursor molecule is slow and
energy transfer to the lattice at each point of impact is sm
in comparison with the hot spot mechanism, the parallel m
mentum increases the probability of a collision with a nea
adsorbate and thus promotes displacement. Furthermore
like an approaching CO molecule which will strongly pref
to point its carbon end towards Pd$110% upon adsorption, a
cartwheeling hot-precursor molecule on top of the CO
layer will inevitably end up in highly unfavourable configu
rations where the oxygen ends of the two CO molecu
point towards each other. The resulting mutual repuls
would certainly further enhance the displacement rate of
chemisorbed CO molecules. A similar argument was rece
made by Mo¨ller et al. to account for the CO displacemen
from Ni$100% by NO.5 In our opinion, this is the only remain
ing mechanism that is consistent with our experimental
servations. Therefore, we argue that a hot-precursor medi
process, similar to the one we previously observed for
chemisorption on a clean Pd$110%, is indeed reponsible for
the efficient displacement kinetics seen in Fig. 1.

V. SUMMARY AND CONCLUSION

The present study shows that a strong and kinetic
prompt displacement of preadsorbed12CO is induced by in-
cident 13CO molecules.13CO molecules readily adsorb o
12CO/Pd$110% with S0;0.6 eventually displacing the entir
adlayer. The displacement process is found to be opera
both at low and high incident translational energies of C
Thus, the CO displacement may be an important reac
step on Pd$110% and possibly other Pd surfaces under hi
pressure reaction conditions. We find the displacement to
dependent on surface temperature which is a result of
0-5
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P. JUNELL, M. HIRSIMÄKI, AND M. VALDEN PHYSICAL REVIEW B 69, 155410 ~2004!
CO-Pd bond weakening with the increasing surface temp
ture. The activation energy of desorption for CO in an a
layer is found to decrease from;1.1 eV to a mere 44 meV
in the presence of adsorbing CO. Direct collision induc
desorption, thermodynamic displacement, and dynam
displacement processes such as hot precursors, local hot
formation and electronic nonadiabaticity are discussed.
precursors possibly combined with nonadiabatic electro
effects are found to be responsible for the observed displ
ment phenomenon. In order to further elucidate the role
the electronic structure and indeed the exact nature of
dynamic displacement mechanism, detailed calculati
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would be required. Ideally one should seek to determine
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