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a  b  s  t  r  a  c  t

The  influence  of  oxygen  (O2)  and  carbon  monoxide  (CO)  on Au  nanoparticles  supported  on  TiO2(1  1  0)
in  the  size  range  of  2–3  nm  has  been  studied  using  X-ray  photoelectron  spectroscopy  (XPS)  and  in situ
(high  pressure)  XPS at  300  K  for O2 and/or  CO  pressures  of  0.1–1  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  estimated  to ∼2–2.5  nm)  while  a third  sample  was  expected  to be less  reactive
(Au  coverage  0.4 ML,  particle  size  estimated  to  ∼3.3  nm).  At  elevated  O2 pressures,  a new  Au 4f  component
at  higher  binding  energy  (2.4–2.6  eV  relative  to  the  Au(0)  bulk  signal)  evolved  at  all  particle  sizes.  Its
appearance  was  attributed  to  a radiation-induced  activation  of  oxygen  and  simultaneous  oxidation  of
gold.  The  activation  was  much  more  efficient  on  the  ∼2–2.5  nm  particles.  The  relative  intensity  of  the
oxide  component  depended  strongly  on  O2 pressure  and,  thus,  on  the  equilibrium  coverage  of  O2.  While
arbon monoxide
xygen
xidation

not  present  in  0.1  mbar  O2 regardless  of  exposure  time  and  particle  size,  it  dominated  the  Au 4f  spectrum
of  particles  ∼2–2.5  nm  in size  at 1  mbar  oxygen  pressure.  This  pressure-dependent  formation  reconciles
previously  conflicting  XPS  data.  Finally,  the  activated  oxygen  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  O2.  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.
. Introduction

Since its discovery, the origin of the catalytic activity of oxide-
upported gold particles has been a matter of vivid controversy.
any efforts have been devoted to an understanding of the mecha-

istic aspects behind the unusually high catalytic activity of gold, in
articular regarding the prototypical oxidation of carbon monoxide
CO). The interest in the CO oxidation reaction stems from potential
ractical applications in, for example, the purification of H2 streams
y selective oxidation of CO in order to avoid deactivation of Pt fuel

ells. Since early reports by Haruta et al. [1],  who showed the direct
ependence of the catalytic activity on the Au cluster size, a series
f models have been put forward, all in an effort to disentangle the
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mechanistic pathway of CO oxidation on Au. Today, there is a gen-
eral 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 situ implementations of this method have gained momen-
tum due to their potential to identify mechanistically important
transient species during reaction conditions. By in situ photoemis-

sion spectroscopy (in situ XPS) on an Au/TiO2 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

dx.doi.org/10.1016/j.cattod.2011.09.035
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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.3–0.4 eV shift reported by Herranz et al. [10] when Au/TiO2(1 1 0)
as exposed to a CO/O2 mixture. Under the same conditions but
ith Au nanoparticles on a silica support, the same authors have

lso described a +0.3 eV shift of the Au 4f level at 423 K, but no such
hift was found at room temperature.

Jiang et al. reported a very different Au 4f core-level shift of
.3 eV toward higher binding energies when Au particles or Au foil
ere exposed to 1 Torr O2 during in situ XPS measurements [11].

hese results were explained by photon and photoelectron induced
issociative chemisorption of oxygen, in agreement with previous
bservations [12]. Similar Au 4f shifts have been observed for Au
articles on TiO2 and SiO2 oxidized by oxygen plasma. Related
emperature-programmed desorption (TPD) measurements con-
rmed that these shifts are due to chemisorbed atomic oxygen and
old oxide [13–15].  Beyond the fact that the observations of Jiang
t al. deviate from those of Willneff et al., the conflicting results
lso question the applicability of in situ XPS to analyze the catalytic
eaction itself [9,11].

By a simultaneous study of the reactivity and the particle mor-
hology (size and shape), it has recently been shown [16] that the
ate of the catalytic oxidation of CO on Au/TiO2(1 1 0) films passes
hrough a maximum for particles of 2–2.5 nm in diameter. On the
asis of these findings, we have investigated Au/TiO2(1 1 0) samples
ith different Au particle sizes representative of highly as well as
oorly active conditions by in situ XPS in the presence of O2, CO and

 mixture of both gases in the 0.1–1 mbar range. These experiments
ere aimed at revisiting Au 4f core-level shifts as reported in the

iterature and to establish the dependence of the core-level shifts
n the previously determined reaction rates. To address this issue
ystematically, three different Au/TiO2(1 1 0) model catalysts were
repared, with particles close to the optimum size (∼2 nm in size),
nd larger than the optimum size (∼3 nm). The Au 4f, O 1s and Ti
p levels were systematically recorded. In our experiments, previ-
usly reported Au core level shifts were convincingly reproduced.
n addition, we observe two separate Au 4f core level shifts during

 single experiment, unlike previous reports [9–11], and show that
he 0.9 eV shift, whose origin has been controversially discussed in
he literature (Au(I) oxide [17,18] versus final state effects [19–23])
s most likely due to final state effects.

. Experimental

The XPS apparatus used for photoelectron and in situ photo-
lectron investigations of the Au/TiO2 system allows conventional
ltrahigh-vacuum (UHV) experiments but also high-pressure XPS
with reactive gas background pressures of up to 1 mbar) [24]. The
ey feature of this equipment is the efficient combination of four
ifferential pumping stages between the sample (electron emis-
ion) and analyzer (electron detection) stages. The analyzer is a
odified Omicron EA-125 unit and the X-ray source is a modified

ual anode source (Specs XR-50) whose vacuum environment is
ompletely isolated from that of the analysis chamber with the
elp of a 3 �m thick Al foil and additional gasket seals. The pho-
on flux was approximately 4 × 109 photons/(cm2 s). Gas dosing
s achieved via flooding the main chamber (background dosing)

ith the required gas or via two capillary tubes that are directed
t the surface of the sample (beam dosing). The background dosing
ethod was utilized in this work. The base pressure in this cham-

er is in the low 10−9 mbar regime. A detailed description of this
ystem is available in the work of Pantförder et al. [24].

The sample, a TiO2 single crystal (dimensions 12 mm  × 10 mm

 1 mm)  with a polished (1 1 0) surface was mounted on a trans-

erable home-made sample holder system, with the aid of which
emperatures up to 1200 K are attainable via resistive heating. The
emperature was measured using a thermocouple pair (type K)
oday 181 (2012) 20– 25 21

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 evapora-
tion were performed in a separate preparation chamber with a base
pressure of 3 × 10−10 mbar. This chamber was also fitted with LEED
optics (Varian), which was  used to confirm the presence of a well-
ordered TiO2(1 1 0) surface, and a quadrupole mass spectrometer
(Pfeiffer Prisma) for monitoring background gas concentrations.

Prior to each deposition episode, the TiO2(1 1 0) surface was
prepared by cycles of bombardment with Ar+ ions and annealing
to 1090 K for 15 min  in an oxygen environment (5 × 10−6 mbar)
according to established preparation procedures [25–28].  Au
nanoparticles used in this study were prepared via vapor depo-
sition of gold onto the TiO2(1 1 0) surface under UHV conditions.
The evaporator was  a home-built Knudsen cell based on a ceramic
tube which was  filled with Au wire (99.999%, Goodfellow). Tung-
sten wire (0.2 mm thick) was  wound along the tube for resistive
heating. The temperature of the cell was measured 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(1 1 1) crystal. Two  model
catalysts with gold coverages of 0.14 ML  and 0.2 ML  were prepared
by deposition at room temperature in vacuum to reproduce the
coverage at which the sharply peaked maximum in catalytic activ-
ity for CO oxidation was observed in Ref. [16]. (A monolayer (ML)
of gold corresponds to one Au(1 1 1) atomic layer, and is equiva-
lent to 0.235 nm as measured by a quartz crystal microbalance.) A
third sample with a coverage of 0.4 ML  is expected to correspond
to about half the maximum reactivity [16]. The exact determina-
tion and discussion of particle sizes are beyond the scope of the
present paper. However, average particle sizes can be associated
to the gold coverage under study on the basis of the 5 series of
data recorded by 5 different groups that are shown in Fig. 5 of Ref.
[16]. The average sizes corresponding to the maximum in reactivity
and half that maximum are 2.5 nm and 3.3 nm, respectively. Based
on the assumption that the maximum in reactivity corresponds to
particles of 2.5 nm in size, particles obtained by deposition of 0.14
ML Au are estimated to be of ∼2–2.5 nm in size [16,29,30].  Average
sizes estimated in that way  are used in the following to clarify the
presentation.

Photoemission spectra of the Au 4f, Ti 2p, O 1s, and C 1s regions
were recorded using Al K� radiation (1486.6 eV). The Ti 2p3/2 bind-
ing energy was  found herein to lie between 458.8 and 459.2 eV
and, on bare samples, Au 4f7/2 was  recorded in the 83.85–84.25 eV
energy range. These are typical values found in tabulated data.
Notably, the variations observed herein in the binding energy of
Ti 2p and Au 4f are similar to shifts due to time-dependent X-ray
irradiation damages in the case of Au/TiO2 films [31]. The bind-
ing energies (BE) of all Au 4f core levels were corrected herein by
using the Ti 2p3/2 binding energy of 459.0 eV which was  previously
established for a TiO2(1 1 0) single crystal with sufficient conduc-
tivity to prevent charging under similar experimental conditions
(analyzer transmission function, sample position, anode type and
power).

Note that the usage of Ti 2p as the reference level in XPS can
potentially lead to artifacts when comparing the peak positions
of in situ and ex situ (UHV) experiments. It is known that pres-
sures around 0.1–1 mbar cause a partial or complete de-charging
on the surface during the in situ XPS experiment due to conductiv-
ity of the partially ionized gas phase. This may  lead to a situation

where the surface is (almost) neutral while the (near-surface) bulk
is charged due to photoionization. This problem should be more
manifest for high photon energies resulting in large electron escape
depths.



22 K. Dumbuya et al. / Catalysis T

Fig. 1. In situ XP spectra of the Au 4f region of 0.4 ML  Au (∼3.3 nm Au clusters) on
TiO2(1 1 0). (a) As-prepared Au particles on TiO2(1 1 0) at 300 K in UHV; (b) XPS in
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.1  mbar O2, 1 h total exposure to X-rays; (c) XPS in 1 mbar O2, 10 min exposure to X-
ays; (d) XPS in 1 mbar O2, 1 h exposure to X-rays; (e) UHV measurement following
xperiments in the presence of reactive gases.

The data acquisition times for the Au 4f spectra were 7.5 min  for
he high Au coverage (0.4 ML)  and 15 min  for the lower coverages.
he Au 4f spectra were fitted using a combination of Gaussian and
orentzian curves (pseudo Voigt function). Prior to peak deconvo-
ution, a Shirley background was subtracted from all spectra. A 4f7/2
nd 4f5/2 spin orbit splitting value of 3.65 eV and an area ratio of
:3 were fixed for all fits.

. Results and discussion

.1. 0.4 ML  Au on TiO2(1 1 0): nanoparticles larger than the
ptimum size (∼3.3 nm)

Fig. 1 shows Au 4f spectra for a sample with a Au coverage of 0.4
L,  which corresponds to Au nanoparticles with an average diame-

er estimated to ∼3.3 nm,  i.e. particles larger than the optimum size
16]. In Fig. 1a, the Au 4f7/2 peak maximum is centered at 83.9 eV.

here is an additional minority species with a maximum at 85.2 eV,
hich has been observed previously (brown curves) [10]. The major
u 4f7/2 component can be assigned to metallic Au, while the nature
f the minor component is controversial, as various authors have
oday 181 (2012) 20– 25

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 in
the photoemission process [18–23],  such that the positive Au 4f
core-level shift induced by the final state charge outweighs the neg-
ative surface atom core-level shift [32]. This point will be further
discussed in Section 3.3. When this sample was  exposed to molec-
ular oxygen (0.1 mbar, Fig. 1b) under X-rays for 1 h, the main peak
shifted by 0.3 eV toward higher binding energy. The same shift was
observed for Au/TiO2 in a CO/O2 mixture (partial pressures 0.1 Torr)
at 423 K and attributed to electron density withdrawn from the
Au particles by CO [10]. The finding of a similar shift in a pure O2
atmosphere suggests that it is related to an oxygen equilibrium
coverage rather than CO adsorption. At 0.1 mbar and regardless of
exposure time, in agreement with the Willneff et al. [9], no other
Au 4f component was observed.

During the first 10 min  of oxygen exposure at 1 mbar (Fig. 1c),
the main peak shifted further to higher binding energy by 0.2 eV rel-
ative to the peak at an O2 pressure of 0.1 mbar and 0.5 eV relative to
its UHV counterpart. The general intensity loss in 1 mbar O2 is due
to damping of the photoelectrons by the gas phase (compare Fig. 1a
and c). About 40 min  later under the same conditions, a strong
new doublet whose signature dominated the entire spectrum had
evolved at 86.5 eV and 90.2 eV, respectively (Fig. 1d, blue curves).
With a shift close to that observed for Au2O3 [13–15,33],  this dou-
blet was  assigned to chemisorbed oxygen and (at higher coverages)
gold oxide. Atomic oxygen clearly results from the activation of
molecular oxygen by X-ray photons and/or photoelectrons, as was
hitherto suggested by Jiang et al. [11], since it does not show up
without simultaneous exposure to X-rays. This observation is in
line with previous studies on the activation of physisorbed O2 on
Au(1 1 0) by irradiation with UV photon or electrons, resulting in the
formation of chemisorbed oxygen and gold oxide [34,35].  The sub-
sequent XPS measurement under UHV conditions (∼5 × 10−8 mbar,
Fig. 1e) revealed that the main Au 4f peak is still shifted toward
higher binding energy by 0.3 eV with respect to the initial UHV
measurement. A similar observation was made previously, follow-
ing exposure of a reduced Au/TiO2(1 1 0) sample to 20 mbar O2
and subsequent XPS analysis in UHV (not shown). Moreover, the
component at 86.5 eV is shifted by 0.7 eV toward lower binding
energy following O2 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 (see Fig. 2) or to an X-ray induced decomposition of the oxide.
The weight of this component decreases with respect to the overall
Au 4f signal.

Peak widths used herein for the least-squares fits of the Au 4f
spectra vary in a systematic way, mainly because of inhomogene-
ity broadening. The smallest full width at half maximum (fwhm)
is found for the Au(0) peaks (green) of the pristine (not oxidized)
samples. Peaks are narrower for the large particles (1.4 eV) than for
the small clusters (1.7–1.9 eV). This is very reasonable, because the
fraction of surface atoms (and other atoms with lower coordination
numbers) and the fraction of Au atoms in contact with the TiO2 sub-
strate increase when the particles shrink. The Au(0) peak broadens
by 0.1–0.2 eV when Au is oxidized, because now some of the Au(0)
atoms are in contact to Au(III). Finally, the Au(III) peak is broader
(>1.7 eV) than the Au(0) peak of the pristine sample, because it com-
prises a range of different species (Au with chemisorbed oxygen,
gold oxides) with potentially slightly different binding energies.
Those physically sound changes in width of components associ-
ated to only three different species were preferred to the alternative

solution, which would have been to purposely add extra peaks. The
assumption of the presence of only three gold species, together
with the constraints for the spin-orbit splitting of the Au 4f sig-
nal, resulted in some cases in slight discrepancies between data
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Fig. 2. In situ XP spectra of the Au 4f region of 0.2 ML  Au (∼2.5 nm Au clusters) on
TiO2(1 1 0). (a) As-prepared Au particles on TiO2(1 1 0) at 300 K in UHV; (b) XPS in
0.1  mbar O2, 1 h total exposure to X-rays; (c) XPS in 1 mbar O2, 10 min  exposure
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o  X-rays; (d) XPS in 1 mbar O2, 1 h exposure to X-rays; (e) after (d), but without
-rays for 30 min at 1 mbar O2; (f) UHV XPS measurement after exposure to X-rays

or  30 min  in UHV; (g) UHV XPS measurement after 1 h in UHV.

oints and fitted spectra. Statistical scatter of the data points also
ontributes to these deviations.

.2. 0.2 ML  Au on TiO2(1 1 0): nanoparticles close to the optimum
ize (∼2.5 nm)

In situ XPS data for particles in the size range with maximum CO
xidation activity (0.2 ML,  size estimated to ∼2.5 nm)  are presented

n Fig. 2. Spectra of bare clusters were similar to those observed in
ig. 1. The Au 4f7/2 peak appeared at a binding energy of 84.1 eV
green curves) and the additional Au 4f7/2 component (brown line at
5.3 eV) was again observed (see also Section 3.3 for a more detailed
oday 181 (2012) 20– 25 23

discussion of this component). The exposure to 0.1 mbar oxygen
and X-rays caused no visible changes (Fig. 2b). However, in 1 mbar
oxygen, Au oxide was  rapidly formed (Fig. 2c) during the first
10 min  of exposure, in stark contrast to the situation for larger par-
ticles (cf. Fig. 1c). After O2 exposure at 1 mbar for 1 h (Fig. 2d), over
80% of the existing Au species were already in the oxidized state
(blue curves), much more than in the case of the higher Au coverage
(55% in the oxidized state, cf. Fig. 1d). These observations, in par-
ticular Fig. 2c, indicate that activation of molecular oxygen is more
efficient than on the larger particles. Based on the widely accepted
Langmuir–Hinshelwood mechanism for CO oxidation on Au, acti-
vation of dioxygen is considered to be a key step, followed by the
consumption of atomic oxygen species by adsorbed CO to produce
CO2. In a true catalytic reaction, the activation of oxygen takes place
spontaneously, whereas in our experiments, the process leading to
chemisorbed oxygen and gold oxide is mainly radiation-induced.
(Note that no accumulation 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 radiation-induced formation of chemisorbed oxygen
and gold oxide appears to be related to the particle size in a sim-
ilar way  as is the rate for the spontaneous CO oxidation. Possibly,
both effects have a common origin. If the ∼2.5 nm particles form
the strongest bonds to O2 molecules, this would explain the most
efficient O2 activation for the spontaneous CO oxidation, but also
(due to the thus increased O2 equilibrium coverage) the more effi-
cient radiation-induced formation of chemisorbed oxygen or gold
oxide.

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 (∼4 × 1014 photons cm−2 s−1) than our experiment (∼4 × 109

photons cm−2 s−1). The X-ray exposure of 10 min reported in Ref.
[11] corresponded to a total photon dose of 2.4 × 1017 photons/cm2,
whereas during 1 h our sample was  only illuminated by 1.5 × 1013

photons/cm2.
However, in both previous studies, the radiation-induced 2.4 eV

Au 4f shift is not seen under a pressure of 0.1 mbar O2 (compare
Figs. 1b and 2b to data collected by Herranz et al. [10]) but observed
under an oxygen pressure of 1 mbar (Figs. 1d and 2c to 2 g, and
data of Jiang et al. [11]). The fact that five orders of magnitude in
photon intensity do not change the conditions of pressure in which
activation occurs indicates that the rate-limiting factor is the O2
equilibrium coverage rather than the photon flux.

In addition, the absence of visible activation after 1 h of X-ray
exposure under 0.1 mbar O2 (Fig. 2b), while 10 min  under 1 mbar
O2 lead to a 60% oxidation of gold, demonstrates that the activation
rate does not depend linearly on the oxygen pressure. One reason
for this is the consumption of chemisorbed oxygen (and gold oxide)
by reaction with CO from the residual gas. If the rate of radiation-
induced formation of chemisorbed oxygen (or gold oxide) is below
the rate of its consumption, this oxygen species cannot accumu-
late. In addition, the presence of chemisorbed atomic oxygen on
Au single crystal surfaces increases the desorption temperature of
physisorbed dioxygen [12]. Therefore, chemisorbed oxygen should
also increase the equilibrium coverage of dioxygen, which means
that the radiation-induced formation of chemisorbed oxygen is a
self-accelerated, autocatalytic and thus non-linear process. This, in
combination with the constant removal of chemisorbed oxygen
by residual CO explains the observation why no accumulation of
chemisorbed oxygen is observed in 0.1 mbar O2. Furthermore, it
has been shown that dioxygen can dissociate on Au surfaces that
are precovered with chemisorbed oxygen [36]. This mechanism

could also contribute to an autocatalytic process, once an initial
amount of chemisorbed oxygen is formed at a rate that is higher
than the rate of consumption by reaction with residual CO. The
consistency of the observations made in Berkeley [10,11], Berlin
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Fig. 3. In situ XP spectra of the Au 4f region of 0.14 ML  Au (∼2–2.5 nm Au clusters)
on  TiO2(1 1 0). (a) As-prepared Au particles on TiO2(1 1 0) at 300 K in UHV; (b) XPS
in  0.1 mbar O2, 1 h total exposure to X-rays; (c) XPS in 0.5 mbar O2, 1 h exposure to
4 K. Dumbuya et al. / Cata

9] and in the present work increase the confidence about the pres-
ure range (0.1 mbar–1.0 mbar) in which the oxygen coverage is
igh enough that the activation occurs.

Note that the adsorption energy of O2 on low-indexed Au sur-
aces is very small at 12 kJ/mol for Au(1 1 0) [12]. Therefore, the O2
quilibrium coverage is rather small on regular terrace sites, even at

 mbar O2 (below 10−4 ML,  by extrapolation of the data in Ref. [12]
o 300 K). However, oxygen adsorption is not only facilitated by pre-
dsorbed atomic oxygen, as discussed above, it is also predicted to
e facilitated by Au atoms with lower coordination numbers [37,38]
nd strain [37] which likely characterize supported gold nanopar-
icles such as those that catalyze the oxidation of CO. For example,
u and Mavrikakis have found an adsorption energy of 25 kJ/mol

or oxygen on stressed steps of Au(2 1 1) surfaces [37]. Assuming
 desorption frequency prefactor of 1013±2 s−1 and a pressure of
xygen of 1 mbar, such energy leads to a coverage in the range of
10+12±2 molecules/cm2, the upper limit of which corresponds to

 sizeable fraction of a monolayer.
Finally, it was found that the intensity of the 4f peak that corre-

ponds to oxidized gold did not change when the X-ray source was
hut down for 30 min  (Fig. 2e). Since the intensity of the blue dou-
let decreases in vacuum conditions, either with (Fig. 2f) or without
-ray illumination (Fig. 2g), the observation is indicative of a con-

inuous oxygen chemisorption under these conditions, because the
ntensity of this peak would have decreased due to reaction with
ackground CO (cf. Fig. 2f and g). This is in agreement with previous
eports by Deng et al. [36] who found that the dissociation prob-
bility of O2 on Au(1 1 1) is increased by the presence of atomic
xygen on the surface. Exposure to X-ray photons in UHV removed
tomic oxygen (Fig. 2f). However, in the absence of photons and O2,
he Au oxide is suggested to be rapidly reduced by background CO
cf. Figs. 1e and 2g),  in agreement with previous observations on
he reactivity of gold oxide toward CO [34,35] and with the results
resented in the following section.

Because of the tight constraints applied in the least-square fit
see Section 3.1), statistical scatter of the data points leads to some
mall discrepancies between fit and data, visible for example for
he peak around 90.5 eV in Fig. 2c. However, the presence of Au(III)
n Fig. 2c is clearly evident from the presence of both spin-orbit
omponents of the oxidized species.

.3. Au nanoparticles close to the optimum size under reactive
onditions

Particles used for this series of experiments were obtained by
eposition of 0.14 ML  Au and are estimated to be of ∼2–2.5 nm in
ize (see Section 2). Having gained insight into the behaviour of the
atalytically more active Au particles in oxygen in the 0.1–1 mbar
egime, it was necessary to investigate these under CO oxidation
onditions. The results are presented in Fig. 3. In the as-prepared
ample, typical Au 4f7/2 binding energies of 84.0 eV and 84.8 eV are
ecorded. It is again observed that 0.1 mbar O2 exposure does not
ause gold oxide formation irrespective of particle size and dura-
ion of photon and oxygen exposure. The evolution of Au(III) was
lso observed in 0.5 mbar oxygen: after 1 h exposure, ∼50% of the
etallic gold was converted to the oxide (Fig. 3c).
The key message is that the activated oxygen reacts with CO,

n agreement with the previously observed high reactivity of
hemisorbed atomic oxygen and gold oxide that were produced by
adiation-induced activation of oxygen toward CO [34,35]. When
.5 mbar CO were introduced to the system already containing
.5 mbar oxygen, the oxidic gold component was rapidly consumed

hile the signal of metallic gold evolved simultaneously (Fig. 3d).

xperiments using the same gold coverage show that more than
0% of the oxidic component is consumed in the first 2 min  of CO
xposure.
X-rays; (d) XPS in a 1:1 mixture of CO + O2, 1 mbar, 1 h total exposure to X-rays; (e)
XPS in 0.5 mbar O2 (CO off), 30 min  exposure to X-rays; (f) UHV XPS measurement
after 1 h in UHV (O2 and CO off).

When shutting off CO while keeping the oxygen pressure to
0.5 mbar, the contribution of oxidic gold re-emerged (Fig. 3e). In
the same way as in Section 3.2 (Fig. 2g), that component was  com-
pletely consumed after 1 h in vacuum (Fig. 3f), most likely due to
reaction with background CO. Exposure to X-ray photons in UHV
might also contribute to the reduction of oxidized gold (Fig. 2f). As
in Fig. 2, the small statistical discrepancies between fits and data
in Fig. 3 do not question the deconvolution of the spectra into four

components associated with Au(0) and Au(III).

Comparison of Figs. 1a, 2a and 3a reveals that the relative inten-
sity of the component centered around 85 eV (brown curve) is
smallest for the largest particles and almost identical for the two
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amples with the smaller particles. Apparently, this component
ncreases with decreasing Au coverage (and thus, decreasing cluster
ize). In Figs. 2g and 3f the component around 85 eV (brown curve)
eappeared with its original intensity after 1 h in vacuum. The con-
inued presence of this species under reducing UHV conditions,
here the Au(III) oxide easily reacts with CO, supports the con-

lusion (see Section 3.1)  that it is not Au in an oxidized state, such
s Au(I) [10,17,18].  Instead, its origin may  be traced back to poorly
creened gold atoms [18–23,32],  either due to the presence of very
mall clusters in the size distribution or due to gold atoms at the
eriphery of the (larger) clusters. Therefore, in Figs. 1b, 2b and 3b,
he green and brown curves are assumed to be associated with

etallic gold species.

. Conclusions

Three Au/TiO2(1 1 0) models catalysts were exposed to various
artial pressures of oxygen (up to 1 mbar) and to a reactive CO + O2
ixture, while being simultaneously analyzed by in situ photoelec-

ron spectroscopy. Based on the knowledge that there is a reactivity
aximum for CO oxidation, two samples were prepared with a

overage corresponding to that maximum (coverage 0.14–0.2 ML,
article size estimated to ∼2–2.5 nm)  while a third sample was
xpected to be less reactive (coverage 0.4 ML,  particle size esti-
ated to ∼3.3 nm). The main observations can be summarized as

ollows:

a) Deposition of gold onto TiO2 leads to the appearance of the new
Au 4f component, shifted by 0.9 eV to higher binding energy.
This component, whose origin has been controversially dis-
cussed in the literature (Au(I) oxide [17,18] versus final state
effects [19–23]), is most likely due to final state effects.

b) Previously reported Au 4f core level shifts were convincingly
reproduced herein. In addition, we observed two different Au
4f core level shifts during a single experiment, unlike previous
reports [9–11]:
- Upon exposure of large particles (∼3 nm)  to 0.1 mbar oxy-

gen, 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, but not from the
formation of gold oxide;

- Exposures to oxygen at pressures of 0.5–1.0 mbar lead to the
appearance of a new Au 4f component shifted by 2.4 eV rela-
tive to the Au(0) signal. It is assigned to the radiation-induced
formation of chemisorbed atomic oxygen that is a pivotal
species in the study of surface chemistry of gold. This species,
which leads to the formation of gold oxide, is not observed
under 0.1 mbar O2, but rapidly appears under 1 mbar O2. This
indicates that the rate of formation of this species depends on
the O2 equilibrium coverage. At low O2 pressures (0.1 mbar),
reaction with background CO prevents the accumulation of
these reactive oxygen species. Finally, the activation of oxygen
is size-dependent; it is much more efficient on the particles
corresponding to the maximum in reactivity.

c) Activated oxygen was found to be very reactive toward CO.
The origin and properties of the radiation-induced atomic
xygen is an important issue in the research focused on the under-
tanding of catalysis by gold, because X-ray (and UV) photons are

[
[

[

oday 181 (2012) 20– 25 25

pivotal for studying structure [16] and chemistry [6,9–12,34,35]
of supported gold. The way they induce surface reactions in the
presence of gases must be carefully accounted for. In addition, the
activation of oxygen is a method universally used to study the
chemical properties of gold [12,34,35,39],  so the cases under exami-
nation herein are representative of widely encountered conditions.
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