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Displacement of chemisorbed?CO from Pd{110} by adsorbing hot precursor *3CO molecules
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The dynamic displacement from CO precovered1®P@ 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 labef#@O. A strong and kinetically prompt displacement
of preadsorbed?CO by incoming*CO 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.
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[. INTRODUCTION variety of surface processes are activated by the interaction
between the gas phase species and adsorbates. Atoms and

In the past, the mechanisms of CO adsorption and desorgrolecules incident from the gas phase facilitate surface pro-
tion have been extensively investigated on a wide variety ofesses such as dissociation of molectitescombinative de-
transition metals. This interest stems from the central roléorption of atomic specie$, migration of adsorbate's, and
that CO plays in several technologically important surfaceeven chemical reactions between two coadsorbed spécies.
processes such as automotive and process catalysis or mdtds evident that the interactions between gas phase species
recently in fuel cell technology where CO acts not as a reand the adlayer can affect virtually every elementary surface
actant but a reaction inhibitor. As a result, the kinetics and€action step and more experiments are required in order to
dynamics of CO adsorption and desorption are well knowrPetter understand when these interactions need to be taking
from experiments conducted under ultrahigh vacuu)  into account and how they may modify surface processes.
conditions. However, under UHV conditions the gas phase In this manuscript we employ a supersonic molecular
molecules have large mean-free paths and hence, their ené¢am and isotopically labeled CO to investigate the effect of
getics are determined by the ambient temperature of the sur°CO molecules impinging on &CO precovered Rd10
roundings(i.e., UHV chamber walls which often equals to surface. We find that the incideMCO molecules effectively
~300 K. This has obvious implications on how well we candisrupt the adlayer, leading to raptdCO displacement and
relate molecular level information obtained in UHV experi- subsequent®CO adsorption. The displacement mechanism is
ments to the results from experiments conducted at elevategperative both at low27.4 meVf and high(276 meVj trans-
pressures, where the number of highly energetic molecules Igtional energiesk+) of the incident CO molecules and only
non-negligible and the low rates of highly activated pro-weakly dependent on the surface temperatiig.(Based on
cesses are compensated by the high molecular flux to theur experimental results we argue that the CO displacement
surface. is driven by a dynamic displacement mechanism involving a

In the early “isotope jump” experiments by Yamada hot-precursor state for CO molecules.
et all=3 it was observed that the dynamic equilibrium be-
tween the gas phase CO and the CO adlayer on Rh, Ru, and Il. EXPERIMENT
Pd surfaces was maintained by an exchange process in which
the incident gas phase CO induced desorption from the ad- We employed in our experiments a supersonic molecular
layer. These experiments were, however, carried out in #eam apparatus described in detail elsewhefhe 9 mm
background pressure of CO and consequently, only a limiteeck @ mm Pd110 single crystal surfac¢éMetal Crystals and
amount of information about the kinetics of the exchangeOxides, Ltd) was cleaned by Ar-ion bombardment at 900
mechanism or molecular level detail was obtained. A pio-K followed by annealing at 1050 K and reactive oxygen
neering molecular beam study of NO adsorption on COf#reatments® The CO beam flux 0.1 MLs * 1 ML=9.4
Ni{100 by Hamzaet al* demonstrated that extremely de- X 10" cm™2) was calibrated with a capillary calibrated leak
tailed information concerning displacement mechanisms canf a known flux.E; of the molecular beam was varied in the
be obtained in UHV by employing supersonic molecularrange of 24.7—-276 meV by seeding CO in He, Ar, or Kr at a
beams. The use of a nearly monoenergetic and highly colliconstant nozzle temperature of 300 K. THedistribution of
mated supersonic beam allowed the energy selective probirte molecular beam was determined for every experiment by
of the displacement process up to the high-energy tail of theising the time-of-fligh{TOF) technique. The rotational tem-
Maxwell-Boltzmann distribution of the gas phase moleculesperature of CO molecules was also determined from the
without the need for high pressures or temperatures. width of the E; distribution® and was always found to be

Since then other molecular beam investigations havéess than 50 K. Prior to each measuremertlP@ was satu-
shown that not only desorption of molecuie¥ but a wide  rated with *2CO at 350 K by backfilling the chamber with
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FIG. 1. An experiment showing strontfCO (m/e=28) dis- 1 . .
lacement from a saturateBCO/Pd 110 by an incident3CO FIG. 2. Y2CO coverage as a function 61CO uptake during the
p " q119 by 13CO beam exposure on a saturaté@dO/Pd 110 at 325 K. Trans-

(m/e=29) molecular beam as determined by quadrupole masF onal 430 molecul 276 meV.
spectromete(QMS). The surface temperaturd §) was 350 K and ational energy o molecules was mev.
the translational energyE() of **CO molecules was 276 meV.

13 S
Hatched areas correspond (€O uptake and the displacé&CO. and the “CO molecules impinge on the surface. The beam

shutter is closed at=120s. The uptake of°CO and the

1 . , _ desorption of*2CO are indicated by the hatched areas. The
“CO. The saturation coverage at 350 K is 0.65 ML leadingmqst striking feature in Fig. 1 is the kinetically prompt and

to the formation of a Pd10c(4x2)-CO phas_éo which  continuous desorption dfCO during®3CO exposurel’CO
was confirmed by low-energy electron diffractiébEED).  gesorption rate peaks at the beginning of the experiment and
Subsequently, th’CO atmosphere was pumped off prior to subsequently decreases in an exponential fashion 3@
setting the surface temperature for the experiment a”ﬁptake is also significant. The hig (~0.6) for 13CO ad-
it 3 13 . .
switching on the"*CO beam for 120 s. BOtF’F(_:O and~CO  sorption on the precoverddCO/Pq 110} is interesting, con-
signals were measured simultaneously during 'tz ex- sidering that the surface was initially saturated with CO. This
posure. A vgnable aperture plate in our beam apparatus aﬁigh S, and the rate at which%CO desorption proceeds dur-
lowed experiments to be performed both on the entire samplﬁ]g the beam exposure are clear evidence of a dramatic dis-
area Jpeani= 1.6 cm) and only on the centrallpart of the ruption of thec(4x 2) 2CO adlayer by incident3CO. The
sampleJpeani=0.8 cm). All displacement experiments were gpalysis of the uptake curve reveals that the adsorption ki-
conducted by utilizing the 0.8 cm beam. Temperature proyetics for 13CO on 12CO/Pq 110 are LangmuirianS, de-
grammed desorptiofiTPD) experiments were carried out af- creases linearly with the increasifdCO coverage and does

tler each geam experiment in order to determine the finghot exhibit the Kisliuk-like behavior unlike on the clean
2CO and*3CO coverages and to detect any CO dissociationp 1101822

Potential beam patch effects in adsorption and displacement Figure 2 presents thECO coverage :2co) as a function
kinetics as well as in TPD spectra were controlled by repeatys ihe 13co uptake coveragef{scc) on Pd110 at 325 K as
ing some experiments with 0.8 and 1.6 cm beams. Our Xggtermined for the initia’CO coverage of 0.65 MLE, was
perimental setup did not permit angle-resolved measure;zg meyv 12cO s displaced at a relatively constant rate and
ments. All sticking probabilities %) reported in this =, tota) coverage remains constant at 6:6505 ML. The

manuscript have been determined by using the direct refleGsonsiant total CO coverage and the linear trend can be con-
tivity method by King and Well$" Reaction gases’CO  gijered as evidence of a displacement mechanism in which,

13 - o
(99.9% aond CO (99% 'SOt(?p'c purity, He (99.9999%, Ar o, ayerage, eacCO molecule induces the displacement of
(99.9999%, and Kr(99.995% were supplied by AGA, Ltd.  gne 1200 molecule. The plateau in the IofCO coverage

(Finland. regime(up to 0.05 ML) is most likely caused by the different
detection limits for*CO and'3CO. Due to higher back-
Il RESULTS ground level of*2CO, our detection limit is close to 0.05 ML
' for 2CO, whereas the detection limit fdfCO is lower by
Figure 1 shows a typical experiment in which a beam oforder of magnitude. After a sufficiently longCO exposure,
13CO (E1=276 meV) seeded with He is directed at®£O the entire’?CO adlayer is eventually displaced and the sur-
precovered Pd10 surface @12c0=0.65ML and Ts face is entirely covered by thECO molecules.
=350 K) at normal incidence while the mass spectrometer The temperature programmed desorptibRD) spectra in
signals form/e=29 (**C0) andm/e=28 (*2CO) are simul-  Figures 3a) and 3b) were measured following CO beam
taneously monitored. At=0s the beam shutter is opened exposure E;=276 meV) on a*CO/Pq 110 surface at 300
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FIG. 3. Temperature programmed desorptiGrPD) experi-
ments conducted after a saturat€O/Pq 110, surface was ex-
posed to a 276 me¥*CO molecular beam at 300 K f¢g) 5 s and

(b) 120 s. A linear heating rate of 3 K/s was employed.

K (#12co=0.65 ML). In the Fig. 3a) 2CO/Pd110 was ex-

posed to*CO for 5 s. The subsequent TPD shows that mos

of the 12CO adlayer is still intact, but a buildup éfCO can
already be seen. Exposing tH€0O/Pq 110 surface to'*CO
for 120 s led to the displacement of most of tH€O layer
as shown by Fig. ®). Both experiments confirm that the
thermal desorption from the coadsorb€€80-3CO adlayer

exhibits the same TPD features that have been reported pre-

viously from the pure”CO adlaye® No new desorption
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replaced by'3CO from any particular adsorption sites. No
formation of CQ or other carbon compounds was observed,
thus confirming that no CO dissociation had occurred during
the experiments.

Figure 4 shows the effects afs and E; on the 2CO
displacement by*3CO on Pd110. Experiments were con-
ducted at Tg=200-350K for Ey=27.4 meV and Eg
=276 meV. Displacement experiments could not be per-
formed above 350 K due to the thermal desorptiort?afO.

As was already seen in Fig. 1, the results in Fig. 4 do not
exhibit any discernible delay between the onset of the dis-
placement and the opening of the beam flag. Highwas
found to increase the rate &CO displacement. This can be
attributed to the weakening of the CO-Pd bond at higher
temperatures. For highy the initial displacement of*CO is
fast, whereas lovie; yields somewhat lower initial rates and
slower decay.

This data set allows us to estimate the cross section for
the preadsorbed?CO displacement by the inciderfCO
molecules by employing the rate-equation model by Takagi
et al?* In Takagi’s kinetic model, the desorption of adsorbed
CO can proceed via two pathway$). isothermal desorption
into vacuum and(ii) desorption induced by the gas phase
CO. Desorption is accompanied by adsorption at a vacant
site or by the displacement of a preadsorbed CO molecule.
The model consists of following three rate equations for

readsorbed?CO coverage f,g), impinging CO coverage
0,9 and total coveragéd),

features or shifts in the peak positions can be seen. Further-
more, tle 5 s exposure and the subsequent TPD demonstrate
that the adsorbed®CO molecules are not being selectively
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FIG. 4. CO displacement transients showing
12CO mass spectrometer signal as a function of
13CO exposure time on a saturaté@€O/Pd 110,
at 200—350 K for'3CO translational energies of
27.4 and 276 meV.
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tude higher (3.5-6610 *° cnm?/CO molecule) than our

- 13 12

_ 71 CO on "CO/Pd{110} result for CO/P{L10, although their results were obtained
g 0.6 E, =274 meV at Ts=368-400 K. A better agreement is found with cross
=S 05 v 300K sections obtained from other systems such as s/
S o4l 4 325K RU00L (2.5x10 ° cm?/Kratom)® H+CO/CY111
2 ] e 350K (~1x10 ¢ cné/H-atom)” and D+N,/Ru{00L (7.6
Z 03 X 10" %6 cm?/D atom) 2° The fits yield anEp of 44 meV
Q 02_‘ which is dramatically less than that ef1.1 eV reported by
8 ] Raval et al. for CO/Pd110 without the gas phase C8.In
€ 0.1+ comparison, on CO/NLOG: the presence of the gas phase

0'0' —— Tt CO reduced the activation energy of desorption from 1.4 eV

0 20 40 60 80 100 120 to 224 meV:*

TIME (s)

_ IV. DISCUSSION
FIG. 5. Selected plots of th&CO coverage as a function of

13CO (Er=27.4 meV) exposure time on a saturaté@o/Pd 110, The major finding of this work is the rapid and eventually
at 300(V), 325(A), and 350 K(®). Solid lines correspond to fits complete displacement of the CO chemisorbed layer on
to a Polanyi-Wigner function. Pd110 by gas phase CO. Furthermore, our energy selective

molecular beam experiments show that the displacement

where F is the incoming flux (molecule/chs), o is the —Mechanism is almost equally effective at high incident ener-
cross section (chimolecule) for displacemerik, is the rate ~ gies as well as for the lowt; CO molecules typically found
constant for isothermal desorption of CO, as@) is the In & Maxwell-Boltzmann gas at room temperature. As the
coverage dependent sticking probability of CO. The molecudisplacement process does not significantly depend oBthe
lar beam flux was known ans(§) was experimentally de- ©f the impinging molecules, it seems likely that the displace-
termined. The unknown parameteks @ndo) were obtained Ment process is as efficient with Maxwell-Boltzmann gas
by fitting the Takagi’s model to the experimental data shown(for instance, in the case of backfilling the chamber with)CO
in Fig. 4. Figure 5 shows the quality of the fit at selectedas it is in our molecular beam experiments. In the discussion
surface temperatures f&;=27.4 meV. Similar results were below, we consider the following mechanisnfig:direct col-
obtained for the higher translational energy. lision induced desorptioriji) thermodynamic displacement,
Figure 6 presents the cross-sectio for 22CO displace- (i) dynamic displacement by hot-spot formation, hot-
ment by 3CO on P4110 as a function of inverse surface Précursors, or electronic nonadiabaticity. o
temperature for incideri; of 27.4 meV and 276 meV. The _In collision induced desorption either a direct collision of
. . . . . . e 13 H iai
solid lines represent fits of the Polanyi-Wigner function incident™CO i’;"th preadsorbeach or a collision between
— oy expEp /RT) to the data wherer, is the preexponential the impinging™CO and a neighboring Pd atom results in the
factor, Ep the activation energy of desorptioR the gas desorption of a chemisorbeldCO molecule. Thls dls_place-_
constant, and's the surface temperature. The cross sectioi"€nt mechanism has been found to be operative, in particu-
for 2CO displacement at 300 K is almost the same at low/ar at high incidence Energies, for G@Z/Pt{ellj} (ReI.z 11
and highEy with o(27.4 meV)=3.73x 10~ 16 cn?/CO mol- ~ @nd Xe+ O,/Ag{110,™ Ar+CH,/Ni{111." If the "*CO
ecule ando(276 meV)=3.30x 10~ 16 cr?/CO molecule. It desorption transient observed in Fig. 1 were collision in-
can be seen that the cross section@'€0 induced desorp- duced, a heavy inert atom with a sufficiently high should

tion from 23C!80/Ni{100} (Ref. 24 is one order of magni- induce a similar de_sorption Fransie_znt. This CoIIisior_l induced
desorption mechanism was investigated by repeating the ex-

periment shown in Fig. 1 by using a high-energy Kr beam
35.0- [Fco o "co/pauiol] (Mg, =84 a.m.uE;=1.03 eV) instead of CO. The direct
mechanical energy transfer between the Kr atoms in the mo-

Z Z:}:g lecular beam and the chemisorbed CO molecules was esti-
3559 mated to be 75% of the translational energy of the Kr atoms
R in the Baule(impulsive) limit.?® Similarly, in a Kr-Pd colli-
g -36.0 sion 98% of theE; of the Kr atom is transferred to a Pd

atom. These values are already close to chemisorption energy
of the CO molecules on BRHLO (~1.1 eV) 2° Yet, energetic
Kr atoms did not induce any detectabtéCO desorption.
This indicates that the rapfdCO desorption shown in Fig. 1
cannot be attributed to the direct collision induced desorption
mechanism or to the mechanical disruption of the lattice near
the adsorbate as was suggested for Xe-induced recombina-
FIG. 6. Cross-section(o) of 12co displacement on tive desorption of D from l\{'&lJ}.27 However, this experi-
12Cc0/Pd110 as a function of the inverse surface temperatilig ( Ment leaves open the role of internal degrees of freedom of
for 27.4 meV(¥) and 276 meMA) 3CO molecules. impinging molecules, which will be discussed later.

-36.54 For TS =300K
6=373x 10" em’ (2.8 kJ/mol)

1 ¢ = 330 x 10™ cm? (307 kJ/moty
-37.0 ——————————— .
2.5 3.0 35 4.0 4.5 5.0 55 x10

UT K
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In the thermodynamic displacement mechanism, the de- Displacement mediated by a hot-spot formation on a satu-
sorption of the adsorbed species is facilitated by the stronglyated1>*CO/Pd 110 surface would require efficient trapping
bound adsorbate forcing the more weakly bound species to@f *3CO into an extrinsic precursor state before it could mi-
local higher coverage in which the increasing lateral interacgrate to an adsorption site and chemisorb. The existence of
tion eventually becomes repulsive. This mechanism has beed extrinsic precursor state would also support the Bigim
previously associated with the displacement of Xe fromseen Fig. 1 and such a process has, in fact, been suggested to
P{111 by CO adsorptior® However, since we employed account for the NO adsorption on a saturated CQ/00}.*
chemically identical CO species in our experiments suchrherefore, a similar explanation could in principle be in-
compression mechanism is not very plausible. Bending antoked here. However, we fin, for **CO chemisorption on
tilting of the adsorbed?CO by incident’3CO could, con- “CO/Pd11G and the displacement cross sectiaee Fig.
ceivably, increase the strength of lateral interactions. How®) to be independent oy . This is in contrast to the results
ever, we note that no new features or shifts can be seen in tieom NO+CO/Ni{100; where the presence of a precursor
TPD spectra in Figs. (8 and 3b). The absence of shifts state resulted in decreasifg with increasingE+.* Thus our
suggests that the mixetfCO-°CO adlayer is not signifi- results would seem to rule out the existence of the classical
cantly compressed. Also, if the lateral interactions play aprecursor state and consequently the hot-spot mechanism.
critical role one would expect to see preferential displace- A hot precursor, on the other hand, is characteristic of
ment of the more weakly bountfCO. This would result in ~ systems featuring highly corrugated adsorbate-surface poten-
the population of the low temperature TPD state’d@O at  tial energy surface$PES. In this mechanism, a significant
~ 400 K. However, both the high temperature TPD feature agmount of the molecule’s incident energy is converted by the
475 K and the low-temperature shoulder are equally occuconvoluted PES into parallel motion along the surface and/or
pied as seen in Figs. 3, thus providing us strong enougito the rotational and vibrational states of the molecage

evidence against the thermodynamic displacement mech&re the impactin our previous investigation we found that
nism. the CO chemisorption on a clean{RdC}, particularly at low

Dynamic displacement mechanisms are characterized bgr, is dominated by a steering-mediated hot-precursor
the nonthermal manner by which an incident gas phase mokhannef® It is conceivable that a similar hot precursor could
ecule removes surface bound species. Dynamic mechanisratay a role in the efficient’CO displacement. Although the
have been previously associated with the displacement dhermalization of a hot-precursor molecule is slow and the
mostly molecular adsorbates §NCO, and Q) by reactive  €nergy transfer to the lattice at each point of impact is small
atoms(O, N, and H (Refs. 7, 8, 1D although displacement in comparison with the hot spot mechanism, the parallel mo-
by incoming molecules has also been repoPt&dThe details mentum increases the probability of a collision with a nearby
of the energy transfer process are still largely unknown and@dsorbate and thus promotes displacement. Furthermore, un-
several explanations ranging from hot precursors and locdike an approaching CO molecule which will strongly prefer
hot spots to the creation of electron-hole pairs have beefp point its carbon end towards 240t upon adsorption, a
proposed. cartwheeling hot-precursor molecule on top of the CO ad-

The creation of electron-hole pairs in general is known tdayer will inevitably end up in highly unfavourable configu-
require large charge transfers and the formation of the strongitions where the oxygen ends of the two CO molecules
CO chemisorption bond could certainly involve such pro-point towards each other. The resulting mutual repulsion
cesses. Upon CO chemisorption on Pd charge is transferaould certainly further enhance the displacement rate of the
both from molecule’s & orbitals into the surface with con- chemisorbed CO molecules. A similar argument was recently
comitant back donation from the metal inter2 orbitals of ~made by Mder et al. to account for the CO displacement
the CO molecule. In their elegant paper Diékboet al2>  from Ni{100; by NO2 In our opinion, this is the only remain-
employed H and D atoms to distinguish between the effect§ld mechanism that is consistent with our experimental ob-
of electronic nonadiabaticity and hot precursors in the disservations. Therefore, we argue that a hot-precursor mediated
placement of N on R{0001. In their experiments, a differ- Process, similar to the one we previously observed for CO
ent isotopic effect was expected depending on whether thghemisorption on a clean PG, is indeed reponsible for
electron-hole pair creation played an important role or if me-the efficient displacement kinetics seen in Fig. 1.
chanical energy transfgihot spot or hot precursprdomi-
nated. Unfor.tunatelly, relatively he_ayy molecules such as CO V. SUMMARY AND CONCLUSION
render any isotopic effects negligible and thus we cannot
employ Diekhmer’s method to determine the extent of nona- The present study shows that a strong and kinetically
diabatic electronic effects on PA.0. prompt displacement of preadsorb&€O is induced by in-

In both hot-precursor and hot-spot mechanisms the energgident 3CO molecules>CO molecules readily adsorb on
required for displacement is supplied by the thermalization‘*CO/Pd 110 with S,~0.6 eventually displacing the entire
of the incident molecule and these mechanisms essentiallgdlayer. The displacement process is found to be operative
differ only in how fast the thermalization proces€i# local ~ both at low and high incident translational energies of CO.
hot spot is created when the thermalization occurs in a tim@hus, the CO displacement may be an important reaction
scale comparable to the lattice relaxation times. The releasestep on P{L1G and possibly other Pd surfaces under high
energy disrupts the bonds between the surface and the neigbressure reaction conditions. We find the displacement to be
boring adsorbates leading to displacement. dependent on surface temperature which is a result of the
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CO-Pd bond weakening with the increasing surface temperawvould be required. Ideally one should seek to determine the
ture. The activation energy of desorption for CO in an ad-potential energy surface for a CO molecule approaching a
layer is found to decrease from1.1 eV to a mere 44 meV saturated CO/Rd10; surface followed by classical molecu-
in the presence of adsorbing CO. Direct collision inducedar dynamics(see Ref. 29with which the dynamics of the

desorption, thermodynamic displacement, and dynamicadisplacement process could be observed and correlated with
displacement processes such as hot precursors, local hot-sgeé surface electronic structure.

formation and electronic nonadiabaticity are discussed. Hot
precursors possibly combined with nonadiabatic electronic
effects are found to be responsible for the observed displace-
ment phenomenon. In order to further elucidate the role of
the electronic structure and indeed the exact nature of the P.J., M.H., and M.V. wish to acknowledge the Academy of
dynamic displacement mechanism, detailed calculation&inland for financial support.
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