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Abstract The O3 dissociation and CO adsorption on

various gold single crystal surfaces were investigated using

X-ray photoelectron spectroscopy, temperature-pro-

grammed desorption, and polarization modulation infrared

reflection absorption spectroscopy (PM-IRAS). Dissocia-

tion of O3 proceeded on the Au(111) surface at 323 K,

whereas no O3 dissociation occurs on the Au(100) surface,

indicating that the O3 dissociation on gold strongly depends

on the structure of the gold surface. PM-IRA peaks of CO

adsorbed on Au(111) and Au(100) were observed around

2,080 cm-1 at CO pressures above 0.5 Torr at 273 K. On

the other hand, the peak of CO adsorbed on step sites was

observed at 2,117 cm-1 above 0.01 Torr for Au(311).

Thus, CO adsorbed preferentially onto the step sites of the

gold surface.

Keywords Gold single crystal � O3 Dissociation �
CO Adsorption � Step sites � Structure sensitivity

1 Introduction

Gold nanoparticles supported on TiO2 exhibit high cata-

lytic activity for CO oxidation [1], and numerous

investigations have been carried out to elucidate the source

of this enhanced activity. Previous reports have identified

quantum size effects that depend on the thickness of the

gold nanoparticles [2, 3] and the presence of low-

coordinated gold atoms on the surface of the nanoparticles

[4–6] as possible contributors to the enhanced catalytic

activity. The formation of active sites by the interaction of

gold nanoparticles with oxide supports has also been

reported. In particular, charge transfer from an oxide sup-

port to gold nanoparticles is reported to form negatively

charged gold particles [7, 8] and to form a reactive gold–

oxide interface [1, 9, 10]. Thus, there is ongoing contro-

versy over the mechanism underlying the high catalytic

activity observed for TiO2-supported gold nanoparticle

catalysts.

In addition to the aforementioned studies, reactions of

both O2 and CO on gold surfaces have been investigated by

means of surface science techniques. In O2 studies, the

influence of sample temperature and O2 pressure on O2

dissociation at gold surfaces has been examined, but no O2

dissociation was observed at any of the studied tempera-

tures or pressures [11, 12]. By comparison, atomic oxygen

is produced by the dissociation of O3 from the Au(111)

surface at 300 K under ultrahigh vacuum (UHV) condi-

tions [13]. In CO studies, CO chemisorption has been

observed on the Au(110) [14] and Au(111) [15] surfaces

under elevated CO pressure at 300 K. Recently, we found

that O3 dissociation and CO adsorption depend strongly on

the gold surface structure. Here, we report the O3 disso-

ciation and CO adsorption properties on gold single

crystals with various surface structures.

2 Experimental

X-ray photoelectron spectroscopy (XPS, VG ESCALAB

220-i), temperature-programmed desorption (TPD) and

polarization modulation infrared reflection absorption

spectroscopy (PM-IRAS, Mattson RS/2) experiments were
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carried out in a UHV apparatus described in detail else-

where [16]. XPS spectra were measured with Mg Ka
radiation. PM-IRAS spectra were recorded at a resolution

of 4 cm-1 with 500 scans. TPD experiments were carried

out at a heating rate of 1.0 K/s.

Au(111), (100), and (311) single-crystal discs (8 mm

diameter, 1 mm thickness, 99.999% purity, Surface prep-

aration laboratory) were cleaned by cycles of Ar?

sputtering and annealing at 900 K under vacuum. The

cleanliness of the sample surfaces was verified by XPS or

Auger electron spectroscopy (OMICRON SPECTALEED).

Experiments with O2 (99.999% purity, TAIYO NIPPON

SANSO Corporation) and CO (99.999% purity, TAIYO

NIPPON SANSO Corporation) were carried out at 10-7–

10 Torr and 10-3–10 Torr, respectively, and at a sample

temperature of 273–323 K. The O3 used for dosing was

prepared in our laboratory from O2 (99.999% purity) gas

by means of a commercial O3 generator. The O2 gas was

passed at a rate of 500 cc/min to the O3 generator, and the

effluent gas from the generator contained a mixture of

approximately 0.4% O3 and 99.6% unreacted O2. The gold

surfaces were exposed to O3 at 10-8–10-7 Torr and 323 K.

3 Results and Discussion

3.1 O3 Dissociation

XPS measurements confirmed that no dissociative

adsorption of O2 occurred on surfaces of Au(111), Au(100)

and Au(311) at O2 pressures up to 10 Torr at 323 K, and

this result agrees with previously reported results [11, 12].

By comparison, atomic oxygen was observed on the gold

surfaces upon exposure of the surfaces to O3 at 323 K

under UHV conditions. Figure 1 shows the O 1s XP spectra

for gold single-crystal surfaces exposed to 0–1,500 L of

O3. The O 1s peak due to atomic oxygen was observed at

529.2 eV for the Au(111) surface exposed to 3 L of O3.

The peak area increased with increasing O3 exposure and

saturation occurred at 600 L, where the O 1s/Au 4f7/2 peak

area ratio was 0.0525. We estimated the saturation cover-

age of atomic oxygen on Au(111) was about 1.1 ML from

the peak area of the O2 desorption for O/Au(111), which

was consistent with the reported coverage (1.2 ML) [13].

The binding energy of the O 1s peak shifted from 529.2 to

529.5 eV with increasing atomic oxygen. Saliba et al. [13]

reported that the adsorption of electronegative oxygen

species increases the work function, resulting in electron

kinetic energy. Thus, the peak shift of O 1s was due to the

electron transfer from the Au substrate into an oxygen

adlayer. However, no atomic oxygen was observed on the

Au(100) surface even at an O3 exposure level of 1,500 L.

By comparison, adsorbed atomic oxygen was observed on

the Au(100) surface by dosing atomic oxygen at 300 K

[17]. Thus, we conclude that dissociation of O3 does not

proceed on the Au(100) surface. The adsorption energies of

atomic oxygen on the (100) face of the Au(211) surface

and on the (111) face of the Au(221) surface have been

calculated to be 2.91 and 3.09 eV, respectively [18].

Furthermore, the activation energies for O2 desorption

from the O/Au(111) [13] and O/Au(110) [12] surfaces are

126 and 132 kJ/mol, respectively. These reported values

indicate that the adsorption and desorption properties of

adsorbed oxygen atoms are similar regardless of the gold

surface structure. Thus, we hypothesize that the extent of

O3 dissociation on gold depends on the structure of the

gold surface.

The peak area of O 1s for the Au(311) surface was

saturated at 600 L of O3 exposure, which was the same

exposure as Au(111), and the corresponding O 1s/Au 4f7/2

peak area ratio was 0.0296. The saturation coverage of

atomic oxygen on the Au(311) surface was about half of

that observed on the Au(111) surface. We also determined

the initial formation rates of atomic oxygen at each gold

Fig. 1 O 1s XP spectra for the Au(111), (100), and (311) surfaces

exposed to 0–1,500 L of O3 at 323 K
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crystal from the slopes of the transient portions of the

curves for the O 1s/Au 4f7/2 ratio versus O3 exposure time.

The initial formation rate of atomic oxygen for the Au(311)

surface was estimated to be half the rate determined for the

Au(111) surface. The exposed (111) face on Au(311) was

half of that on Au(111). These results clearly indicate that

O3 dissociation proceeds selectively over the (111) face of

gold surfaces.

We also investigated the desorption properties of atomic

oxygen adsorbed onto the gold surfaces. The TPD spectra

of O2 after exposure of the gold surfaces to various levels

of O3 are shown in Fig. 2. The O2 desorption peak was

observed at 560 K for the Au(111) surface exposed to 3 L

of O3. A second desorption peak appeared at 590 K after

exposure to 40 L of O3. At exposures above 120 L, the

intensity and the temperature of the peak at 560 K

increased with increasing O3 exposure, whereas the peak

intensity at 590 K remained constant. The adsorption

energies of atomic oxygen on threefold hollow sites and

bridge sites on the gold surfaces have been calculated to be

2.5–2.8 and 2.6–3.1 eV, respectively [18], indicating that

the adsorption energy of atomic oxygen on gold surfaces

does not vary substantially between adsorption sites. By

comparison, the oxygen-containing Au(111) surface

undergoes reconstruction to form a superstructure with a

moiré-type pattern. This reconstruction arises from the

periodic height modulation induced at the surface by a

small lattice mismatch and a slight rotation between the

topmost two gold layers [13, 19]. Therefore, we conclude

that the two O2 desorption peaks for the atomic-oxygen-

saturated Au(111) surface reflect reconstruction of a part of

the Au(111) surface during O3 exposure rather than a dif-

ference in adsorption sites. As such, we assigned the peaks

at lower and higher temperature to O2 desorption from

unreconstructed (111) sites and from reconstructed sites on

the Au(111) surface, respectively. In contrast, Saliba et al.

[13] observed only one desorption peak at 550 K for the

atomic-oxygen-saturated Au(111) surface. This may be due

to the difference in the heating rate used in TPD

experiments.

Only one desorption peak appeared in the TPD spectrum

of the Au(311) surface (Fig. 2). The temperature of this

peak is consistent with that observed for the desorption

peak from unreconstructed (111) sites of the Au(111)

surface. The narrow (111) face of the two-atom-row over

Au(311) suggests that the reconstructed surface with a

moiré-type pattern is not induced by oxygen adsorption.

This result indicates that atomic oxygen adsorbed only onto

the (111) face of the Au(311) surface and demonstrates that

O3 dissociation on the gold surface is structure-sensitive.

3.2 CO Adsorption

We found that the adsorption behavior of CO also depends

on the gold surface structure. Figure 3 shows the PM-IRA

spectra for the Au(111), (100), and (311) surfaces during

CO exposure at various pressures at 273 K. No CO

adsorption was observed for any of the gold surfaces at CO

pressures below 0.01 Torr. At 0.5 Torr, CO adsorption

peaks at 2,070–2,080 cm-1 were observed for Au(111) and

Au(100); these peaks were assigned to the CO adsorbed on

atop sites (atop-CO) [15, 20, 21]. The adsorption behavior

of CO on Au(111) and Au(100) showed a similar depen-

dence on the CO pressure: the peak intensities increased

with increasing pressure up to 3 Torr and then remained

constant for both surfaces at 5 and 10 Torr.

By comparison, the CO adsorption peak was observed at

2,117 cm-1 for Au(311) at 0.01 Torr, and the peak inten-

sity increased with increasing CO pressure. At pressures

above 0.5 Torr, the peak intensity decreased and a new

adsorption peak appeared around 2,070 cm-1. The inten-

sity of this second peak increased with increasing CO

pressure up to 5 Torr and then remained constant at 5 and

10 Torr. This adsorption behavior was similar to that

observed for CO adsorbed onto the Au(111) and Au(100)
Fig. 2 TPD spectra of O2 desorption following O3 exposure of the

Au surfaces
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surfaces, indicating that the CO peak around 2,070 cm-1

was due to atop-CO adsorbed onto terrace sites of Au(311).

The CO adsorption on the Au(322) surface has been

investigated by IRAS [22]. The stretching mode of atop-

CO adsorbed on step sites was observed at 2,124 cm-1, on

the other hand, the atop-CO peak on terraces sites was seen

at 2,110 cm-1 by CO exposure at the condition of 92 K of

sample temperature and below 1 9 10-5 mbar of CO

pressure. It was thus demonstrated that the frequency of

CO adsorbed on step sites over the gold surface is high

compared with that on terrace sites. Therefore, we assigned

the CO peak at 2,117 cm-1 to atop-CO adsorbed onto step

sites of Au(311). Our findings demonstrated that the step

sites on the gold surface are effective for CO adsorption

under low CO pressure.

We demonstrated that CO adsorbs onto gold single

crystal surfaces, whereas O2 dissociation does not take

place. We thus consider that the CO oxidation does not

occur on the gold single crystal because no atomic oxygen

was present on gold surface. By comparison, CO oxidation

can proceed on the supported gold nanoparticle catalyst,

considering that O2 can dissociate on the supported gold

surface. On the basis of these results the nature of the

support for the gold nanoparticle catalyst may function to

create the dissociation sites for O2.

4 Conclusions

1. O3 Dissociation over gold surface proceeded selec-

tively on the (111) face.

2. CO Adsorbed preferentially onto the step sites of the

gold surface.
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