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Gold oxides (0.1 - 2.0 nm thick) prepared from gold films by an oxygen-dc glow discharge using a gold discharge ring
for 0.17 - 30 min at room temperature were characterized by X-ray photoelectron spectroscopy. The oxide thickness
increased with increasing discharge time in contrast to the use of an aluminum ring, and thicker oxide films were
obtained. The O 1s spectra show four components: I, I, III, and IV. Components I, II, and IV appear during the early
formation periods (<0.5 min). Components I and II are stable and assigned to hydroxyl groups on the surfaces. Component
IV changes into component III (gold oxide) after longer discharge times (=1 min). The gold oxides (2.0 nm thick)
decompose after 15 d at room temperature and decompose immediately at temperatures exceeding 117°C. They also
decompose under ultraviolet light irradiation (254, 302, and 365 nm) and decompose more rapidly in water vapor at the
shorter wavelengths. The thicker nature of the gold oxides is advantageous for their preservation, and they were preserved
in their oxidized state for 196 d in anhydrous dodecane in a dark atmosphere.
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Introduction

Gold is not oxidized in air or in molecular oxygen, even at high
temperatures, because its oxide (Au,Os) is unstable.! However,
gold is oxidized in highly reactive chemical environments, e.g.,
during reactive sputtering in an oxygen atmosphere,>* ozone,*’
and oxygen plasma.®!3 Oxides were also prepared using an air
corona discharge' and by laser deposition in oxygen."> Gold
oxide formation and decomposition on the gold electrodes of
microelectromechanical system devices after the release of an
organic sacrificial layer via exposure to an oxygen plasma have
also been studied.'®" Plasma surface treatments using oxygen,
hydrogen, nitrogen, and argon for the bonding of thin gold films
with stub bumps were also compared.?*?! The formation of gold
oxides on gold nanoparticles was also investigated.?>?¢ Tt is
important to understand both the physical and chemical
properties of gold oxides for future use.

The formation and decomposition of gold oxide layers with
thicknesses ranging from 0.16 - 0.65 nm prepared from a gold
film by an oxygen-dc glow discharge (10 Pa, 5 mA, 0.17 -
10 min) using an aluminum discharge ring at room temperature
were investigated by X-ray photoelectron spectroscopy (XPS) in
our previous papers.”’” The O 1s spectra showed four oxygen
species, comprising components I, II, III, and IV. Components
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I and II were both assigned to hydroxyl groups. Component IV
is a precursor component that occurs during the early formation
periods and subsequently changes into the gold oxide component
III. The angular dependence of the XPS spectra of these gold
oxides indicated that the oxygen species of components I and II
were present in this order from the top surface of the gold oxide
(component IIT). The gold oxides decomposed after 36 h at
room temperature and they decomposed immediately at
temperatures exceeding 121°C in a dark atmosphere. The gold
oxides also decomposed under ultraviolet (UV) light irradiation
(254, 302, and 365 nm) at room temperature and decomposed
more rapidly in water vapor at the shorter wavelengths. These
findings indicated that gold oxide decomposition is accelerated
via a reaction with excited water molecules produced by
absorption of UV light.”

The gold oxides decomposed after 6 h in water, but
decomposed more slowly in hydrocarbons (hexane, octane, and
dodecane) at room temperature in a dark atmosphere.”® The
gold oxide was preserved in the oxidized state for 84 d in
anhydrous dodecane.?® This simple method of preserving a gold
oxide immersed in a hydrocarbon with low water content will
be of practical use in future applications. Since a hydrophobic
gold film surface can be changed into a hydrophilic surface by
forming a gold oxide layer on it,” the gold oxide layer formation
by an oxygen-dc glow discharge from a gold film is promising
as a new hydrophilization technology for the gold surface. The
stability of these gold oxide layers in various solvents at room
temperature was studied using a combination of a surface
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plasmon resonance (SPR)-based optical waveguide sensing
system and XPS in our previous work.? The decomposition
reactions of these thin gold oxide layers on gold films in aqueous
solutions of acetaldehyde, hydrochloric acid, and sodium
hydroxide were monitored and the oxide decomposition rates
were also obtained via the SPR-based optical waveguide sensing
system for the first time.?

In this work, thicker gold oxide layers were prepared by
varying the duration of the oxygen-dc glow discharge while
using a gold discharge ring, in contrast to the use of an aluminum
ring in the previous work.?”? The decomposition of these gold
oxides, which can be caused by heating in air, UV light
irradiation and the passage of time, under a variety of
atmospheres, was studied by XPS. The angular dependences of
the XPS spectra provided information on the chemical species
involved and on the surface structures of the gold oxides on the
gold films. These results were compared with those obtained
when using an aluminum glow discharge ring?’? to clarify the
behavior of this unique metal oxide. The preservation method
of immersing the gold oxide on the gold film in a saturated
hydrocarbon with low water content at room temperature in a
dark atmosphere?® was performed using anhydrous dodecane
because the thicker nature of these gold oxides is expected to be
advantageous for their preservation.

Experimental

Gold oxide preparation

Gold (>99.99%; Tanaka Kikinzoku Kogyo, Tokyo, Japan) was
deposited on mica substrates (dimensions: 9 X 18 X 0.1 mm;
Nissin EM, Tokyo, Japan) at room temperature under high
vacuum (<6.7 X 10 Pa) conditions to form 50-nm-thick films.
These gold films were then oxidized at room temperature using
an oxygen-dc glow discharge (10 Pa, 5 mA, 0.17 - 30 min)
from a high-purity oxygen (>99.999%; Japan Fine Products,
Kawasaki, Japan) flow in a vacuum evaporator equipped with a
negatively biased (to approximately 400 V) gold (>99.99%)
electrode.

Heating and UV light irradiation of gold oxides

The gold oxide layers on the gold films were heated at various
temperatures (93 - 184°C) for times of 0.5 and 3 h in an electric
dryer (SOFW-300, AS ONE, Osaka, Japan). An iron-constantan
thermocouple (Nippon Netsudenki Seisakusho, Tokyo, Japan)
was placed in contact with the sample and used to measure the
temperatures of the oxides; the measurement uncertainty was
estimated to be +3°C.

The gold oxide layers were then irradiated for 6 h at room
temperature under various atmospheres through a quartz window
in another vacuum chamber equipped with UV lamps (operating
wavelengths of 254, 302, and 365 nm, 6 W; Ultra-Violet
Products UVM-57, Funakoshi, Tokyo, Japan). The atmospheres
were air (1.0 x 10° Pa), water vapor (1.5 x 10° Pa), and a high
vacuum (1.8 - 4.7 x 10~ Pa).

Preservation of gold oxides

The gold oxide layers were preserved for up to 197 d at room
temperature in a dark atmosphere. The oxides were also
preserved for up to 196 d in sealed 30 mL glass bottles that
contained anhydrous dodecane and approximately 150 mg
molecular sieves (4A 1/8, Fujifilm Wako Pure Chemical, Osaka,
Japan) at room temperature in a dark atmosphere.
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Table 1 Peak energies of Au 4f and O Is and full width at half
maximum (FWHM) values obtained from XPS of gold oxide
layers prepared from gold films by an oxygen-dc glow discharge
(10 Pa, 5 mA, periods of 0 - 30 min) using a gold discharge ring
at room temperature

FWHM/eV
Energy/
Peak eng Discharge time/min

0.17-0.5 1-20 30
Au 4f;, (metal) 84.0 0.8 0.8 0.9
Au 417, (oxide) 85.8 1.6 1.2
Au 4fs), (metal) 87.7 0.8 0.8 0.9
Au 4f5), (oxide) 89.5 1.6 1.2
O 1s (component I) 531.9 2.1 2.1 2.1
O Is (component II) 531.1 1.5 1.5 1.5
O 1s (component III) 530.0 1.7 1.7
O 1s (component IV) 530.2 1.2

The spectra were measured at angles of 10, 30, and 90° to the surfaces.
Component I for 20 and 30 min is too weak to observe at angle of 90°.
The numbers of data are 10 for component IV and more than 20 for the
others and the uncertainties are less than 0.1 eV.

XPS measurements

The XPS spectra of the gold oxide layers on the gold films
were measured at a resolution of less than 0.6 eV using a
photoelectron spectrometer (Axis-Ultra DLD, Shimadzu, Kyoto,
Japan) with monochromatic Al Koo (1486.6 eV) radiation.
These spectra were measured at angles of 90, 30, and 10° from
the surfaces (dimensions: 0.7 X 0.3 mm) at data collection
intervals of 0.1 eV. The spectra that were measured at 90° are
shown in this work, unless a different measurement angle is
specified. The O 1s spectra were accumulated several times.
Various locations were measured on the oxide layer surfaces as
part of a series of measurements. Voigt functions (Gaussian and
Lorentzian convolution functions) were used, after subtraction
of the Shirley background, for deconvolution of the Au 4f and O
Is peaks. The intensity ratio of the Au 4f;, and Au 4fs, peaks
was 4/3 and the Au 4f;, line at 84.0 eV*° was used to calibrate
the binding energy. Use of a low-energy electron flood gun
for charge compensation was not required. Impurities that
originated from neither the gold used (e.g., Ag, Cu, Ca, Si) nor
the glow discharge (e.g., Al, Fe, F) were detected on the gold
oxide surfaces. Carbon impurities that incorporated oxygen
atoms from the air were detected. Their effects on the O 1s
spectra of the gold oxides prepared by the oxygen-dc glow
discharge (10 min) were estimated to be less than 2%.

The thicknesses (d) of the gold oxide layers on the gold films
were determined from the relative intensities (I.x/In) of both
pairs of oxide (ox) peaks with respect to the metal (m) peaks of
Au 4f in the spectra that were measured at 6 = 90° using the
following equation:3!

d = Aoy xsin 6 In[ Din/o, ) (57) +1], (1)

m

where Aox (1.937 nm) and A, (1.781 nm) are the photoelectron
inelastic mean free paths in Au,O; and Au, respectively.?
Atomic densities of Dy, (19.32 g/cm3) and D, (13.675 g/cm?)
for Au and Au,0; were used, respectively.s The atomic ratio
[O)/[Au] of the gold oxide (Au,Os) was calculated based on the
intensities of oxide component III of O 1s and those of the Au
4f oxide peaks using the XPS spectrometer’s software. The
peak positions for Au 4f and O 1s and the full width at half
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Fig. 1 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
from gold films by an oxygen-dc glow discharge for various periods
(0.17, 1, 5, 20, and 30 min) at room temperature. O 1s components I,
II, and IV are present, but neither O 1s component III nor the pair of
oxide Au 4f peaks is present for the film prepared with the 0.17 min
period. Component IV changes into component III, which appears
along with the pair of oxide Au 4f peaks for the film prepared with the
1 min period. The intensities of both the component III and the pair of
Au 4f peaks increase, but the intensity of component I decreases as the
discharge duration increases.

maximum (FWHM) values of the gold oxides obtained in this
study are shown in Table 1. The values are averages of those of
10 samples for component IV and those of more than 20 samples
for the others, and uncertainties are less than +0.1 eV. The
FWHM values for O 1s are independent of the discharge time.
However, the values of the Au 4f metal increase slightly, while
those of the oxide decrease with increasing the discharge time.

Results and Discussion

Formation of gold oxides by an oxygen-dc glow discharge

The XPS spectra of Au 4f and O 1s acquired for the gold
oxide layers prepared from gold films by an oxygen-dc glow
discharge over various periods (0.17, 1, 5, 20, and 30 min) are
shown in Fig. 1. The Au 4f spectra show the 4f;, and 4fs, pair
of strong metal peaks at 84.0 and 87.7 eV, respectively, and
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Fig. 2 XPS spectra of Au 4f and O 1s for a gold oxide layer prepared
by an oxygen-dc glow discharge (0.5 min) at room temperature and
measured at angles of 90, 30, and 10° relative to the surface. The
relative intensity of O 1s component I becomes stronger while that of
component IV becomes weaker as the measurement angle decreases.
The oxygen species of components I and II are present in this order
from the top surface of component I'V.

their FWHM values are the same as those of the metal peaks
observed in the XPS spectra of gold.?”?® The O 1s components
I, II, and IV are present at 531.9, 531.1, and 530.2 eV,
respectively, but neither O 1s component III nor the pair of
oxide Au 4f peaks is present for the discharge durations of 0.17
and 0.5 min. The intensity of component I is stronger than the
other components during these early formation periods.
Component IV at 530.2 eV changes into component III at
530.0 eV after a discharge duration of 1 min, at which the pair
of oxide Au 4f peaks at 85.8 and 89.5 eV also appears. The
intensities of both component III and the pair of Au 4f peaks
increase, but the intensity of component I decreases as the
discharge duration increases. The intensity of component I
becomes weak for 5 min and it disappears after 20 min. The
FWHM values of the O 1s components remain independent of
the discharge time, but the FWHM values for the Au 4f metal
increase slightly, while those of the oxide decrease after the
discharge time of 30 min, as shown in Table 1.

The Au 4f and O 1s spectra for the gold oxide layer prepared
by the oxygen-dc glow discharge for a period of 0.5 min and
measured at angles of 90, 30, and 10° from the surface are
shown in Fig. 2. Surface information on a few monolayers can
be obtained at an angle of 10° because the observation depth of
Au,0; becomes approximately 0.4 nm. The relative intensity of
O 1s component I becomes stronger while that of component IV
becomes weaker as the measurement angle decreases. This
angular dependence of the O Is spectra demonstrates that the
oxygen species of components I and II are present in this order
from the top surface of component IV but are not present in the
bulk because these oxygen species make no contribution to the
oxide Au 4f peaks. The Au 4f and O 1s spectra for the gold
oxide layer prepared by the oxygen-dc glow discharge over a
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Fig. 3 XPS spectra of Au 4f and O s for a gold oxide layer prepared
by the oxygen-dc glow discharge over a period of 30 min at room
temperature and measured at angles of 90, 30, and 10° relative to the
surface. The relative intensity of the oxide peaks of Au 4f becomes
stronger while that of oxide component III of O 1s becomes weaker as
the measurement angle decreases. O 1s component I is observed at the
angle of 30° and the intensity becomes slightly stronger at the angle of
10°. The oxygen species of components I and II are present in this
order from the top surface of component III.

period of 30 min and measured at angles of 90, 30, and 10°
from the surface are shown in Fig. 3. The relative intensities of
the oxide peaks of Au 4f and O 1s component II become
stronger while that of O 1s component III becomes weaker as
the measurement angle decreases. O 1s component I is observed
at the angle of 30° and the intensity becomes slightly stronger at
the angle of 10°. Component III of the gold oxide layer is
present on the gold film and the oxygen species of components
I and II are present in this order from the top surface of
component III.

The thicknesses of the gold oxide layers and the relative
intensities of O 1s components I, II, III, and IV prepared by an
oxygen-dc glow discharge for periods of up to 30 min are shown
in Fig. 4. The thicknesses of gold oxide layers prepared by an
oxygen-dc glow discharge while using an aluminum discharge
ring are also shown in the figure for comparison purposes. The
oxide thickness, which is calculated based on the relative
intensity of the pair of oxide Au 4f peaks, increases with
increasing discharge duration after 1 min and correlates well
with the relative intensity of oxide component III. The relative
intensity of component I is stronger than the other components
during the early formation periods of 0.17 and 0.5 min.
Component IV disappears and component III appears for 1 min.
These components are replaced after a glow discharge of 1 min.
The relative intensities of components I and II remain almost
constant for 1 - 10 min. The intensity of component I becomes
weak and disappears after 20 min. The thicknesses of gold
oxide layers prepared by the oxygen-dc glow discharge using
the gold discharge ring increased significantly with increasing
discharge time after 10 min, in contrast to the results obtained
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Fig. 4 Thicknesses of the gold oxide layers calculated from the
relative intensities of the oxide peaks with respect to the metal peaks of
Au 4f (a) and the relative intensities of components I (@), II (CJ), III
(@), and IV (&) of O 1s of the gold oxides (b) prepared by the oxygen-
dc glow discharge for various periods (0.17-30 min) at room
temperature. The thicknesses of gold oxide layers prepared by an
oxygen-dc glow discharge using an aluminum discharge ring (O) are
also shown for comparison purposes. The spectra were measured at an
angle of 90° to the surfaces. The relative intensity of component I is
stronger than the other components during the early formation periods
of 0.17 and 0.50 min. Component I'V changes into component III after
the discharge duration of 1 min. The thicknesses of the gold oxide
layers correlate well with the relative intensities of oxide component
III. The thicknesses of gold oxide layers prepared by the oxygen-dc
glow discharge using the gold discharge ring increased significantly
with increasing discharge time after 10 min, in contrast to the results
obtained when using the aluminum ring.

Table 2 Characterization results of gold oxide layers prepared
from gold films by an oxygen-dc glow discharge (10 Pa, 5 mA)
using a gold discharge ring at room temperature

Discharge Gold oxide ~Atomic Ratios of O 1s components
time/  thickness/ ratio
min nm [OV[Au] I I m

5 056%0.11 1.30£0.07 0.13+0.03 0.16+£0.02 0.71 £0.04
30 202£025132£0.09 0£0 0.21%£0.03 0.79%0.03

The numbers of data for discharge times of 5 and 30 min are 7 and 17,
respectively, and the uncertainties are the standard deviations.

when using the aluminum ring. It is considered that the gold
oxide layer produced on the gold film acts as a barrier and
hinders further oxide growth when using the aluminum discharge
ring. No aluminum contamination from the aluminum ring was
detected.?”’”?® In contrast, the gold oxide layer formed from the
gold ring by sputtering of oxygen accumulates over time and its
thickness increases when using the gold discharge ring.

The thickness and the atomic ratio [O]/[Au] of the gold oxide
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Fig. 5 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
by the oxygen-dc glow discharge for the period of 30 min and preserved
for various periods (1, 7, 15, and 191 d) at room temperature in a dark
atmosphere. The corresponding spectra measured within 1 h after
preparation (0 d) of the oxide layers are also shown. The gold oxide
decomposes after 15 d and the spectra show neither O 1s component
III nor the pair of oxide Au 4f peaks. The O ls spectrum contains
components I and II. The O 1s spectra of the gold oxides obtained
after the longer periods (141 - 197 d) only contain component 1.

(Au03) layers prepared by the oxygen-dc glow discharge for
the 5 min duration were 0.56 +0.11 and 1.30 £ 0.07 nm,
respectively. The corresponding values for the 30 min period
were 2.02+0.25 and 1.32 £ 0.09 nm, respectively. These
results are presented along with the ratios of the O1s components
in Table 2. The value of the atomic ratio is close to the value of
1.5 for Au,O;. These findings indicate that the Au 4f oxide
peaks and component III of the O 1s spectra can be assigned to
those of Au,0;. The gold oxide layers can be prepared by the
simple oxygen-dc glow discharge treatment and the layer
thicknesses on the gold films can be controlled easily using the
treatment duration, as shown in Fig. 4(a).

Thermal decomposition of gold oxides

The XPS spectra of Au 4f and O 1s for the gold oxide layers
that were prepared by the oxygen-dc glow discharge over the
period of 30 min and then preserved for various periods (1, 7,
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Fig. 6 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
by an oxygen-dc glow discharge for a 30 min period and then heated
for 3 h at various temperatures (93, 117, 142, and 162°C) in a dark
atmosphere. The corresponding spectra of a gold oxide layer that was
not subjected to heating and was instead preserved in a dark atmosphere
for the same period are also shown for comparison purposes. The gold
oxides decomposed at temperatures above 117°C and the spectra show
neither the Au 4f oxide peaks nor oxide component I1I.

15, and 191 d) at room temperature in a dark atmosphere are
shown in Fig. 5. The spectra measured within 1 h after
preparation (0 d) of the layers are also shown. The gold oxide
decomposes after 15 d and the spectra show neither the O 1s
component III nor the pair of oxide Au 4f peaks. The O 1s
spectrum contains components I and II. However, the O 1s
spectra of the gold oxide layers preserved for the longer periods
(141 - 197 d) only contain component I. The angle dependence
of the XPS spectra suggested that the positional relationship
between components I and II disappears and they are present on
the outermost surface of the Au film after long periods. These
O 1s spectra gave the peak positions and the FWHM values for
components I and II, as shown in Table 1.

The XPS spectra of Au 4f and O 1s from the gold oxide layers
that were prepared by the oxygen-dc glow discharge over the
30 min period and then heated for 3 h at various temperatures
(93, 117, 142, and 162°C) in a dark atmosphere are shown in
Fig. 6. The corresponding spectra of a gold oxide layer that was
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Fig. 7 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
by the oxygen-dc glow discharge for a 30 min period and irradiated
using UV light (254, 302, and 365 nm) for 6 h at room temperature
in a dark atmosphere in a vacuum chamber (1.0 x 10°Pa). The
corresponding spectra of a gold oxide layer that was not subjected to
UV light irradiation and was instead preserved in a dark atmosphere
for the same period are also shown for comparison purposes. The gold
oxides decompose more rapidly in the atmosphere under UV light
irradiation at the shorter wavelengths.

not heated and was instead preserved in a dark atmosphere for
the same period are also shown for comparison purposes. No
oxide peaks are present in the Au 4f spectra at temperatures
above 117°C, thus indicating that the decomposition of the
oxide layers begins at this temperature. However, the O 1s
spectra show the peaks of components I and II. The peak of
component I appears as a result of decomposition of the gold
oxide above 93°C. The gold oxides decomposed completely
after heating for 0.5h at 142, 162, and 184°C, but only
decomposed in an incomplete manner during heating for 0.5 h
at 117°C. The decomposition of the gold oxide prepared by an
oxygen-dc glow discharge for a 10 min period using the
aluminum discharge ring was observed to begin at 121°C in our
previous studies.””?® These temperatures are effectively the
same within the range of the experimental error. The gold
oxides in these studies that were heated at 250, 300, 400, and
500°C for 3 h in a high vacuum decomposed completely and the
O s spectra contained only components I and I1.7?% Subtraction
of components I and II from the O 1s spectrum of the unheated
gold oxide then provides component III of the oxide peak, as
shown in Table 1.

The O 1s components I and II of the gold oxides in this study
are both present on oxide component III and remain sufficiently
stable for 15 d and during heating at temperatures up to 184°C
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Fig. 8 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
by an oxygen-dc glow discharge for a 30 min period and irradiated at
302 nm for 6 h at room temperature in a high vacuum (1.8 -4.7 X
10~ Pa), in air (1.0 x 10° Pa), and in water vapor (1.5 x 10° Pa). The
corresponding spectra of a gold oxide that was not subjected to UV
light irradiation and was preserved for 6 h in a dark atmosphere are
also shown. The gold oxides decompose more rapidly in the water
vapor, in air, and in the high vacuum, in that order.

in air. Component I is also present on the gold surface, even for
long periods of up to 197 d. These findings are consistent with
the properties of the hydroxyl groups on the model of the oxide
surface; the oxide film consists of an outermost layer composed
of chemisorbed water, a hydroxylated region, and then an
innermost portion composed of the oxide film.*' These findings
are also consistent with the results that were obtained in
theoretical studies of the reaction of water on oxygen-covered
gold surfaces of Au (111)3 and Au (100)*. The energy barrier
for water decomposition decreases sharply on the pre-covered
oxygen atoms on the gold surface and these oxygen atoms
promote dehydrogenation of the water molecules.’>* In
contrast, dissociation of the hydroxyl group on the gold surface
is difficult and it is thus adsorbed stably on the gold surface.’?33

UV decomposition of gold oxides

The XPS spectra of Au 4f and O 1s for the gold oxides that
were prepared by the oxygen-dc glow discharge for the period
of 30 min and subsequently irradiated using UV light (254, 302,
and 365 nm) for 6 h in a dark atmosphere in a vacuum chamber
(1.0 x 10° Pa) are shown in Fig. 7. The corresponding spectra
of a gold oxide layer that was not irradiated and was instead
preserved in a dark atmosphere for the same period are also
shown for comparison purposes. The gold oxide layer that was
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Table 3 Ratios of gold oxide layers prepared from gold films by
an oxygen-dc glow discharge (10 Pa, 5 mA, 30 min) using a gold
discharge ring after UV light irradiation at wavelengths of 254,
302, and 365 nm for 6 h under various atmospheres at room
temperature

Wavelength/nm 254 302 365

Water vapor (1.5 x 103 Pa) 0+0 00 091%0.12
Air (1.0 X 10° Pa) 0.10£0.04 0.23+£0.05 0.91 £0.08
High vacuum (1.8 -4.7 x 10#Pa) 0.46%0.03 0.63 £0.04

The ratios were calculated based on the intensities of the Au 4f peaks
of the irradiated gold oxides and those of gold oxides that were
preserved for 6 h in a dark atmosphere.

The number of data is 6 or 12 and the uncertainties are the standard
deviations.

irradiated using UV light at 254 nm decomposed almost
completely, while the oxide that was irradiated using UV light
at 302 nm did not decompose completely. However, the gold
oxide that was irradiated using UV light at 365 nm showed
almost no decomposition. The gold oxides thus decompose
more rapidly under UV irradiation at shorter wavelengths in the
atmosphere.

The gold oxides that were prepared by the oxygen-dc glow
discharge over the 30 min period were then irradiated using UV
light (254, 302, and 365 nm) for 6 h under a variety of
atmospheres. These atmospheres included a high vacuum (1.8 -
4.7 x 10* Pa), air (1.0 x 10° Pa), and water vapor (1.5 X
103 Pa). The XPS spectra of Au 4f and O s for the gold oxides
that were prepared by the oxygen-dc glow discharge for 30 min
and irradiated at 302 nm for 6 h under various atmospheres are
shown in Fig. 8. The corresponding spectra of a gold oxide that
was not irradiated using UV light and was instead preserved in
a dark atmosphere for the same period are also shown for
comparison purposes. The irradiated gold oxide decomposed
completely in the water vapor atmosphere. The oxide also
decomposed in air, although incompletely, but showed almost
no decomposition under the high vacuum. The gold oxide that
was preserved in the water vapor atmosphere without UV
irradiation for the same period showed no decomposition.

The ratios of the gold oxide layers after UV light irradiation at
wavelengths of 254, 302, and 365 nm for 6 h in various
atmospheres are presented in Table 3. These ratios were
calculated based on the intensities of the Au 4f peaks of the
irradiated gold oxide layers and on those of the gold oxide
samples that were preserved for 6 h in the dark atmosphere.
The number of data was either 6 or 12 and the uncertainties
shown are the standard deviations. Table 3 clearly shows that
the presence of water and UV light irradiation both promote the
decomposition of the gold oxides. The table also illustrates the
wavelength dependence of the decomposition process, where
the gold oxides decompose more quickly after irradiation at
shorter wavelengths. It was concluded that the reactions of the
gold oxides with the hydrogen atoms and hydroxyl radicals
produced from the first excited 1'B; state and/or the excited
water molecules by UV light absorption contribute to the
decomposition process.?’?

Preservation of gold oxides in dodecane

The gold oxides were shown to decompose slowly at room
temperature in a dark atmosphere. However, they decompose
rapidly in a water vapor atmosphere under UV light irradiation
(254, 302, and 365 nm) and also demonstrated faster decomposition
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Fig. 9 XPS spectra of Au 4f and O 1s for gold oxide layers prepared
by an oxygen-dc glow discharge for a 30 min period and preserved at
room temperature for various periods (63, 126, and 196 d) in anhydrous
dodecane in a dark atmosphere. The corresponding spectra of a gold
oxide that was not immersed in anhydrous dodecane and was measured
within 1 h after initial preparation (0 d) are also shown. The gold
oxide was preserved in the oxidized state for 196 d in anhydrous
dodecane.

under UV irradiation at shorter wavelengths. The present study
has shown that water and UV irradiation both promote the
decomposition of the gold oxides. Therefore, gold oxides can
be preserved for longer periods by removing both water and UV
irradiation.  Gold oxide samples were thus immersed in
anhydrous dodecane (melting point: —10°C;** water content:
<0.003%3) at room temperature in a dark atmosphere.

The XPS spectra of Au 4f and O 1s for the gold oxides that
were prepared by the oxygen-dc glow discharge for the 30 min
period and then immersed in anhydrous dodecane for various
periods (63, 126, and 196 d) are shown in Fig. 9. The figure
also shows the corresponding spectra of a gold oxide that were
measured within 1 h after oxide layer preparation (0 d) for
comparison purposes. The XPS spectra show the oxide Au 4f
peaks and O 1s component III, even after 196 d. No contaminants
from either the molecular sieves (e.g., Al, Si) or the dodecane
were observed.

Conclusions

Four oxygen species, comprising O 1s components I, II, III, and
IV, were present in the XPS spectra of gold oxide layers with
thicknesses ranging over 0.1 - 2.0 nm that were prepared from
gold films by an oxygen-dc glow discharge using a gold
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discharge ring for various periods (0.17 - 30 min). Components
I and II were both stable and were assigned to hydroxyl groups,
and these oxygen species were present in this order from the top
surface of the gold oxide (component III). Component IV is a
gold oxide precursor component that occurs during the early
formation periods, and subsequently changes into the gold oxide
component III. The gold oxides of component III decomposed
after 15 d at room temperature and decomposed immediately at
temperatures exceeding 117°C in a dark atmosphere. The
presence of water and UV light irradiation both accelerated the
decomposition of these gold oxide layers in air. The oxide
decomposition is more rapid under UV light irradiation at
shorter wavelengths. The gold oxides can be preserved in the
oxidized state for 196 d by immersing them in anhydrous
dodecane in a dark atmosphere. This preservation method is
very simple and easy to perform; the gold oxides are immersed
in hydrocarbons with low water contents at room temperature in
a dark atmosphere. The gold oxide can subsequently be
removed from the hydrocarbon before use and can be dried
without any surface contamination. This simple preservation
method for gold oxide for long periods in an anhydrous
hydrocarbon prevents the decomposition reaction of this oxide
with water and under UV light exposure in air, and also will aid
in enabling practical use of these oxides in future.
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