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INTERACTION OF ATOMIC OXYGEN WITH
A POLYCRYSTALLINE Au SURFACE:
XPS AND TPD STUDY

A. I Stadnichenko'*, S. V. Koshcheev',
and A. I. Boronin'

Adsorption of atomic oxygen on the surface of polycrystalline gold is studied in detail by XPS and TPD
methods. It is shown that the action of atomic oxygen at initial stages leads to the formation of chemisorbed
atomic oxygen with the deposition thickness ® = 0—0.5 monolayers. Increased exposure to atomic oxygen
leads to the formation of 2D gold oxide. At the maximum oxygen saturation, the calculated oxide layer
thickness is 3 A, and its stoichiometry is close to AuO,. The TPD analysis shows that thermal stability of
adsorbed oxygen is 510 K for the chemisorbed layer and 525 K for the 2D gold oxide. The structure of the
2D gold oxide is determined as one layer of gold atoms and two layers of oxygen atoms adsorbed on the
surface and inside the subsurface layer. The reactivity of adsorbed oxygen is tested by the interaction of CO
and H, at room temperature; all the oxygen forms are shown to be active. It is established that the reactivity
towards CO is 2 orders of magnitude higher than towards H,, suggesting that oxygen species take part in
the PROX mechanism.
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INTRODUCTION

The interest in the use of gold catalysts was initiated by the research by Haruta [1, 2] and has significantly increased
over the past 20 years [3-12]. Gold-based catalysts are highly active in many processes, particularly in reactions of complete
[3, 7, 8, 13, 14], selective [15-19], and partial [3, 20, 21] oxidation. To date, the following most important aspects affecting
catalytic activity of gold have been identified: particle size, nature and morphology of the support, synthesis methods,
activation treatment, etc. In the field of treatment, numerous works have already been published, and their number is rapidly
increasing. The mechanism of oxidation is largely determined by oxygen species, so their nature is essential for the
understanding of reaction mechanisms.

For many metals employed in catalysis, fundamental studies of oxygen forms on model systems such as single
crystals, foils, and thin films were carried out many years ago [22-24]. But the states of oxygen on the surface of gold and the
activity of the latter have not been precisely established, since gold is commonly considered nonreactive in catalytic
processes [7, 25]. The study of gold oxidation is also complicated by the need of using oxygen activation. There are several

ways of gold oxidation: gas-phase microwave or high-frequency discharge [26-28], low-temperature UV- and electron-
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induced oxygen adsorption [29, 30], application of atomic oxygen [31-35], oxygen ion sputtering [36]; oxidation by
aggressive gases (e.g. ozone) [37-40], magnetron sputtering [41, 42], pulsed laser sputtering in O, [43]; electrochemical
oxidation of gold surfaces in acids [44, 45]. All these methods are relatively laborious and lead to different degrees of gold
oxidation.

Weakly charged metallic [46-48] gold in &+ [6,49] and &— [50] states or 1+/3+ oxidized gold forms [51] are
commonly considered as reactive oxygen species. At present, conducting a systematic study of oxygen species on the surface
of gold, especially at the early stages of gold oxidation, is an urgent task. The main goal of our work is to study initial stages
of gold surface oxidation by flowing atomic oxygen. This method combines the efficiency of gold oxidation, the softness of

surface treatment, and good reproducibility of treatment conditions.
EXPERIMENTAL

X-ray photoelectron spectroscopy. The experiments were carried out on a VG ESCALAB HP X-ray photoelectron
spectrometer equipped with analyzer and preparation chambers. After placing a sample in the analyzer chamber, the spectra
were recorded using the AlK, non-monochromatic X-ray radiation (v = 1486.6 ¢V). The source power was 200 W in all
experiments. The diameter of the X-ray beam was ~ 8 mm. The charge states of gold and oxygen forms in the resulting AuO,
oxide layers were studied by recording narrow spectral regions O 1s and Au 4f with a step of 0.1 eV. Surface contamination
was controlled by recording high-sensitivity survey spectra. Data processing and spectral analysis (curve fitting, area
calculation) were carried out by standard graphic programs and by the Calc-XPS program that was previously tested on
a number of systems [52-55]. When performing component decomposition, the peaks were approximated by a sum of
Lorentz and Gaussian functions while using background subtraction with the Shirley method. The error of background
subtraction and component deconvolution did not exceed 2-3%.

The spectrometer was also equipped with a Q7B quadrupole mass spectrometer (Vacuum Generators) installed in
the analyzer chamber close to the sample surface to provide a good signal/background ratio in the mass spectra. A total of 18,
32, 28, and 44 masses were simultaneously recorded in all the TPD experiments.

Sample preparation. The sample was a 0.2 mm thick polycrystalline gold foil (99.99% purity) with a size of
12x8 mm. The clean gold surface was prepared by multiple successive cycles of argon ion bombardment and subsequent
annealing at 923 K in the preparation chamber. The sample was subjected to resistive heating. Its temperature was controlled
using a platinum:platinum-rhodium thermocouple that was spot welded to the opposite side of the foil. The adsorbed oxygen
species and AuO, layers were prepared by treating a pure gold surface by a flow of partially atomized oxygen. Atomic
oxygen was obtained in a gas flow (Po, = 1-107 mbar) using hot (7~ 1673 K) platinum foil (20 um thick Pt foil, 4x15 mm,
99.99% purity). The oxidized surface was located perpendicular to a hot fiber at a distance of ~2 cm from the latter. Possible
sputtering of the Pt atomizer was controlled by XPS by the absence of peaks in Pt 4/ and Pt 4d spectral regions and by TPD
by the absence of peaks in the O, mass spectrum due to the decomposition of platinum oxides with Ti,,, =475 K and 623 K.
No Pt sputtering was observed in all the experimental cycles.

Stepwise reduction of the gold oxide surface was carried out at 298 K in the preparation chamber as a result of CO
exposure with a total value from 10 to 100 langmuir (L). Dynamic reduction of the gold oxide surface was studied in the
analyzer chamber in the dynamic XPS mode under a gas pressure (CO, C,H, or Hy) of 4-107 mbar at 373 K.

Quantitative computations. The amount of oxygen adsorbed on the gold surface was estimated by two different
methods. The first one was based on the calculation of the adsorbate amount using the modified formula by Matloob and
Roberts [56]. The second one was based on analyzing the decrease of the XPS signal of metallic gold (Au 4f;, = 84.0 eV)
depending on the thickness of the screening oxidized gold layers [57]. Assuming homogeneous adsorbate distribution, the

thickness of screening layers can be calculated independently on the composition of the screening layers as follows:
d=—k-sin(a)-In({ / 1),
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where d is the thickness of the screening layer; A is the free path length; /j is the XPS signal of pure gold; 7 is the XPS signal
of metallic gold coated with an oxide film with thickness d registered for the electron beam angle a.

It was assumed that one monolayer consists of 10" atoms per 1 cm?; the free path length was taken equal to
L =20 A [58]. This value is the average of mean free paths of electrons through gold (A, = 15 A) and oxygen (Ao =36 A)
atoms constituting the shielding layer. Quantitative contents of elements were obtained by comparing the areas under the
corresponding XPS lines while taking into account the ASF atomic sensitivity factors [59].

Reactivity computation. The reactivity was calculated as the ratio of the number of reactions between CO and
oxygen molecules adsorbed on the gold surface to the total number of CO impacts on the sample surface. The series of O 1s
and Au 4f spectra obtained by stepwise AuO, reduction was processed to calculate the reactivity. The XPS data (O 1s and
Au 4f spectra) were analyzed using deconvolution into spectral components to determine the amount of individual oxygen
species. The procedure for computing the reaction probability was described in more detail in [53, 60].

Thermal stability. The TPD study of adsorbed oxygen layers was performed by combining the dynamic
spectroscopy of the intensity of the O 1s core level (£, = 529.6 eV, 5 s per point) and the mass-spectrometry registration of
the O, partial pressure. The accuracy of dynamic XPS was improved by using increased analyzer transmission energy
HV =100 eV. The sample was heated from room temperature to 723 K at a heating rate of 2 K/s. To avoid possible changes
in the dynamic XPS signal due to the motion or deformation of the sample during heating, all signals were normalized to the
background line signal (£, =495.0 eV). Also, a set of O 1s and Au 4f spectra were obtained by stepwise heating with a step
in of 40 K to determine the behavior of oxygen and gold forms upon heating. All the methods gave similar results.

RESULTS AND DISCUSSION

Fig. 1 shows the Au 4fand O 1s XPS spectra of gold surface depending on the time of exposure to atomic oxygen
(0 min, 1 min, 5 min, 10 min, 15 min, 20 min, 55 min, 105 min, 160 min, respectively). As can be seen from Fig. l1a, the
intensity of the Au 4f line decreases and unresolved peaks (shoulders) appear at high binding energies as the time of exposure
to atomic oxygen increases. After the treatment, the binding energy (E}) of the Au 4f;, peak remains close to E, ~84.0 eV.
This indicates that their electronic states of gold atoms in the analysis zone (less than 60 A) did not change. The decrease of
Au 4fline intensity may be caused by structural changes in the surface layers of gold and by the screening of bulk gold metal

by a layer of adsorbed oxygen.
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Fig. 1. Au4f (a) and O 1s (b) XPS spectra of the gold surface exposed to atomic oxygen for 0 min (/),
1 min (2), 10 min (3), 15 min (4), 20 min (5), 55 min (6), 105 min (7), 160 min (7).
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Fig. 1b shows the O 1s spectra for the surface treated with atomic oxygen, depending on the exposure time. Within
the sensitivity of the XPS method, no oxygen species were found on the initially pure gold surface. After 1-5 min of
exposure, an oxygen peak with E,(O 1s) =529.3 eV appeared in the XPS spectra. As the exposure time increased, the
position of the O ls peak gradually shifted towards higher binding energies up to 529.6 eV. After 50 min of exposure, no
further changes in the O 1s spectra were observed. The full width at half maximum (FWHM) of the O 1s peak exceeded
2 eV. This value is much larger than the experimental resolution for the O ls line (1.6 eV for the analyzer transmission
energy HV = 20); therefore, the observed O 1s spectrum contains more than one component.

For the preliminary analysis of changes in the state of gold exposed to the influence of atomic oxygen, we obtained
a series of difference spectra between the Au 4f line of the gold surface exposed to atomic oxygen and the Au 4f spectrum of
the pure gold surface (Fig. 2a). Peaks with negative intensities in the difference spectra signify the disappearance of gold
atoms with a given electronic and geometric configuration of the initial state of pure surface, while the peaks with positive
intensities reflect the appearance of gold atoms or ions with new electronic and geometric configurations due to the chemical
interaction with oxygen [57]. The difference spectra indicate with a sufficiently high accuracy of +0.2 eV the presence of
individual components in the integrated spectra corresponding to surface gold atoms, both bound to oxygen atoms and
unbound ones.

At the initial interaction stages (Fig. 2a, 1), the intensity of the Au 4f peak with Ey(Au 4f;,) = 83.6 eV decreases,
while that of the peak with E, = 84.6 eV increases. With increasing exposure time (Fig. 2a, 2 and 3), the intensity of the
Au 4f;, peak with E,= 84.0 eV gradually decreased, while that of the peak with E,(Au 4f7,) = 85.6 eV increased.

The electronic properties of the metal surface layer differ from those of the bulk metal and are manifested as a shift

of the lines of the metal ground level on the binding energy scale [61, 62]. It is known for gold that the Ej, shift of surface

atoms relative to bulk atoms is negative (AEE/b< 0) [63]. Thus, the observed decrease of the intensity of the peak at

Ey(Au 4f;,) = 83.6 eV can be explained by decreased number of low-coordinated metallic gold atoms directly on the surface.
The observed intensity decrease at 84.0 eV corresponds to the decreased number of bulk gold atoms due to their oxidation in
the subsurface region. The components with Ey, higher than 84.0 eV correspond to the formation of oxidized gold atoms.
Apparently, the forms of gold with Ey(Au 4f;,) = 84.6 €V are related to its oxidized atoms on the surface, since the ground

level AEsl/ab (0x)=E , (Au 4f, 1) or — — Ep (AU A4S, ) e 18 shifted by ~1.0 eV towards higher binding energies, thus indicating
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Fig. 2. Difference Au 4f spectra obtained by the subtraction of the Au 4fline of pure gold from the signal of
gold surface exposed to atomic oxygen for 1 min (/), 10 min (2), and 55 min (3) (a); individual
components of the deconvoluted Au 4f spectrum after 55 min of exposure to atomic oxygen (b).
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the oxidation of surface low-coordinated atoms. The peak with Ey(Au 4f;,) =85.6 eV can be assigned to the gold oxide
structure in subsurface layers.

The above analysis of the difference Au 4f spectra revealed information on the formation of oxidized gold states
under the influence of atomic oxygen. However, individual gold components corresponding to these surface particles could
not be correctly identified by the deconvolution of Au 4f spectra into individual components. This may be due to two reasons.
First, the surface of the polycrystalline foil contains a wide range of surface gold particles with different geometric and
electronic properties. Thus, the contribution of these particles into the XPS spectrum is diffused by ~84.6 eV. Second, the
contribution of each surface state to the integral Au 4f spectrum is very small and cannot be unambiguously distinguished.
The data obtained from the difference Au 4f spectra agree with the concept of diminished binding energies for surface gold
atoms and a shift towards higher binding energies upon the transition from the metallic state to the oxidized one.

Reliable decomposition of the Au 4f spectrum was achieved for oxidized gold surfaces after prolonged exposure to
atomic oxygen when the number of oxidized gold atoms was sufficiently large. Fig. 2b shows an example of such
decomposition of the XPS spectrum registered after a 55 minute exposure to a flow of atomic oxygen. The Au 4f spectrum
contains two doublets with Au 4f;,, maxima at 84.0 eV and ~85.5 eV which can be assigned to metallic gold and to oxidized
gold close to the Au(3+) state [28, 43, 46]. Note that the E, value and the half-width of the Au 4f doublet describing the
metallic state of gold were in all cases constant and equal to 84.0 eV and 1.2 eV, respectively. As the exposure time
increased, the position of the Au(3+) oxidized gold component shifted towards higher binding energies (from 85.4 eV to
85.6 eV), which was accompanied by a gradual half-width decrease. This behavior indicates increased amount of oxygen on
the surface and structural ordering of the oxide layer.

The deconvolution of O s spectra into individual components after the exposure to atomic oxygen revealed several
forms of oxygen on the surface. Initially, the flow of atomic oxygen interacted with the gold surface to form an oxygen
species characterized by a peak with Ey(O 1s)=529.3 eV (Fig. 3a). Apparently, this state represents atomic oxygen
chemisorbed on the gold surface without penetrating inside the volume. This binding energy is characteristic of oxygen
species chemisorbed on various metals and has been reported by many authors in the studies of gold surface [32, 37]. Note
that the O ls spectrum shows other oxygen states with higher binding energies (530.7 eV, 531.8 eV, and 532.8 eV). The
peaks at 531.8 eV and 532.8 eV have low intensities; therefore, it cannot be excluded that their appearance is due to trace
amounts of carbon-oxygen containing particles on the surface [26]. The component with E,(O 1s) = 530.7 eV can be assigned
to the formation of —OH or peroxide and/or superoxide groups on the surface [64]. Note that oxygen with E
(O 1s) = 530.7 eV was the main component observed on the surface of gold films prepared by laser ablation in oxygen [43].
Thus prepared gold samples contain numerous defects, and the observed oxygen species are apparently stabilized on the

defective sides of the surface.
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Fig. 3. Components of O 1s XPS spectra of the gold surface oxidized by atomic oxygen for 1 min (a),
160 min (b).
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The decomposition of O ls spectra obtained after prolonged exposure to atomic oxygen showed the formation of
a new state with E,(O 1s) = 530.0 eV. The intensity of this peak increases with exposure time and is equal to that of the
component at 529.3 eV for a 160 minute exposure (Fig. 3b). The E}, values of low-intensity oxygen peaks for the gold surface
oxidized by a 160 minute exposure are quite high (532.0 eV and 534.0 ¢V) and cannot be interpreted as oxide forms or
oxygen adsorbed on the metal surface. Apparently, these oxygen forms are the oxygen of adsorbed water and/or hydrocarbon
impurities [26] or peroxide-like particles located on the oxide film defects.

The obtained XPS data were used to calculate the thickness of the oxidized layers and the Au/O ratio (Fig. 4). The
oxygen coating calculated from the intensity of O ls spectra increased with increasing exposure time to reach a maximum
value of ~1.7 monolayer (ML) (Fig. 4, 7). The maximum number of oxidized gold atoms estimated from the Au 4f intensity
was ~1.2 ML. This value was reached after a 55 minute exposure and then did not increase (Fig. 4, 2). Equal amounts of
oxygen atoms and oxidized gold observed at the initial oxidation stages correspond to the adsorption of oxygen atoms on the
surface with the Au:O = 1:1 stoichiometry. The shift of the integral peak O 1s towards higher binding energies was observed
exactly after the exposure to atomic oxygen for 50 or more minutes. This effect was accompanied by the appearance of
a peak at E,(O 15) =530.0 eV.

It can be assumed that adsorbed oxygen transforms into a 2D oxide structure at the initial oxidation stages. After
reaching the critical concentration of surface oxygen atoms, they diffuse into the subsurface layer (determined here as the
space between the first and second layers of gold atoms) to form a 2D oxide consisting of a single layer of oxygen atoms on
the surface (o-Ep(O 1s) =529.3 eV), one layer of oxidized gold atoms (B-Ey(Au 4f) = 85.6 ¢V), and one layer of oxygen
atoms below the layer of oxidized gold (o,-Ey(O 1s) =530.0 V). The estimated stoichiometric composition of the most
oxidized surface is [o]:[B]:[02] =0.96:1.0:1.17 and it determines the stoichiometry of the 2D gold oxide AuO,. The
thickness of the outer layer screening the metal (Fig. 4, 3) increased fast enough at the initial oxidation stages and almost did
not change at the final stages when the amount of surface oxygen increased. It can be assumed that the adsorbed oxygen
diffused into the structure of the resulting 2D oxide by filling oxygen vacancies. The estimated outer layer thickness (d)
corresponds to that of the 2D oxide film (~3.2 A), which is quite a reasonable value within the proposed 2D oxide model.

Thermal stability of the obtained oxygen species was estimated using TPD experiments for adsorption layers with
different oxygen coatings. Thermal desorption of chemisorbed oxygen obtained during a 1 minute exposure to atomic oxygen
was observed at 510 K (Fig. 54, 7). The peak in the TPD spectra showed a noticeable asymmetry: smooth increase before and
sharp decline after the maximum. This form of desorption curves is typical for the phase decomposition with zero pumping
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Fig. 4. Oxygen coating, monolayers (/); coating by
oxidized gold atoms, monolayers (2), thickness of the
oxidized gold layer as a function of exposure to
atomic oxygen (3).
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Fig. 5. TPD spectra O, (m/e=32) of gold samples oxidized for (/) 1 min, (2) 160 min (a); O ls spectra
obtained by stepwise heating of the 2D gold oxide at (/) 300 K, (2) 344 K, (3) 423 K, (4) 453 K, (5) 493 K, (6)
533 K (b); decreasing intensity of the peaks of individual oxygen species in the O 1s spectrum upon stepwise
heating (c).

speed [65]. This confirms the fact that the action of atomic oxygen on the gold surface first leads to the formation of
an adsorbed oxygen layer and then to the 2D gold oxide phase.

In thee TPD spectra of the maximally oxidized surface with a fully formed 2D oxide layer, the maximum of the
oxygen desorption peak shifts towards higher temperatures up to 525 K (Fig. 5a, 2). The observed TPD peak has a small
width (~10 K) characteristic for phase degradation [65].

The O 1s spectra obtained by stepwise heating showed complete desorption of oxygen at 493-533 K (Fig. 5b), in
agreement with the above TPD data. The analysis of decomposed O 1s spectra (Fig. 5¢) revealed that the oxygen o,-state was
the first one to disappear (Ep(O 1s) =530.0 eV). Thus, oxygen species are desorbed from the surface upon heating in the
reverse order with respect to adsorption, thus indicating their relative transition.

The reactivity of obtained oxygen forms towards CO was studied by exposing the oxidized surface to the action of
CO. The effect of CO at 298 K notably changed in the O 1s spectra (Fig. 6a) to indicate high reactivity of obtained oxygen
species. Decomposition of O 1s spectra into individual components revealed that the o,;-O peak intensity decreased as a result

of CO treatment (Fig. 60). The amount of other oxygen forms is not decreased during the interaction with CO or is decreased
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Fig. 6. O 1s XPS spectra of the gold surface oxidized for 10 min and then exposed to CO at 298 K
under Pco = 1-107 mbar. CO treatment: (1) 0 L, (2) 20 L, (3) 45 L, (4) 70 L, (5) 90 L (a); intensity of
individual oxygen components in the composition of the O 1s peak depending on the dose of CO
exposure (b).
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with slight intensity changes, possibly due to structural changes on the surface. Reactivity of the species of o;-O atomic
oxygen adsorbed on the gold surface is estimated to be quite high (y = 0.01) and exceeds the probability of reactivity of other
species. Note that the transformation of the adsorption layer (a,-O species) into the surface oxide Oy, (a1-O and o,-O
species) was accompanied by a 1.5-2 fold reactivity decrease, indicating that the gold surface undergoes structural
rearrangement during the surface oxide formation.

Particular interest in gold catalysts is related to their ability to perform selective CO oxidation in excess hydrogen or
partial oxidation of hydrocarbons [3, 15-17]. Therefore, we compared the reactivity of the 2D gold oxide O, in the oxidation
reaction of various gases under equal conditions. Samples with a similar oxygen coating were exposed to pure CO, C,H,, and
H, at 373 K and under a pressure of 4-10~" mbar. The results of the XPS spectrokinetic studies are shown in Fig. 7. Maximum
and minimum rates of the decrease of oxygen content on the gold surface were observed for the interaction with CO and
hydrogen, respectively. In the case of hydrogen-oxygen titration at room temperature, the time required to remove oxygen
from the surface increases by almost an order of magnitude. Calculated reactivities for different gases are shown in the inset
to Fig. 7. The reactivity of the 2D gold oxide in hydrogen oxidation is 250 times lower than that in CO oxidation.

The conducted experiments show that initial stages of gold surface oxidation by a flow of atomic oxygen lead to the
formation of the a; oxygen state with Ey(O 1s) =529.3 eV (~0.1-0.5 ML thick oxygen coating). This stage of adsorption is
not accompanied by the cleavage of Au—Au bonds or by oxygen diffusion into the subsurface region. The Au 4f spectra
slightly changed: the electron density decreased at 83.6 eV (surface gold atoms) and increased at 84.5 eV, indicating that the
interaction with oxygen creates positive charge on the gold atoms of the surface layer. The oxygen coating grows with
increasing duration of exposure to atomic oxygen. After the coating thickness reaches 0.6-0.8 ML, the second stage of
oxidation of the upper gold layer begins; at this stage, the oxidized state with Ey(Au 4f) =85.5 eV appears when oxygen
penetrates between the first and second layers of gold atoms. This oxygen corresponds to the a, state characterized by
Ey(O 1s)=530.0 eV in the XPS spectra. Since the a; and o, states of oxygen have close binding energies, they are often not
resolved in XPS spectra. In our experiments, the second state of oxygen in the subsurface layer manifested as a shift of the
O 1s line towards higher binding energies from 529.3 eV to 529.6 eV. Formation of the 2D gold oxide o, (0t = 0t + @p) is
completed after 60-180 min of treatment, and no further surface oxidation does not occur. The amounts of oxygen on the
surface (o) and in the subsurface region (a,) are comparable and provide the total oxygen coating of the second monolayer.

The obtained XPS data reliably show that the 2D gold oxide consists of one layer of gold atoms and two layers of
oxygen atoms located above and below the gold (Fig. 8). The stoichiometry of the 2D oxide obtained from the XPS
experiments gives a ratio close to Au:O = 1.8. It is smaller than the value that was theoretically derived for AuO, in [66]. In
this work, Sun et al. showed that the most energetically favorable structures on the gold surface (in particular, Au(111) faces)
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Fig. 7. Integral amount of oxygen on the gold surface
depending on the time of gas exposure at 373 K under
P=4-10" mbar.

878



@Au AUp AU AUy A @All ‘A-ﬁ'y

OMI 0:3-0:5' ML 0:5-2:0' ML

Oxygen coverage, monolayers

Fig. 8. Schematic formation of the AuO, surface oxide.

are chained single and double structures containing [AuQy4] as the primary fragment. The oxide layer thickness estimated
from the XPS spectra is ~3 A. This 2D oxide is stable up to 510 K. During thermal desorption, oxygen is removed from the
surface due to direct recombination of o, surface oxygen atoms, and the loss of oxygen is counteracted by oxygen diffusion
from the subsurface region (o) to the surface.

A similar structure of surface oxides was proposed for other metals such as palladium [67-70] and platinum [71, 72],
which fact confirms the model of surface gold oxide proposed in our work. Properties of the resulting 2D oxide may be of
practical interest, since 2D gold oxide clusters are considered to be more active than 3D ones.

When studying the reactivity of the 2D gold oxide a,, it was found that oxygen of this type can oxidize CO quite
efficiently at room temperature. The reactivity of oxygen in the 2D oxide (y) is equal to 0.01 and 0.015 at 298 K and 373 K,
respectively. The use of other gases (ethylene and hydrogen) demonstrated high selectivity of this oxygen species towards
CO oxidation. The reactivity in the oxidation of ethylene and hydrogen at 373 K is 0.0025 and 0.0001, respectively. Thus, the
oxygen of the 2D oxide is 250 times more active in CO oxidation than in H2 oxidation.

The data on gold particles reactivity can explain high selectivity of CO oxidation in excess hydrogen (PROX
reaction) on nanodispersed gold catalysts. High reactivity of a;-O in CO oxidation and low reactivity in H, oxidation suggest
that these oxygen species are key intermediates in the PROX reaction mechanism. To obtain o;-O from O,, O, molecules are
to be activated for their dissociation; this process can proceed easier on flat nanoscale catalysts with active participation of
the support.

CONCLUSIONS

Oxygen adsorption on a the gold foil surface was studied by XPS and TPD methods. An oxygen flow in the form of
a mixture of oxygen molecules and atoms was used to prepare a wide range of oxygen coatings up to two monolayers and to
study all oxygen species formed on the gold surface.

It was shown that a layer of chemisorbed atomic oxygen with a maximum coating @, = 0.5 ML was formed at the
initial stages of treating the polycrystalline gold surface with atomic oxygen. As the oxygen coverage increased, the
adsorption layer transformed into a 3 A thick 2D gold oxide having a stoichiometry close to AuO, and stable up to = 510 K.
It was found that the surface oxide structure contains two nonequivalent oxygen states, one adsorbed on the surface and the
other located in the subsurface layer. It was hypothesized that the 2D oxide is formed due to the penetration of adsorbed
oxygen into the subsurface region and subsequent structural rearrangement.

It was shown that the 2D oxide oxygen is highly active in CO oxidation (y = 107%). It was been established that the
interaction of the 2D oxide oxygen with CO is 250 times more efficient than the H, oxidation. The data obtained on the
reactivity of adsorbed oxygen can be used to explain high activity and selectivity of gold catalysts in the predominant CO

oxidation in excess hydrogen.
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