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Atomic oxygen coverages of up to 0.75 ML may be adsorbed cleanly on Pt(ll1) surfaces under 
UHV conditions by exposure to NOs at 400 K. We have studied this adsorbed oxygen layer by 
using AFS, LEED, UPS, HREELS, TPD, and work function (A+) measurements. The (2x2)-0 
structure formed at (3, = 0.25 ML is still apparent at (3, = 0.60 ML and a faint (2 X 2) pattern 
persists even up to 8, = 0.75 ML. AES and A+ measurements show no evidence for chemically 
distinct species in the adlayer as a function of oxygen coverage. HREELS spectra clearly rule out 
the presence of molecular oxygen and oxide species over the range of oxygen coverage studied. 
UPS also shows no shift in binding energy of the oxygen-derived peak as the coverage is increased. 
These spectroscopic probes indicate that all oxygen is present as atomic oxygen with no indication 
of oxide formation or molecular oxygen at any coverage. Multiple 0, desorption peaks observed 
in TPD are interpreted as arising largely from kinetic effects rather than a result of multiple, 
distinctly different chemical species, even though large changes in the Pt-0 bond energy are 
determined from the TPD data. The activation energy for 0, desorption reflects the sum of the 
heat of dissociative adsorption of 0, and the activation energy for 0, dissociation. The structure 
in the 0s TPD spectrum is due to large changes in the activation energy for 0, desorption 
resulting from increases in the barrier to dissociative 0, chemisorption and decreases in the Pt-0 
bond energy. These barriers arise from strong repulsive interactions between adsorbed oxygen 
addtoms that cause sharp reductions in the Pt-0 bond strength at these coverages. Finally, we 
note that our spectroscopic probes are quite insensitive to the changes in the Pt-0 bond strength 
over the entire range of oxygen coverage studied. 

1. Introduction 

Studies of the role of adsorbed atomic oxygen in many oxidation reactions 
catalyzed by platinum are often limited by the relatively low coverages 
attainable by exposure of platinum to oxygen under ultrahigh vacuum (UHV) 
conditions. We have overcome this limitation by cleanly generating high 
coverages of atomic oxygen on Pt(ll1) in UHV by exposing the surface to 
NOz. In this paper we undertake a detailed study of the interactions of atomic 
oxygen with the platinum (111) single crystal surface at these high coverages. 
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In general, for Pt(lll), it is known that di-oxygen adsorbs molecularly at 
very low temperatures and is dissociated into atomic oxygen above 170 K 
[l-5]. On the Pt(ll1) surface, the atomic oxygen state has a saturation 
coverage of 0.25 ML (monolayers) referenced to the Pt substrate or 3.8 x 1014 
atoms/cm2 [6]. This coverage is achieved by a saturation exposure of the 
crystal to 0, in ultra-high vacuum at a temperature below 300 K, and results 
in the (2 X 2)-O structure observed with LEED. Higher coverages of adsorbed 
0 atoms cannot be achieved in UHV from 0, exposure without employing 
extraordinary means. Steininger et al. [4] report that the saturation oxygen 
coverage could be enhanced by a factor of 2 by electron bombardment of the 
O,-covered surface. Gland [l] reports that an oxygen coverage of 0.53 ML 
(8 X 1014 atoms/cm2) can be achieved by extended temperature cycling or 
external atomization of 4. Derry and Ross [7] found that a combination of 
high surface temperature and high pressure (lop3 Pa) produces a three- to 
five-fold increase in the saturation coverage over the oxygen atom coverage of 
0.25 ML from low pressure dosing (low5 Pa). Neuhaus et al. [8] also report a 
coverage near unity on Pt(ll1) achieved by continuous exposure of the surface 
to 3 x lo-’ Torr of 0, at 540 K. 

Several workers have shown that high coverages of adsorbed atomic oxygen 
on Pt(ll1) may be achieved cleanly in UHV through the decomposition of 
NO, [g-11]. Segner et al. [9] reported that NO, undergoes very efficient 
dissociation on Pt(lll), and since oxygen desorbs at higher temperatures than 
NO, clean adlayers of adsorbed oxygen can be obtained. Three desorption 
peaks occur in the 0, TPD spectra, and the integrated area of these peaks 
from NO, exposure compared to the amount generated by 0, exposure [6] 
indicates a high coverage of oxygen (0.77 ML). Dalgren and Hemminger [lo] 
also have reported that a low temperature shoulder appears on the 0, TPD 
spectrum following NO, exposure at 120 K. This shoulder is not observed 
when the exposure is from 0,. Both of these authors report that a higher 0 
coverage is obtained from NO, exposure than from 0, exposure, but did not 
explain the TPD spectra nor characterize the oxygen adlayer by spectroscopic 
means. 

In this paper, we examine the high coverages of atomic oxygen generated by 
exposure to NO, at 400 K. We extend previous work to include a detailed 
spectroscopic study of the adsorbed oxygen using Auger electron spectroscopy 
(AES), work function measurements, low energy electron diffraction (LEED), 
high resolution electron energy loss spectroscopy (HREELS), and temperature 
programmed desorption (TPD). We propose an explanation of the multiple 
peaks in the 0, TPD spectra to be the result of large changes in the activation 
energy for 0, desorption as a function of atomic oxygen coverage. Addition- 
ally, in work reported elsewhere, we have used these high coverages of atomic 
oxygen to chemically modify the adsorption bond energy and bonding geome- 
try of coadsorbates such as NO, [12] and NO [13]. Also, kinetic studies of 
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H,O formation [14] and CO oxidation [15] can be performed over a range of 
surface atomic oxygen concentration that is three times higher than previously 
investigated under UHV conditions. This is important in extrapolating kinetic 
results obtained at low pressure to catalysis occurring at high working pres- 
sures where the adsorbed atomic oxygen coverage may be high. 

2. Experimental 

The stainless steel UHV chamber used for this work is described in detail 
elsewhere [16]. The chamber is pumped by a 220 &J/s ion pump and a titanium 
sublimation pump achieving a typical base pressure of 2 X 1 -lo Torr. The 
chamber is equipped with a quadrupole mass spectrometer (QMS) with 
thoriated iridium filaments for TPD, a double pass cylindrical mirror analyzer 
for Auger electron spectroscopy and UPS, LEED optics, and a spectrometer 
based on 127O cylindrical sectors for HREELS. The crystal is resistively 
heated and cooled by contact with a liquid nitrogen reservoir. The temperature 
of the crystal is monitored by means of a chromel-alumel thermocouple. An 
IBM XT computer is used to read the thermocouple, and to acquire TPD, 
AES, UPS, and HREELS spectra. 

The Pt crystal was cleaned and annealed using a standard procedure [5]. 
The cleanliness of the crystal was carefully examined by AES following 
extended annealing to 1000 K and no impurities were found to have diffused 
to the surface. Heating for extended periods in oxygen at 1000 K also did not 
produce an oxygen signal in AES, indicating that impurities which form 
refractory oxides were not present. 

High purity NO, [ll] and a glass microcapillary array were used for dosing 
the crystal. All NO, dosing was performed at 400 K in order to desorb any 
NO or NO,. Absolute surface coverages of oxygen were calculated by careful 
comparison to the work of Gland [l] on the O,/Pt(lll) system, where heating 
a saturation coverage of O2 exposed at 100 K yields an oxygen atom coverage 
of 0.25 ML. Using this as a calibration point, the coverages of 0 atoms were 
measured from the relative areas of integrated 0, TPD spectra. The coverage 
can also be determined routinely from AES measurements using a calibration 
curve obtained from a plot of AES O(519 eV)/Pt(237 eV) peak-to-peak height 
ratio versus integrated 0, TPD area. 

AES spectra were obtained using a modulation of 10 eV and a beam 
current of 2 PA. No stimulated desorption of 0 atoms could be detected in 
the time frame of the experiments (1 min). TPD spectra were taken using a 
heating rate of 8 K/s, monitoring the 32 amu signal, with the crystal in 
line-of-sight with the QMS and about 4 cm away from the ionizer. The 
HREELS spectra were recorded with a resolution of 67 cm-‘, using an 
incident beam energy of 8.3 eV. Work function measurements were made by 
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measuring the onset of secondary electron emission using either a back- 
scattered electron beam or UPS spectra. The UPS spectra were recorded using 
both He1 (21.2 eV) and He11 (40.8 eV) photons. He1 and He11 spectra were 
recorded with AE(FWHM) = 0.24 eV and 0.40 eV, respectively. 

3. Results 

3. I. Auger electron spectroscopy 

Fig. 1 shows the O(KLL) 519 eV kinetic energy signal (peak-to-peak height 
in dN(E)/dE) and the Pt(MMN) 237 eV kinetic energy signal plotted as a 
function of oxygen coverage determined by the integrated TPD area. The 
oxygen layer was prepared by dosing with NO, at 400 K. THe O(519 eV) 
signal arises from a core-valence-valence Auger transition and thus is sensi- 
tive to changes in the chemical state of the oxygen. Since the plot is linear with 
oxygen coverage, there is no lineshape change or intensity change that would 
indicate a large change in the chemical state of the adsorbed oxygen, such as 
the formation of platinum oxide. Interestingly, the 0(519 eV)/Pt(237 eV) 
ratio is linear within experimental error, since the Pt(237 ev> intensity is only 
weakly dependent on the oxygen coverage. 

3.2. Work function measurements 

Fig. 2 shows the work function change resulting from atomic oxygen 
adatoms on Pt(ll1). The plot shows a monotonic increase in the work 
function change as the surface coverage of oxygen increases. A total change of 
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Fig. 1. Plot of AES O(519 eV) signal and Pt(237 eV) signal (left axis) as a function of oxygen 
coverage generated from NO, exposure at 400 K. The intensity ratio O(519 eV)/Pt(237 eV) is also 

shown (right axis). 
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Fig. 2. Work function change measurements plotted as a function of oxygen coverage. The plot 

exhibits no change in slope for tbe entire range of oxygen coverage studied. 

-i-O.54 eV is observed for 8, = 0.75 ML. The sign of A+ indicates electron 
transfer from Pt into the adsorbed oxygen layer. The data in fig. 2 is fit with a 
least-squares line having a correlation coefficient of 0.987. It appears that 
there may be some structure at 0.4 ML and at 0.6 ML. It is tempting to 
correlate this structure in fig. 2 with changes in the activation energy for 
desorption at these coverages (vida infra). However, we feel that this is not 
justified within the precision of our determination of A+. Assuming the work 
function change with coverage is well-described by a linear function, then the 
dipole moment associated with each oxygen adatom is the same for all oxygen 
coverages studied. This could indicate that the same amount of charge per 
oxygen atom is transferred into the adlayer. However, since the heat of 
adsorption of oxygen decreases with coverage (vida infra), we feel that the 
Pt-0 bond length increases and the net charge on the oxygen adatoms 
decreases with coverage such that the dipole moment stays constant. If the net 
dipole moment is approximated as the result of sheets of charge, the Helm- 
holtz equation can be used to calculate the dipole moment, p, as 

p = c(~A~#/38)/4n, (1) 
where A+ is in eV, p is in debye, and c is a constant to convert from volts to 
debye. The slope of the least-squares fit to the data in fig. 2 yields a dipole 
moment of p = 0.115 D/atom. This is in good agreement with Derry and Ross 
[17f who found p = 0.103 D/atom for the range of atomic oxygen coverage 
from 0 to 0.46 ML. Import~tly, we find that there is no discontirmity in the 
work function change versus oxygen coverage data, indicating that there is no 
large change in the chemical nature of the overlayer such as the population of 
a new adsorbed state with a radically different chemical bonding interaction or 
bonding site, or the formation of an oxide. 
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Fig. 3. LEED patterns of several oxygen coverages on Pt(ll1): (A) 0.25 ML, (B) 0.40 ML, (C) 0.60 
ML, and (D) 0.75 ML. The incident beam energy was 74.2 eV. 
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3.3. LEED observations 

LEED observations as a function of oxygen coverage are shown in fig. 3. 
The incident beam energy for these observations was 74.2 eV. A sharp (2 x 2) 
pattern is formed at coverages less that 0.25 ML, indicating that oxygen forms 
ordered (2 x 2) islands due to attractive interactions in the adlayer. This 
pattern is brightest at 0, = 0.25 ML. The sharp half-order spots persist at 
higher oxygen coverages, with only a concomitant continual decrease in 
contrast with respect to the background, until @, = 0.60 ML. At a saturation 
oxygen coverage of 0.75 ML, as shown in fig. 3D, a diffuse and faint (2 x 2) 
pattern can still be seen, but with poor contrast to the background, indicating 
a large increase in disorder in the adlayer. Streaks radiating from the substrate 
spots toward the (0,O) spot appear at this coverage. The streaks change in 
intensity as the beam energy is changed, but do not ever coalesce into sharp 
spots as would be expected for an ordered, but ~~o~ensurate, overlayer. 
Thus, at saturation oxygen coverage, small domains of a (2 X 2)-O structure 
are probably present with a large amount of disordered oxygen in the adlayer. 
The same LEED pattern results regardless of whether the oxygen adlayer was 
prepared by dosing NO, at 400 K until the desired atomic oxygen coverage 
was reached or by annealing a saturation oxygen atom coverage to higher 
temperatures to achieve the desired coverage. A final point is that the strong 
intensity of the substrate Pt(lll) spots indicates that the Pt(ll1) does not 
substantially reconstruct due to these high oxygen coverages. 

Steininger et al. [4] report that a diffuse (2 x 2) diffraction pattern was 
observed for coverages up to 0.5 ML, with broader spots than seen for the 0.25 
ML adlayer. They attribute this to a (2 x 2) overlayer containing two atoms 
per unit cell, each occupying a three-fold hollow site. In their study and in 
ours, another possibility is that the (2 X 2) pattern observed at 19, = 0.5 ML 
could be due to three domains of a (2 X 1) surface structure. Chemisorbed 
oxygen produces half-order diffraction patterns on Ru(OOOl), Ir(lll), and 
Rh(111) when 0, = 0.5 ML and three domains of a (2 x 1) structure have been 
suggested to be the proper oxygen structure on these surfaces. 

3.4. HREELS 

Fig. 4 shows HREELS data for 0, = 0.25 and 0.75 ML. Both spectra were 
recorded after cooling to 100 K. The vibrational spectrum for So = 0.25 ML 
shows a v(Pt-0) stretching mode at 466 cm-‘. This is lower than the 490 
cm-l Pt-0 stretch reported by Gland et al. 131, but is in good agreement with 
Avery [18] who reports a value of 470 cm-‘. For 0, = 0.75 ML, this Y(Pt-0) 
stretching mode occurs at nearly the same frequency of 475 cm-‘. Two points 
can be made concerning these spectra. First, there is no ~(0-0) stretching 
mode which would be observed for molecularly adsorbed oxygen at 870 cm-i 
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Fig. 4. HREELS spectra for 0.25 ML and 0.75 ML of atomic oxygen. The position of the most 
intense loss peak due to the v(Pt-0) stretching mode changes only very slightly when the 

coverage increases from 0.25 to 0.75 ML. 

[3,4,18]. This clearly indicates that all of the adsorbed oxygen is present as 
atomic oxygen, even at these high coverages. Second, the v(Pt-0) loss peaks 
appear at nearly the same frequency in both spectra. This indicates that the 
potential well for oxygen adsorption is similar at all coverages, i.e., the nature 
of the chemical bonding of adsorbed atomic oxygen does not change signifi- 
cantly with coverage. Our identification of only one kind of adsorbed oxygen 
with HREELS is in agreement with Steininger et al. [4], who found no 
evidence for a different type of oxygen from HREELS spectra for coverages 
up to 0.5 ML. However, we note that some additional loss intensity does 
appear above 200 cm-’ in fig. 4, which could be due to weak v(Pt-0) 
stretching modes of more weakly adsorbed atomic oxygen. This point deserves 
further study in the future. 

3.5. UPS 

The chemisorption of atomic oxygen on Pt(ll1) produces only minor 
changes in the ultraviolet photoemission spectrum of clean Pt(ll1). The 
additional emission arising from the adsorbed atomic oxygen falls within the 
intense d-band emission of platinum so that the effect of chemisorption of 
oxygen can most clearly be seen in difference spectra. These are shown in top 
panels of fig. 5. Emission from the region just below the Fermi level (Er) is 
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Fig. 5. Ultraviolet photoemission spectra taken at He(I) and He(I1) photon energies of 21.2 eV 
(left panels) and 40.8 eV (right panels) respectively. Also shown are the difference spectra (top 
panels) for B. = 0.25 ML and So = 0.75 ML for both photon energies, obtained by subtracting 
(witbout scaling intensities) the clean surface spectra from the adsorbate covered surface spectra. 

strongly attenuated with increasing oxygen coverage in both the He I and He II 
spectra. This attenuation is seen in many adsorption systems and is not unique 
to this case. However, both of the He1 and He11 spectra show an oxygen-de- 
rived feature about 6.8 eV below the Fermi level for 8 = 0.25 ML, in 
agreement with Gland et al. 133 who report a value of 6.3 eV. This feature 
grows slightly larger when the oxygen coverage is increased, but does not shift 
noticeably in binding energy. This peak is also typical of oxygen adsorption on 
several metals [19]. The invariant position of this peak with oxygen coverage 
indicates no marked change in the chemical state of the oxygen, as reflected by 
the oxygen valence level orbitals. 

3.6. temperature pro~r~mrn~d des~r~tion 

Exposure of Pt(ll1) to NO, at 400 K generates an atomic oxygen layer 
which desorbs as 0, to give the TPD spectra shown in fig. 6. These spectra 
were generated from increasing exposures of NO, at 400 K. Identical spectra 
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Fig. 6. A series of 0, TPD spectra of O2 taken following varying exposures of NO, at 400 K. The 
spectra correspond to the following initial atomic oxygen coverages (from bottom to top): 0.073 
ML, 0.093 ML, 0.164 ML, 0.194 ML, 0.258 ML, 0.291 ML, 0.331 ML, 0.363 ML, 0.467 ML, 0.534 

ML, 0.579 ML, 0.606 ML, 0.750 ML. 

can be generated by annealing a saturation coverage of atomic oxygen to 
progressively higher temperatures prior to TPD. Fig. 6 shows that four 
desorption peaks result from high coverages of atomic oxygen. The high 
temperature state, &, is identical to that obtained from the saturation ex- 
posure of 0, [3,5]. The peak maximum of & shifts to lower temperatures 
indicating second-order kinetics. When this state reaches saturation at 0.25 
ML, a new state, &, begins to appear. The peak temperature of the /I3 state is 
invariant with increasing oxygen coverage. Above 0.40 ML a new state, j$, 
appears, growing in with constant peak maximum temperature. The lowest 
temperature desorption state, &, grows in with constant peak maximum. 
While other authors [9] have simply invoked pseudo-first-order kinetics, this is 
not necessary, since the shape of the TPD spectra may be influenced by 
changes in E, with coverage (vida infra). Previous workers have failed to 
resolve the closely spaced &-& doublet. Hence, our peak numbering is 
different from that given by Segner et al. Our & corresponds to the & of 
Segner et al., while our &-& doublet is identical to the & reported by Segner 
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et al. The & states are the same in both works. 
This complex desorption behavior can result from two conditions. First, 

there may be a similar chemical state of adsorbed oxygen at all coverages and 
the complex desorption trace results from repulsive interactions within the 
adlayer [20], which cause the desorption activation energy to significantly 
change with oxygen coverage. Second, it is possible that there may be two or 
three distinctly different chemical states of oxygen, characterized by different 
heats of adsorption, each giving rise to a separate peak in the desorption trace. 
Since the spectroscopic data indicates a similar chemical nature for all oxygen 
coverages studied (vida supra), a careful analysis of the TPD data is needed. 
The TPD data was analyzed by several methods in an attempt to evaluate the 
activation energy of desorption of oxygen from the Pt(ll1) surface. A com- 
parison of these methods of analysis will be the subject of a forthcoming paper 

[2Il* 
The method that gives the most satisfactory results for this desorption data 

is that proposed by Habenschaden and Ktippers [22]. Miller et al. have 
recently given a very good discussion of this method and its applicability [23]. 
This method of analysis does not require any assumptions about the system 
other than the rate expression and the reaction order. In this method, an 
Arrhenius plot is made using the rate and temperature data from the onset or 
leading edge of the desorption trace. The advantages of this method are the 
following. First, the coverage is essentially constant over the small range of 
data used, so that it is possible to find the variation of Ed, the activation 
energy for desorption, with coverage from a series of TPD spectra at different 
initial coverages. Second, it is possible to analyze data containing overlapping 
peaks which often cause complications in other methods. Finally, both Ed and 
v,, the preexponential factor, can be determined. 

The rate equation for desorption is given by the Polanyi-Wigner equation 
[20]: 

Rate = B”v, e-Ed/RT, (2) 
where 8 is the absolute coverage, n is the reaction order, Ed is the activation 
energy for desorption, and v, is the preexponential factor. Taking the loga- 
rithm of both sides of eq. (2) yields 

In Rate = n In 0 + In v,, - E,/RT. (3) 

Thus, a plot of ln Rate versus l/T gives a slope of -Ed/R. The determination 
of Ed is completely independent of n and v,,. The Arrhenius plots for several 
initial coverages are shown in fig. 7. Near the onset of desorption (lowest 
temperature data, or largest values of l/T) for each curve the desorption rate 
is small and the data is the noisiest. Therefore, we used a weighted linear 
least-squares regression analysis in determinin g the slopes of these lines. It was 
found that Arrhenius plots were linear until the coverage dropped below 95% 
of its initial value for our experimental data and for computer simulated data 
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Fig. 7. Arrhenius plots prepared using the leading edge of the O2 TPD spectra shown in fig. 6. For 
clarity, only a few of the Arrhenius plots are shown in the figure. The straight line through the 

data points was determined as the best fit line from a weighted linear least-squares analysis. 

for second-order desorption. The Arrhenius plots give straight lines with 
correlation coefficients better than 0.997 in all cases. The error bars shown in 
figs. 8 and 9 are for a 67% confidence level (of: la) with the values for the 
standard deviation, (I, obtained directly from the weighted linear least-squares 
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Fig. 8. Plot of the activation energy for desorption, E,J.., versus oxygen coverage. The activation 

energy was determined from analysis of the TPD data as shown in fig. 7. 
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Fig. 9. Plot of the second-order preexponential factor, Ye, versus oxygen coverage. The pre- 

exponential factor was determined from analysis of the TPD data presented in fig. 7. 

analysis of the Arrhenius plots. The values at high coverage are easier to 
measure and have smaller error bars than those at low coverage, since the 
higher oxygen coverage gives a much higher desorption rate at the leading 
edges (low temperatures) used in the data analysis. Thus the In Rate value 
used in the Arrhenius plots has less noise, and a more accurate determination 
of Ed and v is possible at higher coverages. 

Fig. 8 shows Ed versus oxygen coverage as determined from the data in fig. 
7. It can be seen that Ed is not constant, and is a very strong function of 
coverage. For the range (?o = 0 to 0.25 ML, the data in fig. 8 show a decrease 
in Ed from 51 kcal/mol in the limit of zero coverage to 43 kcal/mol at 
0, = 0.25 ML. This is in excellent agreement with Campbell et al. [5] who 
report a variation of 51 to 41 kcal/mol over the same coverage range. We find 
that Ed decreases strongly with increasing coverage above flo = 0.25 ML so 
that Ed = 29 kcal/mol at 0, = 0.32 ML. The desorption activation energy 
decreases only slightly to 28 kcal/mol at 6, = 0.40 ML, but then rises sharply 
to 38 kcal/mol at 8, = 0.42 ML and falls sharply to 28 kcal/mol at t9, = 0.45 
ML. A slight rise in Ed occurs above 8, = 0.50 ML before Ed falls linearly 
with oxygen coverage to 28 kcal/mol at t9, = 0.75 ML. The behavior of the 
activation energy of desorption is due to changes in the binding energy of 
atomic oxygen and the activation barrier to 0, adsorption (vida infra). 

The determination of the actual value of the desorption preexponential 
factor requires a knowledge of the reaction order (n in eq. (3)). This is difficult 
to determine, and cannot be determined independently from these experi- 
ments, since Ed and v are both strong functions of the oxygen coverage. 
However, the values of v2 shown in fig. 9 are obtained assuming that 



502 D.H. Parker et al. / High coverages of atomic oxygen on Pt(Ill) 

second-order kinetics (n = 2) govern 0, desorption over the entire coverage 
range. Figs. 8 and 9 show that Ed and v2 vary in concert, particularly above 
0.25 ML. The preexponential factor appears to be constant over the range of 
O-O.25 ML and has a value of 2.6 X 10-l in the limit of zero coverage. 

4. Discussion 

Exposure to NO, provides a very efficient method of producing high 
coverages of adsorbed oxygen atoms on the Pt(ll1) surface. The reason for 
this can be seen by comparing the dissociative sticking coefficients for NO, 
and 0,. The initial dissociative sticking coefficient, S, for 0, on Pt(ll1) is 0.06 
(at 300 K) and decreases rapidly with increasing oxygen coverage [5]. The 
failure of oxygen to chemisorb is “largely related to the failure of the colliding 
particle to accommodate, even into the molecular state” [5]. In contrast, the 
NO, molecule has a high sticking coefficient of 0.97 at 300 K on Pt(ll1) [9] 
and is easily accommodated on the surface, thus providing an efficient source 
of oxygen atoms. Furthermore, the NO, sticking coefficient is unity at 
temperatures of 170 K and below and is independent of oxygen pre-coverage 
up to 0, = 0.75 ML [11,12] at these temperatures. The availability of numerous 
weakly bound NO, adsorption isomers has been postulated to explain the 
origin of this efficient accommodation [11,12]. 

All of the spectroscopic observations indicate that there is essentially only 
one chemical state of atomic oxygen on the Pt(ll1) surface at all of the 
coverages studied, 0, = O-O.75 ML, even though multiple peaks are present in 
the thermal desorption spectra. HREELS shows no new losses for 6, = 0.75 
ML compared to 0.25 ML. Furthermore, the ~(0-0) stretching mode at 875 
cm-‘, corresponding to peroxo-bound molecular oxygen, is conspicuously 
absent at do = 0.75. Oxygen is known to occupy three-fold hollow sites on the 
Pt(ll1) surface [4]. There is evidence on the kinked Pt(321) surface for a 
top-site oxygen species giving rise to a v(Pt-0) mode at 715 cm-’ [24,25]. No 
evidence is seen in this study which would indicate the formation of a similar 
species even at the highest coverages studied. Thus, the HREELS spectra 
indicate that there is only one type of oxygen on the surface. Additionally, the 
UPS data shows no new oxygen-derived features at high coverages, compared 
to 6, = 0.25. No discontinuities are observed in the work function data or in 
the AES data. Also, no phase transitions to new ordered structures, other than 
(2 x 2) or possibly the (2 X l), are seen in the LEED observations. Im- 
portantly, no oxygen was found to remain on the surface following heating to 
1000 K (in TPD), indicating no high temperature oxide formation. 

4. I. Desorption activation energy 

Since all of the spectroscopic data indicates that there is only one type of 
oxygen present on the surface, we need to consider carefully the origin of the 



D.H. Parker et al. / High couerages of atomic oxygen on Pt(lI1) 

0 o= 0 ML 9, 2 0.25 ML 
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ADSORBATE-SURFACE DISTANCE 

Fig. 10. Potential energy curves for the interaction of oxygen with the Pt(ll1) surface shown for 
three oxygen coverages: (a) @o = 0 ML, (b) f3o = 0.25 ML, and (c) 0, = 0.75 ML (saturation 

coverage). 

multiple peaks observed in TPD of 0, from the O/Pt(lll) surface. A point to 
consider is that the activation energy of 0, desorption (Ed in fig. 8 or E& in 
fig. 10) will reflect the atomic oxygen chemisorption well depth and any 
energetic barrier to 0, adsorption. Fig. 10 shows several potential energy 
diagrams relevant to the adsorption and desorption of 0, as a function of 
oxygen coverage on Pt(ll1). Energy levels on this diagram were calculated as 
heats of formation at 300 K, AH,, as follows. The zero of potential energy is 
given by AH,(O,Cs,) = 0. The depth of the molecular oxygen chemisorption 
potential energy well is given by AH,(Ozo) = AH,(OXs,) - AHadS( where 
AH,,,(O,) is the heat of adsorption of molecular oxygen. AH,(O,,,) = 
-AH&O,) = - 8.8 kcal/mol, since Gland et al. [3] have reported that the 
activation energy for desorption, Ed, of 0, from this state is 8.8 kcal/mol and 
that adsorption into this state is non-activated. Gland [l] has also reported 
that the activation energy for conversion of OzCaj to 20(,, is 7 kcal/mol at low 
oxygen coverage; this value gives the position of the diabatic curve crossing 
with the deep potential energy well for atomic oxygen. This leads to an 
apparent activation energy, E&,, for the dissociative adsorption of 0, of - 1, 
as shown in fig. 10a. Thus, at 13, = 0, dissociative adsorption of 0, is 
non-activated. The other potential energy curve shown, i.e. that for the 
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interaction of atomic oxygen with Pt(lll), has an asymptote at ZAH,(O& 
which is given by the bond dissociation energy for Ozo, D(O-0) = 119 
kcal/mol. The minimum in this curve is given by the value of 2AH,(O(,,) = 
2AHr(Ot,,) - 2AH,,,(O). The depth of this well as measured from zero is the 
value of the heat of dissociative adsorption of OZraj, A Ha$ss(O,), which is equal 
to the activation energy for desorption, Ed, of 0, from the atomic oxygen 
chemisorbed state (since adsorption into this state is non-activated from Ozo). 
Our analysis of the OZ TPD data in the limit of zero coverage gives Ed = 51 
kcal/mol (0, = 0). Thus, 2AH,(O(,,) = -51 kcal/mol. Of particular interest 
is the value of the Pt-0 bond energy, D(Pt-0). In the limit of zero oxygen 
coverage, D(Pt-0) = 85 kcal/mol, obtained from the relationship 2t)(Pt-0) 
= 2AH~(O~~~) - 2AH,(OC+). The gradual decrease in the activation energy for 
desorption of O,, Ed, in the range of t9o = O-O.25 ML, as shown in fig. 8, is a 
result of the gradual decrease in the Pt-0 bond energy. This is usually 
interpreted as due to repulsive interactions between the oxygen adatoms, but is 
more likely due to inductive electronic effects of coadsorbed oxygen adatoms 
on the electronic structure of surface Pt atoms (and so on the binding energy 
of neighboring oxygen adatoms) since attractive lateral interactions cause 
ordering of the adlayer at low coverages. 

As described above, along an adiabatic path for 0, approaching the 
surface, adsorption into the shallow molecular chemisorption well is followed 
by crossing a small barrier prior to adsorption into the deep dissociative 
adsorption well. When the oxygen coverage is 0.25 ML, however, the barrier to 
dissociative adsorption becomes larger than the activation barrier to 0, 
desorption and the dissociative sticking probability of 0, is dramatically 
decreased. Work by many previous experimenters has shown empirically that 
this barrier rises sharply as the coverage exceeds 0, = 0.25 ML. Hence, no 
more than 8, = 0.25 ML can populate the surface effectively from low 
pressure (< 1 x lop6 Torr) exposure to molecular oxygen. This is a kinetic 
barrier to 0, dissociation, rather than a thermodynamic barrier, since using 
NO,, external atomization in UHV, or high pressures of 0, as the source of 
oxygen allows the surface to be populated with a higher oxygen coverage. An 
important point to consider in understanding the behavior of Ed in fig. 8 is 
that once atomic oxygen is adsorbed in the deep chemisorption well, it must 
pass over the OZ dissociative adsorption barrier in order to undergo recombi- 
nation and desorption as OzCsj. 

In fig. lob we show potential energy curves for 6,~ 0.25 ML. Experimen- 
tally, we know several of the important quantities for construction of this 
diagram. Molecular 0, is bonded to the surface much more weakly, since 
Gland et al. [3] determined Eh = 3.8 kcal,/mol (t9o = 0.25 ML) for OtC+, and 
thus AH,(OZ& = -AH,,,(O,) = -3.8 kcal/mol. As mentioned above, em- 
pirically we know that a significant barrier to dissociative adsorption of O,, 
E&, now exists. While no determinations of the activation energy for dissocia- 
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tive adsorption of 0, have been made for 0 > 0.25 ML, the barrier height can 
be estimated to be 2 9 kcal/mol from the work of Derry and Ross [7] who 
reported no additional adsorption of atomic oxygen above 0.25 ML even for 
exposures of 29 L of 0, at 370 K. Since Ed+& = A@&(02) + E&, and since 
E& increases sharply by 2 9 above 0, = 0.25 ML without causing a large 
increase in Ed& (see fig. 8), then AHtg(O,) must decrease by a similar 
amount, or 2 9, above 0, = 0.25 ML to AHfE(02) I 36 kcal/mol. We 
propose that this decrease in the Pt-0 bond energy is in fact the origin of the 
large barrier to 0, dissociative adsorption at 0, = 0.25 ML, rather than due to 
the small change in the OZCa) bond energy or due to removal of the required Pt 
ensemble for dissociation due to OCa, site blocking. At 0, = 0.25 ML there is 
still plenty of room for 0, to be bonded in a peroxo-type geometry (the 
proposed precursor to dissociation) on the Pt(lll) surface. Furthermore, it is 
easy to understand why there is such a sharp reduction of the Pt-0 bond 
strength above 0, = 0.25 ML when one considers the (2 X 2) overlayer struc- 
ture of adsorbed oxygen atoms. None of the 0 adatoms in this structure, 
which are adsorbed in 3-fold hollow sites, are bonded to Pt atoms that are 
bonded to another 0 adatom. Subsequent oxygen adsorption into either 3-fold 
or 2-fold bridge sites requires bonding to Pt atoms that already are involved in 
bonding to neighboring oxygen adatoms. We suggest that additional popula- 
tion of any of the available sites in the (2 X 2)-O structure causes a large 
decrease in the Pt-0 bond strength. Recall that at 0, = 0.5 the surface gives a 
good (2 x 2) LEED pattern, indicating either a non-primitive (2 X 2) unit cell 
containing 2 0 atoms per unit cell, or 3 equivalent domains of (2 x 1) 
structures. At these coverages, strong O-O repulsive interactions would also 
be expected. 

As the oxygen coverage increases, E& continues to decrease to 28 kcal/mol 
at 0, = 0.4 ML. If E.& is 2 9 kcal/mol over this range also, AHtg(02) 
decreases to 23 kcal/mol and D(Pt-0) I 71 kcal/mol. If E& increases over 
that at 0.25 ML, then AHtz(O,) and D(Pt-0) decrease even further. The 
sharp rise in E& to 38 kcal/mol at 0, = 0.42 ML can only be explained by a 
sharp rise in E&, since for a mobile overlayer the 0 adatoms should be in 
two-dimensional equilibrium with the available surface sites and thus one 
would not observe a sudden increase in the Pt-0 bond energy at this coverage. 
We propose that the origin of the 10 kcal/mol increase in E& to > 19 kcal 
mol at 0, = 0.42 ML is due to 0 adatom site-blocking of the critical ensemble 
size required for adsorbing peroxo-O,(,,, the lowest energy precursor to 
dissociative adsorption. The oxygen coverage at which this site-blocking occurs 
indicates that this ensemble size is 2 Pt atoms. Blocking adsorption of the 
peroxo-bonded precursor means that dissociative adsorption must proceed 
through a new transition state such as ni-02 (end-bonded) or thru diffusion 
(compression) of adjacent 0 adatoms to make room for binding the peroxo-O,, 
both requiring a higher E&. 
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The sharp decrease in E& to 30 kcal/mol at 0, = 0.45 ML can only be 
explained by another sharp decrease (2 8 kcal/mol) in AHt&(O,) to I 15 
kcal/mol, since there is no reason why Es, should suddenly decrease with 
increasing oxygen coverage. The origin of this second sharp decrease in 
AHtg(4) is due to the onset of extremely strong repulsive interactions within 
the oxygen adlayer above this coverage or possibly due to large indirect 
electronic effects. These repulsive interactions are strong enough to disorder 
the adlayer, moving chemisorbed oxygen atoms out of the (2 x 2) unit cell, 
perhaps even out of the 3-fold hollow sites. Since E& decreases so sharply, 
evidently E& does not increase substantially at these coverages, although the 
small increase in E& near 0, = 0.5 ML is probably due to a further small 
(z 3 kcal/mol) increase in E&. Repulsive interactions continue to increase 
on the average as the oxygen coverage increases above 0.5 ML. This causes 
AHt$(O,) to decrease slowly over this range, and E& = 28 kcal/mol at 
19, = 0.75 ML. 

For 0, = 0.75 ML, we can construct the potential energy curves shown in 
fig. 10~. Molecular 0, should be bonded to this surface very weakly, certainly 
less than 3.8 kcal/mol, with approximately the sublimation energy of solid 0,. 
We estimate that AHr(Ozo) = -AHads = AH,(O,(,,) = - 1.7 kcal/mol. 
In our description, E$, is now 2 19 kcal/mol (E& 2 9 kcal/mol at 0, = 0.25 
ML plus an Ez, increase of 10 kcal/mol at 0, = 0.42 ML). We can also 
independently estimate E.& _ > 16 at t9, = 0.5 ML from the experimental 
observation of the pressure and temperature required to form 0.5 ML of 
atomic oxygen from 0, exposure reported by Derry and Ross [7] (and 
assuming a value of 1.7 kcal/mol for AHads(O in good agreement with the 
value of 2 19 kcal/mol given above. If E& 2 19 kcal/mol at this coverage, 
AHtE(O,) I 11 and D(Pt-0) I 65 kcal/mol. 

In summary, we see several effects as a function of oxygen coverage that 
produce large changes in E& with oxygen coverage. At 0,~ 0.25 ML, a large 
decrease in the Pt-0 bond energy occurs and this causes a large barrier to 
dissociative oxygen adsorption. At this coverage, these two effects are numeri- 
cally equal and little change occurs in E&. With increasing oxygen coverage, 
however, the Pt-0 bond strength decreases and E& falls to 28 kcal/mol at 
f3, = 0.4 ML. Above this coverage, there is not enough room to adsorb 
peroxo-0, and E.& increases by 10 kcal/mol. Coincidentally, this sharp 
increase is followed, at only a slightly higher coverage, by a sharp decrease in 
the Pt-0 bond energy near tYo = 0.45 ML. These two effects combine to cause 
a sharp, narrow peak in E& at 0, = 0.42 ML. This peak in E& is real and 
produces a clearly observable feature in the 0, TPD spectra, i.e. the doublet 
shown as the & peak with a peak temperature of 680 K. Repulsive interac- 
tions continue to weaken the Pt-0 bond with increasing oxygen coverage, and 
we determine that AHtg(O,) I 11 and D(Pt-0) I 65 kcal/mol for f?, = 0.75 
ML. 
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The only comment that we can make on the values of the preexponential 
factors shown in fig. 9 is that they are much smaller than expected except for 
6, = O-O.25 ML. These small values can be rationalized as due to the forma- 
tion of a highly constrained transition state for desorption. We note that the 
preexponential factor assumes a normal value of lo-* at @o = 0.42 ML which 
is where we propose that desorption occurs via an 77i-O2 transition state. The 
minimum values of the preexponential factors occur in regimes where repul- 
sive interactions between oxygen adatoms are the strongest for both transition 
states. 

Previously, the desorption activation energy of the & and p2 states were 
estimated by other authors using a Redhead analysis [9]. The Redhead method 
of analysis is likely to give incorrect results when the activation energy for 
desorption is a strong function of coverage. Also, the Redhead method 
assumes that the separate TPD peaks are due to distinct binding sites. We 
have presented strong evidence here that these peaks are due to a kinetic effect 
rather than due to distinct binding sites. Thus, the Redhead analysis method 
would not be expected to provide reliable estimates of the activation energy 
for desorption. However, as it turns out, the previous Redhead analysis [9] 
assuming first order kinetics and using a preexponential factor of 1013 s-l 
gave 32 kcal/mol for E$_ at 6, = 0.75 ML, which is not dramatically different 
from our determination of 28 kcal/mol. Additionally, care should be used in 
interpreting results from the Redhead analysis (or any other method) as 
indicative of the bond strength of the adsorbate to the substrate, since the 
calculated activation energy for desorption is not simply a measure of the 
chemisorption well depth, but also includes any adsorption barrier that the 
adsorbate must pass over prior to desorption. 

4.2. Comparison with other surfaces 

It is instructive to compare the interaction of high coverages of atomic 
oxygen on Pt(ll1) with the interaction of high coverages of oxygen on other 
metals and on other crystal faces of platinum. Adsorbed atomic oxygen on 
Rh(ll1) is similar in some regards to that on Pt(ll1). Exposure of Rh(ll1) to 
0, at 120 K in UHV yields a saturation coverage of 0, = 0.83 ML [26]. The 
desorption of this high coverage of oxygen atoms on Rh(ll1) results in a TPD 
spectrum very similar in appearance to the Pt(ll1) case. Two 0, desorption 
peaks are observed, with the high temperature peak (T,, = 1325 K) following 
second-order kinetics and the low temperature peak (T,, = 840 K) following 
apparent first-order kinetics. The high temperature peak is greatly broadened 
and could be the superposition of several unresolved states [26]. The authors 
report that the two peaks seen in TPD are evidence of two atomic states of 
oxygen, but as we have shown, the presence of multiple desorption states in 
TPD do not necessarily indicate that multiple sites are occupied by the oxygen 
atoms. 
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The Pd(ll1) surface will adsorb a saturation coverage of 8, = 0.25 ML 
under typical UHV conditions for 0, exposure [27]. HREELS data for 
19, = 0.25 ML shows one loss peak at 480 cm-’ corresponding to the Y(Pd-0) 
stretching mode for atomic oxygen in a three-fold hollow site [27]. The 
maximum work function change for this system is +0.7 eV at So = 0.25 ML 
[29]. Photoelectron spectroscopy and AES show that this system is more 
complex than the Pt(ll1) and Rh(ll1) systems, since three types of atomic 
oxygen have been identified: chemisorbed atomic oxygen (O-O.25 ML), atomic 
oxygen in the first Pd layer, and subsurface atomic oxygen [30]. 

We are not aware of attempts by other workers to populate the Pd(ll1) 
surface to high oxygen coverages using any of the methods described in the 
introduction, but we note here that new experiments in our laboratory show 
that it is possible to oxidize the Pd(ll1) surface and extensively incorporate 
oxygen in the near surface region using NO,, such that several monolayers 
(equivalents) of 0, desorption occurs in TPD [28]. 

The behavior of the more open crystal faces of platinum is more complex 
than that seen on Pt(lll), partly because these surfaces reconstruct in UHV. 
The clean Pt(ll0) surface reconstructs to a (1 X 2) surface [31]. With careful 
surface preparation, oxygen adsorption on both the reconstructed and the 
unreconstructed surface can be studied. Exposure of the reconstructed (1 x 2) 
surface to 0, at 300 K in UHV results in an atomic oxygen coverage of 0.35 
ML. This coverage can be increased to 0.85 ML by several cycles of heating to 
300 K, then re-exposing to 0, at 120 K [31]. The work function measurements 
for the (1 x 2) surface as a function of oxygen coverage exhibit a change in 
slope at 0.20 ML. The authors propose that dissociation first occurs along the 
[liO] row sites, which becomes saturated at 0.20 ML, and that a different site 
is involved for coverages greater than 0.20 ML [31]. This is supported by the 
work of Sobyanin and Zamaraev [32] who show HREELS evidence for atomic 
oxygen adsorption on two different sites. The unreconstructed surface reaches 
a saturation coverage of 0.80 ML from 0, exposure at 250 K. Higher coverage 
is more easily obtained on this surface, since it has more active [liO] sites [31]. 

The Pt(lOO) surface exhibits very complex behavior. The clean Pt(lOO) 
surface is known to reconstruct to a (5 x 20) or “hex” pattern [33]. Two 
oxygen-stabilized surface phases are observed with LEED, corresponding to 
definite oxygen coverages [33]. The first, called the “complex” structure, is 
associated with the saturation atomic oxygen coverage of 0.63 ML. A second 
(3 x 1) structure occurs at 0.44 ML. Three peaks are observed with TPD. The 
low temperature fir peak was associated with the complex phase for 0.6 > 0, 
> 0.4 ML, and was reported to have a reaction order less than zero. The & 
state was associated with the (3 X 1) to hex transition seen with LEED. The 
high temperature & state was associated with defect sites in the hex recon- 
struction. 

To summarize, the comparison of our results obtained for Pt(ll1) to 
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previous results for Rh(lll), Pd(lll), and other low index faces of Pt shows 
that the Pt(ll1) surface is unique in its interaction with oxygen, in that only 
0.25 ML of oxygen adatoms can be produced from exposure to 0, in UHV 
(due to kinetic limitations) and no “oxide” of Pt can be formed under heavily 
oxidizing conditions. Pd(lll), which also has a saturation coverage of only 
0.25 ML from exposure to 0, in UHV, nevertheless, is more reactive towards 
oxygen in that atomic oxygen is readily incorporated into the bulk of the 
crystal. The high oxygen coverage on Pt(lll), 0, = 0.75 ML, from NO, 
exposure at 400 K, results in a TPD spectrum that is very similar to that 
obtained for desorption of 19, = 0.83 ML of oxygen from Rh(ll1). The other 
crystal faces of Pt(ll1) that have been studied exhibit more complex behavior, 
in part due to the reconstruction of these surfaces. Higher oxygen coverages 
are obtained on these more reactive surfaces from 0, exposure in UHV 
compared to Pt(lll), and spectroscopic results indicate that there are multiple 
binding states, in contrast to the oxygen adlayer on Pt(ll1). 

5. Conclusion 

NO, exposure on Pt(ll1) at 400 K in UHV produces a saturation chemiso- 
rbed atomic oxygen coverage of 0.75 ML. The spectroscopic data froM 
HREELS, UPS, AES, LEED and work function measurements indicates that 
all adsorbed oxygen is present as atomic oxygen and there is no dramatic 
change in the nature of the chemical bonding of the oxygen for the entire 
range of oxygen coverage studied. Multiple peaks in the TPD spectrum can be 
explained as arising from kinetic effects, rather than distinct adsorption sites 
with different binding energies. 
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