Room temperature reaction of oxygen with gold: an in situ ambient-pressure X-ray
photoelectron spectroscopy investigation
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Gold is commonly regarded as the most inert elefhent a)

However, the discovery of the exceptional catalptioperties of
gold nanoparticles (NPs) for low temperature COdatior?
initiated great interest due to its promising apgtions and
spawned a large number of studies devoted to tderstanding
of the reaction mechanistif. Nevertheless, no consistent and
conclusive picture has arisém®

One of the most important and controversial issiseshe
activation mechanism of n Au®'*1° For instance, based on
the experimental observation that a bilayer Aucitrte, which
completely wets the oxide support, exhibits extlaary catalytic
activity, Goodman et al. proposed that Au can beeaty
involved in the activation of Q’ In contrast, more recently, Behm
et al. found that the amount of active oxygen smeon the
Au/TiO, surface has a linear relationship with the numbfer
perimeter sites at the interface between the osigiport and the
Au NPs, indicating that the support-Au interfaceaysl a
dominating role in the oxygen activatibhFurthermore, based on
theoretical calculations, under-coordinated Au a&omwere
proposed to have the capability to adsorb and elissociate
0,.* Using high-intensityin situ X-ray absorption near-edge
structure (XANES), van Bokhoven and co-workers oleeg an
increased white line intensity at the Ay bdge for Au NPs
supported on AD; and TiQ substrates during treatment i, O
indicating that Au NPs can be oxidized by molecuiaygen®’
However, Liu et al. calculated that the dissociatioarrier is
larger than 2 eV on non-supported Au and even etAlVTiO,
interface the dissociation barrier is still 0.52,8\Mvhich means
that G has a very weak interaction with Au, and thus saoeous
dissociation of molecular oxygen on the Au surfasenot
energetically favorable.

In order to reconcile these controversial obseovati and
proposals we investigated the reactivity of v@th bulk Au foil
and Au NPs supported on TiQ@10) surface usingn situ
Ambient Pressure X-ray Photoelectron SpectroscApyXPS) at
O, pressures of up to 1 Tot* Our data demonstrate that
molecular oxygen does not have a strong interactidh Au
surfaces at room temperature. However, we obsenved
molecular oxygen can be activated on both typesaoifples by X-
ray irradiation to produce oxidic Au. We furtherv@stigated and
compared the stability of oxidized Au on both mositems.
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Figure 1. Time evolution of the XPS spectra of Au 4f underay
irradiation at room temperaturga) Au foil and (b) Au NPs on TiO
support in the presence of 1 Torn.dc) Oxidized Au foil and (d)
oxidized Au NPs on Ti@ support in UHV. The peaks on the higher
energy binding side of the metallic 74fand 4§, peaks are due to
oxidized gold. The bold black and red curves cqoesl to the first and
the last spectrum, respectively. The arrows indidhe direction of the
intensity changes. The insets show the Au 4f spefibm the test
experiments under similar condition, but withouta¥ irradiation for the
specified time.

The experiments were performed at beam line 1108.the
Advanced Light Source (ALS) at Lawrence Berkeleytidizal
Laboratory?®?! This system consists of a preparation chamber and
an AP-XPS analysis chamber with base pressure b 8xTorr.
The Au foil and the Tig(110) single crystal samples were
cleaned by several cycles of'sputtering and annealing. Au NPs
were obtained by thermal evaporation of Au onto Ti@,(110)
surface at 320 K, following a procedure described the
literature®® The amount of deposited Au was calibrated by the
ratio between Au 4f and Ti 2p peaks, gas was dosed through a
leak valve. A photon energy of 690 eV was usedctpuae all the
spectra. The binding energy scale was calibratedidigg the
metallic Au 4f,, (binding energy 84.0 eV) peak and the Fermi



edge of Au foil as references. The photon flux dgnwas
approximately 4x1% photons mmis™.

The insets in Figures la and 1b show the Au 4f tepec
obtained from the gold foil and from a 0.3 ML (mdager) of Au
on TiG, under UHV and under 1 Torr of ,Orespectively. In
comparison with bulk Au foil (84.0 eV), the Au-4fpeak of the
submonolayer deposit shifts to a higher bindinggnés4.2 eV),
due to a combination of initial and final stateeets®*** After

exposure to @at 1 Torr for several hours in the absence of X-

rays, both peak position and width remain the sarhese results

demonstrate that £Odoes not have a strong interaction with Au,

both in bulk form and in the form of NPs, under thkove
conditions. This observation is consistent with thkeown
inertness of Au, which originates from the filled-bdnd
structure*

However, we observed that under X-ray irradiation the
presence of oxygen gas, the Au surfaces could heizex.
Figures 1a and 1b show the time evolution of thedfAuegion
under irradiation of X-rays in the presence of tria O, over 15
minutes. On the foil the intensity of the metalio 4f peaks (Au
4f,,, 84.0 eV and Au 4f, 87.7 eV) decreases with time, while at
the same time two additional peaks appear, whiehshifted by
1.3 eV to higher binding energies relative to thetatlic Au 4f
peaks. Previous studies have reported similar psraks for
oxidized Au surfaces prepared using different ot
methods”>2 On the Au NPs formed by evaporation on the ;TiO
crystal, two additional peaks develop also at tilghdr binding
energy side that can be attributed to oxide as.wellis
noteworthy to mention that both the oxidation rated the
chemical shift of the oxide peaks depend strongiytte size of
NPs?*which is still under further investigation.

X-ray induced formation of chemisorbed oxygen spetiave

been reported previousty. *However, these measurements were

carried out under ultrahigh vacuum at temperatbedew 30 K,
where chemisorbed oxygen is produced from physéezbrb

molecular oxygenTherefore, both the experiment conditions and

the activation process are dramatically differeatrf the ambient
conditions in this communication.

The stability of the oxidic Au species formed instlvay was
subsequently investigated also under X-ray irrémhiatWe found
that the two samples show different behaviors. @/ttle oxidic

Au in the NPs on Tig{110) could be readily reduced under x-ray

irradiation, the oxidic Au film formed at the sucé of the foil
was resistant to X-ray irradiation. This is shownFigs. 1c and
1d, where the spectra were recorded sequentiallynglulO
minutes. The difference in reduction behavior lesaisport to the
oxygen spillover model proposed by Ono and Cuéhpased on
the well-known facile reducibility of the TiGupport. Under X-
ray irradiation, oxygen vacancies can be generatedhe TiQ
surface** For the NP sample oxygen capill from the oxidized
Au NP to the reducible TiQsubstrate, while this reduction
channel is not available for bulk gold. The differeeduction
behavior makes it difficult to compare the oxidatimte of the
two samples during X-ray induced oxidation becdosédu NPs
the oxidation and reduction processes induced kayX-take
place simultaneously. To exclude any effect relatethe UHV
condition alone, we have investigated the stabdiftythe oxidic
species under UHV without X-ray irradiation. As shoin the
insets of Figs. 1c and 1d, both samples are stdtde 10 minutes
under UHV in the absence of the X-ray beam.

In summary,
molecular oxygen does not oxidize Au at room terapge, either
in the form of supported NPs on Ti@10) or in bulk (foil) form
at pressures of up to 1 Torr. These observatiotisdte that the

proposed gold-only activation mechanism gfi©unlikely under
these reaction conditiod$3'%161° with the help of X-ray
irradiation, however, both surfaces can be effetyivoxidized
under 1 Torr of @ Therefore, our observations demonstrate that
X-rays play a critical dual role durin@ situ measurements and
that extreme care must be taken to carry out expets and

interpret spectra, especially when using intensachaptron

radiation.
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The interaction of O, with gold foil and gold nanoparticles grown by thermal deposition on TiO»(110) was studied by in situ
Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) at room temperature. No spontaneous dissociation of O, was
observed either on Au foil or on Au nanopatrticles up to 1 Torr of O,. X-ray irradiation, however, is very effective in promoting
gold oxidation on both surfaces in the presence of O,. Our results help reconcile recent conflicting experimental observations
regarding the activation of molecular oxygen, which is a crucial issue in Au catalyzed oxidation reactions.



