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Abstract 

The growth and reduction of compact (a-) and overlying hydrous (R-) oxide films on polycrystalline Au electrodes in aqueous 
0.1 M H2S04 solutions have been investigated using potentiostatic, cyclic voltammetry, ellipsometric and quartz crystal 
microbalance (QCMB) techniques. All a-oxide films, formed with time at constant potentials up to 2.6 V, or by multicycling of 
the potential, are non-hydrated in nature, even when covered by a thick R-oxide film. The a-oxide film composition is suggested 
to be AuO below 1.5 V, and a mixture of AuO + Au 2 0, at potentials above this, becoming predominantly Au203 at very high 
potentials. Up to three monolayers of Au203 can be formed. When formed at constant potential, the R-oxide film becomes 
increasingly hydrated as it thickens with time of growth, with a mass to charge ratio and refractive index consistent with 
A u 2 0 3 H 2 0 and later with Au20,-2H20. In contrast, the R-oxide film formed by multicycling has a higher mass overall, and 
becomes less hydrated as it thickens with time, with a mass and refractive index consistent with Au203 10H2O at short times, 
ranging to Au203-2H20 as the film thickens. © 2001 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

There continues to be much interest in the electro
chemistry of noble metals due, in part, to their electro-
catalytic behavior during the 0 2 and Cl2 evolution 
reactions, in the Kolbe and HoferMoest reactions, and 
in numerous other cases [1-15]. In addition, electro
chemical studies at metals such as Pt, Pd and Au 
facilitate the determination of oxide film composition, 
structure and growth mechanisms, particularly as metal 
dissolution can normally be avoided. Our prior interest 
has been focussed on polycrystalline Pt and Pd elec
trodes, with particular emphasis on establishing the 
properties of hydrous (|3-) oxide films formed at high 
potentials [16-19], as well as examining the transforma
tion of the compact a- to the dispersed P-oxide film. In 
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the present work, it is our goal to achieve a similar level 
of understanding of oxide growth behavior at polycrys
talline Au electrodes. 

There have been numerous prior studies of oxide 
growth at Au electrodes in a range of media [20-30]. 
However, there is still much debate regarding the na
ture of the commonly encountered compact Au a-oxide 
film (AuO, Au(OH) 2 [20,31], A u 2 0 3 [33] have all been 
suggested) and even more so concerning the nature of 
the hydrous p-oxide film. The properties of the P-oxide 
film have been less well studied [20,23-27], although it 
has been reported that it can grow without reaching a 
limiting thickness [20,27] and that its reduction can 
result in a roughened Au surface [21,30]. The Au 
P-oxide film can be formed potentiostatically at Au at 
2.0 V, or higher, if sufficiently long polarization times 
are employed [20], by applying a symmetric square-
wave periodic potential [21,27], or by continuous poten
tial cycling between a lower potential of ca. 0.5-1.0 V 
and upper limits as high as 2.4-2.6 V [26,34]. Many 
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different compositions have been suggested for the Au 
P-oxide film, including Au203, hydrated Au203, 
Au(OH)3 [20,31,32], and complex mixtures of 
Au(OH),, H 2 0 and trapped 0 2 [21]. Clearly, addi
tional techniques are required to establish the a- and 
P-oxide film compositions with more certainty. 

Only a few papers have been published in which in 
situ mass measurements (QCMB technique) of a-oxide 
films formed at Au electrodes were carried out 
[22,35,36], while the QCMB technique has not been 
used previously to study Au P-oxide film growth. In 
0.1 M HC104, a QCMB study of Au a-oxide forma
tion/reduction between 0.2 and 1.6 V [22] showed a 
large mass increase during the positive potential scan, 
commencing ca. 0.5 V prior to Au oxide film forma
tion (pre-oxide region). This was shown to be due to 
the adsorption of H 2 0 via hydrogen bonding, forming 
a submonolayer of AuOH. No evidence for anion 
adsorption was obtained in this work [22]. In contrast, 
in 0.2 M HC104, the mass increase observed during 
the positive scan in the pre-oxide region was attributed 
to the specific adsorption of ClO^ [35]. In a similar 
study by Stockel and Schumacher [36], it was also 
suggested that the specific adsorption of anions is re
sponsible for a small anodic wave and concurrent in
crease in mass in the pre-oxide region and that Cl~, 
Br and I are adsorbed reversibly, and SO4 irre
versibly, in the pre-oxide region. 

A number of investigators [20,21,37,38] have used 
ellipsometry to study anodically formed oxide films on 
Au. A study in 1 M HC104 by Horkans et al. [37] 
showed that the a-oxide formed in the early stages of 
growth at < 1.38 V is different from the film formed 
above 1.38 V, although no details concerning these 
differences were provided. An Au a-oxide film, having 
a refractive index of 3.3-1.3J and a thickness of 
0.54 + 0.06 nm, was formed at 1.65 V versus SHE in 1 
M HCIO4 [37]. The application of ellipsometry and 
electrochemical techniques to the oxidation of Au in 
0.5 M H2S04 by Sirohi and Genshaw [38] supported 
the notion that a chemisorbed species (AuOH or 
AuO) is formed in the potential region of 0.2-1.1 V 
versus SCE, with Au203 formation occurring at more 
positive potentials. Ellipsometric studies of Au a- and 
p-oxide films formed at high potentials (higher than 
2.05 V) in 0.5 M H2S04 solution [20] have suggested 
that the a-oxide reaches a limiting thickness of three 
monolayers of AuO or Au(OH)2. It was also shown 
that the P-oxide film, proposed to reside on top of the 
a-oxide film, grows without reaching any limiting 
thickness. Up to 100 monolayers of P-oxide, suggested 
to be Au203 or Au(OH),, were readily formed in this 
work [20]. 

In the present paper, a first-time simultaneous elec
trochemical, ellipsometry and QCMB study of oxide 
film formation at sputtered Au electrodes was under

taken. Films were formed using either potentiostatic or 
multiple cycling methods in 0.1 M sulfuric acid. The 
goal of this work has been to establish the composi
tion, growth rate and the structure of both the com
pact a- and more dispersed P-oxide films, as well as 
the dependence of the properties of both the a- and 
P-oxide on the growth parameters employed. The a-
oxide is suggested to be anhydrous AuO up to 1.5 V, 
then transforming to Au203. The P-oxide film is 
shown to be hydrated in nature, with a composition 
(ranging from A u 2 0 3 H 2 0 to Au2O310H2O) which de
pends very greatly on the film thickness and growth 
method employed. 

2. Experimental 

2.1. Equipment 

An EG&G PARC 173 potentiostat was used in con
junction with a PARC 175 universal programmer and 
all electrochemical data were recorded using a BBC 
SE 780 X/'Y recorder. A Pierce-type oscillator and a 
Philips PM 6654C high-resolution frequency counter-
timer were employed for the quartz crystal microbal-
ance (QCMB) experiments. All frequency data were 
plotted on an X - Y recorder (HP 7044A). 

A Gaertner L116C ellipsometer was employed in the 
monochromatic mode in all of this work, using a 
He-Ne laser at a wavelength of 623.8 nm. An IBM 
computer interfaced to the system controlled instru
ment operation and all ellipsometric data collection. 
The refractive index of the bare Au substrate was 
measured prior to oxide film growth. 

2.2. Electrodes and cells 

The in-situ mass measurements/electrochemical ex
periments were carried out using AT-cut 5 MHz 
quartz crystals (2.5 cm dia., Valpey-Fisher), first sput
ter-coated with an undercoat of Ti to a thickness of 
ca. 10 nm, followed by a coating of Au to ca. 120 nm 
as the working electrode (WE). Electrical contact was 
made to each side of the crystal with Au wires using 
conducting silver epoxy. A two-compartment glass cell 
was used for the QCMB measurements, with the 
quartz crystal sandwiched horizontally between two 
rubber O-rings at the base of the main compartment. 

For the ellipsometric/electrochemical experiments, 
an Au sputter-coated quartz crystal was used as the 
working electrode. The details of our ellipsometric ex
periments can be found in Ref. [18]. All potentials in 
this paper are reported with respect to the RHE and 
all current and charge densities are given with respect 
to the apparent area of the WE (0.48 cm2). 



V 

564 S.J. Xia, V.I. Birss, Journal of Ekctroanahtical Chemistry 500 (2001) 562-573 

2.3. Solutions and general experimental conditions 

All solutions were prepared using Analar-grade sul
furic acid and triply distilled water. The cell solutions 
were thoroughly deaerated by vigorous bubbling of 
nitrogen gas, which was passed through the solution 
prior to each experiment and then blanketed the solu
tion during the experimental measurements. All experi
ments were carried out at room temperature (r.t.). 

2.4. Hydrous Au oxide growth and characterization 
procedure 

The potential of the Au WE was first cycled between 
— 0.05 and 1.8 V at 1 V s _ 1 in order to clean the 
surface electrochemically and to ensure that a good 
cyclic voltammetric (CV) response was obtained. Au 
P-oxide film was formed in 0.1 M H2S04, at constant 
potential from 2.1 to 2.6 V, or by cycling between E_ 
(lower potential limit, 1.0 V) and E+ (upper potential 
limit, 1.8 to 2.5 V), using a sweep rate of 10 V s~ ', with 
the film thickness being controlled by the total polariza
tion time and cycling time. Prior to film reduction, the 
potential was held at ca. 1.6 V for several min so that 
oxygen generated during excursion to high potentials 
could be removed from the solution. In the ellipsomet-
ric studies of P-oxide films, A and V data were collected 
at 1.6 V, a potential at which the Au oxide film is 
stable, after which further film formation was resumed. 
The film refractive index (N=n — k]) and thickness (d) 
can be determined from a set of A and V pairs, using a 
single or multiple-layer model [40,41]. As the dielectric 
constant of Au at 623.8 nm is high (ca. 11), there is no 
need to be concerned about the effects of surface 
roughening on the reflectance in the present work [42]. 
A detailed discussion of the ellipsometry technique and 
our method of data analysis are provided elsewhere 
[18,19,40,41]. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

E/Vvs. RHE 

Fig. 1. CV (50 mV s _ 1 ) and associated frequency change of an 
Au-coated quartz crystal in 0.1 M H 2S0 4 solution. 

The oxide charge density was determined at the end 
of each experiment from the cathodic charge passed in 
the a- and P-oxide reduction peaks in a slow sweep rate 
(10 mV s_ 1) negative scan to 0.0 V. The frequency 
change during a- and P-oxide film reduction was mea
sured and converted to a mass change employing the 
Sauerbrey equation [39], using the frequency-to-mass 
conversion factor of — 56.6 Hz ug~ ' cm"2 . 

3. Results and discussion 

3.1. Submonolayer and monolayer a-oxide film 
formation on Au 

Fig. 1 shows a typical CV and the simultaneous 
changes in crystal frequency (inverse of mass change) 
obtained at a sputtered Au electrode in 0.1 M H2S04 

solution. Region A (0.2-0.6 V) of the CV corresponds 
only to double layer charging, while Region B (ca. 
0.6-1.35 V) is the so-called 'pre-oxide' region, proposed 
to involve the deposition of a submonolayer of oxide, 
designated here as Au(OH) [22,43,44]. The principal 
anodic and cathodic peaks, centered at ca. 1.3 V, reflect 
the formation and reduction of the previously well 
studied compact Au a-oxide film. 

Only a small mass change is seen in the positive 
sweep through region A. However, a large frequency 
decrease (mass increase) is observed in the positive scan 
from 0.60 to 1.05 V in region B, concomitantly with the 
proposed formation of Au(OH). Considering that little 
charge is passed, the deposition of water, OH and 
possibly the adsorption of HSO^ must therefore be 
occurring [22,45,46]. As reported previously [22,35], as 
Au oxide film formation occurs from 1.35 to 1.5 V, the 
electrode mass hardly changes. This suggests that the 
water and/or OH , adsorbed in region B, reacts with 
Au and loses a proton (mass not detectable), forming 
the a-oxide in this potential range. Above 1.5 V, the 
observed mass increase indicates that further a-oxide 
growth requires the deposition of water, and release of 
protons. Following scan reversal at 1.7 V, the frequency 
remains essentially constant to ca. 1.2 V, and then a 
mass loss, similar in magnitude to the mass gain from 
1.5 to 1.7 V, is seen as the reduction peak is crossed 
(Fig. 1). As in the forward sweep, the bulk of the 
electrode mass is lost in scanning through region B, 
presumably as water/OH are desorbed [22]. 

In order to use the QCMB technique to determine 
the identity of the Au a-oxide, a decision must be made 
regarding which mass and charge to include in the 
calculation, due to their poor correspondence in Fig. 1. 
As it is not clear whether HSO-f adsorption occurs in 
region B, the safest option is to assume that the mass 
gain from 1.5-1.7 V does correspond to the newly 
formed Au oxide over the same potential range. When 
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Fig. 2. Experimental zl and *P data for sputtered Au in 0.1 M H2S04 
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Fig. 3. Reduction charge density of Au a-oxide film and its g mol ~ ' 
e~ ratio as a function of polarization time at 1.7 V in 0.1 M H2S04 

solution 

this is done, the charge to mass ratio is seen to be close 
to 8 g per mole of electrons, consistent with either AuO 
or Au203 (both would yield a weight gain of 16 g per 2 
moles of electrons) as the a-oxide film composition. 

Fig. 2 shows the ellipsometrically collected A versus 
T data (positive sweep is solid line, negative is dotted) 
between 0.2 and 1.7 V, gathered for the same electrode 
as studied in Fig. 1. While this combined experiment 
has never been carried out before, the data of Fig. 2 do 
have a similar appearance to the ellipsometric results 
reported for Au in 1 M HC104 [37]. The small decrease 
of A (ca. 0.17°) from 0.2 to 0.6 V ( f remains relatively 

constant) must be related to the double layer charging 
process. From 0.6 to 1.40 V, both A and 'P decrease, 
likely reflecting the formation of chemisorbed Au(OH), 
consistent with the results of Fig. 1. Above 1.4 V, both 
A and W continue to decrease, but at a different rate, as 
the compact Au a-oxide film begins to form. 

When the ellipsometric data of Fig. 2 are modelled, 
the Au(OH) layer which forms in region B (0.6-1.3 V) 
is found to have a thickness of 0.23 nm at 1.35 V and 
a refractive index of 3.3-1.35J, which is constant 
throughout this potential range. When the potential is 
scanned to 1.50 V, the surface film, proposed to be 
AuO, is found to have the same refractive index as did 
Au(OH) using our single wavelength ellipsometer, al
though its thickness has increased to 0.33 nm, close to 
the reported thickness of one monolayer of AuO, 0.3 
nm [38]. With further film growth from 1.5 to 1.7 V, the 
film properties do change, giving a refractive index of 
3.3-l . l j , i.e. a change predominantly in the absorption 
coefficient of the film. This latter segment of film 
growth to 1.7 V involves further thickening by 0.2 nm 
(total film thickness now 0.5 nm). Based on these 
results, we propose that the a-oxide film is now a 
mixture of AuO (formed prior to 1.5 V) and Au203 

(formed primarily after 1.5 V). Indeed, the literature is 
not consistent in terms of the identification of the Au 
a-oxide, with the older papers suggesting Au203 [27,33], 
and the more recent ones suggesting AuO [20,22]. Our 
results may therefore explain this discrepancy in the 
published literature. 

When the potential is reversed at 1.7 V, Fig. 2 shows 
that a little more a-oxide forms to 1.6 V, consistent 
with the CV in Fig. 1, reaching a maximum total 
thickness of 0.6 nm. Then, A remains relatively con
stant until oxide reduction commences at 1.3 V, while 
Y increases a little, perhaps indicative of some minor 
alterations at the surface of the oxide film with lowering 
of the potential. Both A and !f increase substantially as 
the potential is scanned from 1.3 to 1.1 V and the 
a-oxide is reduced, after which a slope change is seen, 
as the Au(OH) submonolayer forms again. Below 1.1 
V, the ellipsometric data parallels that of the positive 
scan, indicative of the potential-dependent desorption 
of water and anions from the Au surface in region B. 

As shown in Fig. 3 and similar to prior literature 
reports [33], holding at 1.7 V results in further a-oxide 
thickening, reaching 0.8 nm after 10 min (0.75 mC 
cm - 2 ) . The QCMB data show that only AuO + Au203 

(g m o l - 1 e~ ratio of 8) is formed under these condi
tions, although the ellipsometric analysis suggests that 
it is predominantly Au203. Scanning the potential to as 
high as 2.0 V yields ca. 1.45 mC cm~2 of a-oxide (not 
shown in figure), again with a mass ratio of 8. This 
would be equivalent to approximately two monolayers 
of Au203 , since one monolayer of Au203 is equivalent 
to a charge density of 0.75 mC cm~2 [27,47]. 
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3.2. Au p-oxide film formation 

It has been reported [20,23,27] that the Au oxide film 
formed potentiostatically at above 2.0 V is hydrous and 
that its growth rate is linear with time. The hydrous Au 
oxide film can also be formed by potential cycling 
methods in both acidic [34] and basic solutions [26]. 
Based on these literature reports, it is not clear which 
method is more advantageous. In the case of P-oxide film 
growth at Pt in acidic solutions, the potentiostatic 
method usually is associated with a higher degree of 
irreproducibility, although recent work [48] has shown 
that this can be overcome if the appropriate electrochem
ical cleaning/annealing steps are carried out prior to film 
growth. Also, the growth of the hydrous B-Pt oxide film 
is much more rapid using potential cycling versus poten
tiostatic methods [49-51], as the partial reduction of the 
underlying a-oxide film in each cycle promotes the 
growth of the B-oxide film. In the present work, both 
methods (potential cycling and potentiostatic) have been 
employed to form the Au p-oxide film in 0.1 M H2S04, 
so that their properties can be compared. 

3.3. Au p-oxide film formed at constant potential 

3.3.1. Electrochemical growth and reduction of P-oxide 
films 

Fig. 4 shows a family of oxide reduction j/E profiles, 
at 10 mV s~' , after oxide growth at 2.1 V for various 
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Fig. 4. Reduction profiles (10 mV s ') for oxide films grown at 2.1 
V for various lengths of time on an Au-coated quartz crystal in 0.1 M 
H2S04. 
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Fig. 5. (A) Reduction charge density (10 mV s ') of a- and p-oxide 
films formed on Au-coated quartz crystal in 0.1 M H2S04 versus time 
of growth at 2.1 V (inset shows relation between q ' ' and log (t), 
q = q<x+ ?p)- (B) Reduction peak potentials of a- and P-oxide film 
formed on an Au-coated quartz crystal in 0.1 M H2S04 versus time 
of growth at 2.1 V. 

lengths of time (p-oxide film does not form at < 2.1 V 
in this medium). The a-oxide reduction peak is initially 
centered at ca. 1.1 V versus RHE, but then slowly 
increases in size and moves negatively with increasing 
polarization time. The P-oxide reduction peak is seen just 
negative of the a-oxide peak, also increasing in size and 
shifting negatively with growth time, from 1.08 V at 30 
s to 1.0 V at 7 min. 

Fig. 5(A) shows a plot of the a- and P-oxide reduc
tion charge densities versus time of growth at 2.1 V. 
In the first 10 s, the amount of a-oxide film formed 
increases rapidly, and no P-oxide film is present. P-oxide 
growth begins after 10 s, and from 10 to 20 s, as 



S.J. Xia, V.I. Birss / Journal of Electroanalytical Chemistry 500 (2001) 562-573 567 

more P-oxide film is formed, less a-oxide film remains. 
This is consistent with the transformation of a- to 
P-oxide at this stage of growth, as has been reported 
previously for the formation of hydrous oxide film at 
polycrystalline Pt electrodes in acidic solutions [18]. 
However, after 20 s, the Au ot-oxide film charge in
creases again, reaching an upper limit after ca. 7 min. 
This suggests that, with longer anodization times, the 
ot-oxide can thicken and form a multilayer, consistent 
with the negative shift of its reduction peak potential 
(Fig. 4). It is also possible that the a-oxide peak in the 
10-20 s period is composed of overlapping peaks due 
to the reduction of a-oxide film and the early stage of 
the P-oxide film. This will be discussed in more detail in 
Section 3.3.2 below. 

In order to evaluate the kinetics of Au oxide growth, 
the total oxide reduction charge density, q ( = qa + #p), 
and its reciprocal, q~\ were plotted versus the loga
rithm of the polarization time at constant potential. It 
was found that the qj log t plot was not linear, indicat
ing that the oxide growth is not logarithmic in time. 
However, as shown in the inset in Fig. 5(A), the q'] 

versus log t plot reveals two distinguishable linear 
regions, each having a different slope, as has been 
reported earlier [20]. Therefore, the growth of Au oxide 
films in 0.1 M sulfuric acid at 2.1 V is inverse logarith
mic in nature, implying that oxide growth process is 
limited by the rate of the metal cation transfer from the 
substrate into oxide at the inner metal | oxide interface 
[52,53]. The change in slope in Fig. 5(A) (inset) is 
consistent with both a- and P-oxide growth at early 
times, after which only P-oxide growth occurs. 

Fig. 5(B) shows that, as the amount of P-oxide film 
formed increases, its reduction potential shifts from ca. 
1.08 V at 20 s to 0.98 V after 10 min of growth, 
indicating that the properties of this film are changing 
as it thickens (peak potential is independent of sweep 
rate under these conditions). Interestingly, the a-oxide 
peak potential does not change in the first 20 s of 
growth, remaining at 1.1 V, even though the amount of 
a-oxide charge decreases in this time period (Fig. 5(A)). 
After 20 s of growth, the a-oxide reduction potential 
begins to shift negatively (from 1.1 V at 30 s to 1.08 V 
at 7 min), normally indicative of thickening, as the 
a-oxide charge increases again (Fig. 5(A)). 

3.3.2. QCMB arid ellipsometry results during Au oxide 
film reduction 

There are no literature reports in which the QCMB 
method has been used to study hydrous Au oxide films. 
In our prior work with a Pt electrode [18], this tech
nique has proven to be extremely useful in determining 
the mass, and hence the composition, of these films. 
Fig. 6 shows a selection of oxide reduction jlE profiles 

and the concurrent changes in crystal frequency (in
verse of mass change) measured during film reduction. 
All of the QCMB data were analyzed as described 
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Fig. 6. Selected examples of oxide reduction profiles (—) and associ
ated frequency changes (...) of Au oxide films grown at 2-1 V for 
various times on an Au-coated quartz crystal in 0.1 M H2S04. 
Growth times are 10 s (a), 2 min (b) and 5 min (c); film reduction at 
10 mV s" '. 



56S 5./ . Xia, V.I. Birss / Journal of Electroanalytical Chemistry 500 (2001) 562-573 

earlier, yielding a mass to charge ratio (g m o l - 1 e~). 
Although the error is clearly much larger for the a-ox-
ide film in Fig. 6, due to the overlap of its small CV 
reduction peak and its small mass with the signals from 
the larger mass/larger charge P-oxide film, some useful 
trends can still be seen. 

Fig. 7 shows (for the data set of Fig. 6) that the 
a-oxide ratio remains close to ca. 8 g mol~ ' e~, typical 
of the anhydrous AuO or Au203 a-oxide film formed at 
lower potentials and discussed earlier, However, the 
ratio for the P-oxide film increases with growth time, 
from ca. 11 at 20 s to 14.5 at 10 min. This increase of 
the film mass ratio with time of growth reflects an 
increasing state of film hydration. Table 1 lists the mass 
to charge ratios expected for the formation and reduc
tion of possible forms of the Au P-oxide film. All of 
these involve Au in the + 3 state, as it is highly unlikely 
that the oxidation state of Au could remain at + 2 after 
excursions to potentials as high as 2.0 V. It can be seen 
that the data of Fig. 7 for films formed at 2.1 V would 
be consistent with A u 2 0 3 H 2 0 at short intervals, chang
ing to Au203-2H20 at longer intervals of growth. 

The effect of 1 min of anodization at various poten
tials on the QCMB and electrochemical results is 
demonstrated in Fig. 8(A and B). In all of these exper
iments, only two reduction peaks (a- and P- oxide) were 
observed, similar to what has been reported for Au 
oxides formed at a constant potential (2.1-2.4 V) in 0.5 
M H2S04 [20]. Fig. 8(A) shows that the p-oxide charge 
density increases linearly with growth potential, while 
the a-oxide growth charge density increases rapidly 
until 2.2 V, after which it decreases slowly with increas
ing potential, reaching a steady-state amount of film 
(2.2 mC cm~2) at >2.5 V, i.e. three monolayers of 
Au203 . 

Fig. 8(B) shows that the a-oxide g m o l - 1 e~ ratio 
remains constant, at ca. 8, at all of the potentials 
studied, indicative of AuO + Au203. In contrast, the 
p-oxide ratio increases with potential (Fig. 8(B)), from 
ca. 12 at 2.1 V to 17 g mol" 1 e~ at 2.6 V, the latter 
ratio being consistent with Au203-3H20 (Table 1). 
These results show that, for Au P-oxide films grown 
potentiostatically, as the growth potential increases, so 
does its growth rate and its mass. This is in disagree
ment with what has been observed for P-oxide film 
growth at Pt, using the potential cycling method in 0.1 
M H2S04 [18] and in 0.1 M NaOH [19], where the 
higher the growth rate of the p-oxide film, the lower the 
mass to charge ratio. The increased degree of hydration 
at higher growth potentials for Au P-oxide film growth 
under potentiostatic conditions may be related to the 
increased local acidity caused by higher rates of oxygen 
evolution. This may cause some film dissolution to 
occur, forming Au3 + [54], such that its porosity in
creases and a more dispersed film is formed. This, in 

turn, could lead to the formation of a more highly 
hydrated P-oxide film. 

In order to confirm these hypotheses, based largely 
on our QCMB data, ellipsometry experiments were also 
carried out. A previous ellipsometric study of both a-
and P-Au oxide film growth focused on potentiostatic 
growth at 2.15 V versus RHE in 0.5 M H2S04 solution 
[20]. It was reported that the oxide film consists of two 
layers, an inner a- and an outer P-oxide film. The 
a-oxide layer was said to be [20] located directly on Au, 
with a limiting thickness of three equivalent monolayers 
of AuO or Au(OH)2, while the P-oxide was suggested to 
reside on the top of the a-oxide, without reaching any 
limiting thickness. In order to simplify their ellipsomet
ric data fitting, the authors assumed [20] that the P-ox
ide film was homogeneous and that its refractive index 
remained constant, even when the film was as thick as 
325 nm. 

In our QCMB work in 0.1 M sulfuric acid (Fig. 7), it 
is shown that the P-oxide film properties, particularly 
the film water content, change significantly as a func
tion of film thickness. Therefore, a multilayer film 
model was used to simulate our ellipsometric data. A 
typical set of experimental A and <F data collected 
during polarization at 2.1 V for over 20 min in 0.1 M 
H2S04 solution is shown in Fig. 9 (solid squares). These 
data were fit to a model of the a- and P-oxide film 
structure, based on the electrochemical and QCMB 
data discussed above. As expected, the simulated data 
based on a single homogeneous layer of film deviated 
increasingly with film growth time from the experimen
tal data, and therefore a multilayer model was em
ployed. For simplification, each layer | layer interface is 
considered to be smooth in nature and the optical 
properties are assumed to change abruptly from those 

2 4 6 8 

anodization time / min 

Fig. 7. Mass to charge ratio (g mol~ ' e~) of a- and p-oxide film as 
a function of growth time at 2.1 V on an Au-coated quartz crystal in 
0.1 M H2S04 . 
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Table 1 
Theoretical p-oxide film composition and predicted g mol~' e~ ratios 

Composition g mol ratio 

A u 2 0 3 H 2 0 
Au203-2H20 
Au20,-3H20 
Au 2 0y4H 2 0 
Au203-5H20 
Au203-6H20 
Au,03-7H20 
Au2O310H2O 

11 
14 
17 
20 
23 
26 
29 
38 

(A) 
2.2 2.3 2.4 2.5 

E / V v s . RHE 

(B) 
2.1 2.2 2.3 2.4 2.5 2.6 

E / V vs. RHE 

Fig. 8. (A) Reduction charge density (10 mV s _ I ) of a- and p-oxide 
films formed, in 1 min, on an Au-coated quartz crystal in 0.1 M 
H2S04 as a function of potential (E+). (B) Mass to charge ratio for 
a- and P-oxide films formed, in 1 min, on an Au-coated quartz crystal 
in 0.1 M H,S0 4 as a function of potential (E+). 

of one layer to the next. It is clear that, in reality, the 
film properties are expected to change more gradually 
than this as the film thickens. 

In the first 10 s of growth at 2.1 V, only an oc-oxide 
film is formed (Fig. 9). The ellipsometric data yields a 
thickness of 1.5 nm for this film, with a best-fit refrac
tive index value of 3.3 0.7j. This is similar to that 
obtained for the a-Au oxide (« = 3.3-l.lj) formed at 
lower potentials from 1.5 to 1.7 V (Fig. 2), as well as to 
published results for films formed in 1 M HC104 [37]. 
The oc-oxide film formed after 10 s at 2.1 V is ca. two 
monolayers (assuming pure Au203) in thickness, i.e. 1.5 
nm, versus the film formed in a single sweep from 0.2 to 
1.7 V, which was 0.6 nm in thickness. Also, its extinc
tion coefficient is a little lower (0.7 vs. 1.1), perhaps 
indicating that, at 2.1 V, the film is primarily Au203, 
versus a mixture of AuO + Au203 at lower potentials. 

From 10 s to several min of growth at 2.1 V, the 
inner oc-oxide film continues to thicken, while the P-ox
ide film begins to form on its outer surface. The best-fit 
refractive index value for the outer film is 1.82-0.004J, 
while the refractive index for the underlying oc-oxide 
film remains unchanged. After 2 min, the outer film has 
a thickness of 5.6 nm. 

In the 2-7 min growth intervals, the oc-oxide film 
thickens further, to a limit of 2.7 nm, consistent with 
the steady-state oc-oxide charge at long times in Fig. 
5(A), while the outer P-oxide region becomes increas
ingly hydrated. When fit to a simple three-layer model 
(the inner oc-oxide film, a moderately hydrated P-oxide 
layer and an outer more hydrated P-oxide layer) at this 
stage of film growth, the outer layer of the P-oxide film 
is characterized by a lower n value of 1.72. The total 
P-oxide film thickness is 23 nm after 7 min of growth. 
After 17 min of growth, the outer region of the P-oxide 

140-

130--

120--

110--

g 100--

90--

80 - -

7 0 - -

H 1 1 1 1 1 1 1 1 h 
42 43 44 45 46 

v / degree 
47 

Fig. 9. A and ¥ data (collected at 1.6 V) during growth of oxide film 
on sputtered Au at 2.1 V in 0.1 M H2S04. Experimental data 
(squares), Simulated data (circles). 
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film becomes still more hydrated (« = 1.70), with a k 
value increasing from 0.004 to 0.008. This is consistent 
with the fact that the electrode surface has become 
somewhat darker in color, indicative of increased sur
face roughening. The total p-oxide film thickness is 110 
nm after 25 min of growth. The refractive index and 
thickness of a- and p-oxide films at different lengths of 
anodization time are summarized in Table 2. 

When comparing the ellipsometric and QCMB data, 
it is seen that an inverse relationship exists between the 
film refractive index, n, and its mass to charge ratio. 
For example, after 2 min of growth, the value of n of 
the outer p-oxide layer has decreased from 1.82 to 1.72, 
while the corresponding ratio has increased from 11.6 
at 1 min to 12.6 g mol~ ' e~ at 3 min. This is consistent 
with an increase in the film porosity and hence an 
increasing film water content, with increasing time of 
film growth and increasing film thickness. 

Table 2 
Refractive index and thickness of a- and P-oxide films at different 
lengths of time at 2.1 V on Au in 0.1 M H2S04 

Oxide d/nm Growth time/min 

a-Oxide 3.3 0.7 2.7 0-7 
Inner P-oxide 1.82 0.004 5.6 10 s-2 
Second p-oxide 1.72 0.004 62 2-17 
Outer P-oxide 1.70 0.008 40 17-25 

0.8 1.2 

E / V V S . RHE 

Fig. 10. Selected examples of oxide reduction profiles (10 mV s ~ ') for 
oxide films grown by cycling between 1.0 and 2.0 V at 10 V s~ ' for 
various lengths of time on an Au-coated quartz crystal in 0.1 M 
H2S04 . 

3.4. Au oxide film growth by potential cycling method 

One of the goals of this work is to compare the Au 
oxide film properties for a film formed potentiostati-
cally with those of a film formed by the potential 
cycling method. Fig. 10 shows a family of Au oxide 
reduction profiles, at 10 mV s _ 1 , after oxide growth by 
cycling between 1.0 and 2.0 V at l O V s ' 1 for various 
lengths of time. The a- and P-oxide peaks are similar in 
appearance to those formed potentiostatically in 0.1 M 
sulfuric acid (Fig. 4). Contrary to Au P-oxide growth in 
1 M H2S04 [34], where three separate P-oxide reduction 
peaks are seen, only one P-oxide reduction peak is 
present. 

Fig. 11 shows a plot of the a- and p-oxide charge 
densities versus growth cycling time. The trends are 
very similar to those shown in Fig. 5(A) for oxide 
growth at 2.1 V, except for the time at maximum 
a-oxide charge density. Clearly, a similar mechanism of 
conversion of a- to P-oxide is present under both 
potentiostatic and cycling growth conditions. When 
QCMB data were collected for Au oxide films formed 
by potential cycling, the raw data (not shown in a 
figure) are very similar to those for constant potential 
growth (Fig. 6). Fig. 12 can now be compared with Fig. 
7, demonstrating the g mol~' e*~ ratios for a- and 
P-oxide films grown by cycling (between 1 and 2 V) 
versus at constant potential, respectively. Some clear 
differences can be seen. In Fig. 12, the a-oxide ratio 
exceeds greatly the value of 8, reaching 20 g mol" ' e~ 
in the first 2 min of growth, and then dropping to 8 for 
the remainder of the time of oxide growth, while the 
ratio in Fig. 7 remains fixed at 8 at all times. A more 
significant difference is seen in the P-oxide ratios, which 
decrease with time of growth by cycling (Fig. 12), but 

o 
E 

2 4 6 

cycling time / min 

Fig. 11. Reduction charge densities (10 mV s~~ ') for a- and p-oxide 
films, formed on an Au-coated quartz crystal in 0.1 M H2S04 , as a 
function of growth cycling time between 1.0 and 2.0 at 10 V s - 1 . 
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increase with time at constant potential (Fig. 7). Also, 
the P-oxide ratios are quite high in Fig. 12, ranging 
from 27 to 21 g mol~' e~. The high value of the 
a-oxide ratio at ca. 1 min in Fig. 12, combined with the 
large p-oxide ratios, strengthens the argument that the 
single reduction peak seen at short growth times, while 
appearing at the a-oxide potential, is likely to be com
posed of two overlapping reduction peaks (a-oxide and 
incipient P-oxide film). If this is the case, then P-oxide 
growth actually commences as soon as only ca. 5 s of 
cycling under the conditions of Fig. 12. 

The effect of the upper potential limit used for 
growth, all for 3 min at 10 V s~ ' and E _ at 1.0 V, was 
also investigated. Fig. 13(A) shows that a maximum of 
three monolayers of a-oxide film (assumed to be 
Au203) is formed when E + =2.2 V, while the quantity 
of P-oxide film present increases steadily with E+. Fig. 
13(B) shows that the a-oxide ratio is 8 ±0.2 (3 min is 
sufficiently long to be past the maximum seen in Fig. 
12), while the P-oxide ratio ranges from 38 at E+ = 1.8 
V to 14 at higher E+ values ( > 2.1 V). Based on Table 
1, these high ratios would correspond to Au2O310H2O 
at 1.8 V and Au203-2H20 at higher E+ values (above 
2.1 V). Importantly, an inverse relationship exists be
tween the amount of P-oxide film formed (i.e. its 
growth rate, Fig. 13A) and its mass to charge ratio 
(Fig. 13(B)), or degree of hydration, for upper potential 
limits of less than 2.1 V. At E+ greater than 2.1 V, the 
P-oxide ratio remains constant at ca. 14-15 g mol ' 
e~. These results are contrary to those for potentio-
static P-oxide film growth (5(A) and 7), which showed 
that thicker films or films grown more rapidly are 
always more hydrated. 

The optical properties of the P-oxide film formed by 
multiple cycling between 1.0 and 2 . 0 V a t l O V s ~ ' i n 

24 

20 

26 

o 16 

i J ° H B- -

24 'u 

22 

2 4 6 

cycling time / min 

20 

0.1 M H2S04 have also been examined using ellipsome-
try, using the same approach as was used to interpret 
the data of Fig. 9. From the best-fit modeling of the 
data, the refractive index of the a-oxide film, at all 
times of growth, was 3.3—0.95j, close to that of the 
a-oxide film formed in the constant potential growth at 
2.1 V (Figs. 5 and 9), indicative of Au203 formation. 
After 5 s of growth by cycling, the hydrated P-oxide 
film begins to form, while the a-oxide film continues to 
thicken slowly, from 0.82 nm at 5 s to ca. 0.9 nm at 7 
min. The refractive index of the P-oxide, formed on the 
top of the a-oxide film, is found to be 1.65-0.27J using 
a two-layer model. The n value is much lower than for 
the P-oxide film formed at the constant potential of 2.1 
V, indicating that the P-oxide film, formed by cycling, is 
more hydrous and/or has a substantially higher poros-

Fig. 12. Mass to charge ratios (g mol ' e - ) for cc- and P-oxide films, 
formed on an Au-coated quartz crystal in 0.1 M H2S04, as a function 
of growth cycling time between 1.0 and 2.0 at 10 V s ' 

2.0 2.2 

E+ / V vs. RHE 

Fig. 13. (A) Reduction charge density (10 mV s~ ') of oc- and p-oxide 
films, formed using E _ = 1.0 V, 10 V s~ ' and 3 min cycling time on 
an Au-coated quartz crystal in 0.1 M H2S04 , as a function of upper 
potential limits (E +). (B) Mass to charge ratio of a- and P-oxide 
films, formed using E_ = 1.0 V, 10 V s~ ' and 3 min cycling time on 
an Au-coated quartz crystal in 0.1 M H2S04 , as a function of upper 
potential limits (E+). 
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ity (based on Bruggeman effective medium theory [55]). 
This is completely consistent with the very high mass to 
charge ratios obtained for the P-oxide films formed by 
cycling (Fig. 12). Again, the higher extinction coeffi
cient (k) of the (3-oxide film formed by cycling suggests 
that the hydrous oxide film surface becomes more 
dispersed and roughened by high sweep rate multiple 
cycle growth. 

After 3 min, a second (3-oxide layer was found to 
form on the outer surface of the original (3-oxide film. 
The ellipsometric analysis shows that the refractive 
index of this film is 1.8-0.12J, using a three-layer 
model. The increase in n after 3 min indicates that the 
newly formed (3-oxide film actually becomes somewhat 
less porous, consistent with the decrease in the g mol ~ ' 
e~ ratio after 3 min of growth (Fig. 12). After 7 min of 
growth, the thickness of the a-oxide film is 0.97 nm, the 
inner [3-oxide layer (1.65-0.27J) is 16 nm, and the outer 
(3-oxide layer (1.8-0.12j) is 14 nm in thickness. Table 3 
lists the refractive index and thickness of a- and (3-oxide 
films at each oxide growth period. Overall, the total 
(3-oxide film thickness after 7 min of cycling (30 nm) is 
much higher than that after 7 min of growth at 2.1 V 
(23 nm). However, the film formed by the rapid cycling 
method is clearly substantially more porous and 
hydrated. 

These differences in the (3-oxide film properties are 
perhaps not surprising, considering that, when using 
the cycling method, the a-oxide is almost fully reduced 
and reformed in each cycle. In contrast, growth at 
constant potential involves the thickening and then 
conversion, likely at many sites, of the a-oxide to the 
[3-oxide film. In the case of multicycling growth, fresh 
Au adatoms deposited in patches in each cathodic cycle 
as the a-oxide film is partially reduced [56]. This, in 
turn, would lead to the formation of a more porous and 
hence more hydrated [3-oxide film, as is indeed ob
served. As the [3-oxide film thickens with time of multi-
cycling growth, less a-oxide reduction in each growth 
cycle will occur, due to the increasing resistance of the 
overlying P-oxide film. Thus, the properties of the 
(3-oxide film formed at longer times by multicycling 
would become more similar to the film formed at 
constant potential. Indeed, the g mol~ ' e~ ratio of the 
(3-oxide film formed after 3 min at 2.1 V is 12.5, while 

Table 3 
Refractive index and thickness of a- and P-oxide films at different 
lengths of cycling time between 1.0 and 2.0 V at 10 V s~' on Au in 
0.1 M H2S04 

Oxide n k rf/nm Growth time/min 

a-Oxide 3.3 0.95 0.90 0-7 
Inner P-oxide 1.65 0.27 16 5 s-3 
Outer P-oxide 1.80 0.12 14 3-7 

that formed after 3 min of cycling to an upper limit of 
2.1 V is 14. Overall, if more hydrated (3-oxide films are 
desired, the multicycling method is recommended, using 
upper limits of <2.1 V and growth times of less than 
ca. 7 min (using a growth sweep rate of 10 V s _ 1 ) . 

4. Summary 

Both compact (a-) and hydrous (P-) oxide films were 
formed at sputtered polycrystalline Au electrodes in 0.1 
M H2S04 solutions, and the composition and proper
ties of these films were established using potentiostatic, 
cyclic voltammetry (CV), ellipsometric and in-situ mass 
measurement (QCMB) techniques. Only a-oxide films 
can be formed at potentials below 2.0 V, under both 
potentiostatic and potential cycling conditions of 
growth. The a-oxide film is proposed to be AuO at 
potentials below 1.5 V, and a mixture of AuO and 
Au203 above this, likely becoming primarily Au203 at 
still higher potentials. This is based on the measured 
mass to charge ratio of 8 g mol~' e~ at all potentials 
and also on the ellipsometric evidence. The a-oxide film 
can be formed up to a thickness of 1.5 nm, equivalent 
to three monolayers of Au203 , with long times at high 
potentials or potential cycling. 

Hydrous Au P-oxide films were formed, along with 
the inner a-oxide, in 0.1 M H2S04 solutions, by holding 
the potential between 2.1 and 2.6 V or by multicycling 
between 1.0 and E+ (>1 .8 V) at 10 V s"1 . The 
electrochemical and QCMB data at short times of 
growth suggest that the a-oxide film is initially trans
formed to P-oxide, and then thickens further with time. 
There is also some evidence to suggest that the initially 
observed single peak, typical of a-oxide reduction, actu
ally involves both a- and incipient P-oxide film 
reduction. 

When the P-oxide film is formed at constant potential 
at 2.1 V, its mass to charge ratio increases as the film 
thickens linearly with growth time. Also, its refractive 
index decreases with time of growth, indicative of in
creasing film porosity/hydration as the film thickens. 
These results suggest that the P-oxide film is initially 
Au 2 0 3 H 2 0 , becoming Au203-2H20 at longer growth 
times (thicker films). 

When formed by potential cycling between 1.0 and 
2.0 V at 10 V s _ l , thin P-oxide films formed at short 
growth times exhibit the highest mass to charge ratios, 
e.g. 27 g mol~' e~, decreasing to ca. 21 as the film 
thickens further. The QCMB and ellipsometric data 
suggest that thin P-oxide films are likely Au203-6H20, 
becoming Au203-4H20 at longer times of growth. Simi
larly, P-oxide films formed at lower potentials (E+ < 
2.1 V) have a higher ratio than the thicker films formed 
at higher potentials. The extinction coefficient (k) of the 
P-oxide film formed by cycling is much higher than that 
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formed potentiostatically, suggesting that the surface 
becomes substantially roughened and dispersed by high 
sweep rate multiple cycle growth. 

It is proposed that the differences in the p-oxide film 
properties formed by the cycling versus constant poten
tial oxidation method arise from the partial reduction 
of the a-oxide film in each growth cycle in the former 
case. This would produce patches of active Au 
adatoms, resulting in the formation of a more porous, 
hydrated P-oxide film in these regions. In contrast, 
growth of the P-oxide film at constant potential leads to 
a more uniform conversion of the a-oxide film, yielding 
a less porous and less hydrated film structure. 
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