
Journal of Vacuum Science & Technology A 8, 2585 (1990); https://doi.org/10.1116/1.576675 8, 2585

© 1990 American Vacuum Society.

Chemisorption of high coverages of atomic
oxygen on the Pt(111), Pd(111), and Au(111)
surfaces
Cite as: Journal of Vacuum Science & Technology A 8, 2585 (1990); https://doi.org/10.1116/1.576675
Submitted: 23 October 1989 . Accepted: 20 November 1989 . Published Online: 04 June 1998

Deborah Holmes Parker, and Bruce E. Koel

ARTICLES YOU MAY BE INTERESTED IN

Adsorption kinetics and isotopic equilibration of oxygen adsorbed on the Pd(111) surface
The Journal of Chemical Physics 90, 5787 (1989); https://doi.org/10.1063/1.456386

Dependence of effective desorption kinetic parameters on surface coverage and adsorption
temperature: CO on Pd(111)
The Journal of Chemical Physics 90, 6761 (1989); https://doi.org/10.1063/1.456294

A molecular beam investigation of the catalytic oxidation of CO on Pd (111)
The Journal of Chemical Physics 69, 1267 (1978); https://doi.org/10.1063/1.436666

https://images.scitation.org/redirect.spark?MID=176720&plid=1225655&setID=421018&channelID=0&CID=414017&banID=519951235&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=fdf387f5fce1b8a41cc1c1cb41d5a2e44e4eb8ad&location=
https://doi.org/10.1116/1.576675
https://doi.org/10.1116/1.576675
https://avs.scitation.org/author/Parker%2C+Deborah+Holmes
https://avs.scitation.org/author/Koel%2C+Bruce+E
https://doi.org/10.1116/1.576675
https://avs.scitation.org/action/showCitFormats?type=show&doi=10.1116/1.576675
https://avs.scitation.org/doi/10.1063/1.456386
https://doi.org/10.1063/1.456386
https://avs.scitation.org/doi/10.1063/1.456294
https://avs.scitation.org/doi/10.1063/1.456294
https://doi.org/10.1063/1.456294
https://avs.scitation.org/doi/10.1063/1.436666
https://doi.org/10.1063/1.436666


Chemisorption of high coverages of atomic oxygen on the Pt( 111), Pd( 111), 
and Au( 111) surfaces 
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Department o/Chemistry and Biochemistry and Cooperative Institute/or Research in Environmental 
Sciences, Universityo/Colorado, Boulder, Colorado 80309-0216 

(Received 23 October 1989; accepted 20 November 1989) 

Studies of the interaction of oxygen with some transition metal surfaces are limited by activation 
barriers to adsorption and reaction of O2, These barriers can be surmounted by using oxidants 
more powerful than O2 to chemisorb oxygen on these surfaces under ultrahigh vacuum (UHV) 
conditions, but at high "effective" pressures of O2 , We report here on the use of very reactive 
molecules, such as nitrogen dioxide (NOz ) and ozone (03 ) to study the interaction of high 
concentrations of oxygen atoms on the PtC 111), Pd( 111), and Au( 111) single crystal surfaces. 
Chemisorbed oxygen adatom coverages of 0 0 <0.75 monolayer (ML) on Pt(lll), 0 0 < 1.4 ML 
on Pd( 111), and 0 0 <0.80 ML on Au( 111) surfaces have been characterized. On the Pd( 111) 
surface, higher concentrations (00 <3.1 ML) can be formed and the initial stages of oxidation, 
including migration of oxygen into the subsurface region and formation of Pd oxide can be 
studied. This method of cleanly forming high coverages of oxygen on metal surfaces allows for 
new insight into the nature of oxygen-metal interactions. For example, in the case ofPt( 111) and 
Au (111 ), temperature programmed desorption (TPD) can be used to determine kinetic 
parameters of O 2 adsorption and desorption as a function of oxygen coverage and upper limits for 
the metal-oxygen bond strengths over a large range of oxygen coverages can be determined from 
the activation energy of O2 desorption. Also, the kinetics of oxidation reactions can be studied 
over a much larger range of oxygen coverage than previously carried out under UHV conditions 
on surfaces that are relatively unreactive to O2 chemisorption, such as PtC I I I) and Au( 111). We 
report preliminary results concerning transient kinetic studies of CO oxidation over pte 111) and 
Au(111) surfaces. 

I. INTRODUCTION 

The interaction of oxygen with transition metal surfaces has 
received considerable attention over the years, particularly 
with regard to the role of chemisorbed oxygen in oxidation 
reactions catalyzed on these surfaces. Fundamental studies 
on Pt, Pd, and Au surfaces are hampered by the small disso
ciative sticking probability of O2 on these surfaces. Only 0.25 
monolayers (ML) of atomic oxygen can be adsorbed on 
Pt (111 ) 1 or Pd (11 1) 2 in ultrahigh vacuum (UHV) from 
exposure to Oz, and exposure of the Au ( 111) surface to O 2 

in UHV does not result in chemisorption of any measurable 
amount of adsorbed oxygen.:1 This is in contrast to other 
transition metals such as Rh and Ir which readily form high
er saturation coverages of oxygen from O2 exposure.4

•
5 

Hence, studies of the role of adsorbed atomic oxygen in the 
oxidation reactions on these surfaces using techniques re
quiring URY have been seriously limited by the relatively 
low oxygen coverages attainable under UHV conditions. 
This is an important consideration in applying the results 
obtained in URY to catalysts operating under much higher 
O 2 pressures and possibly much higher chemisorbed oxygen 
coverages. 

Many methods have been used to generate high coverages 
of atomic oxygen on relatively unreactive surfaces. These 
involve electron bombardment of an O2 covered surface, 6 

dissociation of O2 over a hot Pt or W filament so that the 
metal surface is exposed to 0 atoms, 7 and the use of high 
surface temperatures and high O2 pressures ( > 10-· 6 Torr). R 

These methods have distinct disadvantages. In the first two 
methods, the crystal must be exposed to a hot filament which 
can often be a source of surface contamination. Even if no 
deposition from the filament occurs, CO outgassed from the 
filament will readily titrate the surface oxygen atoms so that 
the maximum attainable oxygen coverage is very difficult to 
achieve. Using high pressures of O 2 can cause problems since 
the concentration of CO2 and H 20 impurities often results in 
surface carbonate and hydroxyl formation. In this paper we 
illustrate another method of generating high coverages of 
atomic oxygen on metal surfaces from the decomposition of 
the highly reactive molecules N02 and D.,. Of course, we are 
not the first to use this method, but we have recently made 
new studies which warrant reporting. We have used this 
method to deanly generate oxygen coverages of 0 0 = 0.75 
ML on pte 111) and 0 0 = 3.1 on Pd( 111) by exposing the 
crystals to N02 above 400 K, and coverages of eo = 0.80 
ML on Au( 111) by exposing the Au surface to 0 3 at 300 K. 
These molecules are very efficient at providing oxygen to the 
surface. For example, we calculate that an O2 pressure of 104 

atm is necessary to generate a surface oxygen concentration 
of 0 0 = 0.75 ML on pte 111) using an estimated value of 11 
kcal mol- I for the activation energy of dissociative adsorp
tion at thiscoverage.9 In the case ofPt( 111), it is known that 
the failure of oxygen to dissociatively chemisorb is largely 
due to the lack of accommodation of molecular O2 on the 
surface. 10 In contrast, the N02 molecule has a high sticking 
coefficient of 0.97 at 300 K on Pt(111), II and is easily ac
commodated on the surface, thus providing an efficient 
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source of oxygen atoms. The availability of numerous weak
ly bound N02 adsorption isomers has been postulated to 
explain the origin of this efficient accommodation. 12, t3 It is 
likely that a similar situation exists for 0 3 since the mole
cules are similar in geometry and reactivity, However, 0 3 is 
exceptional in that the 0-0 bond strength in 0 3 (g) is only 
23 kcallmol. 

Recent work in our laboratory has reported detailed spec
troscopic characterization of oxygen chemisorbed on 
Pt(111),9 Au(111),l4 and Pd(1I1).15 Briefly, on Pt(IlO 
we found that both the work function and 0 (519 e V) Auger 
electron spectroscopy (AES) signal increased linearly with 
increasing surface coverage of oxygen, indicating that the 
oxygen is present in a similar chemical state at all coverages 
studied (eo = 0-0.75 ML). Ultraviolet photoelectron spec
troscopy (UPS) and high-resolution electron energy-loss 
spectroscopy (HREELS) give evidence that all of the oxy
gen is present as chemisorbed atomic oxygen and low-energy 
electron diffraction (LEED) observations show disordering 
of the oxygen adlayer in one dimension at high oxygen cover
ages.9 On the Au( 111) surface, both the work function and 
o (519 eV) AES signal plotted versus 0 coverage show a 
change in slope near 0.50 ML, which coincides with the on
set of disordering of the Au substrate. 14 On Pd( 111), the 
interaction of high coverages of oxygen with the surface is 
quite complicated due to the formation of a Pd oxide and 
migration of oxygen atoms into the Pd crystal. 15 

In this paper, we give an overview of our studies of the 
interaction of high coverages of oxygen on metal surfaces, 
illustrating with results on Pt( 111 ),Pd( 111 ),andAu( 111). 
Pt ( 111) shows a strong coverage dependence of the heat of 
adsorption of oxygen on oxygen coverage, Pd shows this 
variation plus oxygen penetration into subsurface sites and 
Au shows activated O 2 adsorption even at zero coverage and 
disordering of the surface at high oxygen coverage. We pres
ent O2 temperature programmed desorption (TPD) data 
from which we have extracted the oxygen coverage depen
dence of the O2 desorptifJn activation energy Ed' As an ex
ample of the interesting chemistry that can occur at high 
oxygen coverage, we report preliminary kinetic data for the 
reaction of CO with adsorbed atomic oxygen on both 
Pt ( 111 ) and Au ( 111 ). This method of generating high oxy
gen coverages allows us to follow the kinetics of the CO oxi
dation reaction over a range of surface oxygen coverage that 
is three times higher than previously reported on Pt ( 111 ) . 
No studies have been made of the kinetics of CO oxidation 
on Au( 111) previously. 

II. EXPERIMENTAL 

The stainless steel UHV chamber used for this work is 
described in detail elsewhere. 16 The pte 111), Pd( 111), and 
Au( 11 I) crystals were cleaned using standard techniques 
with special care taken to ensure that impurities which form 
refractory oxides were not present. 

High purity N02
12 was used for dosing the Pt( 111) and 

Pd( 111) .crystals. N02 dosing was performed at 400 K (on 
Pt) and 530 K (on Pd) in order to desorb any NO or N02 • 

The ozone used for dosing Au( 111) was prepared in our 
laboratory using a commercial ozone generator and concen-
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trated on a silica gel trap. 14 Ozone exposure was performed 
with the Au crystal at 300 K. A glass microcapillary array 
was used for dosing N02 or 0 3 directly to the samples. 

Absolute surface coverages of oxygen on Pd and Pt were 
calculated by careful comparison to the saturation oxygen 
coverages obtained from O2 exposure. The work of Gland7 

on the 02/Pt( 111) system indicates that heating a satura
tion coverage of O2 exposed on PtC 111) at 100 K yields 
0 0 = 0.25 ML. On the Pd( 111) surface, a saturation cover
age of oxygen adatoms of eo = 0.25 ML is also achieved 
from O2 exposure in UHV at 110 K.2

,17 Using these calibra
tion points, eo was measured from the relative areas of inte
grated O2 TPD spectra. 

Since O2 does not stick on Au( 111) in UHV, the absolute 
oxygen coverage on Au( 111) was estimated by comparing 
the AES peak-to-peak height ratio of 0 (519 cV)/Au (239 
eV) with the 0 (519 eV)/Pt (237 eV) ratio which was ob
tained in the same instrument for the (2 X 2) -0 oxygen ad
layer on PtC 111), which has a known oxygen coverage of 
3.8 X 1014 atoms/cmz. I This determination is quite reliable 
since the kinetic energies and the relative sensitivities of the 
Pt (237 eV) and Au (239 eV) transitions on the clean sur
faces arc essentially the same. 18 We estimate that the satura
tion coverage of oxygen that we obtained with our procedure 
on Au( 111) is eo = 0.80 ML. 

To follow the transient kinetics ofthe CO oxidation reac
tions, the surface oxygen coverage was monitored during the 
CO titration experiments with AES. The electron beam cur
rent was adjusted to 2pA to avoid electron stimulated de
sorption or reaction: under these conditions, no observable 
change in oxygen signal is noticed until CO is introduced 
and the reaction rate was independent of the presence or 
absence of the electron beam. 

III. RESULTS AND DISCUSSION 

A. O2 TPD from Pt(111) 

Exposure of Pt(ll1) to N02 at 400 K forms an atomic 
oxygen adlayer which desorbs as O2 to give the TPD spectra 
shown in Fig. 1. These spectra were generated from increas
ing exposures of N02 at 400 K. Identical spectra can be 
obtained by annealing a saturation coverage of atomic oxy
gen to progressively higher temperatures prior to TPD. Fig
ure I shows that four desorption peaks result from high cov
erages of oxygen. The high temperature state fJ4 is identical 
to that obtained from the saturation exposure of 02.10.19 The 
fJ4 peak shifts to lower temperatures with increasing 0 0 , in
dicating second order kinetics. When this state reaches satu
ration at eo = 0.25 ML, a new state, fJ3' appears. The fJ3 
peak is invariant in temperature with increasing oxygen cov
erage. Above 0.40 ML two new states, fJ2 and fJ" appear 
sequentially, and also grow in with constant peak tempera
ture. While other authors \ I have simply invoked pseudo
first-order kinetics, this is not easy to explain, and is not 
necessary, since the shape of the TPD spectra may be strong
ly influenced by changes in the activation energy of desorp
tion, Ed' with coverage (vide infra). Previous workers have 
also failed to resolve the closely spaced fJr{33 "doublet". 
Hence, our peak numbering is different from that given by 
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FIG. I. O2 TPD spectra taken following varying exposures of NO, on 
PI ( III ) at 400 K. The spectra correspond to the following initial cover~ges: 
(a) 0.073 ML, (b) 0.093 ML, (c) 0.164 ML, (d) 0.194ML, (e) 0.258 ML, 
([) 0.291 ML, (g) 0.331 ML, (h) 0.363 ML, 0) 0.467 ML, (jl 0.534 ML, 
(k) 0.579 ML, (I) 0.606 ML, and (m) 0.750 ML. Taken from Ref 5. 

Segneretal. II: our /34 corresponds to the/33 of Segner eta I., II 
our /32-/33 "doublet" is the /32 state reported by Segner 
et al. to and the /3, states are the same in both works. 

B. O2 TPD from Pd(111) 

Exposure of a Pd( 111) surface at 530 K to N02 results in 
very high concentrations of atomic oxygen on the surface. At 
the highest concentrations (00) 1.4 ML), two low-tempera
ture desorption states (which could not be obtained from O2 

exposure in DRV) were never observed to saturate for any 
exposure of N02 • Oxygen concentrations greater than 3 ML 
were observed (calculated from integrated O2 TPD areas). 
Figure 2 shows O2 desorption traces resulting from 
0.61<80<1.2 ML. Curves (a) and (b) have leading edges 
which overlay, but the peak maxima cross through the lead
ing edges of curves (c) and (d) obtained for higher cover
ages. AES, x-ray photoelectron spectroscopy (XPS), and 
HREELS data indicate that oxygen is present at 100 K as 
chemisorbed atomic oxygen for coverages up to 0 0 = 1,4 
ML. At higher coverages (eo> 1.4 ML), oxygen migrates to 
subsurface sites and oxide formation occurs at or near the 
surface. The TPD spectra shown in Fig. 2 are governed by 
complex desorption kinetics, since O2 desorption is a com
petitive process between subsurface diffusion and oxygen 
adatom recombination at the surface for O.75<0{)< 1.4 ML. 

C. 01 Au(111) TPD 

Exposure of Au ( 111) to 0 3 at 300 K forms an atomic 
oxygen adlayer which desorbs to produce the O2 TPD spec
tra shown in Fig. 3. These spectra were generated from in
creasing exposure to 0 3 at 300 K. Exposures to O2 at 300 K 
resulted in no detectable O2 TPD peak. Oxygen coverages 
were determined by relative integrated O2 TPD areas, with 
the saturation coverage calibrated by AES (vide supra). Fig
ure 3 shows that the peak maximum and peak shape both 
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FIG. 2. 0, TPD spectra following increasing exposures to NO, on Pd( 111) 
at 530 K. The initial oxygen coverages are (a) 0.61 ML, (b) 0.76 ML, (c) 
LO ML, (d) 1.2 ML. Taken from Ref. 14. 

change with coverage. At low coverages (00 <,0.07 ML), the 
peak maximum shifts to higher temperatures with increas
ing coverage, implying an increasing activation energy of 
desorption. At higher oxygen coverages (00 ) 0.15 ML) the 
peak maximum is only slightly dependent on coverage and 
has an asymmetric shape indicative of first order desorption 
kinetics. This is surprising since one would expect O2 de
sorption to follow second order kinetics. 

D~ Activation energy of O2 desorption 

We have used a variety of methods to analyze the coverage 
dependence of the activation energy of O2 desorption using 
the TPD data shown in Figs. 1 and 2. These methods are 
described in detail in several papers.')·14.20.21 The results of 
analyses using these methods are shown in Figs. 4 and 5 for 
pte 111) and Au( 111), respectively. 

Figure 4 shows Ed versus oxygen coverage as determined 
from the TPD data in Fig. 1. It can be seen that Ed is not 
constant, and is a very strong function of coverage. For the 
range 8 0 = 0 to 0.25 ML, a decrease occurs in Ed from 51 
kcal/mol in the limit of zero coverage to 43 kcal/mol at 
0 0 = 0.25 ML. This is in excellent agreement with Campbell 
et al. 10 who report a variation of 51 to 41 kcallmol over the 
same coverage range. We find that Ed decreases strongly 
with increasing oxygen coverage above 0 0 = 0.25 ML, so 
that Ed = 29 kcal/mol at 8 0 = 0.32 ML. The desorption 
activation energy decreases only slightly to 28 kcal/mol at 
0 0 = 0.40 ML, but then rises sharply to 38 kcal/mol at 
0 0 = 0.42 ML and falls sharply to 28 kcallmol at 0 0 = 0.45 
ML. A slight rise in Ed occurs above 0 0 = 0.50 ML before 
Ed falls linearly with oxygen coverage to 28 kcal/mol at 
0 0 = 0.75 ML. The complicated behavior of the activation 

.•.••.•••••.••••••••••• :.:.:-:.:.: ....... .:-••••• - ••••• -•.• -••••••••• -, •• ' ••. n ••• 
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FIG. 3. 0 1 TPD spectra following increasing exposure to 0, on Au( 111) at 
300 K. The initial oxygen coverages are (a) 0.02 ML, (b) 0.04 ML, (e) 0.07 
ML, (d) 0.15 ML, (e) 0.33 ML, (e) 0.51 ML. (f) O.Sl ML, (g) 0.57 ML, 
(h) 0.63 ML, (i) 0.74 ML, and (j) 0.80 ML. Taken from Ref. 13. 
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FIG. 4. Plot of the activation energy for O2 desorption Ed vs oxygen cover

age on pte 111). Takcn from Ref. 5. 
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FIG. 5. Summary of O2 TPD data analysis showing the variation of the 
activation energy for O2 desorption from Au( Ill) as a function of oxygen 
coverage. Taken from Ref. 13. 
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energy of desorption is due to changes in the binding energy 
of atomic oxygen and the activation barrier to O2 adsorption. 

Oxygen TPD spectra from the Au( 111) surface are sur
prising. The spectra have the appeance of first order desorp
tion kinetics which is unexpected for recombination of ato
mically adsorbed oxygen species. Analysis of the TPD data 
using plots of In(rate)-n In(0) to determine the reaction 
order 11, gives linear plots for n = 1, in the region of the peak 
maximum,20 indicating that the desorption curves are well 
described by first-order kinetics. Figure 5 summarizes the 
results of our analysis of the coverage dependence of Ed for 
O2 desorption from Au ( 111 ). There is rapid increase in Ed 
with increasing coverage from 16.0 kcal/mol near 0 0 = 0 
ML to 28.0 kcallmol at 0 0 = 0.07 ML. Ed then shows a very 
slight increase to 28.8 kcal/mol near saturation coverages. 
The results presented in Fig. 5 correlate well with the empiri
cal observation that the temperature of the desorption peak 
maximum increases significantly with coverage at the three 
lowest coverages studied and then shifts only very slightly to 
higher temperatures with higher coverages. The rapid rise at 
low coverage occurs in a regime where the clean Au( 111) 
reconstruction is lifted and where there are likely to be some 
effects due to defect sites. 

We know that O2 dissociative chemisorption is an activat
ed process on Au( 111) and the Ed measured from TPD 
reflects the sum of the adsorption energy (tJ..Eads ) and the 
activation energy for dissociation CEa). An explanation for 
the rapid rise in Ed at low 0 0 ( < 0.07 ML) is that initially 
defect sites are populated which have much lower Ea and 
consequently lower Ed' The small rise in Ed over the range 
0 0 = 0.07-0.80 ML could be due to inductive electronic ef
fects whereby adsorbed oxygen withdraws charge from Au 
surface atoms and increases the subsequent interaction 
between Aus + and ali . The first order desorption kinetics 
of O2 are difficult to explain, but could be due to reconstruc
tion of the Au( 111) surface being the rate-limiting step for 
O2 desorption. Long-range disordering of the surface was 
observed using LEED at higher oxygen coverages. 

Since O2 will not dissociatively chemisorb on PtC 111) 
above 0 0 = 0.25 ML, this implies the existence of an ener
getic barrier to O2 adsorption at this coverage. By populating 
the surface to a coverage greater than 0.25 ML, we can indi
rectly probe the adsorption barrier height, since the oxygen 
desorbs as O2 molecules. However, we cannot measure the 
barrier height direclty from TPD experiments. We can only 
measure the desorption activation energy Ed which is the 
sum of the heat of dissociation adsorption Eads and the acti
vation barrier to adsorption, E". The same argument holds 
true for the Au( 111) system which has a barrier to O2 ad
sorption for the clean surface. This method of generating 
high coverages of oxygen using reactive molecules holds 
promise for accurately determining metal-oxygen bond 
strengths iffuture experiments were to measure these barrier 
heights. For now, crudely estimating the height of the bar
riers has allowed us only to make estimations of the upper 
limits on the metal-oxygen bond strengths. We have deter
mined that the upper limit on the Pt-O bond strength is 65 
kcal/mol at 0 0 = 0.75 ML and the upper limit on the Au-O 
bond strength is 74 kcallmoI at 0 0 = 0.80 ML. These bond 
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strengths can be better defined once accurate adsorption en
ergies are known. 

E. Reactivity of high coverages of atomic oxygen 

We have performed transient kinetic studies of the reacti
vity of high coverages of atomically adsorbed oxygen on 
pte 111) and Au( Ill) with CO. Studies of the mechanism of 
catalytic reactions can be greatly simplified by using tran
sient techniques in which one reactant is first preadsorbed 
onto the surface and then reacted away by the introduction 
of the second reactant. In this manner, kinetic effects of the 
adsorption of one reactant can be separated from those of the 
surface reaction. 

A typical titration transient experiment consisted of pre
dosing the crystal with N02 (for Pt) or 0 3 (for Au) to ob
tain the desired atomic oxygen coverage, followed by heating 
the crystal to the desired reaction temperature. A pressure 
jump of CO was then introduced. The 0 (KVV) AES signal 
was monitored as a function of time for the duration of the 
reaction to yield eo (t). The oxygen AES signal has been 
shown previously to be proportional to 0 0 on both Pt ( 111 ) 9 

and Au( 111 ).14 Numerical differentiation of this signal was 
used to calculate rate (deoldt) versus time. Rate versus 
oxygen coverage could be calculated also, since the oxygen 
AES signal can be used to deduce eo at any time. 

1. CO+OIPt(111) 

Figure 6(a) shows the measured data [0 (KVV) signal 
versus time 1 obtained for the conditions P eo = 2 X 10-- 9 

Torr and a sample temperature of 500 K. This curve shows 
that the oxygen signal decays over a period of 950 s to a 
constant value where eo = O. The derivative of this curve 
yields the reaction rate as a function of time, which is shown 
in Fig. 6(b). This figure clearly shows that the rate increases 
as a function oftime, reaching a maximum value at approxi
mately 850 s. At approximately 950 s the rate rapidly de
creases and then goes to zero. These results are in contrast to 
studies using an initial oxygen coverage of 0 0 = 0.25 ML in 
which the rate reached a maximum quickly and then de
creased. 22 

We also show in Fig. 6(c), the CO oxidation rate at 500 K 
plotted as a function of 0 0 , At low 0 0 ( < 0.1 ML), the CO2 

production rate is directly proportional to 0 0 , The rate is 
nearly constant, independent of 0 0 for 0.1<;;;00 <0.25 ML. 
This suggests that an adsorbed precursor state of CO exists 
which is important to the kinetics. Work by Campbell et af. 23 

for coverages up to 0.25 ML also suggests such a precursor 
state. For coverages larger than 0 0 = 0.25 ML, the rate de
creases with increasing oxygen coverage. One explanation is 
that the CO2 formation rate is proportional to the sticking 
coefficient of CO, Seo which has a (1 - 0 0 ) functional 
form. This 0 0 dependence of Seo has not been seen on 
pte 111) previously. We are presently analyzing transient 
kinetic data taken at a variety oftemperatures and pressures 
in order to obtain values for the activation energy and reac
tion order in P co in order to provide a better understanding 
of the mechanism of the CO oxidation reaction at these high 
oxygen coverages. 
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FIG. 6. Transient kinetic results for CO oxidation on pte Ill). The experi
mental conditions are T .. 50() K and Pcn = 2X 10 9 Torr. Panel (a) 

shows the raw data for the O(KVV) AES signal as a function of time. Panel 
(b) shows the CO oxidation rate as a function of time. Panel (c) shows the 
reaction rate as a fUllction of atomic oxygen coverage, 8". 

20 CO+O/Au(f11} 

We have performed transient kinetic experiments, similar 
to those described above, for CO oxidation on the O-covered 
Au( 111) surface. Figure 7 shows the results of a typical 
transient kinetic experiment with Peo = 5 X ]0-8 Torr and 
T = 300 K. Panel (a) shows the AES signal intensity as a 
function of time showing the decrease of the oxygen concen
tration over a period of 1375 s. Panel (b) shows the deriva
tive of the data in panel (a), showing the reaction rate as a 
function oftime. The CO oxidation rate decreases with time 
as the oxygen coverage decreases. Panel (c) shows this expli
citly by plotting the CO oxidation rate as a function of oxy
gen coverage. The reaction rate is linear with oxygen cover
age and increases steadily over the entire course of the 
reaction, indicating that the reaction is first order in oxygen 
coverage up to 0 0 = 0.80 MU At present we are analyzing 
additional data for a range of experimental conditions in an 
attempt to determine the mechanism and energetics of this 
reaction. Preliminary results show that the reaction rate in
creases at lower surface temperatures reaction has an appar
ent negative activation energy. This negative apparent actio 
vation energy is the energy difference between the Lang
muir-Hinshelwood (LH) activation energy of the O(a) 
+ COCa) reaction, ELH , and the activation energy for de-
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FiG. 7. Transient kinetic results for CO oxidation on Au ( 111). The experi
mental conditions are To~ 300 K and Pco = 5 X 10-" Torr. Panel (a) 

shows the raw data for the O(KVV) AES signal as a function of time. Panel 
(b) shows the CO oxidation rate as a function of time. Panel (c) shows the 
reaction rate as a function of atomic oxygen coverage, Go. 

sorption of CO, Ed' Since E ~CO) is so small [CO will not 
adsorb on Au( 111) at 100 KJ, the surface reaction barrier, 
ELf! , is very small. Still, the reaction mechanism is via a LH 
pathway rather than via an Eley-Rideal pathway. 

IV. CONCLUSIONS 

The use of reactive molecules such as N02 and 0 3 to gen
erate high coverages of atomic oxygen on transitions metals 
has opened up several new avenues of research on the inter
actions of atomic oxygen with these surfaces. We have char
acterized the interaction of oxygen with Pt ( Ill), Pd ( III ), 
and Au(111). We have found that high concentrations of 
atomic oxygen can be achieved on these surfaces: 8 0 = 0.75 
ML on PtC 111),80 = 3.1 ML on PdC 111), and 8 0 = 0.80 
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ML on Au ( 111 ). As an example of the interesting chemistry 
that is found, we have used TPD to determine that the acti
vation energy for desorption of O2 from Pt ( 111) and 
Au ( 111) is a strong function of oxygen atom coverage and 
we have used transient kinetic methods to determine that the 
CO oxidation rate is also a strong function of oxygen atom 
coverage on both PtC 111) and Au( 111). 

The capability to form these high coverages of oxygen on 
relatively unreactive transition metal surfaces should allow 
us to study the kinetics of oxidation reactions over a much 
wider range of oxygen coverages than previously available. 
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