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Physical and chemical properties of high density atomic oxygen
overlayers under ultrahigh vacuum conditions: (1x1)-O/Rh(111)
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In this paper, we elaborate on our previous communication of high coverages of oxygeldi)Rh

[J. Chem. Physl10, 2757(1999]. When dosing with @ half of a monolayer of O is adsorbed.
Higher coverages can be achieved when exposing the surface to O atoms. As the quantity of
adsorbed O increases from a half to a full monolayer, the overlayer structure undergoes several
distinct phase changes. At a full monolayer, thex(Il) - O structure is stable at surface temperatures
less than—~400 K. Continued dosing with O atoms results in the rapid migration of O into the bulk.
We also report on the chemical reactivity of this densely oxygen-covered surface with,Cénd
propene. ©2000 American Institute of PhysidsS0021-9606)0)70404-1]

I. INTRODUCTION produce O atoms. The narrow widths of the He diffraction
features indicate that the O atoms are well-ordered. Using
Knowledge of the interaction of O with metal surfaces iStemperature programmed desorptiéfPD) measurements,
critical for understanding corrosion and catalytic OXidation.Where the temperature of the Crysta| is ramped while moni-
Working under ultrahigh-vacuurfiUHV) conditions allows  toring any reaction products evolved, it was shown that there
for the preparation of well-characterized surfaces, and afis twice as much O deposited on the Rh for thex(i)
fords the use of many tools to investigate any surface propattern as for thé o= 0.5 ML (2x 2) structure. Recent the-

cesses. However, this involves working at gas fluxes muclyetical investigations have concluded that 1 ML of adsorbed
smaller than would exist under the real-world conditions ofq should be stabl® 1 Walteret al*° concluded that there is

high pressure where these reactions normally occur. This ofy yinetic constraint to growing a full monolayer with,O

ten causes kinetically slow or improbable reactions, whichyqging hecause, once the coverage reaches 0.5 ML, the sites
may have significant effects when the reactant pressure (§here g dissociation is energetically favorable are blocked.
several Torr or greater and_the impingement rate is high, _to For surface temperatures belowd00 K, this overlayer
oceur too slowly to be easily observed gnder. UHV Condl'is stable for many minutes. At much higher temperatures, it
tllinfby\éh?rfrrthi prE:iubrli aetxtgri Sllérfiﬁr:isst{ggagﬁéiszsh?@ evident from diffraction measurements that the O coverage
gested by stl.JdiesF,) of CO oxidat?on on 00D .22 Under 9 begins decreasing, due to some oxygen migr_ation iqto the
UHV conditions, the O coverage is less than i.O Ktkono- bulk. For surfa_ce temperatures be_Iow 400 K,_ it is p035|ble to
layen, and the oxidation proceeds by a Langmuir— add more O with continued O dosing. Most, if not all of this

' additional O is absorbed into the bulk. In this paper, we will

Hinshelwood(L—H) mechanism. Ru exhibits the lowest ac- t detailed . ts which ine th th st
tivity of the transition metals studied. However, at pressure%_r,esen etailed experiments which examine the growin, sta-
ility, and reactivity of the high-density (1) oxygen over-

of several Torr and under oxidizing conditions, the rate of
CO, production on Ru at 500 K becomes higher than for@Yer on the RiL11) surface. _
other transition metal surfaces. It has been proposed that a 1 nere may be other methods for growing the dense over-
full monolayer of O adsorbs on R2001 at these pressures, layer Fhan using an atom source._ It has been shown that using
and that the reaction then may proceed by an efficient EleyNO2: instead of @ can produce higher coverages of O under
Rideal (E—R) mechanisnt2 If this were the case, then the UHV conditions on several transition metal surfaces;
rate-limiting step might be the dissociation of molecular oxy-':’t(lll)’12 Pd111,"* and Ru0001.*"*® In the case of
gen on the surface. To study such high-coverage reactioriRd111), there is evidence that at least 1 ML of O is ad-
under UHV conditions, it should be possible to circumventsorbed, but it is not clear how well this overlayer is ordered.
the problem of low fluxes by usingtomicO to overcome the Using a stepped RQ00Y crystal, Parrotet al'” were able
rate-limiting O, dissociation step, and adsorb the higher covto grow 1 ML of adsorbed O after long exposure of the
erage necessary for the E—R reaction. crystal to 10° Torr of O, at a surface temperaturgg
Much is already known about the interaction of O with =300 K. For R0001), a (1X1) phase with®,=1.0 ML
rhodium? Under UHV conditions, dosing a Rhl1) surface has recently been produced under UHV conditionsT at
with O, leads to a saturation coverage ©,=0.5 ML =600 K In this paper, we will discuss our attempts to use
(ML=monolayer is 1.& 10'%cn?).>8In a previous paper, NO, to grow a monolayer of O on the Rtl1) surface. An-
we outlined how we prepared a K11)-O/Rh111) surface’>  other possible route, which we briefly explore, is to use O
To do this, we used a radio-frequency nozzle beam source with high translational energies. If there is an activation bar-
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rier for the dissociative chemisorption of,®n the half- !ll. RESULTS

coverage (X 2)-0O surface, the higher translational energy o syrface structures at 0.5 and 1.0 ML coverage
could overcome the barrier and lead to a higher coverage of

oxygen. Fig_ure_s 1 and 2 show He o_Iiffraction scans taken along

In our lab, the reaction of CO with adsorbed O has beedWO Principal symmetry directions of the surface 8
extensively studied®® For these experiments, the O was =325 K. For the scans taken aftep ®xposure, the surface
deposited by the decomposition of,Gand the coverage was Was prepared by dosing for 20 min =325 K, and then
always less than 0.5 ML. We can now extend these studies 3€fly cooling to 200 K. When dosing with O, the surface
a much higher oxygen coverage regime made possible by th¥2s atTs=325 K when first exposed to the beam, and the
efficient deposition afforded by the atom beam. As already0Sing was continued while the surface was cooled $o
mentioned, it has been suggested that the change in the re-200 K. Starting at the higher temperature prevents H ad-
action kinetics for the oxidation of CO on Ra001) under sorption, and contlnumg as the surface cools minimizes the
high pressures of Os due to the formation of a full mono- @mount of O absorption. FoPo=0.5 ML, the surface is
layer of adsorbed &2 Stampl and Schefflé? have calcu- covered by (1) domains with their axes oriented along
lated that a (X 1)-O/RU0001) overlayer should be stable, different symmetry directions, giving a é<22) d_|ffract|on
and it has recently been observed under UHV conditifns. Pattern. Thus, there are half-order peaks, indicated by the
Stampfl and Scheffler also theoretically investigated the oxiarrows. For thg112) direction, Fig. 1, depositing twice as
dation of CO on the (¥ 1)-O/Ru000)) surface?>?> Their ~ much O clearly results in the disappearance of the half-order
conclusion was that there could be some direct E-R reactioReaks. The angular positions of the diffraction features are
of incoming CO molecules, but only for those having ener-consistent with a commensurate overlag@h—Rh distance
gies well in excess of 1 eV, and with a reaction rate muchof 2.69 A). For the(101) direction, Fig. 2, the half-order
lower than that experimentally observed. They speculate thgieaks are still present after O atom dosing, but are greatly
the initial E-R reaction creates some vacancies in the ovemttenuated. This apparently small residual corrugation is con-
layer, and these can be more readily occupied by CO than aistent with a slight adsorbate-induced buckling of the
O atom from Q decomposition. These CO molecules thenRh(111) surface, a common occurrence for close-packed
react with neighboring O atoms via a L—H mechanism, acmetal surface$? (There is no evidence of this in the elec-
counting for most of the COproduced. tronic structure calculations of Ganduglia-Pirovano and

The behavior of Rh is different than that of Ru. Under Scheffler'?) The diffraction peaks also have distinct satellite
the high pressure, oxidizing conditions at which the Rupeaks in this direction. The position of the principle peaks
shows a much enhanced rate of g@oduction, the rate of indicates a commensurate overlayer, and the position of the
reaction on RHL11) is reduced. However, with the atom satellite peaks near specular are consistent with a superlattice
beam, we can grow a full monolayer of oxygen under UHVstructure with a repeat distance o0 A. The near disap-
conditions and at low temperatures, where the (1lpearance of the half-order diffraction features in both prin-
X 1)-0O/RH111) surface is stable. This temperature is belowciple symmetry directions with the presence of twice as
that where the surface temperature dependent L—H reactianuch O, as measured using TPD, is consistent with the
rate is fast, but a direct process should be relatively insensgrowth of 1 ML after dosing with atomic O.
tive to the surface temperature. This situation suggests a re- The narrow diffraction peaks indicate a well-ordered
gime for examining possible E-R behavior on Rh. overlayer. By comparing the width of the specular reflection

with that of the instrument function, it is possible to estimate
the size of ordered domains, or coherence length, of ad-
II. EXPERIMENT sorbed O% The result for several incident angles gives a

These experiments were performed in a three-moleculaceherence length of between 100 and 200 A This is consis-
beam scattering machine which has been described in detd@nt With the fact that the Rh crystal is miscut by1®,
elsewherd®2We have also previously described the forma-roughly along this azimuth, and that the surface has terraces
tion of (1x 1)-O/Rh(111) using a beam of atomic oxygén. that are~130 A.

Accordingly, only procedures specific to this paper will be
described.

For investigating the reaction of high energy CO with
the O overlayer, a 1% mixture dfCO in H, was used. It
was possible to achieve a mean kinetic energy of 1180 meV  We also investigated the surface structure as a function
when expanded through a nozzle heated to 725 K. At thi®f ® for coverages greater than 0.5 ML when dosing with
temperature, disproportionation was just becoming evidenthe O atom beam &af;=325 K. With continued dosing, the
as shown by the COsignal when measuring the beam di- half-order diffraction peaks present@up=0.5 ML decrease
rectly. H, was chosen as the carrier gas rather than inert He size. However, they grew in again @ip=0.7=0.05 ML.
because of the much higher energies achievable. Thoygh HVe took diffraction spectra at O coverages where the half-
dissociatively adsorbs on the A1) surface, and also re- order intensity exhibited extrema. The results are shown in
acts with low coverages of O at elevated surface tempera-igs. 3 and 4. As expected, there is a<(2) pattern at®,
tures, there was little interference with the experiments re=0.5 ML and a (1X1) at ®,=1.0 ML. For intermediate
ported here. More details will be given with the results. coverages, the narrow diffraction peaks that are present indi-

B. Adsorbed oxygen ordering at coverages between
0.5 and 1.0 ML
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FIG. 1. He diffraction spectra taken along thlal?) azimuth and at three different incident angl&s=20 meV andT,=325K. (a), (b), and(c) are for
0,=0.5 ML, deposited by @dosing. Arrows indicate the positions of the half-order peé&ks.(e), and(f) are for® =1 ML, deposited by O atom dosing.

cate a well-ordered surface. The diffraction scans indicateven when the time at this temperature is less than 30 s. By
the growth of different ordered structures for coverages be400 K, there is a definite attenuation of the diffraction peaks
tween 0.5 and 1.0 ML. These phase changes are not kinetifter 5 min. Between 400 K and 425 K, small half-order
cally limited by the dosing rate, as the same results are segreaks become clear after the 5 min time period. Oxygen does
at different O atom fluxes. For the experiments shown herepot desorb at these temperatures, implicating migration into
the O atom flux was sufficient to reach a coverage®ef the bulk of the Rh crystal.

=0.7£0.05ML in less than 7 min. By reducing the oxygen

backing pressure, we also dosed at a much slower rate, andgt oxygen absorption

took 28 min to reacl® y=0.7+0.05 ML; the intensities of

the half-order peaks showed the same progression. The saturation coverage of O when dosing witi€0.5

ML. Further O can be absorbed, but only slowly B

=325K. This has been measured for temperatures between

400 K and 600 K using a room temperature supersonic beam
To investigate the stability of the ¢(11)-O overlayer as  with a flux of 60 ML/min?® These results were extrapolated

a function of T4, we grew 1.0 ML overlayers at 325 K. to produce the solid line in Fig. 6. As mentioned in the first

These were heated to various temperatures for 5 min anpaper’ we were unable to measure any additional O uptake

then cooled back to 325 K and the diffraction spectrum takerat T,= 325 K with as much as 80 min of continueg &xpo-

and compared with the spectrum taken before heating. Theure after completion of 0.5 ML. That elevated temperatures

normalized results are plotted in Fig. 5 for the specular ancre needed to adsorb O while the crystal is exposed,ts O

1st-order diffraction peaks. When the surface was heated teonsistent with the work of Wideet al?’ At T;=325K. O

525 K, half-order peaks are quite evident in the spectrumgoes not absorb from the 1) overlayer, unless there is

C. Stability of the (1x1)-O/R1(111) overlayer
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FIG. 2. He diffraction spectra taken along t{ﬁﬁ) azimuth and at three different incident anglEss20.1 meV andT¢=325K. (a), (b), and(c) are for
®,=0.5 ML, deposited by ©@dosing. Arrows indicate the positions of the half-order pe&s.(e), and(f) are for® =1 ML, deposited by O atom dosing.

continued exposure of the surface to O atoms. The rate ahuch higher surface temperature than the<x () stability
absorption is dependent both on the surface temperature anggime for Rl111). Using a neat, room temperature NO
the O atom flux. The results for three different fluxes arebeam, we did manage to grow a structure that had a (1
shown in Fig. 6. The surface was first dosed with O atoms ak 1) diffraction pattern and showed the equivalent-et
T,=325K to produce a monolayer coverage. The surfacéVL of O, in the TPD spectrum after exposure of the 400 K
was then exposed for an additional period of time at thesurface for~10 min. The result is shown in Fig. 7, compared
indicated surface temperature. The amount of O in the TPIvith a monolayer grown aff;=325K with the O atom
spectra greater than 1.0 ML was then assigned to the alibeam. Since O from the ¢41) overlayer still does not mi-
sorbed state. grate into the bulk at a rapid rate whég=400K, the exact
We also have evidence that the absorption rate is naime is not critical; unlike with the O atom beam, the NO
constant; after about 0.5 ML has been absorbed, the absorpeam does not load up the bulk very fast at this temperature.
tion rate starts to decrease. This is similar to what PeterlinPresumably, the NOdoes not dissociate as well on an
et al?® saw when using N@dosing; we did not continue the oxygen-covered surface as on the bare(1RHf). With T,
dosing to see if it reached some asymptotic value. =325K or lower, we were unable to deposit a monolayer of
O with NO, even after much longer exposures.
E. Investigations of alternate procedures to produce

high-density O overlayers 2. O, beams with high translational energies

1. NO; With a room temperature £beam (E)~90 meV) we
It has been recently shown that Bl€an be used to grow can only achieve® =0.5ML on the RIf111) surface. We
a monolayer of O on R®001).1° This was done at 600 K, a also dosed the surface using an oxygen beam with higher
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FIG. 3. He diffraction spectra taken along thd12) azimuth, E; FIG. 4. He diffraction spectra taken along th@®11) azimuth, E;
=19.5meV, §,=45°, andT,=325K, after progressively longer exposures =19.6 meV,0;=55°, andT;=325K, after progressively longer exposures

to the O atom beam &ts=325 K. to the O atom beam af,=325K. The tick marks below the spectrum
where ©,=0.7 ML are the expected positions of 1/6-order diffraction
peaks.

translational energy. This was done by making a mixture of
1% O, in He, and expanding at high pressure through a

nozzle heated to 723 K. The mean energy of thenwl- .
ecules in this beam was 530 meV. We dosed the surface ggere was a fraction of a monolayer of absorbed O. Then,

T.=250K and 300 K, and at incident angles 6f=30°, while still dosing with O atoms, the surface was also exposed

45°, and 60°. Assuming 2nd-order Langmuir adsorptionto the mechanically-chopped CO beam. The total waveform

kineticg’® and an initial sticking coefficient of 0.5, the ini- of any scattered or product molecules could then be col-

. . . . lected. ForT,<400K, we were unable to detect any €O
tial increase in coverage was roughly consistent with the es-

. . . . product(a high mass 44 background in our detector makes
timated O flux, but in no case did we achieve oxygen cover- ; . e :
detecting small quantities difficoltHowever, some reaction
ages greater than 0.5 ML.
must have occurred because postexposure TPD spectra
F. Chemical reactivity of (1% 1)-O/Rh(111) §hovyed that very Iltth O was left. The extent of the O deple-
S tion in any period of time was dependent on two factors; the
1. CO oxidation relative fluxes of the CO and O atoms, and the surface tem-
To begin our investigation of the reaction of CO with a perature, with the lower temperatures resulting in the least O
monolayer of O, we used a neat beam of normal abundanagepletion. AtT,=325K and with a relatively intense CO
Co(*%Cct®0), (E)~90meV. The experiments were started beam, we used He diffraction to investigate the surface or-

by growing a (1< 1)-O overlayer, dosing long enough that dering. The (X 1) pattern of the well-ordered O overlayer
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FIG. 5. Comparison of the specular and 1st-order diffraction features for the Gy 12 £ 3
Rh(111) surface initially covered with 1.0 ML of adsorbed O, and then w10 | 3
heated to the indicated temperaturg.is the intensity of the feature at - 3
=325 K, immediately after growing the overlayer with the O atom bdam. = 8 3 E
is the intensity of the feature &,=325K, after heating the surface to the E 6 L 3
indicated temperature for 5 min. Spectra were taken alond 1b&) azi- 2 4E E
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quickly disappeared once the surface was exposed to CO,
with a weaker but still narrow specular feature remaining.
When the QO beam Wa.S SIOPDEd and exposure o th,e ~ atOHb 7. He diffraction spectra taken along tr(alf) azimuth, E;
beam continued, the diffraction pattern at least partially re—50.4 mev,s,=45°, andT.=200 K. The spectrum shown (@) was taken
covered, though with small half-order features. after exposure of the surface to an Nfeam afT ;=400 K. The spectrum
The conclusion is that the (41)-0 isreactive with CO, shown in(b) was taken after growing a monolayer with the O atom beam at
presumably slowly producing GOwhich we are unable to Te=325K.
measure above the detector background. It is important to

note that this was a room temperature beam with an average . .
translational energy ofE)~90meV, without molecules ate directly related to both the relative O atom and CO flux,

having translational energies close to 1 eV, which is Whafa“.1d the surface temperature. Another problem is that CO
Stampfl and Schefflah22 predict is necessary for the reac- sticks to clean R{111) at the surface temperature where the

tion on the densely oxygen-covered Ru. We were unable t&lx 1)-O overlayer is stable. It is possible that as oxygen is

maintain the oxygen coverage under our experimental con-%nsﬁrgfd’kthﬁ] va((:jated t_5|te |?foct<;]up|ed by a CO molecule
ditions. One possibility was that the flux of CO was too greatW Ich blocks the adsorption ot further oxygen.
Though we were unable to adjust conditions to do the

relative to the rather weak O beam. We tried using a room . . . o . .
temperature beam of 20% CO in He. This gives a faster angontinuous dosing experiments originally envisaged, it was
more dilute, beam of CO. The principle findings were es’sen-Sti” possible to investigate the role of CO translational en-

tially the same; no detected G@roduct, but an O depletion ergy. We can measure the initial rate of reaction by measur-
' ’ ing the quantity of adsorbed oxygen after a short exposure to

CO molecules of varying translational energies. We were
also interested in detecting any small amount of reaction
product. Because of the significant detector background at

Of (degrees)

60
: I ' o I I masses 28 and 44, we us&CO seeded with K At the
50 b §’° % H surface temperatures of our experiments, theddes not
a0 b K et £ interfere with CO oxidation; water formation was not ob-
£ e --0--0.047 [ served, nor was there any decrease in the quantity of ad- and
30 | © 0 o absorbed oxygen after exposure to the H

The results for CO exposure are qualitatively summa-
rized in Fig. 8, which shows postreaction TPD spectra for
0O,, CO, and CQ for two different beam energies, 590 and
1180 meV, and surface temperatures, 200 and 325 K. In each
case, the surface was dosed with OTgat 325K until 1.1
ML had been deposited. The surface temperature was then
changed to that indicated, and the surface exposed for a fur-
IFIG- 6. The measure? l;p:;ﬁec:?tse r(;faé)e ftoer n? erlgai ;V:Cfil gn;trgfnalﬂmxongther 30 min to the O and COMfbeams. There was some
;eyr?r;gﬁgrzgsa’ Zssio::vncwith synl:bols, and I{zj\re I:beled with the O ?qu ir):centerllne enrichment of the heavier gas so the beams were
ML/s. The solid line is for the adsorption of O using osing, extrapolated —~370—4% CO. The flux of CO at the crystal was0.02

from the results of PeterlingRef. 26. ML/s for the room temperature beam and.01 ML/s for

[
<

=
<>

Absorption Rate (10° ML/min)

<
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Temperature (K)
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2500 1T T reactivity at both translational energies increases with sur-
2000 ; face temperature; the rate of an E—R reaction should be
- : rather insensitive to the surface temperature. There is no evi-
a 1500 [ dence of a kinetic barrier; the reaction rate is roughly similar
2 . for the two very different translational energies. As men-
o 1000 s tioned earlier, even a CO beam with an average kinetic en-
500 F ergy of 90 meV reacted readily. For surface temperatures
3 ] below 400 K, some CO can stick to the ®fh1) surface’*3!
O oo 700 500 500 1000 1100 1200 That we see clear evidence for adsorbed CO at the surface
Temperature (K) temperatures studied is confirmation of the previously men-
tioned surmise that CO was blocking sites for oxygen ad-
5000 sorption, thus preventing us from doing continuous dosing
£ experiments. On the clean RH1) surface, CQ does not
E 4500 E stick except at cryogenic temperatures. Its presence in the
5 E postreaction TPD spectra at 350—400 K is likely due to its
k= E formation while the surface temperature is ramped. One ex-
T 4000 planation for the presence of CO and £&aks in the TPD
- spectra is that small islands of CO are created within the O
E overlayer; the CQis produced at the edges, where CO and
o — O are in close proximity, and the CO evolves from the center
5 of these islands. We have also seen that th@BD spectra
= 1200 | are altered after reaction, so there is possibly some further
& 1000 F change in the O overlayer. The question we cannot yet an-
w N . el . . . .

N C swer is how the initial CO is deposited. One possibility is
30 800 [ that some CO is trapped in a shallow adsorption well on top
:Q 500 of the O overlayer, from which it could then react. However,

1 one would expect that this mechanism would favor an in-
400 I N I TP Leooo ] creased reaction rate at lower surface temperatures. Another

200 300 400 T5°0 600 7‘;{" 800 900 1000 possibility is that the initial CO could be adsorbed at defects

emperature (K) in the overlayer. Of course, there is also the explanation

FIG. 8. Postreaction TPD spectra fog @), CO (b), and CQ (c) taken after ~Mentioned in the Introduction, where the initial holes in the
exposing the (X 1)-O overlayer simultaneously to O-atoms ali@*®0 for O overlayer are created by high translational energy (

30 min. Curves are labeled by the mean translational energy of the incident. 1 eV) CO molecules via an E-R mechanism. Our results

CO, and the surface temperature at which the exposure took place. are that there is not an appreciable barrier, and the initial

reaction is very sensitive to surface temperature, indicative

; f a L—H mechanism. Once some of the O in the overlayer is
the higher energy beam. The O atom flux wa8.05 ML/s. 0
When the relative fluxes are factored in, the apparenfemoved’ CO can be adsorbed and block the further adsorp-

reaction rate is the same for both translational energies don O.f O SII’I]’]CG.CO b? dnis carbon gnd dc.)vr\]/n., I WO.UId r(1)ot be
T.=325K. The most O is left on the surface whan surprising that it would be unreactive with incoming O at-

=200K with the results for the two beam energies beingoms'

indistinguishable. For both surface temperatures some ad- o

sorbed CO is observed, but only the 325 K surface exposed 2 oxidation

to the room temperature beam evolved much, @@ile the For the reaction with i} O was adsorbed on the surface
surface temperature was ramped. In no case did we obsera¢T,=325K, and then the sample was rapidly heated to 575
any CQ product while the surfaces were exposed to the CCK, where the rate of water formation is rapid. Whéh,
beam. < 0.5 ML, exposure of the surface to,lttads to the imme-

A crude estimate of the upper bound for the reactiondiate evolution of HO, as observed in the mass spectrom-
probability under the most reactive conditions was estimate@ter. At ®o=0.5ML, the water evolution is not as rapid;
using experiments as outlined before, where the quantity afhere is an induction period wherein the rate giOHroduc-

O, in the TPD spectra taken after exposure of the sample ttdon builds to a peak, before rapidly falling off as the O is
O atoms with and without CO exposure was compared. Asdepleted. Whe® 5>0.5 ML, this induction period becomes
suming that the difference is due solely to the-OO reac- progressively longer, and there is less signal at the position
tion, the probability for CO reacting with a preadsorbedof the maximum desorption rate. Whép~1 ML, the H,0O
overlayer of (1X1) oxygen is on the order of 2%. We also evolution is so slow that it is difficult to see the signal above
did an experiment aT =400 K with 1180 meV CO. The the background in the mass spectrometer. This behavior is
only difference between this experiment and those shown imeasonable in all cases if the reaction proceeds by a L—H
Fig. 8 was that there was no G@ the postreaction TPD.  mechanism, where the first step is the dissociative adsorption

These results argue against a diréetR) reaction and of H,, and the dissociative sticking coefficient is much
more for a L—H reaction between coadsorbed reactants. Thagher on the bare Rh surface than on an O overlayer. For
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400 e T T The diffraction measurements do not show any evidence of a
350 F & 3 compressed phase, where the surface coverage of O is
2 S [ 0.5 ML O E i ion i
S300F ! - IMLO 3 greater than 1.0 ML. However, since the absorption is depen-
Zoaso b 3 dent on continued dosing, a rgasonable supposition is that
g 500 E T =325 K 3 extra O atoms are trgnsmntly mcorpt_)rated into the<q_b.

E o E overlayer, thus changing the energetics to favor the migra-
o IS0 E E tion of O into the bulk. Theoretical calculations of
€100 | 1 3 Ganduglia-Pirovano and Schefflérpredict that O will be
S sof 3 readily incorporated into the bulk only when thex1)-O
0 b o NIV i y, 1 overlayer is essentially complete.
0 A50 100 150 200 250 300 350 40 We also found that it was possible to grow thex(1)
L Time (sec) overlayer with NQ but, unlike O atom exposure, only at an
(Propene beam on) elevated surface temperature. The growth is not as fast as

when using O atoms, and leads to a much lower rate of
FIG. 9. Comparison of the t_evolution of the acetone signal produced after theg ,nhsurface O deposition. This is probably due a requirement
exposure of the surface witB,=0.5 and 1.0 ML to propene. The arrow that NO, decomposition take place on the Rh surface, and
indicates the time that propene exposure was begun. . . ’

that all of the sites are effectively blocked as the O coverage

reaches 1.0 ML. We did not succeed in growing a dense
low coverages of O, there are many bare sites on the Rbxygen overlayer using high translational energy r@ol-
surface for the K to dissociatively adsorb before reacting. ecules.
As the quantity of adsorbed O increases, the number of At surface temperatures where it is stable, the (1
empty Rh sites decreases, and the reactivity is low, buk1)-O/Rh111) surface is not inert to CO. The reaction
builds as the number of empty Rh sites increases. When tHakes place much more rapidly at higher surface tempera-
O coverage is high, there is still some reactivity. At thistures, indicative of primarily a L—H reaction between ad-
surface temperature, the absorption rate for adsorbed O 8orbed reactants, rather than the direct E-R mechanism. Us-
becoming appreciable, and this can also open up surfadeg CO beams of varying translational energy, we also found

sites. no evidence of a kinetic barrier to the reaction. It would be
interesting to perform these experiments with Ru, on which
3. Partial oxidation of propene the (1x1)-0 overlayer is apparently stable at much higher

surface temperatures. If experiments could be done at tem-

When a RIi11) surface has 0.5 '\gL of adsorbed O, the peratyres where CO does not coadsorb, it would be possible
surface produces acetone from propeféiese temperature 4 gefinitively measure both the kinetics and reaction dynam-
programmed reaction experiments were done by heating theg CO, production.

coadsorbed reactants, starting from a low surface tempera- 11,4 densely oxygen covered surface modifies the rates at

ture. The experiments shown in Fig. 9 were done in a differy, hich other surface reactions take place. When exposed to

ent manner, by first adsorbing the O, and then exposing thﬁz’ low coverages of oxygen readily produce water, but on
325 K surface to a propene beam. WH8g=0.5ML, ac- o gensely oxygen-covered surface, there is no apparent re-
etone is promptly evolved. Whe@o=1.0ML, there is @  ction. This is likely due to the necessity of having bare Rh
long induction period, though from the area under the curvegjieg for the dissociative chemisorption of the. Aivhen a
approximately twice as much acetone is made. From thg it monolayer of adsorbed oxygen is exposed to a propene

model of Xu and Friend,the reaction requires that the ME- heam, there is nearly instantaneous production of acetone. A
thylene carbon of the propene be bonded to the Rh, while thg,, monolayer of oxygen also produces acetone, but only

2-carbon reacts with the O. The very gradually occurringagier 4 |ong induction period. Again, for the maximum reac-

increase in the reaction rate f@fo=1 ML could be due 10 jon rate, some bare Rh sites are apparently necessary.
the initially very low concentration of exposed surface Rh

sites, which rapidly increase as the reaction proceeds.
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