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Abstract

The influence of oxygen (O,) and carbon monoxide (CO) on Au nanoparticles supported on
TiOy(110) in the size range of 2 to 3 nm has been studied using X-ray photoelectron
spectroscopy (XPS) and in-situ (high pressure) XPS at 300 K for O, and/or CO pressures of
0.1 to 1 mbar. These experiments were aimed at revisiting Au 4f core level shifts as reported
in the literature and most importantly, to establish the dependence of the core-level shifts on
the knowledge that there exists a maximum in reactivity for CO oxidation. Two samples were
prepared with a coverage corresponding to that maximum (Au coverage 0.14-0.2 ML, particle
size ~ 2 nm) while a third sample was expected to be less reactive (Au coverage 0.4 ML,
particle size ~ 3 nm). At elevated O, pressures, a new component at higher binding energy
(+2.4 eV relative to the Au(0) bulk signal) evolved at all particle sizes. Its appearance was
attributed to a photoinduced activation of oxygen and a further oxidation of gold. The
activation was much more efficient on the 2 nm particles. The relative intensity of the shifted
component depended strongly on O, pressure and, thus, likely on the coverage; not present in
0.1 mbar O, regardless of exposure time and particle size, it dominated the Au 4f spectrum of
particles 2 nm in size. This pressure-dependent formation reconciles previously conflicting
XPS data. Finally, the oxygen activated species were very reactive toward CO as manifested
by the rapid disappearance of the new Au 4f component in a 1:1 mixture of CO and O,. The
rates of evolution and consumption of this component were found to depend on gold coverage

(and thus, particle size) and were highest for the smaller particles.



1. Introduction

Since its discovery, the origin of the catalytic activity of oxide-supported gold particles has
been a matter of vivid controversy. Many efforts have been devoted to understanding the
mechanistic aspects behind the unusually high catalytic activity of gold, in particular
regarding the prototypical oxidation of CO. The interest in the CO oxidation reaction stems
from potential practical applications in, for example, the purification of H, streams by
selective oxidation of CO in order to avoid deactivation of Pt fuel cells. Since early reports by
Haruta et al. [1], who showed the direct dependence of the catalytic activity on the Au cluster
size, a series of models have been put forward, all in an effort to disentangle the mechanistic
pathway of CO oxidation on Au. Today, there is a general consensus that the catalytic activity
decreases drastically for particle sizes above 5 nm [2,3]. It is also nowadays a widely accepted
view that the support material plays a significant role in the process by influencing the
morphology and electronic configuration of the Au particles [4-7] although some groups
advocate a lesser role of the support [8].

Numerous experimental methods have been applied in the search for the active site in the CO
oxidation over supported gold catalysts. Photoelectron spectroscopy has been widely used in
this regard, mainly because changes in the electronic state of small metal clusters can be
routinely monitored using this technique. Lately, in-sifu implementations of this method have
gained momentum due to their potential to identify mechanistically important transient
species during reaction conditions. By in-situ photoemission spectroscopy (in-situ XPS) using
an Au/TiO, powder catalyst, Willneff et al. [9] observed Au 4f core level shifts of +0.3 eV
and +0.9 eV, which they assigned to bulk-like metallic gold and to intermediate gold species,
respectively. The former is close to the 0.3-0.4 eV shift reported by Herranz ef al. [10] when
Au/TiO,(110) was exposed to a CO/O, mixture. Under the same in-sifu conditions but with
Au nanoparticles on a silica support, the same authors have also described a +0.3 eV shift of
the Au 4f level at 150 °C, but no such shift was found at room temperature.

Jiang et al. reported a very different Au 4f core-level shift of 2.3 eV toward higher binding
energies when Au particles or Au foil were exposed to 1 Torr O, during in-situ X-ray
photoelectron spectroscopic measurements [11]. These results were explained by photon and
photoelectron induced dissociative chemisorption of oxygen, in agreement with previous
observations [12]. Similar Au 4f shifts have been observed for Au particles on TiO, and SiO,
oxidized by oxygen plasma. Related temperature-programmed desorption (TPD)
measurements confirmed that these shifts are due to chemisorbed atomic oxygen and gold

oxide [13-15]. Beyond the fact that the observations of Jiang et al. deviate from those of



Willneft et al., the conflicting results also question the applicability of in-situ XPS to analyze
the catalytic reaction itself [9,11].

By a simultaneous study of the reactivity and the particle morphology (size and shape), it has
recently been shown [16] that the rate of the catalytic oxidation of CO on Au/TiO,(110) films
passes through a maximum for particles of 2-2.5 nm in diameter. On the basis of these
findings, we have investigated Au/TiO,(110) samples with different Au particle sizes
representative of highly as well as poorly active conditions by in-situ XPS in the presence of
O,, CO and a mixture of both gases in the 0.1-1 mbar range. These experiments were aimed
at revisiting Au 4f core level shifts as reported in the literature and to establish the
dependence of the core-level shifts on the previously determined reaction rates. To address
this issue systematically, three different Au/TiO,(110) model catalysts were prepared, with
particles close to the optimum size (1.6 to 2.2 nm in size), and larger than the optimum size
(~3 nm). The Au 4f, O 1s and Ti 2p levels were systematically recorded. In our experiments,
previously reported Au core level shifts were convincingly reproduced. In addition, we
observe the two separate Au 4f core level shifts during a single experiment, unlike previous
reports [9-11], and show that the 0.9 eV shift, whose origin has been controversially discussed
in the literature (Au (I) oxide [17,18] versus final state effects [19-23]) is most likely due to

final state effects.

2. Experimental

The XPS chamber used for photoelectron and in-sifu photoelectron investigations of the
Au/Ti0O; system is a complex equipment that allows conventional UHV experiments but also
high pressure XPS (with reactive gas background pressures of up to 1 mbar) [24]. The key
feature of this equipment is the efficient combination of four differential pumping stages
between the sample (electron emission) and analyzer (electron detection) stages. The analyzer
is a modified Omicron EA-125 unit and the X-ray source is a modified dual anode source
(Specs XR-50) whose vacuum environment is completely isolated from that of the analysis
chamber with the help of a 3 pm thick Al foil and additional gasket seals. The photon flux
was approximately 4x10° photons/(cm*s). Gas dosing is achieved via flooding the main
chamber (background dosing) with the required gas or via two capillary tubes that are directed
at the surface of the sample (beam dosing). The background dosing method was utilized in
this work. The base pressure in this chamber is in the low 10” mbar regime. A detailed

description of this system is available in the work of Pantforder et al. [24]



The crystal was mounted on a transferable home-made sample holder system, with the aid of
which temperatures up to 1200 K are attainable via resistive heating. The temperature was
measured using a thermocouple pair (type K) glued to the side of the crystal with ceramic
glue (Aremco Ultra-Temp 516). The sputter source is a filament-free plasma device (Tectra)
that enables sample bombardment in both inert gas and reactive gas environments. All sample
preparation and Au evaporation were performed in a separate preparation chamber with a base
pressure of 3x107'° mbar. This chamber was also fitted with LEED optics (Varian), which was
used to confirm the presence of a well-ordered TiO,(110) surface, and a quadrupole mass
spectrometer (Pfeiffer Prisma) for monitoring background gas concentrations.

Prior to each deposition episode, the TiO,(110) single crystal was prepared by cycles of
bombardment with Ar” ions and annealing to 820°C for 15 minutes in an oxygen environment
(5%10° mbar) according to established preparation procedures [25-28]. Au nanoparticles used
in this study were prepared in-situ via vapor deposition of gold under ultrahigh-vacuum
(UHV) conditions on a rectangular (12x10x1 mm?) TiO,(110) single crystal surface. The
evaporator was a home-built Knudsen cell based on a ceramic tube which was filled with Au
wire (99.999%, Goodfellow). Tungsten wire (0.2 mm thick) was wound along the tube for
resistive heating. The temperature of the cell was measure by a type K thermocouple. Gold
coverages were checked by three independent approaches, namely quartz microbalance,
analysis of the damping of the XPS signal, and absolute calibration of the Au 4f signal with
respect to the Au 4f peak collected on a Au(111) crystal. Two model catalysts with gold
coverages of 0.14 ML and 0.2 ML were prepared to reproduce the coverage at which the
maximum in catalytic activity for CO oxidation was observed (0.2 ML with particles of 2.1
nm in size) [16]. A third sample with a coverage of 0.4 ML is expected to correspond to about
half the reactivity of the 2 nm particles. As for the relationship between size and coverage,
Laoufi et al. found particles of 2.1 and 4.2 nm in size for coverages of 0.2 and 1.0 ML,
respectively, in agreement with Lai er al. [29] who found 2 nm, 3 nm and 3.7 nm for
coverages of 0.1 ML, 0.25-5 ML and 1.0 ML. This is also in agreement with reports by
Valden et al. [30]. Based on these previous reports, the coverages of 0.14-0.2 ML and 0.4 ML
used herein are assumed to correspond to particles of ~ 2 nm and 3 nm in size, respectively.
Photoemission spectra of the Au 4f, Ti 2p, O 1s, and C 1s regions were recorded using Al Ka
radiation (1486.6 eV). The binding energies (BE) of all Au 4f core levels were corrected using
the Ti 2ps» binding energy of 459.0 eV to account for residual charging effects. This BE value
was previously established for a TiO,(110) single crystal with sufficient conductivity to

prevent charging under similar experimental conditions (analyzer transmission function,



sample position, anode type and power). The Au spectra were fitted using a combination of
Gaussian and Lorentzian curves (pseudo Voigt function). Prior to peak deconvolution, a
Shirley background was subtracted from all spectra. A 4f;, and 4fs, spin orbit splitting value

of 3.65 eV and an area ratio 4:3 were fixed for all fits.

3. Results and discussion

3.1. 0.4 ML Au on TiO,(110): Nanoparticles larger than the optimum size (~ 3.0 nm)
Figure 1 shows Au 4f spectra for a sample with a Au coverage of 0.4 ML, which corresponds
to Au nanoparticles with an average diameter of ~3 nm, i.e. particles larger than the optimum
size [16]. In Figure la, the Au 4f;, peak maximum is centered at 83.9 eV. There is an
additional minority species with a maximum at 85.2 eV (brown curves), which has been
observed previously [10]. The major Au 4f;, component can be assigned to metallic Au,
while the nature of the minor component is controversial, as various authors have attributed
this signal either to Au(I) [10,17,18] or to the finite size of the clusters combined with the
insulating nature of the substrate, which results in a less efficient screening of the final core
hole [18-23] such that the positive Au 4f core-level shift induced by the final state charge
outweighs the negative surface atom core-level shift [31]. When this sample was exposed to
molecular oxygen (0.1 mbar, Figure 1b) under X-rays for one hour, the main peak shifted by
0.3 eV towards higher binding energy. The same shift was observed for Au/TiO, in a CO/O,
mixture (partial pressures 0.1 Torr) at 150°C and attributed to the adsorption of CO, which
was proposed to withdraw electron density from the Au particles [10]. The fact that we find
the same shift in a pure O, atmosphere suggests that it is related to an oxygen equilibrium
coverage rather than carbon monoxide adsorption. At 0.1 mbar and regardless of exposure
time, no other Au 4f component was observed, in agreement with the findings by Willneff et
al. [9].

During the first 10 minutes of oxygen exposure at 1 mbar (Figure 1c), the main peak shifted
further to higher binding energy by 0.2 eV relative to the peak at an O, pressure of 0.1 mbar
and 0.5 eV relative to its UHV counterpart. The general intensity loss in 1 mbar O, is due to
damping of the photoelectrons by the gas phase (compare Figure la and 1lc). About 40
minutes later under the same conditions, a strong new doublet whose signature dominated the
entire spectrum evolved at 86.5 eV and 90.2 eV, respectively (Figure 1d, blue curves). We
trace the origin of this species to the formation of chemisorbed atomic oxygen and (at higher
coverages) of gold oxide as a result of the activation of molecular oxygen by photoelectrons

and X-ray photons, as was hitherto suggested by Jiang et al. [11]. This observation is in line



with previous studies on the activation of physisorbed O, on Au(110) by irradiation with UV
photon or electrons, resulting in the formation of chemisorbed oxygen and gold oxide [32,33].
The subsequent XPS measurement under UHV conditions (~ 5x10®* mbar) revealed that the
main Au 4f peak is still shifted towards higher binding energy by 0.3 eV with respect to the
initial UHV measurement. A similar observation was made previously, following exposure of
a reduced TiO,(110) sample to 20 mbar O, and subsequent XPS analysis in UHV (not
shown). Moreover, the component at 86.5 eV shifted negatively by 0.7 eV toward lower
binding energy following O, removal. This shift is most likely related to the formation of a
non-stoichiometric, oxygen deficient Au-oxide species due to either reaction with background
reductants such as CO or (see Figure 2) to an X-ray induced reductive decomposition of the
oxide. The overall weight of this component decreases with respect to the overall Au 4f

signal.
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Figure 1. XP and in-situ XP spectra of the Au 4f region of 0.4 ML Au (~3 nm Au clusters) on
TiO, (110). (a) As-prepared Au particles on TiO,(110) at 300 K in UHV; (b) in-situ XPS in
0.1 mbar O,, 1 hour total exposure to X-rays; (c) in-situ XPS in 1 mbar O,, 10 minutes
exposure to X-rays; (d) in-situ XPS in 1 mbar O,, 1 hour exposure to X-rays; (¢) UHV XPS
measurement following the in-situ experiment (d).



3.2. 0.2 and 0.14 ML Au on TiO,(110): Nanoparticles close to the optimum size (~ 2 nm)
XPS and in-situ XPS data for particles in the size range with maximum CO oxidation activity
are presented in Figure 2. The changes in the Au 4f spectra of 0.2 ML Au on TiO, (110)
(particles of ~ 2 nm in size) during exposure to reactive gases and simultanecous XPS
measurements differ from the corresponding data for larger Au particles (cf. Figure 1). The
Au 417, peak appeared at 84.1 eV (green curves), 0.2 eV higher than the binding energy
position of the larger particles (0.4 ML Au, ~3.0 nm, Figure 1). Again, this trend is expected
for small metal clusters supported on insulating substrate due to the already mentioned less
efficient core hole screening with decreasing particle size. Furthermore, exposure of these
particles to 0.1 mbar oxygen caused a shift toward lower binding energy of ~0.2 eV, but no
visible evolution of Au oxide, similar to the findings for the larger particles. In 1 mbar
oxygen, Au oxide was rapidly formed (Figure 2c) during the first ten minutes of exposure, in
stark contrast to the situation for larger particles (cf. Figure 1c). After O, exposure at 1 mbar
for 1 hour (Figure 2d), over 95 % of existing Au species were already in the oxidized state
(Au 4f;, binding energy of 86.6 eV), much more than in the case of the higher Au coverage
(55% in the oxidized state, cf. Figure 1d). These observations, in particular Figure 2c¢, indicate
that activation of molecular oxygen is much more efficient than on the larger particles. Based
on the widely accepted Langmuir-Hinshelwood mechanism for CO oxidation on Au,
activation of dioxygen is considered to be a key step, followed by the consumption of atomic
oxygen species by adsorbed CO to produce CO,. On the real catalyst, this activation takes
place spontaneously, whereas in our experiments, oxygen activation leading to chemisorbed
oxygen and gold oxide is mainly photoinduced. (Note that no formation of chemisorbed
oxygen was observed in control experiments during which the sample was exposed to the
same dosages of oxygen without simultaneous exposure to X-rays.) The rate of the
photoinduced formation of chemisorbed oxygen and gold oxide appears to be related to the
particle size in a similar way as is the rate for the spontaneous CO oxidation. Possibly, both
effects have a common origin. If, for example, the 2 nm particles form the strongest bonds to
O, molecules, this would explain the most efficient O, activation for the spontaneous CO
oxidation, but also (due to the thus increased O, equilibrium coverage) the more efficient

photoinduced formation of chemisorbed oxygen or gold oxide.
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Figure 2: XP and in-situ XP spectra of Au 4f region of 0.2 ML Au (~ 2.0 nm Au clusters) on
TiO, (110). (a) As-prepared Au particles on TiO,(110) at 300 K in UHV; (b) in-situ XPS in
0.1 mbar O,, 1 hour total exposure to X-rays; (c) in-situ XPS in 1 mbar O,, 10 minutes
exposure to X-rays; (d) in-situ XPS in 1 mbar O,, 1 hour exposure to X-rays; (e) after (d), but
without X-rays for 30 minutes at 1 mbar O,,; (f) UHV XPS measurement after exposure to X-
rays for 30 minutes in UHV; (g) UHV XPS measurement after 1 hour in UHV.

It is noteworthy that the synchrotron experiments by Herranz et al. [10] and Jiang et al. [11]
were run with a much higher photon flux (~4x10" photons/(cm*s)) than our experiment,
~4x10° photons/(cm?s). The X-ray exposure of 10 minutes reported in ref. 11 corresponded to
a total photon dose of 2.4x10'” photons/cm?, whereas an exposure of 1 hour in our experiment
corresponds to a photon dose of only 1.5x10" photons/cm?. However, the 2.4 eV Au 4f peak,
which is assumed to be caused by X-ray induced oxygen activation is not seen under a
pressure of 0.1 mbar O, whatever the photon flux (compare Figures 1b and 2b to data
collected by Herranz et al. [10]). As seen in Figures 1d and 2c to 2g, the 2.4 eV shift appears
herein under a pressure of 1 mbar, in line with the observations of Jiang et al. [11] Therefore,

the formation of the activated oxygen species does not depend on the X-ray beam flux but



rather on the oxygen pressure and, consequently, on the oxygen pressure alone. Apparently,
the rate-limiting factor is the O, equilibrium coverage rather than the photon intensity.
Considering the very low adsorption energy of O, on Au surfaces (below 12 kJ/mol) [12] it is
clear that the O, equilibrium coverage must be very low even at 1 mbar O,.

Finally, it was found that the intensity of the chemisorbed oxygen (or gold oxide) peak did not
change when the X-ray source was shut down for 30 minutes. This suggests that oxygen
chemisorption continues under these conditions, because otherwise the intensity of this peak
would have decreased due to reaction with background CO (Figure 2¢). This is in agreement
with previous reports by Deng et al. [34] who found that the dissociation probability of O, on
Au(111) is dramatically increased by the presence of atomic oxygen on the surface.

Exposure to X-ray photons in UHV removed atomic oxygen (Figure 2f). However, in the
absence of photons and O,, the Au oxide is suggested to be rapidly reduced by background
CO (cf. Figures le and 2g), in agreement with the previously observed high reactivity of
chemisorbed atomic oxygen and gold oxide toward CO [32,33] and with the results presented

in the following section.

3.3 Au nanoparticles close to the optimum size under reactive conditions

Having gained insight into the behaviour of the catalytically more active Au particles in
oxygen in the 0.1-1 mbar regime, it was necessary to investigate these under CO oxidation
conditions with in-situ XPS. The results are presented in Figure 3. In the as-prepared sample,
typical Au 4f;, binding energies of 84.1 eV and 85.0 eV are clearly evident. Comparison of
Figures 1a, 2a and 3a reveals that the relative intensities of the 85.0 eV components increase
with decreasing Au coverage (and thus, decreasing cluster size).

In Figure 3a and 3b, the green and brown curves depict metallic gold species, in line with
observations from the first two experiments. The key message again is that 0.1 mbar O,
exposure does not cause gold oxide formation irrespective of particle size and duration of
photon and oxygen exposure. However, like in the case of the 2 nm clusters, a small shift
toward lower binding energy was recorded in 0.1 mbar O,. This observation suggests that
below a threshold size (which is apparently between 2 and 3 nm), the formation of negatively
charged gold particles on titania in oxygen is enhanced, presumably due to transfer of electron
density from the underlying oxide substrate [35]. The evolution of Au,O; was also observed
in 0.5 mbar oxygen: after 1 hour exposure, ~50% of the metallic gold were converted to the
oxide (Figure 3c¢). When 0.5 mbar CO were introduced to the system already containing 0.5

mbar oxygen, the oxidic gold component was rapidly consumed while the signal of metallic
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gold evolved simultaneously (Figure 3d). From recent experiments using the same gold
coverage, more than 50 % of the oxidic component is consumed in the first two minutes of
CO exposure. When CO was shut off again, while the exposure to O, (0.5 mbar) continued,
the signal component of oxidic gold re-emerged (Figure 3e). Note that the oxide that
reappeared on the surface in 0.5 mbar O, (Figure 3e) was completely consumed by
background gases after one hour, while the component around 85 eV (brown curve)
resurfaced to full intensity. The continued presence of this species under reducing UHV
conditions, where the Au(Ill) oxide easily reacts with CO, supports the conclusion that it is
not Au in an oxidized state. Instead, its origin may be traced back to poorly screened gold
atoms, either due to the presence of very small clusters in the size distribution or due to gold

atoms at the periphery of the (larger) clusters.
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Figure 3: XP and in-situ XP spectra of Au 4f region of 0.14 ML Au (~ 1.6-1.8 nm Au
clusters) on TiO, (110). (a) As-prepared Au particles on TiO,(110) at 300 K in UHV; (b) in-
situ XPS in 0.1 mbar O,, 1 hour total exposure to X-rays; (c) in-situ XPS in 0.5 mbar O,, 1
hour exposure to X-rays; (d) in-situ XPS in a 1:1 mixture of CO + O,, 1 mbar, 1 hour total
exposure to X-rays; (e) in-situ XPS in 0.5 mbar O, (CO off); (f) UHV XPS measurement after
1 hour in UHV (O, and CO ofY).
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Conclusions

Three Au/TiO,(110) models catalysts were exposed to various partial pressures of oxygen (up
to 1 mbar) and to reactive CO + O, mixture and simultaneously analyzed by in-situ
photoelectron spectroscopy. Based on the knowledge that there is a reactivity maximum for
CO oxidation, two samples were prepared with a coverage corresponding to that maximum
(coverage 0.14-0.2 ML, particle size ~ 2 nm) while a third sample was expected to be less
reactive (coverage 0.4 ML, particle size ~ 3 nm). The main observations made in this study
can be summarized as follows:

(a) Upon exposure of large particles (~ 3 nm) to 0.1 mbar of oxygen, the Au 4f core level
shifts by 0.2-0.5 eV toward higher binding energy, which is attributed to charge
transfer arising from oxygen adsorption either on the gold particles or at the interface
between particles and substrate. Such shift, which is an order of magnitude lower than
that expected for gold oxide, suggests molecular adsorption of oxygen in the presence
of 0.1 mbar O; in the gas phase.

(b) Upon a similar oxygen pressure, Au 4f levels of particles of ~2 nm in size shift toward
lower binding energy (-0.2 to -0.4 eV). The origin of this shift seems to be closely
related to particle size; it is absent when larger particles are used, but appears in both
samples with particles in the 2 nm size range. This shift can be understood on the basis
of a negative charge transfer to Au particles from the substrate (cluster size effect).
Apparently, the effect of this transfer is much more pronounced on the smaller
particles.

(¢) Exposures to oxygen at pressures of 0.5 to 1.0 mbar lead to the appearance of a new
component in the Au 4f signal, which is shifted by 2.4 eV relative to the Au(0) signal.
This additional contribution is assigned to the formation of chemisorbed oxygen and
gold oxide (Au,0O;) due to photon and photoelectron induced dissociation of dioxygen.
By comparison with data from other groups, the formation of this species is shown to
strongly depend on the oxygen pressure (the 2 nm particles are fully transformed after
1 hour under 1 mbar of oxygen while the species is not observed under 0.1 mbar)
which indicates that it likely depends on the O, equilibrium coverage. In addition, the
activation of oxygen depends on the size of the Au particles; it is much more efficient
on the particle corresponding to the maximum in reactivity. Finally, the activated
oxygen species was found to be very reactive toward CO. Therefore, the fraction of

oxidized gold is likely determined by a balance between beam-induced formation and
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removal due to reaction with background CO (or radiation/electron stimulated

desorption), leading to a stationary state.
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