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The interactions of H,, CO and 0, on Bi-precovered Pt(lll) surfaces have been examined 
using temperature programmed desorption (TPD), Auger electron spectroscopy (AES), X-ray 
photoelectron spectroscopy (XPS), high resolution electron energy loss spectroscopy (HREELS) 

and low energy electron diffraction (LEED). For H, and CO, Bi predominantly acts as a laterally 

dispersed, inert site blocker. Oxygen adsorption on Bi/Pt(lll) surfaces is considerably more 
complex, with significant enhancement of 0, dissociation at 100 K for both low ( < 5 L) and 

higher 0, exposures. The data for CO and oxygen coadsorption with Bi is further examined to 
give some insight into the nature of lateral interactions in these adlayers. Electronic influences of 

Bi on adsorption energies are observed, but these are small in magnitude ( 5 1 kcal/mol). 

1. Introduction 

Adding a second metal to a monometallic catalyst can often result in 
improved activity or selectivity. The beneficial effect of the second metal is 
generally ascribed [l-4] to either: (1) electronic (ligand) effects, whereby 
interactions with the second metal alter the electronic properties of the atoms 
of the original metal, or (2) ensemble (site-size) effects, whereby dilution with 
a second (often less reactive) metal decreases the average size of the available 
ensembles of contiguous active metal sites at the surface, thus selectively 
poisoning undesirable reactions requiring larger ensembles of active sites. 
Separating and quantifying the relative importance of these two effects upon 
adding a second metal can be very difficult and remains as one of the 
challenges in understanding bimetallic surface chemistry and catalysis. 

We have been involved in a continuing effort to separate and study 
ensemble effects in the absence of significant electronic interactions at bi- 
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metallic surfaces [5-81. The thrust of this work has been to randomly mask 
sites on an active metal surface, Pt(lll), by vapor depositing a second, inert 

metal (e.g. Ag, Cu or Bi), and then to measure how the masking metal poisons 
the chemisorption of simple molecules (e.g. H,, O,, CO, C,H,). The masking 

metal is chosen to have similar electronegativity to platinum, thus (hopefully) 
minimizing any electronic influences. We have pointed out that Bi has certain 

advantages over Ag and Cu as a masking agent since the latter tend to cluster 
into two-dimensional islands on the surface leaving large regions of clean 

Pt(ll1) [5-71. On the other hand, Bi tends to disperse more uniformly across 
the surface due to lateral Bi-Bi repulsive interactions [7]. In addition, Bi itself 

is very inert for chemisorption of many chemically interesting small molecules 
and has an electronegativity similar to Pt. Thus, Bi appears to be an ideal 

masking agent for isolating and studying ensemble effects in chemisorption. 
Unfortunately, the addition of Bi to Pt(ll1) causes a substantial work function 
decrease, suggesting that the Bi-Pt chemisorption bond is - 19% as ionic as 
the K-Pt chemisorption bond at low coverages [7]. It is well-known that 

potassium, when adsorbed on Pt, significantly alters by either direct or 
indirect electronic effects the chemisorption of small molecules [9-151. Thus, 
there is some concern that Bi adsorbed on Pt surfaces might also have 
electronic effects on chemisorption, making the interpretation of ensemble 
effects less clear. 

In the present study, we investigate the interactions of H,, CO, and 0, and 

Bi-precovered Pt(lll), using a combination of AES, XPS, TPD, LEED and 
HREELS. Some of the TPD results have been summarized in preliminary 
communications [l&17], and more comprehensive results are presented here. 
In addition, new LEED, XPS and HREELS results are presented which allow 
new conclusions about the adsorbate binding site and energy, and the nature 

of lateral interactions between the Bi adatoms and the coadsorbates. Our 
conclusion is that Bi does act largely as an inert site-blocker for H, and CO 
adsorption on Pt(lll), which very little alteration of the coadsorbate chemi- 
sorption bond strength. However, Bi adatoms substantially alter the interac- 
tion of 0, with Pt(ll1) such that the activation energy for 0, dissociation is 

decreased. 

2. Experimental 

The data were collected in several different laboratories. The initial TPD, 
LEED, Auger electron spectroscopy (AES), and work function change (A+) 
measurements were recorded at Los Alamos National Laboratory. The 
HREELS data, as well as additional TPD, LEED and AES data were recorded 
at the University of Colorado. The XPS data were taken at Indiana University 
using an experimental arrangement described in a forthcoming publication 
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[18]. The experimental arrangements used at LANL [19] and CU [12,20] have 
been previously reported. Preparation and cleaning of the Pt(ll1) surfaces was 
achieved using conventional methods and surface cleanliness was checked as 
in previous studies [5]. The Bi vapor-deposition technique and coverage 
calibration are described elsewhere [7,8]. Briefly summarizing, Bi coverage was 
ascertained using Bi TPD in conjunction with AES and LEED. Bismuth 
deposition was done both by depositing a bismuth multilayer and annealing 
the surface to the desired coverage, and by direct deposition of the desired 
coverage at 500 K. No differences were observed between Bi overlayers 
prepared by the two techniques. Saturation coverage of Bi is taken as 0.56 ML 
relative to the Pt(ll1) surface atom density and is equal to 8.4 x 1014 
atoms/cm*. This coverage is based upon a proposed model [7] for the Bi 
overlayer that produces a p(4 X 4) LEED pattern. Hydrogen exposures were 
corrected using an ion gauge sensitivity factor of 0.44 relative to N, [21]. The 
H, (> 99.999%) CO (99.99%) and 0, (99.995%) were of research grade 
purity. One Langmuir unit (L) equals lop6 Torr . s. 

3. Results 

3.1. Chemisorption of H, 

In fig. 1 the TPD traces for a 200 L exposure of H, at 150 K to Bi/Pt(lll) 
surfaces are shown as a function of Bi precoverage. The TPD spectrum for the 
Pt(ll1) surface ( BBi = 0) is identical to that for a 500 L exposure, indicating 
that this is a saturation exposure. The TPD traces have been corrected for a 
constant residual signal (- 20%) due to H, desorption from the clean edges of 
the Pt(ll1) crystal following a saturation H, exposure. The associative desorp- 
tion of hydrogen adatoms from a hydrogen saturated Pt(ll1) surface occurs in 
two distinguishable peaks: a low temperature shoulder (- 250 K) labeled p, 
and a higher temperature major peak (310 K) labeled &. 

The H, TPD spectrum in fig. 1 for the Pt(ll1) surface is in good agreement 
with spectra that we obtained independently from another Pt(ll1) crystal [15], 
but differ from some previous H, TPD results reported in the literature 
[22,23]. Those other spectra showed a larger & peak, extending to significantly 
lower temperatures at the onset (- 170 K) [22,23]. Upon sputtering our 
Pt(ll1) crystal, we were able to significantly increase the population of this 
low temperature & peak and also populate some higher temperature states. 
We propose that an increase in the population of the fl, peak over that shown 
in fig. 1 could be due to increased concentrations of defect sites on other 
Pt(ll1) surfaces, consistent with a similar explanation offered previously by 
Poelsema et al. [24] whose H, desorption profiles are consistent with ours. 
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Fig. 1. H, thermal desorption resulting from a saturation exposure (200 L) of H, at 150 K as a 
function of Bi precoverage. The TPD spectra have been corrected for residual H, desorption from 

the crystal edges. The heating rate was 11.3 K s-l. 

Since hydrogen does not adsorb on Bi [19], the areas of the H, TPD curves 
reflect the saturation amount of hydrogen adatoms due to II2 dissociation on 
the surface. Fig. 1 shows that the hydrogen coverage is attenuated rapidly as a 
function of Bi precoverage. In addition, fig. 1 shows that the & peak of 
hydrogen is more rapidly attenuated than the & peak at very low coverages of 
Bi (6ai < 0.05). This behaviour is also observed for Cu [5] and Ag [6] dosed 
Pt( 111) surfaces. 

We conclude from fig. 1 that Bi is mainly acting as an inert site-blocker for 
hydrogen adsorption. The nearly invariant position of the &-H, desorption 
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peak as a function of 8ai is much different in behavior than observed in 
similar studies using coadsorbed potassium [11,15] where the desorption peak 
temperature shifts by 100-200 K. If one assumes a relatively constant pre- 
exponential factor, the lack of a substantial shift of the H, TPD peak 
maximum for a saturation exposure on Bi/Pt(lll) surfaces indicates that little 
change occurs in the desorption energy or heat of adsorption of H, due to 
coadsorption with Bi. Since the TPD peak maximum shifts to lower tempera- 
ture with increasing hydrogen coverage [22], perhaps a better measure of the 
influence of Bi is in experiments recorded with the same amount of H, 
desorption. The H, TPD maximum was 348 K for an H, exposure on clean 
Pt(ll1) which gave the same H, peak area as that shown in fig. 1 for 
erii = 0.25. The latter peak occurs at 323 K. Using the kinetic analysis from ref. 
[22], this suggests that Bi causes a slight decrease (- 7% or 0.7 kcal/mol) in 
the activation energy of desorption, and hence the heat of adsorption, of 
hydrogen. Thus, Bi does not interact directly with coadsorbed hydrogen 
adatoms nor strongly alter the Pt electronic structure to greatly affect the 
strength of H, chemisorptive bonding interactions. 

3.2. Chemisorption of CO 

The interaction of CO with Bi-precovered Pt(ll1) has been studied previ- 
ously using TPD [16]. We have re-examined this system with a combination of 
TPD and HREELS. HREELS data is critical to distinguish the binding sites 
for adsorbed CO. TPD spectra following increasing CO exposures to clean 
Pt(ll1) at 120 K are shown in fig. 2A. These are in good agreement with 
previous work [16]. Note that there is very little desorption at - 450 K, which 
confirms that our Pt(ll1) surface is fairly defect-free [25]. Our HREELS 
spectrum for a 2 L CO exposure to clean Pt(ll1) at 120 K is shown in fig. 3a. 
The integrated areas of the TPD spectra a and b in fig. 2A show that a 2 L 
exposure gives a coverage - 85% of saturation or &., z 0.50. The HREELS 
2105 cm-‘/1855 cm-’ peak height ratio and c(4 X 2) LEED pattern are 
consistent with results for 8,, = 0.50 of Steininger et al. [26]. Energy losses at 
475 and 2105 cm-’ correspond to Pt-C and C-O stretching modes for CO 
adsorbed in atop sites. At low CO exposures, these sites are populated 
exclusively [26] and give rise to the high temperature portion of the TPD 
spectra (> 425 K). Losses at 395 and 1855 cm-’ are due to CO adsorbed in 
bridge sites. These sites are populated only at higher exposures [26] and 
correspond to the low temperature (< 425 K) portion of the TPD spectra. 

The TPD spectra following near saturation (2 L) exposures of CO to 
Bi-precovered Pt(ll1) at 120 K are shown in fig. 2B. These results are very 
similar to those in a preliminary report [16], although these spectra were taken 
with a different Pt crystal. In the present case, we have not subtracted out the 
CO desorption due to the clean edges of the Pt(ll1) crystal, which gives rise to 
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Fig. 2. (A) CO thermal desorption resulting from CO exposures of (a) 4 L, (b) 2 L, (c) 1 L, (d) 0.5 
L, (e) 0.2 L, (f) 0.1 L, (g) 0.05 L, and (h) 0.02 L. (B) CO thermal desorption resulting from a near 

saturation exposure (2 L) of CO as a function of Bi precoverage on Pt(ll1) at 120 K; 8, = (a) 0, 

(b) 0.04, (c) 0.12, (d) 0.16, (e) 0.23, (f) 0.29, (g) 0.31, and (h) 2 0.38. The TPD spectra have not 

been corrected for residual CO desorption from tbe crystal edges. The heating rate was 17 K s-t. 

the background seen in curve h of fig. 2B. This background desorption of CO 
was not masked by even the highest Bi coverages, since the Bi did not cover 
the edges of the sample, Also, later experiments with an apertured mass 
spectrometer did not show this background CO desorption. 

As can be seen in fig. 2B, the addition of Bi to Pt(ll1) rapidly suppresses 
the high temperature (> 425 K) part of the CO peak in TPD. By 8ai = 0.23, 
only a narrow peak at - 390 K is observed. This peak decreases in intensity 
and shifts by - 25 K to higher temperature as 8ni increases further. By 
Bsi 2 0.38, all CO adsorption has been suppressed, except that due to the edges 
of the crystal (fig. 2B, curve h). Analysis of the TPD peak maxima by the 
Redhead method and using vr = 1.4 X 1014 s-* ([27] independent of 8ai), 
indicates that the desorption energy (averaged over both states) is decreased 
from 27.0 kcal mol-’ on the Pt(ll1) surface to 25.7 kcal mol-’ for Bni = 0.12, 
and then increases back to the CO/Pt(lll) value of 27.0 kcal mol-’ for 
Bai = 0.31. 
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Fig. 3. HREELS spectra of CO adsorbed on Bi/Pt(lll) at 120 K after a near saturation exposure 

(2 L) of CO as a function of Bi precoverage, where Bai = (a) 0, (b) 0.04, (c) 0.12, (d) 0.16. (e) 0.23, 

(f) 0.29, (g) 0.31, and (h) 2 0.38. 

In a preliminary report [16], these results were tentatively ascribed to a 
rapid blocking by Bi of the atop site CO (which desorbs above 425 K) 
followed by a slower poisoning of the bridge-site CO (which desorbs below 
425 K). As we will see below, the HREELS data do not support this model 
and a modified explanation for the narrowing and shift of the CO TPD 
spectrum will be required. 

The influence of preadsorbed Bi upon the CO coverage (obtained from the 
CO TPD peak areas) for a 2 L exposure on Bi/Pt(lll) at 120 K is shown in 
fig. 4. The residual Pt(ll1) crystal edge desorption background, fig. 2B curve 
h, was subtracted from all of the spectra to obtain the CO coverage given in 
this plot. These results agree qualitatively with those presented previously [16], 
and show that the CO chemisorption capacity decays linearly with 8,;. We 
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Fig. 4. Plot of CO coverage as a function of Bi precoverage, obtained from the integrated areas of 
the CO TPD curves of fig. 2B. 

find that CO adsorption is completely suppressed at t9,i = 0.38, while previous 
work obtained a value of 8ai = 0.45. This discrepancy may be due to dif- 
ferences in calibration of esi, the exposures used (2 L at 110 K versus 5 L at 
275 K), or slight differences in the crystal surfaces. 

The influence of Bi precoverage upon the HREELS spectrum for a near 
saturation (2 L) CO exposure to Bi/Pt(lll) at 120 K is shown in fig. 3. The 
HREELS spectrum from clean Pt(ll1) is featureless, except for a peak at 
- 590 cm-‘. This peak, seen also in fig. 3h, is due to an instrumental artifact, 
which was removed in spectra obtained at a later time. As can be seen, the 
spectra show only a decrease in intensity and a shift of the C-O stretching 
modes to lower frequencies. The C-O stretching frequency (vco) of CO 
adsorbed in atop sites shows a gradual shift of 75 cm-’ to lower frequency 
over the entire Bi coverage range, with no change in the Pt-C stretching 
frequency. The shift of “co for CO adsorbed in bridge sites, however, appears 
to be much greater, shifting - 200 cm-’ to lower frequency over the entire Bi 
coverage range. As we will discuss below, this may be due to the presence at 
high f?ai of unresolved peaks for CO in both two-fold bridge sites (- 1800 
cm-‘) and newly populated three-fold hollow sites (- 1640 cm-‘). The Pt-C 
stretch at 395 cm-’ of the bridge-bonded CO is unresolvable by BBi = 0.04. 

If one assumes that the oscillator strength of CO adsorbed in the bridge 
and atop sites is the same [26-291, the relative intensities of the two HREELS 
peaks will give the relative population of the two sites. This is a reasonable 
assumption for &, < 0.50, but above this coverage this assumption may not 
be valid [28]. It should also be pointed out that we have successfully correlated 
the attenuation of the total (sum) intensity of the two vco loss peaks with the 
decrease in the total population of the two adsorption states as determined by 
TPD. By looking at the intensities of the two +o loss peaks it appears that 
atop-site CO is always present in greater concentration than bridge-site CO, 
which might be expected due to the larger heat of adsorption of CO in atop 
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Fig. 5. Plot of the intensity ratios of the atop site q. mode to the total (atop plus bridge) vco 
mode intensity in HREELS as a function of CO coverage for both the Bi precovered Pt(lll) 

surface (m) and the clean Pt(ll1) surface (0). CO/Pt(lll) data were taken from ref. 1251. 

sites on Pt(ll1). The ratio of the intensity of the atop-site pco loss peak to the 
total vco loss intensity (atop + bridge) is plotted as a function of 8,, in fig. 5 
from the HREELS data of fig. 3. The top axis in this figure is the CO coverage 
appropriate for each 8,j (taken from fig. 4). For comparison, we have also 
shown in fig. 5 how the atop : total q. loss intensity ratio changes as a 
function of CO coverage in the absence of preadsorbed Bi, taken from the 
data of Steninger et al. [26] for clean Pt(ll1). On the Pt(ll1) surface, the 
atop : total intensity ratio increases with decreasing CO coverage due to the 
decrease in the population of the bridge site at low CO coverages. This ratio 
eventually goes to unity below S,, = 0.17 as the bridge site is no longer 
populated. On the Bi-precovered Pt(ll1) surface, the atop : total ratio is fairly 
constant. Thus, it appears that the populations of these two sites both decrease 
uniformly as the CO coverage is decreased due to increasing Bi precoverages. 

A preliminary LEED study has also been done. For Bi/Pt(lll) a sharp 
p(2 x 2) LEED pattern is observed at dBi = 0.25. If this surface is then 
exposed at 275 K to CO (> 5 L) the LEED pattern obtained at 100 K showed 
diffuse half-order spots characteristic of a p(2 X 2) pattern and, in addition, 
intense and sharp spots appeared at the (6 x &)R30” positions. 

3.3. Chemisorption of 0, 

TPD curves for 5 L exposures of OZ to Bi/Pt(lll) surface at 100 K are 
shown in fig. 6 for various precoverages of Bi. In the absence of coadsorbed 
Bi, a 5 L exposure is sufficient to achieve a saturation coverage of adsorbed 
oxygen. The thermal desorption of 0, from Pt(ll1) is characterized by two 
peaks: a low temperature peak occurring at 170 K due to first-order desorp- 
tion from a molecularly adsorbed state, and a high temperature peak occurring 
over the temperature range 600-800 K due to second-order desorption of an 
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Fig. 6. 0, thermal desorption resulting from a 5 L exposure of 0, to Pt(ll1) at 100 K as a 
function of Bi precoverage. The TPD spectra have not been corrected for residual 0, desorption 
from the crystal edges. The heating rate was 16.3 K SC’ from 100 to 250 K and 19.2 K s-l from 

500 to 900 K. 

atomically adsorbed oxygen state, as reported by previous workers [30-321. 
The desorption peak temperature for the molecular Oz peak shifts to lower 
temperature by only 10 K as Bi is added, implying only a very small decrease 
( - 0.6 kcal mol-‘) in the adsorption energy of molecularly adsorbed 0,. 
However, the high temperature desorption peak which is due to atomically 
adsorbed oxygen recombining to form Oz., does undergo peak shape changes 
with increasing Bi coverage. Despite the decrease in total oxygen adsorption as 
8ai increases, the ratio of the area of the high temperature 0, desorption peak 
to that of the low temperature Oz desorption peak increases dramatically as 
t9ai increases. These ratios are plotted in ref. [16]. This observation suggests 
that the activation energy for dissociating molecularly adsorbed 0, is lowered 
as Bai increases (see below). 

In order to better understand the interaction of 0, with Bi/Pt(lll) surfaces, 
we have made a more detailed examination of 0, adsorption on Bi/Pt(lll) 
surfaces at larger 0, exposures using TPD, LEED, HREELS, and XPS. A 
series of experiments were conducted with various Bi precoverages ( 8ai I 0.25) 
using 0, exposures of 0.2-50 L. The 0, TPD data for Bai = 0.25 are shown in 
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Fig. 7. 0, thermal desorption from a Bi precovered (6,; = 0.25) Pt(ll1) surface as a function of 

increasing oxygen exposure. The TPD spectra have not been corrected for residual 0, desorption 

from the crystal edges. The heating rate was 10.9 K SC’ from 100 to 250 K and 18.7 K SC’ from 

500 to 900 K. 

fig. 7. At this Bi coverage the low temperature desorption peak due to 
molecularly adsorbed 0, is almost absent. The high temperature 0, desorp- 
tion peak undergoes a large increase in intensity and two new states appear in 
the TPD data as the exposure is increased from 5 to 50 L. The TPD data of 
fig. 7 have been integrated and are shown plotted versus 0, exposure at 100 K 
in fig. 8. Also plotted in fig. 8 are data for oxygen desorption from Pt(ll1). 
The oxygen coverage scale is calibrated using well-established values for the 
saturation coverage of molecular oxygen on Pt(ll1) at 100 K of 6 X 1014 
molecules cm- * [30,31] and of an atomically adsorbed oxygen adlayer formed 
from an 0, exposure exhibiting a p(2 X 2) LEED structure of 3.8 X lOI atoms 
cm-* (Bo = 0.25; produced after warming the prior surface to 300 K [30,31]). 
The CySlO eV)/Pt(237 eV) AES peak-to-peak height ratio for this p(2 X 2) 
atomically adsorbed oxygen surface layer on Pt(ll1) was measured to be 0.20. 
The oxygen AES signal increased by 2.0-2.5 times over the (2 X 2)-O signal 
after dosing the Bi precovered surface (8ai = 0.25) with 50 L of oxygen, 
indicating an absolute coverage of Bo = 0.50-0.63 (oxygen atoms per Pt 
surface atom). 
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Fig. 8. Integrated Oz TPD data from a Bi precovered ( f7ai = 0.25) Pt(ll1) surface as a function of 
oxygen exposure at 110 K. The symbols correspond to the TPD areas for Pt(ll1) for the low 

temperature molecular oxygen desorption state (0) and the high temperature desorption state due 

to atomically adsorbed oxygen (O), and for the TPD areas from the Bai = 0.25 precovered Pt(ll1) 

surface for the high temperature desorption state due to atomically adsorbed oxygen (m). 

The HREELS spectra of 5 L of Oz adsorbed on Pt(ll1) at 100 K with 
various precoverages of bismuth are shown in fig. 9. For these curves, the 
HREELS spectrum of clean Pt(ll1) shows no discreet loss peaks (the artifact 
in fig, 3 is not present). For a saturation coverage of oxygen adsorbed on 
Pt(ll1) at 100 K, the HREELS spectrum has loss peaks at 685 and 865 cm-‘, 
due to a peroxy-type molecular 0, species, in good accord with previously 
published spectra [31,32]. The peak at 460 cm-’ is due to the.Pt-C stretch of 
contaminant CO. The weak loss peak that occurs between 370 and 390 cm-’ 
[31,32] due to the hindered rotation of the peroxy-type molecular 0, species 
was not resolved. The HREELS spectrum (not shown) for a saturation 
coverage of atomic oxygen on clean Pt(ll1) gave a prominent energy loss peak 
at 470 cm-‘, also in good accord with previously published work [31,32]. For a 
small bismuth precoverage, BBi = 0.06, there is a substantial decrease in the 
intensity of the molecular oxygen stretching mode, V~_~, at 865 cm-’ accom- 
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Fig. 9. HREELS spectra for a 5 L 0, exposure to Bi/Pt(lll) at 100 K as a function of Bi 
precoverage. 

panied by a decrease in frequency to 835 cm-‘. The metal-oxygen stretching 

mode, ypt-o due to adsorbed 0 atoms is now prominent at 430 cm-‘. Above 
a,, = 0.18 there is no evidence in the HREELS spectrum for the adsorption of 
any molecular oxygen species, as determined by the absence of a ~o_~ loss 
peak. Annealing this surface to room temperature causes only a small shift of 
the prominent metal-oxygen loss peak to 395 cm-‘. 

XPS spectra were also recorded of the O,/Bi/Pt(lll) system and are 
shown in fig. 10. Spectra in fig. 10a show the O(ls) region after a 4.7 L 0, dose 
at 100 K on Pt(ll1) and after flashing to 197 K to remove O,,,. Also shown is 
the background spectrum after flashing to 873 K to remove 0,. Spectra were 
also recorded similarly at BBi = 0.047 (fig. lob) and 0.07 (fig. 10~). It is clear 
that on the Pt(ll1) surface, 0, is formed only during the flash to 197 K, as 
reported in previous studies [30,32]. The positions of the O(ls) peaks for O,,, 
(531.6 eV) and 0, (530.0 eV) are in reasonable agreement with previous results 
[33]. On the Bi-predosed surfaces, the intensity at 529-530 eV BE shows that 
about 60% of the 0, seen after flashing to 197 K is already formed by 100 K. 
Some Oz, is still on the surface at eBi = 0.07 at 100 K, as indicated by both 
the HREELS and XPS spectra, however, some O,,, converts to 0, during the 
flash to 197 K, as evidenced by the increased intensity near 530 eV BE. 
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Fig. 10. XPS spectra of the O(ls) region for a 4.7 L 0, exposure to Bi/Pt(lll) at 100 K as 
function of Bi precoverage. A spectrum of the background (- - -), the surface as dosed at 100 

K (. . . . .) and the surface after an anneal to 197 K ( -) is shown for each Bi precoverage. 
The spectra are referenced to a BE of 70.9 eV for the 4f,,, transition of clean Pt(ll1). 

The low-resolution electron energy loss spectrum (ELS) of Bi shows well- 
known losses at - 24 and 27 eV, due to the Bi 5d,,, and BiSd,,, levels, 
which have strong energy shifts of up to - 2 eV upon oxidation of bismuth 
[19]. No shift in these levels was observed after dosing I 5 L oxygen to the 
Bi/Pt(lll) surface, or subsequently heating this to above room temperature. 
This supports a model where no chemical bond is formed between bismuth 
and oxygen on the surface, at least for c 5 L of Oz. The ELS data is also 
consistent with the relatively small influences of bismuth on the 0, TPD peak 
temperatures, and the LEED results below. 

LEED patterns were recorded of the Bi/Pt(lll) surface before and after 
oxygen exposures and are shown in fig. 11. In figs. lla (EP = 55 eV) and llb 
( Ep = 152 eV) LEED photos of the Bi/Pt(lll) surface at 100 K clearly show 
the sharp, intense p(2 X 2) pattern consistent with flBi = 0.25. The surface was 
then given a 50 L Oz exposure at 100 K, heated to 300 K and then retooled to 
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Fig. 11. LEED patterns obtained from a Bi precovered (@a, = 0.25) Pt(ll1) surface at 110 K prior 

to 0, adsorption (a,b) and after exposing to 50 L of 0, at 100 K and annealing to 300 K (c,d). 

The incident electron beam energies were 5.5 eV for (a,~). and 142 eV for (b,d). The (0,l) spots are 

denoted by an arrow. 

100 K. The LEED patterns in figs. llc (I& = 55 eV) and lid (I$, = 152 eV) 
show diffuse half-order spots characteristic of a p(2 X 2) pattern and in 
addition intense, sharp spots now appear at the (6 x fi)R30° positions. 
The difference in spot widths proves that these spots are due to separate 
phases of p(2 x 2) and (& x fi)R30 0 structures, and not some single adlayer 
structure. The surface was then heated to - 800 K in order to desorb all of the 
oxygen. Examination by LEED after retooling to 100 K revealed that the 
Bi/Pt(lll) surface was still the sharp, intense p(2 X 2) pattern characteristic of 
the original Bi overlayer. AES indicated no loss of Bi following oxygen 
desorption. 

As a final note, the change in work function (A+) with respect to the 
Pt(lf1) surface was also monitored during the high oxygen exposure experi- 
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ments. For a Pt(ll1) surface with dai = 0.15 and no adsorbed oxygen, a 
decrease of 1.35 eV in work function was observed. After dosing this surface 
with 50 L of 0, and annealing to 300 K, the work function decrease from the 
Pt(ll1) surface was 0.98 eV. The increase in the work function of 0.37 eV 
associated with oxygen adsorption indicates that the oxygen adatoms are 
located on the surface, and not in subsurface sites. 

4. Discussion 

Bi adatoms can be used as inert site-blocking agents in coadsorption 
experiments to probe adsorption and reaction ensemble size requirements on 
metal surfaces. The steric site-blocking of H,, CO and 0, adsorption on 
Bi/Pt(lll) surfaces has been previously modeled using Monte Carlo methods 
[17], in an attempt to determine the adsorption ensemble sizes for these 
adsorbates on Pt(ll1) surfaces. The attenuation of H, adsorption was mod- 
eled [16,17] by assuming that each Bi atom blocks four adsorption sites for 
hydrogen, with one Pt atom required for each hydrogen adsorption site. The 
linear decay of CO adsorption as a function of Bi precoverage was modeled by 
assuming each Bi adatom blocks about two Pt atoms, and that only one or two 
Pt atoms are required to chemisorb a CO molecule [16,17]. The decrease in the 
total oxygen adsorption (equal to the sum of the areas of the molecular and 
atomic oxygen desorption peaks) versus 8,i was modeled by assuming an 
ensemble of two neighboring Pt atoms are required for molecular 0, adsorp- 
tion, where each Bi adatom masks four Pt atoms [17]. From the H, and CO 
thermal desorption measurements in figs. 1 and 2, it is obvious that the 
changes in electronic structure of the Pt surface atoms brought about by the 
addition of Bi to the surface are very minimal with regard to H, and CO 
chemisorption bond energetics. This is to be contrasted with the large effect 
that alkali metal adatoms, such as potassium, have on the adsorption energet- 
its of H, [11,15] and CO [9] on similarly chemically modified surfaces. Thus, 
bismuth adatoms can act predominantly as inert site-blockers for the dissocia- 
tive adsorption of H, and adsorption of CO. In contrast, Bi adatoms signifi- 
cantly alter the chemistry of Oz with the Pt(ll1) surface by decreasing the 
activation energy for 0, dissociation. 

In addition to directly showing the effects of Bi adatoms on the coadsor- 
bate bond energetics using TPD, new information has been presented in this 
paper which allows some insight into the nature of lateral interactions between 
the Bi adatoms and coadsorbed CO and 0,. It is clear from this work, that 
bismuth adatoms influence the chemisorption of CO and 0, on Pt(ll1) in a 
more complex manner than a simple site-blocking model would allow. Bi has a 
definite influence on the occupation of CO binding sites, and Bi has a strong 
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role assisting the dissociation of 0, on the Pt(ll1) surface. This information 
will now be discussed in turn. 

The amount of CO adsorbed on the surface decreases linearly as the 
bismuth coverage is increased. Initially, in the absence of any significant 
electronic effects due to coadsorbed Bi, one might expect changes in CO 
adsorption and desorption behavior as a function of preadsorbed Bi to follow 
closely those changes that occur with changing CO coverage on the Pt(ll1) 
surface. Both TPD and HREELS data provide evidence that preadsorbed Bi 
alters CO adsorption beyond that predicted. for a simple reduction in CO 
coverage. We consider here three effects of Bi preadsorption on CO adsorption 
and desorption on Bi/Pt(lll). First, there is a shift to lower temperatures and 
narrowing of the CO TPD peak. Secondly, an increase occurs in the relative 
population of bridge-bonded CO at a given total coverage of CO. For 
example, bridge-bonded CO accounts for 40% of the adsorbed CO for 8,, = 0.1 
on a Pt(ll1) surface precovered with BBi = 0.3, while the atop sites are 
exclusively populated for 8 - 0.1 on Pt(ll1). And finally, a shift to lower 
frequencies occurs for the? - e. modes of CO adsorbed in both sites, but 
especially for the bridge-bonded species. For 19,~ > 0.16, the low frequency vco 
mode of CO shifts by almost 200 cm-’ to lower frequency. These changes 
could be attributed to several factors, including a change in adsorption site. A 
correct interpretation hinges on the knowledge of the lateral dispersion of the 
CO and Bi adlayers, which is not currently well-understood. We will consider 
two cases of the lateral dispersion of CO and Bi and how they might help 
explain the observed effects of Bi on CO adsorption: (1) segregated domains 
of CO and Bi, and (2) an intermixed adlayer of CO and Bi. 

Coadsorbed CO and Bi could exist in segregated domains. Although a 
careful LEED study has not been done, there is evidence that the LEED 
pattern changes upon CO coadsorption, possibly due to formation of segre- 
gated domains of CO and Bi. In this case, the CO has a much higher local 
coverage in segregated domains of CO than would be expected, possibly even 
saturating microdomains on the exposed Pt(ll1) surface. Thus, HREELS 
spectra for coadsorbed CO and Bi should be similar to that of saturation CO 
coverage on the clean surface, independent of BBi. The narrowing and shift to 
lower temperatures induced in the CO TPD spectra by small additions of Bi 
can then be explained by an increase in the population of CO adsorbed in 
bridge sites for a given CO total coverage. However, within this framework of 
segregated domains, we are unable to explain the observed shift in vco for 
coadsorbed CO and Bi and also the observed changes in the desorption energy 
of CO adsorbed in atop sites due to changing oBi. 

The alternate possibility for the structure of the coadsorbed adlayer is that 
the CO and Bi are intimately mixed. On the Pt(ll1) surface, the adsorption 
energies of CO adsorbed in bridge and atop sites were calculated to be 25 and 
29 kcal mol-‘, respectively. The CO TPD peak, which is due to both CO 
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states, narrows and shifts to lower temperatures upon coadsorption with Bi. 
Originally it was suggested [7] that the decreased peak temperature and 
narrowing of the CO thermal desorption spectra due to Bi coadsorption was 
due to a preferential blocking of the atop site by Bi at low Bi precoverages. 
However, HREELS indicates that the relative population of the two adsorp- 
tion sites remains the same with increasing Bi precoverage. Thus, another 
explanation is required for the effects observed in the CO TPD spectra. We 
propose.that Bi has essentially no effect on the bridge-bonded CO adsorption 
energy and a small, but a noticeable effect on the adsorption energy of 
atop-site CO, decreasing it from 29 to 25 kcal mol-‘. This small decrease in 
CO adsorption energy is most likely due to direct CO-Bi repulsive interac- 
tions, similar to that observed due to CO-CO repulsive interactions at high 
CO coverages on Pt(ll1). On Pt(lll), CO only occupies the bridge site at 
higher CO coverages, presumably due in part to CO-CO repulsive interac- 
tions. The relatively large population of bridge-bonded CO could then also be 
due to direct CO-Bi repulsive interactions similar to the CO-CO repulsive 
interactions. Direct repulsive interactions between CO and Bi could also force 
CO into three-fold hollow sites explaining the very low value of ~co for 
“bridge-bonded” CO of 1640 cm- ’ at high Bni. It is interesting to note that at 
high Bi coverages (8,, 2 0.25), assuming the same ordered Bi structure as has 
been postulated [7] for the Bi overlayer in the absence of CO, the only sites 
that would be available for CO adsorption are three-fold hollow and atop 
sites. The gradual downward shift in the CO stretching frequencies at lower 
Bui can be explained by the screening removal of the CO-CO dipole coupling 
by the intermixed Bi adatoms. In IRAS [28,35] and HREELS [36,37] studies of 
CO adsorbed on Pt(lll), the CO stretching frequencies for both bridge and 
atop sites shift 15-35 cm-’ higher with increasing CO coverage. Our HREELS 
results agree with this, although in other HREELS studies no shift is seen 
[26,38]. This shift to higher frequency with increasing CO coverage has been 
attributed to increasingly strong dipole-dipole coupling within the CO adlayer 
[35,39]. At low Bi precoverages the HREELS vco losses shift to lower 
frequencies, as expected by this model with decreasing CO coverage. Coad- 
sorbed Bi atoms effectively shield the CO oscillating dipoles adsorbed in atop 
sites from each other and thus give vibrations close to the ~co singleton 
frequency. However, a further shift of 40 cm-’ to lower frequencies for CO 
adsorbed in atop sites occurs when BBi > 0.23, that is not accounted for in this 
model. 

Another point to consider, then, in a mixed adlayer model, is whether 
coadsorbed Bi has either an indirect or direct electronic effect on the surface 
Pt atoms, and whether this influence affects the site population and CO 
stretching frequencies. It is interesting to compare the present results for 
coadsorbed CO and Bi with other coadsorbates upon CO chemisorption. Low 
coverages of Bi, C,H, [40], and K [9] cause an increase in the bridge : atop CO 
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ratio in HREELS compared to the ratio at the same CO coverage in the 
absence of any of the coadsorbates. Furthermore, coadsorbed K has a dramatic 
effect on the vibrational frequencies of coadsorbed CO, shifting the atop site 

by - 100 cm-’ lower frequency and the bridge site to - 300 cm-’ lower 
frequency [9]. The effects of K are at least partially attributed to the partial 
positive charge of the K adatom on Pt(ll1) due to K being the more 
electropositive species, and an increased charge donation into the antibonding 
2~* orbital of CO. We have shown that Bi is also positively charged on 
Pt(lll), but that it is only - 19% as ionic as is K [7]. While K causes a large 
increase in the heat of adsorption of CO [9], we observe that Bi has little effect 
on the heat of adsorption of CO, and if anything, a decrease. This may be 
related to the greater ability of K to bond directly to the CO molecule [41]. 

Benzene acts as a r-donor in bonding to the Pt(ll1) surface and is a net 
charge donor to the Pt(ll1) surface also. The magnitude of the charge transfer 
may be similar to that of Bi. Benzene coadsorption with CO causes similar 
effects on both Pt(ll1) and Rh(lll) [40]; for CO adsorbed in bridge sites, vco 
shifts downward to 1700 cm-’ on the Pt(ll1) surface and 1630 cm-’ on the 
Rh(ll1) surface. The adsorption site on Pt(ll1) is thought to be bridge sites 
[42], however, on the Rh(ll1) surface it is thought that benzene forces CO into 
three-fold hollow sites (giving rise to “co = 1630 cm-‘) [40]. Benzene also 
decreases the uco frequency for CO adsorbed in the atop sites to 2050 cm-‘. 
Coadsorbed benzene causes a narrowing in CO TPD spectra with only a very 
small increase in the peak temperature. These results compare well to the 
observed effects of Bi on CO in the HREELS spectra. Bi shifts “co for atop 
CO down to 2030 cm-‘, and also the population of CO in three-fold hollow 
sites. A similar effect is seen with benzene coadsorption, and would explain 
the shift of vco to 1640 cm-’ at high 13,~. In conclusion, the changes in site 
occupation and the shifts in vco for both binding sites should at least in part 
be attributed to electronic influences of Bi on the surface Pt atoms. 

Our best model for explaining the effects of Bi on CO adsorption on 
Pt(ll1) is that the CO and Bi exist in an intermixed adlayer. The small 
decrease in the CO adsorption energy and the increased population of bridge 
bonded CO are attributed to direct CO-Bi repulsive interactions. Much of the 
shift of the “co modes to lower frequencies can be attributed to a reduction in 
CO-CO dipole coupling, but a small electronic effect of Bi also probably 
contributes to the further shifts in vco at higher Bi coverages. A conclusion 
that Bi alters the population or identity of CO adsorption sites on the Pt(ll1) 
surface clearly complicates any unambiguous determination of adsorption or 
reaction ensemble size effects for CO on Pt(ll1) using Bi as a site-blocking 
agent, but Bi still remains the best probe found to date. 

We will now consider the two effects of Bi on the adsorption and desorp- 
tion behavior of 0, observed on the Bi/Pt(lll) surface at 100 K. These effects 
appear to be contradictory to a simple-site-blocking model for the Bi adatoms 
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and point to either direct or indirect electronic effects of Bi on the Pt(ll1) 
surface. First, Bi adatoms enhance the dissociation of 0, on the Pt(ll1) 
surface at 100 K. Secondly, Bi adatoms increase the saturation coverage of 
oxygen atoms on the Bi/Pt(lll) surface compared to that obtained from a 50 
L 0, exposure to Pt(ll1) under UHV conditions. 

On the Pt(ll1) surface, dissociation of adsorbed Oz begins only after 
heating slightly above 100 K, indicating that oxygen dissociation is an activated 
process [30,32]. Enhanced dissociation of 0,, observed in the form of potas- 
sium oxides, has been reported on submonolayer potassium-dosed Au surfaces 
at 120 K [43]. Although the Bi adlayer is only - 19% as ionic as the K adlayer 
181, it is perhaps sufficiently ionic to assist either directly or indirectly in 
cleaving the O-O bond at relatively low temperature (100 K). HREELS data 
in fig. 9 and XPS results in fig. 10 clearly show that Bi adatoms enhance the 
dissociation of 0, molecules at 100 K on Bi/Pt(lll) surfaces. It should be 
pointed out that the magnitude of this effect need not be very large. We found 
in our previous study of this system that the probability for the dissociation of 
adsorbed oxygen during thermal desorption spectroscopy (i.e., at or below 170 
K) increased from - 33% on clean Pt(ll1) to a maximum of - 80% for the 
Bi-dosed surface [16]. Kinetic modelling of the results on clean Pt(ll1) 
indicate an activation energy for the dissociation of adsorbed oxygen of 7.9 
kcal/mol[30]. One can calculate for our results on Bi/Pt(lll) that a decrease 
by only 1 kcal/mol in this value is sufficient to explain the enhanced 
diss~iation probability. Low resolution electron energy loss spectroscopy 
(ELS) from the O/Bi/Pt(lll) surface, Auger lineshape studies of the 0 and Bi 
transitions, and XPS studies of the core-level 0 and Bi transitions failed to 
reveal any evidence for the existence of direct Bi-0 bond formation as in the 
O/K/Au system. The estimated [19] stronger heat of adsorption of oxygen on 
Pt(ll1) than on Bi may explain these experimental observations. However, the 
decrease in energy of the metal-oxygen vibration from 470 to 430 cm-’ and 
the width of the loss peak for this mode are presumably due to substantial 
indirect Bi-0 interactions. 

Large exposures of 0, (> 5 L) to Pt(ll1) with 8,; = 0.15-0.25, cause a large 
increase in the coverage of atomically adsorbed oxygen compared to that 
produced on Pt(lf1) surfaces. TPD characteristics of high oxygen atom 
coverages are well known with a saturation coverage of 8, = 0.75 (1.14 X 1015 
atoms cm -2) [44-461. Comparison of the TPD spectrum in fig. 7 for the 50 L 
0, exposure to the 8,; = 0.25 Bi/Pt(lll) surface with the TPD spectra for 
high oxygen coverages reported previously [44-461, gives an estimate of 
8, = 0.50, which is also consistent with our AES data. Thus, relatively high 
coverages of atomic oxygen that cannot be produced from low pressure 0, 
exposures on a Pt(ll1) surface can be produced after modification of the 
surface with Bi, due to lowering of the barrier for dissociative adsorption. A 
similar increase in the saturation coverage of Oz has also been observed for 
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Bismuth Oxygen 

Fig. 12. Proposed structural model for the (6 x fi)R30D -(Bi/O*) LEED pattern observed 
from the O/Bi/Pt(lll) surface at @a, = 0.25 and 8, = 0.25. 

potassium predosed Pt(ll1) surfaces at 300 K 1471 and potassium predosed Au 
surfaces at 120 K [43]. 

We now turn to a discussion of the LEED results observed for annealed, 
high-coverage Bi + 0 coadsorption layers on Pt(ll1) (fig. 10). At 100 K, the 
high coverage Bi/O adlayer is disordered according to LEED. Annealing this 
surface to 300 K causes the appearance of separate, segregated phases of 
(6 x &)R30° and p(2 x 2) overlayer structures. The average size of the 
(fi x fi)R30° d omains is larger than that of the p(2 x 2) domains, as is 
evidenced by much narrowed LEED beam profiles. The fi structure is also 
much more intense, suggesting that it covers a larger fraction of the surface. A 
structural model which is consistent with these LEED features and the 
observed average coverages of Bi(B,, = 0.25) and oxygen (a0 = 0.5-0.63) for 
this coadsorption layer involves: (a) one-quarter of the surface covered with 
p(2 x 2) domains of pure oxygen adatoms with local coverage 8, = l/4 (a 
known LEED structure for oxygen adatoms on Pt(ll1) [30,31,48]), and (b) the 
remaining three-quarters of the surface covered with domains of a new, truly 
coadsorbed (6 X &)R30” phase involving one Bi adatom and two oxygen 
adatoms per unit cell (giving local coverages of 6ai = : and 8, = $). A possible 
structural model for this phase is shown in fig. 12. 

In the above bi-phasic model, the average Bi coverage is 8ai = i x i = i, 

and the average oxygen coverage is 13, = $ X f + $ X 2 = &, which is con- 
sistent with our observations. Another similar model which is also cpnsistent 
with the data involves the same phases except for the p(2 x 2) domains. In this 
model the p(2 X 2) domains are explained as due to the three equivalent 
rotational domains of a pure p(2 x 1) oxygen adlayer of local coverage (3, = 4. 
Such a structure for O/Pt(lll) has been suggested [45]. This second model 
give an average coverage of 0, = f x f 4 $ X 3 = 3. Our knowledge of the 
average oxygen coverage (e. = 0.5-0.63) is insufficiently precise to prefer 
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either model. However, since the oxygen TPD (fig. 7) is very reminiscent of 
that seen for the “t9o = $” oxygen structure [45], it might be preferred 

A very similar TPD could be expected for the Bi/O adlayer if the 
mechanism involved rate-limited oxygen desorption from the pure oxygen 
domains, which are then replenished with oxygen by migration from the mixed 
(Bi + 0)6 domains. It is also possible that the stability of oxygen in both 
domains is very similar. The 6 domains require such a large local oxygen 
coverage that substantial O-O repulsive energy is expected. However, since Bi 
is partially positively charged on Pt j7], and since oxygen is negatively charged, 
we expect a compensating Bi-0 attractive energy in this mixed adlayer. 

It is interesting to note that, in the proposed structural model for this J?; 
phase (fig. 12), the O-O nearest-neighbor distances (2.775 A) is about the 
same as those in bulk Bi,O, [49], and the Bi-0 nearest-neighbor distance 
(2.775 A) is considerably (- 0.35 A) longer. This comparison suggests that the 
major bonding energy in the V% phase arises from Bi-Pt and 0-Pt bonds, 
rather than from Bi-0 bonding. This is consistent with our spectroscopic 
results which show no strong evidence for Bi-0 bonding in the adlayers. 

In summary, the influence of Bi on the surface chemistry of Pt(ll1) is in 
many ways that of an inert, laterally dispersed, site-blocker. This is certainly 
the case for H,, and also for C,H, and cyclic hydrocarbons, which are 
discussed elsewhere [8,34]. For CO and 0, adsorption, the chemistry of 
Bi/Pt(lll) surfaces is more complex. Although much weaker, the similarity of 
the effects of Bi adatoms to that of K adatoms on CO and 0, adsorption and 
desorption behavior leads to the the conclusion that Bi can also have signifi- 
cant electronic effects on chernisorption, which complicates modeling studies 
of adsorption and reaction ensemble sizes for these adsorbates. 

Acknowledgments 

Support by the Department of Energy, through the Morgantown Energy 
Technology Center Phosphoric Acid Fuel Program, is gratefully acknowledged 
by M.T.P. Acknowledgement is made by C.T.C. to the Donors of the Petro- 
leum Research Fund, administered by the American Chemical Society for 
partial support of this work. Support of this work by the US Department of 
Energy, Office of Basic Energy Sciences, Chemical Sciences Division is grate- 
fully acknowledged by B.E.K. Helpful discussions with TN. Taylor are a 
pleasure to acknowledge. 

References 

[l] V. Pone~, Catalysis Rev.-%. Eng. 11 (1975) 41. 
[2] W.M.H. Sachtler and R.A. Van San&x, Advan. Catalysis 26 (1977) 69. 



296 M. T. Paffett et al. / Absorption of H2, CO and 0, on Bi/ Pt(l I I) 

[3] J.H. Sinfelt, Rev. Mod. Phys. 51 (1979) 569. 
[4] R. Burch, Act. Chem. Res. 15 (1982) 24. 
[S] M.T. Paffett, C.T. Campbell, T.N. Taylor and S. Srinivasan, Surface Sci. 154 (1985) 284. 
[6] M.T. Paffett, C.T. Campbell and T.N. Taylor, Langmuir 1 (1985) 741. 
[7] M.T. Paffett, C.T. Campbell and T.N. Taylor, J. Chem. Phys. 85 (1986) 6176. 
[8] R.G. Windham, B.E. Koel and M.T. Paffett, Langmuir, in press. 
[9] E.L. Garfunkel, J.E. Crowell and G.A. Somojai, J. Phys. Chem. 86 (1982) 310. 

[lo] E.L. Garfunkel, J.J. Maj, J.C. Frost, M.H. Farias and G.A. Somorjai, J. Phys. Chem. 87 
(1983) 3629. 

[ll] X.-L. Zhou and J.M. White, Surface Sci. 185 (1987) 450. 
[12] R.G. Windham, M.E. Bartram and B.E. Koel, J. Phys. Chem., in press. 
[13] X.-L. Zhou and J.M. White, Surface Sci., submitted. 
[14] R.G. Windham and B.E. Koel, J. Phys. Chem., submitted. 
[15] R.G. Windham and B.E. Keel, Surface Sci., to be submitted. 
[16] M.T. Paffett, C.T. Campbell and T.N. Taylor, J. Vacuum Sci. Technol. A 3 (1985) 812. 
[17] C.T. Campbell, M.T. Paffett and A.F. Voter, J. Vacuum Sci. Technol. A 4 (1986) 1342. 
[18] J.M. Campbell, S.G. Seimanides and C.T. Campbell, J. Phys. Chem., in press. 
[19] T.N. Taylor, C.T. Campbell, J.W. Rogers, Jr., W.P. Ellis and J.M. White, Surface Sci. 134 

(1983) 529. 
[20] M.E. Bartram, R.G. Windham and B.E. Keel, Surface Sci. 184 (1987) 57. 
[21] R.L. Summers, NASA TN-D5285, NASA, Washington DC June 1969. 
[22] K. Christman, G. Ertl and T. Pignet, Surface Sci. 54 (1976) 365. 
[23] C.M. Greenhef, S. Akhter and J.M. White, J. Phys. Chem. 90 (1986) 4080. 
[24] B. Poelsema, L.S. Brown, K. Lenz, L.K. Verheij and G. Comsa, Surface Sci. 171 (1986) L395. 
[25] D.M. Collins and W.E. Spicer, Surface Sci. 69 (1977) 85. 
1261 H. Steininger, S. Lehwald and H. Ibach, Surface Sci. 123 (1982) 264. 
[27] B. Poelsema, R.L. Palmer and G. Comsa, Surface Sci. 136 (1984) 1. 
[28] B.E. Hayden and A.M. Bradshaw, Surface Sci. 125 (1983) 787. 
[29] P.R. Norton, J.W. Goodale and E.B. Selkirk, Surface Sci. 83 (1979) 189. 
[30] J.L. Gland, Surface Sci. 93 (1980) 487. 
[31] J.L. Gland, B.A. Sexton and G.B. Fisher, Surface Sci. 95 (1986) 587. 
[32] N.R. Avery, Chem. Phys. Letters 96 (1983) 371. 
(331 P.R. Norton, Surface Sci. 47 (1975) 98. 
[34] C.T. Campbell, J.M. Campbell, P.J. Dalton, S.C. Henn, J.A. Rodriguez and S.G. Seimanides, 

J. Phys. Chem., in press. 
1351 A. Crossley and D.A. King, Surface Sci. 68 (1977) 528. 
[36] H. Hopster and H. Ibach, Surface Sci. 77 (1978) 109. 
[37] A.M. Baro and H. Ibach, J. Chem. Phys. 71 (1979) 4812. 
1381 N.R. Avery, J. Chem. Phys. 74 (1981) 4202. 
[39] A. Crossley and D.A. King, Surface Sci. 95 (1980) 131. 
[40] C.M. Mate and G.A. Somorjai, Surface Sci. 160 (1985) 542. 
[41] F.M. Hoffman, J. Hrbek and R.A. dePaola, Chem. Phys. Letters 106 (1984) 83. 
[42] D.F. Ogletree, M.A. Van Hove and G.A. Somorjai, Surface Sci. 183 (1987) 1. 
[43] T. Matsushima, J. Catalysis 96 (1985) 420. 
[44] J. Segner, W. Vielhaber and G. Ertl, Israel J. Chem. 22 (1982) 375. 
[45] D.H. Parker, M.E. Bartram, D.T. Wickham and B.E. Keel, Surface Sci, submitted. 
[46] M.E. Bartram, R.G. Windham and B.E. Keel, Langmuir, in press. 
[47] G. Pirug, H.P. Bonzel and G. Broden, Surface Sci. 122 (1982) 1. 
[48] P.R. Norton, J.A. Davies and T.E. Jackman, Surface Sci. 122 (1982) L593. 
[49] A.A. Zav’yalova, R.M. Imamov and Z.G. Pinsker, Soviet Phys.-Cryst. 10 (1966) 401. 


