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INTRODUCTION

Group IB metals (Cu, Ag) are widely used as active
components of catalysts of numerous partial and com-
plete oxidation reactions [1, 2]. It has long been
believed that gold does not have such activity [3]. How-
ever, in the past 10–15 years since the discovery of the
high catalytic activity of nanodispersed gold [1, 4],
preparation of nanogold catalysts and study of their
physical and chemical properties have attracted much
interest [5].

The catalytic activity of gold nanoparticles sup-
ported by oxides (TiO

 

2

 

, Fe

 

2

 

O

 

3

 

, CeO

 

2

 

, etc.) in some reac-
tions (mainly, oxidative) has been found experimentally.
Noteworthy are the reactions of low-temperature selec-
tive CO oxidation, propylene epoxidation, nitrogen
oxide reduction, and SO

 

2

 

 dissociation. All these reac-
tions involve the formation of adsorbed oxygen species
on the surface of gold nanoparticles. It can be assumed
that the unique behavior of supported gold catalysts is
mainly associated with unusual states of oxygen on the
surface of gold nanoparticles. It is not improbable that
gold nanoparticles are completely oxidized during oxi-
dation reactions to form nanooxides [6].

In this context, experimental and theoretical study
of the structure and the nature of the bond between oxy-
gen and the gold surface is important. First of all, it is
of interest to study the direct interaction of oxygen with
gold nanoparticles by state-of-the-art spectral methods
of surface analysis, such as X-ray photoelectron spec-
troscopy (XPS), UV photoelectron spectroscopy, Auger
electron spectroscopy, and others. It is virtually imprac-
ticable to carry out such experiments and to obtain

information on the state of adsorbed oxygen on the sur-
face of gold nanoparticles because of the low concen-
tration of these particles and the overlap of strong oxy-
gen lines arising from the oxide supports. An alterna-
tive way is to study adsorbed oxygen on a bulk gold
surface (foil, single crystals, powders). It is evident that
no one can insist on the identity of the properties of
bulk and nanosized gold. Nevertheless, data on oxygen
species obtained for bulk gold can serve as a basis for
correct interpretation of the spectra and properties of
nanoparticles. However, study of bulk gold samples
encounters a substantial obstacle, namely, the difficulty
of obtaining oxygen species on the gold surface
because of the high barrier to O

 

2

 

 adsorption [7, 8]. Dif-
ferent methods have been suggested for treating the
gold surface and obtaining chemisorbed oxygen on it:
action of ozone [9], NO

 

2

 

 [10], and atomic oxygen [11,
12]; oxygen adsorption at high pressures and tempera-
tures [13]; and others. These methods are either of low
efficiency or rather inconvenient. For efficient oxida-
tion of the gold surface, electrochemical oxidation of a
gold electrode [14] or treatment with oxygen activated
by a high-frequency discharge [15, 16] has been sug-
gested. When electrochemical oxidation is used, it is
difficult to combine the XPS method with an electro-
chemical cell; at the same time, high-frequency activa-
tion can easily be carried out in the chambers of an elec-
tronic spectrometer.

As distinct from the electrochemical method, expo-
sure to oxygen plasma is implied to produce only one
type of gold oxide, Au

 

2

 

O

 

3

 

 [17, 18]. However, as is
known, the silver (gold analogue in Group IB) surface
is intensively oxidized by a microwave oxygen dis-
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charge to produce not only a thick oxide film but also
several oxygen species and states with considerably
different chemical properties [19, 20]. Two major types
of oxide structures are formed, one of which is cuprite-
type Ag

 

2

 

O. In the second state, oxygen is believed to be
involved in AgO particles [20] or in oxidized nanopar-
ticles with the molecular nature of oxygen bonding
AgO

 

n

 

 with 

 

n

 

 > 1 [19]. In any case, low-temperature
plasma treatment of the silver surface imparts new
properties to the oxygen in oxide structures. It is possi-
ble that specificity in the formation of oxide species
obtained on the gold surface under oxygen activation
also persists on the surface of gold nanoparticles where
O

 

2

 

 is adsorbed without activation.
This work deals with the study of oxide layers

formed on the gold foil surface at room temperature
upon plasma treatment.

EXPERIMENTAL

Measurements were carried out on a VG ESCALAB
HP photoelectron spectrometer. The instrument con-
sisted of two high-vacuum chambers for pretreatment
of samples and an analyzer chamber, which are sepa-
rated by shut-off valves. The spectrometer was
equipped with an X-ray source with a double Mg/Al
anode, which made it possible to use for excitation pri-
mary MgK

 

α

 

 (1253.6 eV) and AlK

 

α

 

 (1486.6 eV) radia-
tion. A hemispherical electrostatic analyzer was used
for analysis of the photoelectron energy spectrum.
X-ray photoelectron spectra were recorded in the con-
stant pass energy (HV) mode. General spectra were
recorded at HV = 100 eV, and detailed Au4

 

f

 

, O1

 

s

 

, and
C1

 

s

 

 spectra were recorded at HV = 20 eV (energy step,
0.1 eV). In this case, the line width at half maximum for
the reference Au4

 

f

 

7/2

 

 line was 1. 3 eV. The Au4

 

f

 

7/2

 

 bind-
ing energy (84.0 eV) was used as the internal reference.
Processing of the data obtained and analysis of the
spectra were performed with the PSILON and CALC
programs tested for a number of systems [21–23] and
with standard graphical software.

In the pretreatment chamber, an ion gun for sample
purification and an antenna for high-frequency dis-
charge generation were mounted. The sample was a
polycrystalline gold (99.99% purity) sheet 0.2 mm
thick. A piece of the plate, 10 

 

×

 

 10 mm, was fastened by
gold wires with tantalum springs at the ends. The tanta-
lum springs ensured the stable position of the sample
relative to the X-ray beam and the analyzer lens during
recording of spectra at different temperatures.

Before the experiments, the sample was repeatedly
purified by etching its surface with argon ions followed
by annealing at 873 K. After these operations, XPS
showed no impurities.

The antenna for high-frequency discharge was a
gold (99.99%) wire 0.2 mm in diameter. The choice of
the antenna material was not accidental since HF dis-
charge generation can be accompanied by sputtering of

atoms from the antenna material. If the antenna mate-
rial is the same as that of the sample, such a construc-
tion makes it possible to minimize sputtering of impu-
rities from other parts of the oxygen excitation system
(in the course of experiments, no impurity deposition
on the sample surface was observed). The process was
monitored by XPS. High-frequency oxygen activation
was carried out at an adjustable frequency of about
12.6 MHz at oxygen pressures of 1–100 Pa. The expo-
sure to activated oxygen was 1–10 min. During expo-
sure to activated oxygen, the sample temperature was
varied from 300 to 520 K and a potential with discrete
values in the range from +300 to –300 V was applied to
the sample.

RESULTS AND DISCUSSION

 

State of Gold Atoms upon High-Frequency Oxidation 
of Polycrystalline Gold Foil

 

Oxygen activated by a high-frequency discharge
efficiently interacts with the polycrystalline gold foil
surface. Figure 1 shows that the action of oxygen
plasma leads to a sharp decrease in the intensity of the
metal gold doublet in the Au4

 

f

 

 spectra (

 

E

 

b

 

 = 84.0 and
87.0 eV) and to the emergence of a strong doublet with

 

E

 

b

 

 = 85.6 and 89.2 eV. According to the published data,
this doublet is due to gold incorporated in Au

 

2

 

O

 

3

 

 [11,
12, 14–17]. This is evidence of the growth of a three-
dimensional oxide film. The decomposition of the Au4

 

f

 

spectra into components shows that only two gold
states—metallic and oxidized (Fig. 2)—are observed
after the action of high-frequency discharge.

The thickness of the resulting oxide film can be var-
ied by changing the surface treatment duration. Figure 1
shows that, at the early stage of exposure of the gold
foil surface to activated oxygen, the oxide film grows
rather rapidly (this can be judged from the buildup of
the oxide component in the Au4

 

f

 

 spectrum with

 

E

 

b

 

(Au4

 

f

 

) = 85.6 eV), whereas an increase in the treat-
ment duration to 1 min or more leads to a noticeable
decrease in the film growth rate. In particular, after a
10-min exposure to oxygen activated by a high-fre-
quency discharge, the X-ray photoelectron spectra
show a weak doublet due to metallic gold. This can be
evidence that the thickness of the oxide film is ~90 Å.
It is likely that the oxide film growth occurs by means
of diffusion of gold atoms through the oxide film to the
surface. The action of X-ray radiation on ionic com-
pounds of Group IB metals is also possible; i.e., the
gold oxide on the surface decomposes during recording
of the photoelectron spectrum. The effect of X-ray radi-
ation on the reduction of divalent copper is well known
[22]. It is likely that a thin metal film will always cover
the gold oxide surface when the gold oxide states are
studied by probe spectral methods. On the whole, the
question of whether gold oxide particles are reduced
during XPS measurements requires a separate consid-
eration.
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Fig. 1.

 

 Au4

 

f

 

 spectra recorded after exposure of the polycrystalline gold foil surface to oxygen activated by microwave discharge in
the gas phase as a function of exposure time. Treatment conditions: 

 

P

 

(O

 

2

 

) = 25 Pa; 

 

T

 

 = 300 K; 

 

U

 

 = +300 V; and the treatment dura-
tion (

 

τ

 

) was 1, 10, 15, 30, 60, 120, and 240 s.
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Fig. 2.

 

 Spectral decomposition of the Au4

 

f

 

 spectrum recorded after exposure of the polycrystalline gold foil surface to oxygen acti-
vated by microwave discharge in the gas phase. Treatment conditions: 

 

P

 

(O

 

2

 

) = 25 Pa, 

 

T

 

 = 300 K, 

 

U

 

 = +300 V, and 

 

τ

 

 = 240 s.
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It should be noted that the formation of rather thick
silver oxide films (>30 Å) has been observed upon oxi-
dation of the silver surface by oxygen activated by a
high-frequency discharge [19, 20]; however, the Au4

 

f

 

spectra reported in [15] show that, upon gold oxidation,
the oxide component does not exceed the metallic one.
This means that the gold oxide film is about 15–20 Å
thick. In our case, the metallic component constitutes
no more than 5–10%, which points to a higher degree
of oxidation of the polycrystalline gold foil surface; i.e.,
the film thickness in our experiments is considerably
larger and constitutes 30–40 Å or more. It is not incon-
ceivable that this high efficiency of interaction of acti-
vated oxygen with the gold foil surface is associated not
only with the parameters of the HF discharge but also
with the fact of using a gold wire as the antenna. The
routine material used for manufacturing antennas is
superpure aluminum, which has the lowest sputtering
yield in an oxygen atmosphere. It is possible that, in the
course of experiments, the gold from the antenna was
sputtered under the action of the high-frequency dis-
charge and the oxide film growth was due to both the
interaction of activated oxygen with the gold foil sur-
face and gold sputtering in an oxygen atmosphere. Such
a method of obtaining gold oxides was described previ-
ously [23]. However, in this case, the oxide film growth
rate should not depend strongly on the oxide film thick-
ness (which was not observed in the experiments).

The use of an aluminum antenna in high-frequency
discharge shows that the O1

 

s

 

 and Au4

 

f

 

 spectra charac-
terize the same states of gold and oxygen atoms as were
obtained with the use of the gold antenna. In addition,
no aluminum was detected on the sample surface
within the sensitivity of XPS. Thus, we can assume that
no noticeable sputtering of the gold antenna material
occurs and that the film growth is mainly driven by
interaction of activated oxygen with the polycrystalline
gold foil surface.

A change in the potential applied to a sample has no
significant effect on the oxide film growth or on stabili-
zation of some specific oxygen species as in the case of
oxygen adsorption on the silver foil surface [19]. How-
ever, it is worth noting that, at long high-frequency dis-
charge times, the activated oxygen interacts with cham-
ber walls to yield metal oxides, in particular, iron
oxides highly mobile in an oxygen atmosphere, on the
sample holder. We found that a positive potential
applied to the sample during treatment with oxygen
under high-frequency excitation leads to a decrease in
the amount of iron oxides on the gold surface. We also
found that, at exposure times above 5 s, a change in the
oxygen pressure within the range 5–100 Pa and in the
distance between the sample and antenna has no effect
on the thickness and quality of the formed oxide film. It
is likely due to the fact that the basic parameters of
high-frequency oxygen activation (excitation fre-
quency, O

 

2

 

 pressure, etc.) used in this series of runs lead
to rather efficient oxygen activation independent of
auxiliary parameters.

 

Oxygen State upon High-Frequency Oxidation
of the Polycrystalline Gold Foil Surface

 

The interaction of the gold surface with oxygen in
high-frequency discharge leads to the emergence of a
strong O1

 

s

 

 line with 

 

E

 

b

 

(O1

 

s

 

) = 530.0 eV and a weaker
line with 

 

E

 

b

 

 

 

≈

 

 535.5 eV (Fig. 3). However, at short
exposure times, the major oxygen line with 

 

E

 

b

 

(O1

 

s

 

) 

 

≈

 

530.0 eV is shifted toward smaller binding energies by
about 0.3 eV and the line with 

 

E

 

b

 

 

 

≈

 

 535.5 eV vanishes.
For the major O1

 

s

 

 line, the width at half maximum
exceeds 2 eV, the line being noticeably asymmetric.
This can mean that this oxygen line is composite and,
most likely, consists of several components; i.e., there
are several nonequivalent states of oxygen atoms in the
resulting gold oxide films.

The spectra were decomposed into components of
Gaussian–Lorentzian shape with a spectrum-decompo-
sition program. The error of determination of binding
energies was no more than 0.1 eV. The assumption of a
Gaussian–Lorentzian shape of the O1

 

s

 

 line is well jus-
tified since oxygen atoms have no 

 

d

 

 or 

 

f

 

 electrons and
have only 

 

s

 

 and 

 

p

 

 electrons. Figure 4 shows the decom-
position of the O1

 

s

 

 spectrum after the treatment of gold
foil with high-frequency discharge for 4 min. The inte-
gral O1

 

s

 

 peak is decomposed into four components:
peak 

 

α

 

1

 

 with 

 

E

 

b

 

 = 529.0 eV, peak 

 

α

 

2

 

 with 

 

E

 

b

 

 = 530.0 eV,
peak 

 

α

 

3

 

 with 

 

E

 

b

 

 = 532.1 eV, and peak 

 

α

 

4

 

 with 

 

E

 

b

 

 =
535.2 eV. For convenience of discussion, the same des-
ignations 

 

α

 

1

 

–

 

α

 

4

 

 are used below. As follows from the
decomposition in Fig. 4, the oxygen in the oxide films
is mainly in two states, 

 

α

 

1

 

 and 

 

α2, the buildup of the
O1s peak with an increase in the plasma exposure time
being mainly due to an increase in the contribution of
component α2. This is responsible for the shift of the
O1s peak toward larger binding energies with an
increase in the time of exposure of the gold foil surface
to activated oxygen. Consideration of the spectral fea-
tures of the O1s spectra together with those of the Au4f
spectra shows that the oxide component with Eb =
85.6 eV is related to oxygen of both α1 and α2 states
incorporated in the three-dimensional gold oxide phase
Au2O3.

Component α1 with Eb = 529.0 eV is observed in X-
ray photoelectron spectra after exposures to oxygen
plasma of different durations, beginning with the short-
est times. It is worth noting that an increase in the expo-
sure time does not lead to a buildup of the α1 and α2
components. The lower Eb value for the oxygen in the
α1 state as compared with that for the oxygen in the α2
state allows us to assume that the charge state of α1 spe-
cies is close to that of atomic oxygen on the surface,
since its position coincides with Eb(O1s) = 529.4 ±
0.2 eV obtained for atomic oxygen at the gold foil sur-
face [9, 11]. This assumption is quite reasonable since
the high-frequency oxygen discharge generates both
excited molecular states of oxygen and atomic oxygen.
It is not improbable that this α1 species can be due to
two-dimensional gold oxide and the oxygen species
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Fig. 3. O1s spectra recorded after exposure of the polycrystalline gold foil surface to oxygen activated by microwave discharge in
the gas phase as a function of exposure time. Treatment conditions: P(O2) = 25 Pa; T = 300 K; U = +300 V; and τ was 1, 10, 15, 30,
60, 120, and 240 s.
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Fig. 4. Spectral decomposition of the O1s spectrum recorded after exposure of the polycrystalline gold foil surface to oxygen acti-
vated by microwave discharge in the gas phase. Treatment conditions: P(O2) = 25 Pa, T = 300 K, U = +300 V, and τ = 240 s. The
peak positions are 529.0 (α1), 530.0 (α2), 531.8 (α3), and 535.2 eV (α4).
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with Eb(O1s) = 530.1 eV is incorporated in three-
dimensional gold oxide; however, there is no definite
proof of these assumptions. Thus, the gold oxide film is
characterized by two major nonequivalent oxygen
states, with their proportion changing during surface
oxidation: α1 species forms at the early stages of inter-
action of activated oxygen with the gold surface and
saturates rather rapidly, whereas species α2 mainly
forms upon deeper oxidation.

The binding energy of oxygen species α3 (Eb(O1s) =
531.8 eV) is rather high for atomic oxygen adsorbed at
metal surfaces. This species forms upon long-term
exposure to activated oxygen. Sometimes, high binding
energies are attributed to the molecular state of oxygen
[24]; however, it is also assumed that similar binding
energies should correspond to the oxygen of OH groups
or water molecules on the gold surface [14, 15, 25].
This possibility cannot be completely ruled out; how-
ever, the persistence of this oxygen species and its con-
stant amount allow us to cast doubt on this assumption.
It is most likely that this component corresponds to the
oxygen incorporated either directly in the oxide film or
in the transition layer between the metal substrate and
oxide film. The value Eb = 531.8 eV points to the exist-
ence of a direct chemical bond between oxygen atoms;
i.e., we can assume, in line with [25], the existence of
peroxide and superoxide species stable at room temper-
ature. Molecular oxygen is fixed most likely on tiny
particles and the amorphized gold surface [6].

Long-term treatment with oxygen activated by a
high-frequency discharge leads not only to efficient
oxidation of the gold surface but also to the formation
of a new unique oxygen state responsible for the peak
separated from the basic O1s peak by 5.5 eV (α4). The
binding energy of this species (535.5 eV) is anoma-
lously high for a thermostable oxygen form, since only
weakly adsorbed or physisorbed oxygen species have
been described as having such high binding energies
Eb(O1s) [26]. This oxygen species is not generated at
early stages of gold oxidation; rather, it is observed
only at a high degree of coverage of the surface with
oxygen; therefore, we can assume that the appearance
of this species is related to the formation of a thick gold
oxide film. To explain the chemical nature of this spe-
cies, two hypotheses can be put forth.

(1) This species is molecular oxygen occluded in
interblock or intergrain voids of the oxide film or of the
metal–oxide interface layer. Oxygen can be occluded
due to an extremely rapid growth of an oxide on the sur-
face under plasma treatment. As a result, oxygen turns
out to be entrapped in cavities and voids of the nascent
oxide with heterogeneous morphology. This hypothesis
is supported by the fact that oxygen in the gas phase has
a similar binding energy, Eb(O1s) = 537–538 eV (with
inclusion of the work function of a spectrometer). Indi-
rect evidence in favor of the hypothesis of occluded gas
can be the oxygen peak with a close binding energy
(Eb = 535.7 eV) observed after sputtering of gold on the

gold foil surface in the presence of oxygen [25]. In any
case, this species is close to the superoxide oxygen
structure.

(2) Photoionization takes place when elastic loss of
electrons due to electron shake-up leads to the emer-
gence of shake-up satellites in spectra. A similar situa-
tion is observed for some oxide and carbon systems, in
particular, in copper oxide CuO, graphite, and others
[24]. It is worth noting that copper is a gold analogue in
the group; however, for copper oxide, satellites are
observed only in Cu2p spectra. It is not improbable that
the satellite lines in the range 534–537 eV arise from
molecular oxygen in the system (α3) and the emergence
of the shake-up satellite in O1s spectra is caused by the
electronic structure of the occupied and vacant orbitals
of the O–O bond.

Our study of the thermal stability of the resulting
oxide films showed that all oxygen species are stable up
to about 470 K. At 470 K, the amount of oxygen on the
gold surface slightly decreases. However, heating to
480 K is accompanied by vigorous decomposition of
gold oxide and oxygen desorption with recovery of the
metallic state of the surface.

Our data on the thermostability of gold oxide Au2O3
are consistent with the data in [9, 11]. At the same time,
a thermostability of gold oxide not exceeding 370 K has
been reported [15, 18]. It is likely that oxide films
obtained in different works differ in structure and mor-
phology and require further, detailed study by different
spectral and structural methods of surface analysis.

CONCLUSIONS
Oxide films formed on the gold foil surface upon

high-frequency activation of O2 have been studied by
XPS. Optimization of O2 activation parameters makes
it possible to obtain oxide films more than 3–5 nm
thick. High-frequency activation of oxygen in the gas
phase allows uncontrolled deposition of impurities on
the surface to be avoided. The Au4f spectra showed that
gold atoms on the oxidized surface are in the oxidation
state +3. The O1s line shape is complicated and con-
sists of four components characterizing nonequivalent
oxygen states in the resulting oxide films. It is assumed
that the two major oxygen states correspond to oxygen
incorporated in two-and three-dimensional gold oxide
Au2O3 (Eb(O1s) = 529.0 and 530.0 eV, respectively).
The oxygen state with Eb(O1s) = 531.8 eV corresponds
presumably to the oxygen of peroxide groups. The
nature of the fourth oxygen state, which gives rise to the
high-energy peak with Eb(O1s) = 535.5 eV, is not com-
pletely clear. The most rational explanation is that this
oxygen species corresponds to superoxide-type molec-
ular oxygen occluded in the oxide film.
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