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The adsorption and reaction of CO, CO2, NO2, H2O, CH3OH, 
and C2H4 were studied on clean and oxygen-precovered 
Au(111) surfaces. High coverages of oxygen adatoms, ΘO, up to 
one monolayer were formed under clean, U H V conditions by 
exposure of Au(111) to ozone. Neither CO nor CO2 adsorbed 
on clean or oxygen-precovered Au(111) surfaces, but the CO 
oxidation reaction occurs readily at low temperatures. The 
Langmuir-Hinshelwood (LH) mechanism was found to be in 
operation over the entire range of oxygen coverage; we 
observed negative apparent activation energies (Eapp = - 2.5 
kcal/mol) with no strong dependence on oxygen coverage. 
The activation of NO2, H2O, CH3OH, and C2H4 by oxygen 
adatoms on Au(111) is also discussed and compared to 
Au(110). We find that H2O and C2H4 are unreactive at low 
temperatures, and CH3OH has an intermediate reactivity, 
being less reactive than CO. 

Copper and silver are important industrially as oxidation catalysts. Higher 
selectivity in oxidation catalysis might be achieved by using a less reactive 
metal catalyst, such as Au, if reactive oxygen can still be made available. 
Schwank (1) has reviewed many of the applications of elemental gold in 
catalysis, and striking activities are found for some gold-catalyzed oxygen 
transfer reactions. For example, gold catalyzes the reduction of nitric oxide 
and the carbonyl group in acetone, and the oxidative dehydrogenation of 
alcohols to aldehydes. Furthermore, gold films are being used 
commercially as gas sensors (2), atmospheric NOy sensors have been 
developed that utilize CO oxidation in A u catalytic tubes (3) and there is 
renewed interest in supported A u catalysts which carry out H2 and CO 
oxidation at room temperature (4). New catalyst development can be aided 
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8. LAZAGA ET AL. Reactivity of Oxygen Adatoms on the Au(lll) Surface 91 

by a fundamental understanding of the interactions of oxygen with gold 
surfaces and the role of oxygen in surface reactions of molecules on Au. 

Very few studies of chemical reactions on A u surfaces have been 
carried out under clean, ultrahigh vacuum (UHV) conditions utilizing 
surface analysis to insure that no impurities are present at the surface. This 
is largely due to the low reactivity of gold. Formic acid, HCOOH, has been 
studied several times on gold single crystal surfaces, showing molecular 
adsorption on clean Au(llO) (5, 6) and A u ( l l l ) (6). Madix and coworkers 
have made pioneering studies of the adsorption and reaction of CO and 
C O 2 on clean and oxidized Au(llO) (7), and the activation of HCOOH, 
H 2 CO, C H 3 O H , C2H2, H 2 0 , and C2H4 by surface oxygen on Au(llO) (5,8). In 
general, these molecules show no reactivity on the clean surface of gold, 
but can be oxidized when coadsorbed with oxygen adatoms (8). The 
reactivity trends are similar to those seen on Ag surfaces (9). A correlation 
of the reactivity of oxygen toward these molecules on Cu, Ag, and Au has 
been established by Madix and coworkers based on their gas phase acidities 
and the interactions described in terms of Brônsted acid-base reactions (8, 
10, 11). While the framework for understanding reactivity is certainly in 
place, no reactivity measurements are available for surface oxygen 
coverages on Au(llO) exceeding 0.25 monolayers, which could certainly 
occur under a variety of catalytic conditions, or for A u ( l l l ) surfaces, which 
are the most stable A u crystal faces and thus should comprise most of the 
catalyst metal surface area. This situation has prompted us to explore the 
interactions of several molecules with A u ( l l l ) and oxygen adatoms on 
A u ( l l l ) single crystal surfaces. Specifically, we want to explore the relative 
reactivity of A u ( l l l ) versus Au(110) and the reactivity of high coverages 
(up to one monolayer) of adsorbed oxygen. 

In this paper, we give a brief overview of experiments that probe the 
reactivity of CO, CO2, Νθ2, H2O, C H 3 O H , and C2H4 on clean and oxygen-
covered A u ( l l l ) surfaces. Where applicable, we interpret our results in the 
context of Brônsted acid-base reactions. These studies are made possible by 
using ozone to cleanly form oxygen adatoms on A u ( l l l ) under U H V 
conditions. We note that an interesting, low temperature reaction of H2O+ 
NO2 also forms surface oxygen on Au( l l l ) . 

Experimental methods 

The experiments were performed in stainless steel U H V chambers which 
were equipped with the instrumentation necessary to perform Auger 
Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS), UV 
Photoelectron Spectroscopy (UPS), Low Energy Electron Diffraction (LEED), 
work function measurements (Δφ), High Resolution Electron Energy Loss 
Spectroscopy (HREELS), and Temperature Programmed Desorption (TPD). 
The A u ( l l l ) crystal was heated resistively and cooled by direct contact of 
the crystal mounting block with a liquid nitrogen reservoir. The 
temperature of the A u ( l l l ) crystal was monitored directly by means of a 
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92 CATALYTIC SELECTIVE OXIDATION 

chromel-alumel thermocouple pressed firmly into a small hole drilled into 
the side of the crystal. 

The A u ( l l l ) crystal was cleaned using the procedure of ref. (12) by 
heating in 2x10 - 8 torr of N 0 2 at 800 Κ to remove carbon from the surface. 
Cycles of cleaning in N 0 2 followed by argon ion sputtering at 800 Κ were 
repeated until no "oxide" was formed by N 0 2 exposure and no carbon was 
detected. The crystal was then annealed to 800 Κ and gave the expected 
LEED pattern for the reconstructed surface. 

The ozone used for dosing oxygen was prepared in our laboratory 
using a commercial ozone generator and concentrated on a silica gel trap 
(13). The generator produces a mixture of about 5% ozone and 95% 
unreacted 0 2 with an O2 flow of 5 cm 3/min. The ozone is concentrated by 
passing this mixture for several hours through a gas absorption bottle 
containing dried silica gel suspended in a dewar filled with an ethanol-dry 
ice bath at -80 °C. The ozone may be kept indefinitely at -80 °C, but there is 
a chance of explosion if it is allowed to warm up and come in contact with 
the ethanol in the bath. Since a great deal of oxygen is present as an 
impurity, the ozone was purified by cooling the bath to -110 °C and 
pumping out the 0 2 with a mechanical pump. The bath was then allowed 
to warm up to -80 °C. The stainless steel gas dosing lines on the U H V 
chamber were passivated extensively by ozone exposure and the lines were 
recharged with fresh ozone frequently during experiments. A glass 
microcapillary array was used for dosing the ozone directly to the sample. 
A l l dosing of ozone was performed with the Au crystal at 300 K. 

Gas exposures are reported in units of Langmuir (1 Langmuir = 1 L = 
l x l 0 " 6 torrsec), uncorrected for ion gauge sensitivity and doser 
enhancement. Coverages, Θ, are reported relative to the unreconstructed 
A u ( l l l ) surface atom density (0 = 1 corresponds to 1.39xl015 atoms/cm2 ). 

Results and Discussion 

Adsorption of Oxygen on A u ( l l l ) by Ozone Exposure. The clean A u ( l l l ) 
surface is inactive for any 0 2 adsorption at temperatures down to 100 Κ 
under U H V conditions. Also, it is impossible to dissociatively adsorb 0 2 

on A u surfaces under U H V conditions due to a kinetic barrier for 0 2 

dissociation. However, we have discovered that oxygen adatom coverages 
up to approximately one monolayer, ©Q = 1/ can be formed cleanly and 
routinely in U H V by exposure of ozone, 03(g), on A u ( l l l ) at 300 Κ (13). 
We studied the oxygen layer prepared in this manner by TPD, AES, XPS, 
work function measurements, LEED, and HREELS. HREELS establishes 
that no adsorbed 0 2 is present. LEED observations show no ordered 
overlayer for any coverage studied, but indicate one dimensional 
disordering of the adlayer at low coverages and disordering of the A u 
substrate atoms at higher coverages. Work function versus coverage data 
confirms occupation of adatoms sites and electron transfer from the 
substrate into the adlayer, but the magnitude of the work function change 
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is strongly dependent on the oxygen coverage. AES results show a linear 
relationship of the O(KVV) signal with oxygen coverage as determined by 
TPD. 

Figure 1 shows XPS spectra for atomic oxygen adsorbed on a A u ( l l l ) 
surface. The binding energy of the O(ls) peak is observed between 529.8 eV 
and 530.2 eV, with the O(ls) peak shifting to higher binding energies with 
increasing oxygen coverage. 

Ο 2 TPD spectra from the atomic oxygen adlayer shows an O2 
desorption peak maximum that shifts from 525 Κ to higher temperatures 
for increasing oxygen coverages for 0 < ©Q ^ 0.1 and then remains constant 
at 550 Κ for higher coverages. Analysis of the TPD data indicates that the 
desorption of O2 from A u ( l l l ) can be described well by first-order kinetics. 
The activation energy for desorption exhibits a sharp increase with 
increasing coverage from 16 kcal/mol at ©o = 0 to 28 kcal/mol at ©o = 0.15 
and then exhibits a slow increase to 29 kcal/mol near saturation. This 
results in an upper limit for the Au-O bond dissociation energy of D(Au-
O) < 74 kcal/mol at ©o = 1. We can not determine this bond energy more 
accurately at this time since the value of the activation energy for 
dissociative O2 adsorption is not known. Sault et al. (14) observed similar 
O2 desorption kinetics from the oxygen adlayer on the Au(110) surface, but 
they observed a peak maximum about 40 Κ higher than we observe on 
A u ( l l l ) . 

Coadsorption and low temperature reaction of H2O and NO2 on Au(lll). 
Large coverages of atomic oxygen on Au( l l l ) can also be prepared by a NO2 
+ H 2 O surface reaction that occurs much below room temperature. 
Preliminary experiments have been performed in which H2O was adsorbed 
on NO2 precovered A u ( l l l ) at 95 K. Figure 2 shows a few of the TPD 
results for increasing precoverages of NO2. The bottom curves are 
following water adsorption on clean A u ( l l l ) . A desorption state 
characteristic of physisorbed water is seen in the left panel, and, of course, 
no N O 2 desorption is observed in the right panel. Precoverage of the 
surface with NO2 induces two new water desorption peaks at 180 and 215 K, 
and leads to the formation of oxygen adatoms at the surface. Thus, we 
observe a large O2 desorption in TPD at 550 Κ (identical to O2 TPD spectra of 
ref. (13))which increases up to about ©o = 0.5 with increasing N O 2 
precoverage. This is a significant result since both H 2 O andNC>2are 
completely reversibly adsorbed, i.e., form no surface oxygen, when 
adsorbed separately. The water TPD state at 180 Κ probably has its origin in 
water stabilized by hydrogen bonding with oxygen adatoms as we have 
seen before. We postulate that the peak at 215 Κ is due to 
disproportionation of surface hydroxyl species to form H2O. NO2 is very 
reactive, as it looks like surface oxygen from the reaction continues to 
accumulate even after NO2 multilayers are formed. It is premature at this 
point to speculate on the mechanism of this intriguing reaction. We plan 
HREELS studies of this system in the future. 
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Figure 1. O(ls) XPS spectra of oxygen adatoms after ozone exposure on 
clean Au( l l l ) a t 300 K. 
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Figure 2. H 2 O (left panel) and N O 2 (right panel) TPD spectra following 
the adsorption of H 2 O on A u ( l l l ) at 110 Κ with increasing N O 2 
precoverages. 
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96 CATALYTIC SELECTIVE OXIDATION 

Finally, we note that H2O, because of its low gas phase acidity, does 
not react with oxygen adatoms on the A u ( l l l ) surface (as discussed in a 
later section). If we can find conditions or reagents (such as NO2) that will 
activate water, i.e., abstract hydrogen to form surface hydroxyl species, then 
we can expect to see reactions with a large variety of molecules with higher 
gas phase acidities such as methanol, etc. 

Adsorption and Reaction of CO and CO2. The clean and oxygen-precovered 
A u ( l l l ) surface does not chemisorb CO at temperatures down to 100 K. 
This was established by CO uptake experiments utilizing XPS and TPD. 
C(ls) and O(ls) XPS spectra taken after a 10 L CO exposure to A u ( l l l ) with 
θ ο = 0.0, 0.5 and 1.0 at 100 Κ showed no evidence for a new carbon-
containing surface species, i.e., no adsorbed CO, C02, or carbonate species is 
stable on the A u ( l l l ) surface under these conditions. The area of the O(ls) 
peak after CO exposure was slightly smaller for both oxygen precoverages, 
but this is attributed to background CO oxidation and the formation of CO2 
which desorbs from the surface at 100 Κ (vide infra). 

The clean surface of a A u ( l l l ) crystal at 100 Κ and a surface covered 
with θ ο = 0.12, 0.25, 0.75, and 1.0 was dosed with 10 and 50 L CO2. XPS 
studies of the C(ls) and O(ls) regions did not reveal any significant new 
peaks after CO2 exposure. Appreciable CO2 chemisorption does not occur 
on the clean or oxygen-dosed A u ( l l l ) surface, nor does a stable surface 
carbonate form under these conditions. 

CO oxidation is one of the simplest catalytic reactions, and thus it is 
of interest from a fundamental as well as technological viewpoint. The 
reactions of surface oxygen with CO, or other organic molecules, can often 
be explored easily by titration transient techniques that involve 
introducing gas phase reactants and monitoring the products and the 
surface oxygen coverage as a function of time. When CO was exposed to 
oxygen on the A u ( l l l ) surface, C O 2 was formed and desorbed from the 
surface in a clean-off reaction. AES was used to monitor the surface oxygen 
coverage and thus measure the reaction rate as a function of oxygen 
coverage. We have studied the transient reaction kinetics of CO oxidation 
with adsorbed oxygen adatoms to form C O 2 over A u ( l l l ) single crystals at 
temperatures from 250 - 375 Κ and CO pressures between 2xl0" 8 and lx lO" 7 

Torr (15). Kinetics were obtained for high precoverages of atomic oxygen 
(up to ©o = D by using O3 decomposition . This is the first study of any 
reaction on A u ( l l l ) under clean, UHV conditions and such high oxygen 
coverages. 

The CO oxidation reaction occurs rapidly at room temperature and 
below. As an example, on a A u ( l l l ) surface at 250 Κ with ©onear unity 
exposed to a constant CO pressure of Pco = 2 χ 10"8 Torr, the reaction rate 
expressed as turn-over frequency (TOF; [molecules CO2 (Au atoms)"1]), is 
approximately 2.5 χ 10"3 immediately after the reaction has been initiated 
and then declines at a relatively constant rate reaching a value of 3 χ 10"4 

after the reaction has proceeded approximately 800 seconds. Reaction order 
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studies of the CO oxidation rate were carried out as a function of oxygen 
coverage at CO pressures of 2, 5, and 10 χ 10 - 8 Torr and as a function of CO 
pressure at oxygen coverages of θ ο = 0.3, 0.5, 0.7 at three reaction 
temperatures of 250, 300, and 375 K. The data for a reaction temperature of 
300 Κ is shown in Figure 3a. The CO oxidation rate on oxygen covered 
A u ( l l l ) was close to first order in CO pressure and first order in θ ο over 
the entire range of θ ο · 

Analysis of the temperature dependence of this reaction by 
Arrhenius plots at each oxygen coverage, shown in Figure 3b, yielded 
reaction apparent activation energies ( E a p p ) of -2.5 ± 0.7 kcal/mole for all 
conditions studied, more or less independent of θ ο or CO pressure. The 
negative value for E a p p results from the reaction rate increase as the 
temperature decreases over the range of 250 - 375 K. This result is in 
contrast to most studies of CO oxidation, where the rate increases with 
increasing temperature. The implications of this result is that a 
mechanism in which a single elementary reaction step is rate-limiting is 
ruled out since a single elementary reaction step can not have a negative 
activation energy. Importantly, this very clearly and unambiguously rules 
out an Eley-Rideal mechanism, even though this system might be 
considered as a great candidate since CO does not chemisorb on the clean or 
oxygen-covered Au surface and the reaction rate is first order in θ ο up to 
one monolayer of surface oxygen. In summary, the Langmuir-
Hinshelwood (LH) mechanism was found to be in operation for CO 
oxidation over the A u ( l l l ) surface over the entire range of oxygen 
coverage. This is an interesting result since the preferred CO oxidation 
reaction mechanism occurs via an adsorbed CO species, even though CO is 
not appreciably activated by adsorption on A u ( l l l ) , i.e., CO is only 
physisorbed with heat of adsorption less that 5 kcal/mol, and the activation 
energy for the CO + Ο reaction must be very small (ELH = E a p p + E c o d e s = 
-2.5 + 5 = 2.5 kcal/mol). 

Surface science studies of CO oxidation on Au(110) single crystals 
have been made previously in which a Pt filament was used to adsorb 
oxygen adatoms ( θ ο ^ 0.25) on the Au(110) surface and a CO titration was 
performed subsequently (7). CO did react to form C O 2 with E a p p = 2 ± 1 
kcal/mole. Since CO was not observed to adsorb on Au(110) at 125 K, it is 
only physisorbed (as on Au( l l l ) ) and we can estimate that E L H = 7 
kcal/mol on Au(110). The difference from A u ( l l l ) is probably due to a 
weaker Au-O bond on A u ( l l l ) which leads to a lower barrier for reaction. 
No surface carbonate was formed from CO2 + O a on Au(HO) either (7). 
This is in contrast to the behavior on Ag. Exposing oxygen covered Ag(HO) 
(16) or Ag( l l l ) (17) to CO2 produces carbonate species which are stable to 
485 Κ on the surface. 

Adsorption and reaction of NO2. In contrast to the lack of reactivity of CO2 
on the clean A u ( l l l ) surface, NO2 is molecularly chemisorbed via its two 
oxygen atoms on clean Au( l l l ) at temperatures of 175 Κ and below to form 
a Ο,Ο'-nitrito surface chelate with C 2 V symmetry (12). The NO2 sticking 
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Figure 3. (a) CO oxidation rate over A u ( l l l ) at 300 Κ versus oxygen 
coverage at CO pressures of 2, 5, and 10 χ 10"8 Torr. (b) Arrhenius plot 
of the CO oxidation rate over A u ( l l l ) at a constant CO pressure of 1 χ 
10 - 7 Torr and constant oxygen coverages of 0.1, 0.25, 0.5, and 0.9 
monolayer. 
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coefficient on A u ( l l l ) in this temperature range is unity, and the 
chemisorbed saturation coverage is estimated to be 0NO2 = 0.4. NO2 is 
reversibly adsorbed, i.e. no decomposition occurs when the surface is 
heated, and NO2 desorbs in TPD with first-order kinetics and with a peak 
temperature of 220 K. Since adsorption is not an activated process, the 
activation energy for desorption of 14 kcal/mol also represents the 
adsorption energy. NO2 exposures that are larger than required to saturate 
the chemisorbed state on A u ( l l l ) at 100 Κ populate an N2O4 physisorbed 
state. Also, when the chemisorbed NO2 surface chelate on A u ( l l l ) at 100 Κ 
is exposed to NO, N2O3 is formed on the surface. N2O3 is adsorbed in an 
upright configuration with a vibrational spectrum very close to the gas-
phase N2O3 species. Chemisorbed N2O3 decomposes upon heating to 175 Κ 
to yield NO( g) and the unperturbed NO2 surface chelate. 

TPD and HREELS were used to probe the interaction of oxygen 
adatoms and NO2 on A u ( l l l ) at 100 Κ (18). The NO2 sticking coefficient 
retains a constant value of unity at 100 Κ regardless of the oxygen atom 
precoverage, ©o, but oxygen adatoms inhibit the formation of the Ο,Ο'-
nitrito surface chelate. Oxygen atoms reduce the chemisorbed N O 2 
coverage to zero when ©o = h but does not alter the desorption energy of 
the coadsorbed surface chelate that forms at lower © ο Alternative bonding 
geometries (linkage isomers) on this chemically modified surface, such as 
N-bonded nitro or O-bonded nitrito, were not observed. 

Figure 4 shows that surface oxygen adatoms cause a new N O 2 
desorption peak in TPD at 175 K. This state appears to follow first-order 
desorption kinetics with a peak significantly higher in temperature than 
that shown in the bottom curve of Figure 4 for the decomposition of N 2 O 4 
at 150 Κ on clean Au( l l l ) . The species responsible for this peak is formed 
with unit probability at temperatures below 175 K, forming a saturation 
coverage of © N 0 2 = 0.6 when the surface is presaturated with oxygen atoms 
at ©o = 1. Several of these observations concerning the adsorption and 
desorption kinetics implicate the formation of at least a transient N O 3 
species, but the unambiguous spectroscopic assignment of a stable NO3 
species could not be made. The clear identification of the chemical nature 
of adsorbed NO2 in the first monolayer on the oxygen-precovered A u ( l l l ) 
surface at 100 Κ is not possible at this time, since important differences exist 
between the observed vibrational spectrum and that expected either for 
N O 3 or physisorbed N2O4 (18). However, if an NO3 species is formed, it is 
much less stable than on Ag(110) where surface bound N O 3 does not 
decompose until 310 Κ (19). This is also consistent with the 
aforementioned lower stability of CO3 on A u ( l l l ) compared to Ag. 

Consideration of the adsorption and reaction of NO2 on A u is very 
important in its own right, since chemisorbed NO2 can potentially serve as 
a labile source of oxygen for carrying out catalytic oxidation reactions. The 
ON-O bond strength in the gas phase is 73 kcal/mol and this should be 
reduced by another 5 kcal/mol for the chemisorbed species due to the 
stabilization of the NO product. Thus, the bonds that must be broken (ΟΝ
Ο or Au-O bond) in order to form oxidation products may be comparable in 
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strength and have similar reactivities, depending on the activation energy 
barriers that exist. 

Adsorption of H 2 O and the 0(a) + H 2 O interaction. H 2 O is a product of 
many oxidation reactions and its interaction with these surfaces is 
important to understand. We have studied water adsorption on clean and 
oxygen precovered A u ( l l l ) using principally TPD and XPS, and these 
results are summarized below. 

H 2 O Adsorption on clean Au(lll). Water is very weakly adsorbed 
on clean Au( l l l ) , desorbing in a peak near 160 Κ in TPD studies at low H 2 O 
exposures. Intermediate exposures cause two states, at 160 and 164 K, and at 
much higher exposures water desorption exhibits zero order kinetics 
indicative of the formation of solid water multilayers. We assign 
desorption spectra from exposures prior to 1 L to "monolayer" desorption, 
since the low temperature, zero order state increases preferentially at larger 
exposures. Interestingly, no clearly distinct monolayer desorption peak is 
observed. A rough estimate of 10-11 kcal/mol for the activation energy for 
monolayer desorption can be made using Redhead analysis with first order 
desorption kinetics. This also represents the adsorption energy for water 
on A u ( l l l ) . No O2 desorption was observed in these experiments, 
indicating reversible, molecular water adsorption. 

An O(ls) XPS spectrum of water exposed to clean A u ( l l l ) is shown 
as the bottom curve in Figure 5. Water adsorbed on clean A u ( l l l ) is 
characterized by an O(ls) peak with a binding energy of 533.2 eV. This result 
is consistent with O(ls) binding energies of monolayer coverages of 
molecularly adsorbed water on other metal surfaces, e.g. 533.3 eV BE on 
Cu(lll)(20) and 532.2 eV BE on Pt( l l l ) (21). The O(ls) peak for multilayer 
water (not shown) is at 534.3 eV BE. Since H2O is so weakly adsorbed, the 
1.1 eV shift is due primarily to final state screening effects which are much 
greater for the adsorbed monolayer. 

H 2 O TPD on Au(110) has been studied by Outka and Madix (8). They 
observed monolayer and multilayer desorption states at 190 and 185 K, 
respectively. The differences in these temperatures from those reported 
here on A u ( l l l ) are most likely due to a small temperature measurement 
error in ref.(S). They assigned rather unusual zero-order desorption 
kinetics to the monolayer H2O peak. While kinetic orders lower than first 
order for monolayer desorption can be due to hydrogen bonding and 
clustering on the surface, the leading edges of the TPD peaks do not appear 
to align correctly and it is possible that first order desorption occurs on both 
A u ( l l l ) and Au(110). H 2 O adsorption on Au(110) is also completely 
reversible, as on all of the Group IB metals (8). 

H 2 O adsorption on oxygen-precovered Au(lll). Water was exposed 
to 0.25, 0.50, and 1.0 monolayer atomic oxygen on A u ( l l l ) , and two sets of 
the subsequent TPD spectra are shown in Figure 6. For these particular 
experiments three masses were monitored, H 2 (m/e = 2), H 2 O (m/e = 18) 
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Figure 4. N O 2 TPD spectra after 3.2 L NO2 exposure on oxygen-
precovered A u ( l l l ) at 100 K. 
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and O2 (m/e =32). Hydrogen was not observed to desorb at temperatures up 
to 700 K. Oxygen desorbed with the same quantity and at the same 
temperature, 529-542 K, as from a clean gold surface indicating that surface 
oxygen was either unreactive on the surface or that water reacting on the 
surface to form hydroxyl groups reversibly desorbed at lower temperatures 
without increasing the oxygen adatom coverage. 

For water exposures on surfaces with ©o = 0.25 and 0.50, two 
desorption peaks were observed near 183 Κ and 167 K. The low 
temperature state displays zero order desorption kinetics and is ascribed to 
physisorbed water multilayers. The high temperature peak can be 
attributed to oxygen-stabilized water or recombination and 
disproportionation of surface hydroxyl groups. The high temperature state 
is populated prior to the low temperature state. If hydroxyl formation 
occurred it is reasonable to expect that there would be an increase in 
hydroxyl formation, i.e., an increase in the area of the high temperature 
state, with an increase in oxygen coverage. This increase is not observed. 
Studies on Ru(001) show that the ratio of water bound to adsorbed oxygen 
on a 0.25 and 0.50 monolayer oxygen covered surface is 3.5:1 and 1:1, 
respectively (22). Similar results are observed on Ag(110) (16). Thus, the 
desorption peak at 182 Κ is tentatively attributed to oxygen-stabilized, 
nondissociatively adsorbed water. The 30 Κ increase in peak desorption 
temperature with respect to water desorption from the clean surface is due 
to the stabilization of water on the surface by hydrogen bonding with 
adsorbed oxygen or increased interaction with the metal surface due to the 
oxygen-induced formation of Au<*+ sites. The stabilization is not very large 
and the activation energy for desorption can be estimated using Redhead 
analysis to be 10.8 kcal/mol. 

On A u ( l l l ) with ©o =1.0, a single H2O desorption peak is observed 
at 168 K, as shown in the right panel of Figure 6. This peak is due to 
physisorbed water on the oxygen monolayer. This coverage of oxygen 
blocks the high temperature desorption state, which indicates that the 
direct adsorption of water to the Au( l l l ) surface is blocked. 

In order to distinguish between the possible explanations for the 183 
Κ peak, spectroscopic studies using XPS were carried out. For H 2 O 
exposures on the A u ( l l l ) surface with preadsorbed oxygen, a new O(ls) 
peak is observed at 532.2 eV BE as shown in Figure 5. The 1.0 eV shift 
could possibly be attributed to formation of a hydroxyl species, changes in 
hydrogen bonding interactions, or changes in the surface electronic state. 
The dissociation of water on oxygen precovered metal surfaces to form 
hydroxyl has been observed in many studies. The O(ls) peak is at 531.5 eV 
on Cu( l l l ) (20) and at 530.5 eV on Pt( l l l ) (21), corresponding to 2.0 eV and 
1.7 eV shifts, respectively, when compared with water adsorbed on the 
clean surface. These shifts are roughly 1 eV greater, or twice as large, as the 
shift we observe in Figure 5. Also, if water dissociated on the oxygen 
covered A u ( l l l ) surface, the intensity of the preadsorbed oxygen O(ls) peak 
would diminish from the conversion of oxygen adatoms to hydroxyl 
species by Η atom abstraction from H2O. This is not observed in Figure 5. 
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The ratio of water to oxygen is sufficient to consume the entire amount of 
preadsorbed oxygen by forming hydroxyl species. Hydrogen bonding 
between adsorbed water molecules has been observed to cause 0.2 eV shifts 
(23). The increased electron density on the oxygen adatoms may cause 
adsorbed water to have a stronger interaction in hydrogen bonding with 
oxygen adatoms compared to coadsorbed water and account for the 0.9 eV 
shift. 

Our TPD and XPS results show that water is nondissociatively 
adsorbed on clean A u ( l l l ) at 100 K. This is in good agreement with 
previous studies on other Group IB surfaces, Cu( l l l ) (20), Ag(HO) (24) and 
Au(110) (8). Monte Carlo simulations predict that water can adsorb in 
clusters on metal surfaces (25). Electron energy loss spectra for water 
adsorbed on Ag(110) indicate that extensive clustering of water does occur 
at 100 Κ (24). Electron stimulated desorption ion angular distribution 
(ESDIAD) experiments on Ru(001) show that at low coverages, less than 0.2 
monolayers, interactions between neighboring molecules are weak, but 
lateral interactions increase with increasing coverage (26). TPD of water on 
clean Pt ( l l l ) suggests the formation of islands with sufficient exposures 
(21). Thus, the complex desorption kinetics are often affected by strong 
lateral interactions and possibly island formation due to hydrogen bonding. 

Our XPS results for water adsorbed on oxygen precovered A u ( l l l ) 
show that water is molecularly adsorbed on the surface at 100 K. While we 
can not at this time rule our transient hydroxyl formation at higher 
temperatures during TPD, oxygen adatoms at all coverages on A u ( l l l ) are 
less reactive toward water than on the other Group IB metal surfaces (20, 
24). On Ag and Cu, oxygen adatoms abstract Η from water at temperatures 
below 150 Κ to form adsorbed hydroxyl species. At higher temperatures 
hydroxyl species recombine to desorb as molecular water. 

Adsorption and reaction of C H 3 O H . C H 3 O H was dosed on the surface of a 
A u ( l l l ) crystal at 100 Κ with ©o = 0, 0.1, 0.25, 0.5, 0.75, and 1. Several of the 
C H 3 O H TPD spectra from these experiments are shown in Figure 7. On the 
clean' A u ( l l l ) surface, C H 3 O H is only weakly and reversibly chemisorbed, 
desorbing molecularly at low coverages in a peak at 184 Κ in TPD. 
Formation of physisorbed C H 3 O H multilayers at higher exposures of 1 L or 
larger leads to a desorption peak at 168 Κ with an onset near 140 K. Surface 
oxygen shifts the most tightly bound C H 3 O H to a peak at 220 K, thus 
increasing the adsorption energy of C H 3 O H , and also alters the desorption 
spectra of the weakly bonded states in the temperature range of 170 - 200 K. 
On the surface with ©o = 1, the C H 3 O H monolayer desorbs at 190 K. 

Coadsorbed oxygen adatoms activate C H 3 O H dissociation to produce 
CO2 and H2O, as shown in Figure 8 for 0.2 L C H 3 O H exposures. For ©o = 
0.1 and 0.25, C H 3 O H desorption occurs in two peaks at 201 and 224 K. These 
peaks arise from an increase in the binding energy of methanol on the 
surface and/or C H 3 O H recombination. The surface with ©o = 1 is still 
reactive, desorbing the majority of the CO2 product at 120 K. This shift of 
product formation to lower temperature indicates that high oxygen 
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coverages may lower the activation energy for methanol oxidation on A u 
catalysts. 

Figure 9 shows C(ls) and O(ls) XPS spectra taken during annealing 
studies following 0.2 L C H 3 O H exposure on A u ( l l l ) at 95 Κ with ©o = 0.25. 
A C H 3 O H exposure of 0.2 L on clean A u ( l l l ) at 95 Κ (not shown) gave a 
C(ls) peak at 286.3 eV BE, which disappeared completely by 180 K. On 
A u ( l l l ) with Θο = 0.25, a peak at 285.9 eV BE is seen at 95 Κ and some C-
containing species with a C(ls) peak at 285.3 is formed at 185 K. The O(ls) 
peak for C H 3 O H adsorbed on Au( l l l ) at 95 Κ with ©o = 0.25 is at 532.5 eV 
BE. This peak is largely removed by heating to 185 K, but a broad peak 
remains centered near 531 eV BE that could be due to hydroxyls or some 
other partially oxidized intermediate. Vibrational spectroscopy will have 
to be used to make this identification and to further elaborate on the 
decomposition mechanism. 

The XPS studies of the C(ls) and O(ls) regions at 100 Κ are not 
conclusive in determining whether reaction occurs immediately upon 
adsorption at 95 Κ to form hydroxyl or other oxidized products. However, 
during TPD, oxygen adatoms activate C H 3 O H decomposition to yield CO2 

and H2O desorption. This chemistry on A u ( l l l ) appears to be very similar 
to that on Au(110) (8). 

Adsorption and reaction of C2H4. Ethylene reversibly adsorbed on clean 
A u ( l l l ) at 95 K. Desorption of ethylene in TPD from the clean A u ( l l l ) 
surface was observed from approximately 100 - 250 K, with a large peak at 
104 K. The reason for the broad desorption peak is uncertain. Outka and 
Madix (8) have shown that a broad range of desorption is typical of C2 
hydrocarbons on Au(110). They propose that these molecules are weakly 
bound and therefore occupy a variety of binding sites with different 
activation energies, consequently they desorb at different temperatures. 
We observed no H2 evolution from the surface up to temperatures of 700 Κ 
and AES showed no residual carbon on the surface after heating. Thus, 
C2H4 is reversibly, and most likely molecularly, adsorbed on clean Au( l l l ) . 

XPS studies of ethylene exposed to clean A u ( l l l ) at 95 Κ were also 
carried out. The C(ls) peak occurred at 284.7 eV BE. Warm-up 
experiments show that the carbon peak was still present at 165 K, 
confirming that the long tail observed in the TPD spectra was due to 
adsorbed ethylene on the A u ( l l l ) surface. Only trace amounts of carbon 
were observed at 200 K, and none was observed at 300 K. These results are 
consistent with the thermal desorption results. Also, LEED showed no 
new ordered structure was formed due to adsorbed ethylene. 

Ethylene was exposed on oxygen covered A u ( l l l ) at 95 Κ with θ ο = 
0.1, 0.5 and 1.0. Subsequent TPD spectra showed only ethylene desorption 
in a peak shifted to a slightly higher temperature of 111 K, due to a small 
stabilization by coadsorbed oxygen, again with a long tail extending to 
higher temperatures. Masses appropriate for H2, C, H2O, C2H4O, CO, and 
C O 2 were also monitored, but no desorption was observed upon heating 
the sample to 700 K. AES showed that carbon did not exist on the surface 
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Figure 8. TPD spectra following the adsorption of 0.2 L C H 3 O H on 
oxygen-precovered Au( l l l ) at 95 Κ with ©o = 0.25 (left panel) and ©o = 
1.0 (right panel). 
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during annealing studies following 0.2 L C H 3 O H exposure on A u ( l l l ) 
at 95 Κ with ©o = 0.25. 
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following TPD and oxygen desorption occurred at the same temperature as 
without ethylene adsorption. The amount of oxygen desorbed after 
ethylene exposure was 10, 94 and 96 percent of the amount adsorbed prior 
to ethylene exposure for 0.1, 0.5 and 1.0 monolayer coverages, respectively. 
Since the oxygen loss can be attributed to reactions with background CO to 
form C 0 2 , there is no clear evidence that ethylene reacts on the oxygen 
precovered surface. 

In similar studies, ethylene (4.0 L) was also exposed to a A u ( l l l ) 
surface at 300 and 400 Κ with ©o = 0.25. Subsequently, O2 desorbed with 
greater than 70 percent of the amount adsorbed prior to ethylene exposure. 
Again, we find no evidence for reaction of ethylene with adsorbed oxygen 
on the A u ( l l l ) surface at these pressures. 

These results are in good agreement with similar experiments 
carried out on Au(110) (8). The lack of reactivity on the clean gold surface is 
not surprising as gold is known to have a low activity for hydrocarbon 
dissociation. Ethylene was unreactive with the oxygen covered A u ( l l l ) 
surface for temperatures up to 400 K. These results agree with the gas phase 
acidity - reactivity correlations proposed previously (8, 10, 11). That is, 
ethylene with a high gas phase acidity enthalpy (low acidity) is predicted to 
be less reactive on gold than molecules which have lower gas phase acidity 
enthalpies (greater acidity). For water and ethylene the gas-phase acidity 
enthalpies are 391 and 416 kcal/mol, respectively. Since water was observed 
to be unreactive on the oxygen covered A u ( l l l ) surface, it was predicted 
that ethylene was also unreactive. 

Summary 

Ozone can be used to produce oxygen adatoms on A u surfaces under UHV 
conditions. This allows for new surface science studies utilizing surface 
oxygen on Au model catalyst surfaces. In studies of up to one monolayer of 
oxygen adatoms on A u ( l l l ) , no strong evidence for special reactivity of 
these high coverages of oxygen was observed. It is not enough to simply 
have a collision of an incident reactant with the oxygen adatoms; A u 
surface sites are required for reaction. CO and CO2 do not adsorb or form a 
stable surface carbonate species on the clean or oxygen covered A u ( l l l ) 
surface at 100 K. CO oxidation, however, occurs readily below room 
temperature. The CO oxidation rate on A u ( l l l ) was nearly first order in 
CO pressure and first order in oxygen coverage over the monolayer range. 
A Langmuir-Hinshelwood mechanism was found to be in operation over 
the entire range of oxygen coverage; we observed negative apparent 
activation energies (E app = - 2.5 kcal/mol) with no strong dependence on 
oxygen coverage. NO2 chemisorbs on Au( l l l ) , but a surface nitrate species 
is not very stable, if it forms at all. Carbonate and nitrate species are much 
less stable on A u than on Ag. Water and ethylene are weakly adsorbed on 
the clean and oxygen covered surface at 100 K, but do not react with 
coadsorbed oxygen adatoms on Au( l l l ) . Methanol is weakly and reversibly 
adsorbed on clean A u ( l l l ) , and methanol combustion to form CO2 and 
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H 2 O was observed on oxygen covered A u ( l l l ) . The reactivity of these 
molecules with oxygen coadsorbed on A u ( l l l ) is shown to be less than on 
copper and silver surfaces, but similar to that on Au(110). The observed 
reactivity on oxygen covered A u ( l l l ) is consistent with the gas phase 
acidities of the reactant molecules. Finally, an interesting low temperature 
reaction between NO2 and H 2 O was observed, suggesting that surface 
bound N O 2 is a strong Η-abstraction agent (more reactive than oxygen 
adatoms) and thus has interesting potential as an oxidizing reagent for use 
with Au catalysts. 

Acknowledgments 

Acknowledgment is made to the Donors of The Petroleum Research Fund, 
administered by the American Chemical Society, for partial support of this 
work. GNK gratefully acknowledges the Arizona State Research Institute 
Postdoctoral Fellowship Program for partial financial support. 

Literature Cited 

1. Schwank, J. Gold Bulletin 1983, 16, 103. 
2. McNerney, J.J.; Buseck, P.R.; Hanson, R.C. Science 1972, 178, 611. 
3. Fahey, D. W.; Eubank, S. S.; Hübler, G.; Fehsenfeld, F. C. J. Atmos. 

Chem. 1985, 3, 435. 
4. Haruta, M.; Yamada, N.; Kobayashi, T.; Iijima, S. J. Catal. 1989,115, 301. 
5. Outka, D.A.; Madix, R.J. Surf. Sci. 1987, 179, 361. 
6. Chtaib, M.; Thiry, P.A.; Pireaux, J.J.; Delrue, J.P.; Caudano, R. Surf. Sci. 

1985, 162, 245. 
7. Outka, D.A.; Madix, R.J. Surf. Sci. 1987, 179, 351. 
8. Outka, D.A.; Madix, R.J. J. Am. Chem. Soc. 1987, 109, 1708. 
9. Barteau, M.A.; Madix, R.J. In The Chemical Physics of Solid Surfaces 

and Heterogeneous Catalysis; King, D.A.; Woodruff, D.P., Eds.; Elsevier, 
New York, 1982, Vol. 4; p. 95. 

10. Barteau, M.A.; Madix, R.J. Surf. Sci. 1982, 120, 262. 
11. Jorgensen, S.W.; Madix, R.J. Surf. Sci. 1983, 130, L291. 
12. Bartram, M.E.; Koel, B.E. Surf. Sci. 1989, 213, 137. 
13. Parker, D.H.; Koel, B.E. Surf. Sci., submitted. 
14. Sault, A.G.; Madix, R.J.; Campbell, C.T. Surf. Sci. 1986, 169, 347. 
15. Wickham, D.T.; Parker, D.H.; Kastanas, G.N.; Koel, B.E. Surface Sci., 

submitted. 
16. Bowker, M.; Barteau, M.A.; Madix, R.J. Surf. Sci. 1980, 92, 528. 
17. Felter, T.E.; Weinberg, W.H.; Latushkina, G.Y.; Boronin, A.I.; Zhdan, 

P.A.; Boreskov, G.K.; Hrbek, J. Surf. Sci. 1982, 118, 369. 
18. Bartram, M.E.; Parker, D.H.; Koel, B.E. J. Am. Chem. Soc., submitted. 
19. Outka, D.A.; Madix, R.J.; Fisher, G.B.; Dimaggio, C. Surf. Sci. 1987, 179, 1. 
20. Au, C.; Breza, J.; Roberts, M.W. Chem. Phys. Lett. 1979, 66, 340. 
21. Fisher, G.B.; Gland, J.L.Surf. Sci. 1980, 94, 446. 

 Oyama and Hightower; Catalytic Selective Oxidation 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 



8. LAZAGA ET AL. Reactivity of Oxygen Adatoms on the Au(111) Surface 109 

22. Kretzschmer, K.; Sass,J.K.; Bradshaw, A.M.; Holloway, S. Surf. Sci. 1982, 
115, 183. 

23. Sexton, B.A. Surf. Sci. 1980, 94, 435. 
24. Stuve, E.M; Madix, R.J.; Sexton, B.A. Surf. Sci. 1981, 111, 11. 
25. Clementi, J. J.Phys.Chem. 1985, 89, 4426. 
26. Madey, T.E.; Yates, J.T.,Jr. Chem. Phys. Lett. 1977, 51, 77. 

RECEIVED November 6, 1992 

 Oyama and Hightower; Catalytic Selective Oxidation 
ACS Symposium Series; American Chemical Society: Washington, DC, 1993. 


	Chapter 8 Reactivity of Oxygen Adatoms on the Au(111) Surface
	Experimental methods
	Results and Discussion
	Summary
	Acknowledgments
	Literature Cited




