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Abstract 

The growth and reduction of compact (a-) and hydrous (P-) oxide films on polycrystalline Pt electrodes in aqueous 
0.1 M NaOH solutions have been investigated using cyclic voltammetry, as well as in situ ellipsometry and the quartz 
crystal microbalance (QCMB) techniques. All a-oxide films, formed in base with time at constant potentials up to 1.9 
V, or by multi-cycling of the potential, are non-hydrated in nature, even when covered by a thick P-oxide film. Two 
different forms of a-oxide film are generated, suggested to be PtO at lower potentials ( < 1.6 V) and Pt02 at higher 
potentials ( > 1.6 V), based on their different growth rates and optical properties. All p-oxide films are different from 
the a-oxide. being hydrated to varying extents. Based on the measured refractive index of 2.5, and their mass, thin 
P-oxide films are suggested to be Pt02 .H20, when formed using standard growth conditions (2 V/s between 0.5 and 
2.8 V). As more p-oxide film is formed, the outer regions become more hydrated (n as low as 1.8), and the suggested 
film composition is Pt02.1.2H20. Pt p-oxide films are even more hydrated when formed using more negative E_ and 
E, limits during growth (while maintaining the other limit constant at either 0.5 or 2.82 V), resulting in film masses 
and a refractive index consistent with PtO,.3.5H20. © 2000 Elsevier Science Ltd. All rights reserved. 

Keywords: Platinum; Platinum oxide; Hydrous oxide film; Compact oxide film; Quartz crystal microbalance; Ellipsometry; Alkaline 
solutions 

1. Introduction 

Although Pt is one of the most common electrode 
materials employed in practice, many aspects of its 
surface chemistry are still poorly understood, particu
larly the properties of the various types of oxide films 
which can be generated at the Pt anode surface. It is 
well known that a compact oxide (a-oxide) film forms 
at Pt at all pHs, typically being no more than a few 
monolayers in thickness. However, it is not known 
whether this a-oxide is PtO, PtO,, or a hydrated or 
hydroxyl-containing version of either of these. Even less 
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well understood are the properties of the much thicker, 
hydrated and dispersed Pt P-oxide film [1-12] which 
can be formed at higher potentials, generally greater 
than 1.8 V versus RHE. This oxide is important in 
terms of applications in which Pt is used at high anodic 
potentials. It is also relevant for cases when Pt is used 
as a counter electrode in aqueous solutions, as typical 
large swings in potential may generate (and then re
duce, possibly leading to surface roughening) the P-ox
ide film. 

Most prior studies of P-oxide growth at Pt electrodes 
have been carried out in acidic solutions [1-8], the 
medium in which Pt is most often employed. Hydrous 
oxide film formation at Pt, using the potential cycling 
procedure, is known to be difficult to achieve at inter
mediate pH values [9], although it has been reported to 
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be possible in base [9- 11], The present study focuses on 
the properties of P-oxide films formed in alkaline 
solutions. This work is an extension of earlier reports 
[1,2] in which hydrous Pt oxide (p-oxide) film 
growth and reduction was studied in aqueous 
sulfuric acid solutions, using a combination of electro
chemical methods as well as in situ mass and optical 
property measurements. In the present work, the 
same approach has been employed, but in alkaline 
solutions. 

The behavior of Pt [i-oxide films in basic solutions is 
complicated, and somewhat controversial. In an early 
report from Burke et al [9], it was pointed out that the 
|3-oxide, grown in base, cannot be easily reduced 
in the same medium in a cathodic sweep extending as 
far as 0 V, at which point hydrogen evolution takes 
over. However, later work [10] established that 
there was some reduction of the outer part of the film 
in base under potential sweep conditions down to 0.2 
V, while the inner compact monolayer oxide (di
oxide) reduces, as normal, at ca. 0.6 V in base. In a still 
more recent investigation [11], it was found that the 
bulk of the hydrous p-oxide film could be reduced at 
ca. 0.2 V, but that there was invariably a surface 
residue (constituting ca. 5% of the hydrous oxide film) 
at potentials above 0 V. This effect was attributed to 
the presence of some unreduced hydrated oxide, 
Pt02 ./;H20 [12]. 

The composition of p-Pt oxide films, formed at high 
potentials in sulfuric acid solutions, has been studied 
previously by us using the quartz crystal microbalance 
(QCMB) technique [1,2.13]. It was found [1] that very 
thin P-oxide film, formed in the first ca. 30 s of growth 
(potential cycling between 0.5 and 1.8 V at 10 V/s in 0.1 
M H2S04), has a mass consistent with Pt(OH)4. As the 
P-oxide film thickens with time of growth in acid, it 
becomes increasingly hydrated, with a mass consistent 
with Pt(OH)4.H20 and later with Pt(OH)4.2H20. How
ever, no prior study has determined the composition of 
the p-oxide film formed in base, and it is known only 
that it is a porous material which can be difficult to 
reduce fully. 

In the present work, both the QCMB and the 
ellipsometric techniques have been employed to estab
lish the composition, and to infer the structure, 
of both the a- and p-oxide films formed electrochemi-
cally at Pt in 0.1 M NaOH solution. A solution 
pH of 13 was chosen, primarily as it was found in 
preliminary work that thin P-oxide films can be reduced 
completely in this medium. Also, our interest has been 
focused on examining the transition from the growth of 
the compact a-oxide film to the hydrous P-oxide film, 
as well as on establishing the properties of the p-
oxide film as a function of increasing thickness, in 
comparison with the results obtained in acidic solutions 
[1,2]. 

2. Experimental 

2.1. Equipment 

An EG&G PARC 173 potentiostat was used in con
junction with a PARC 175 Universal programmer. All 
electrochemical data were recorded using a BBC SE 780 
X/Y recorder. A Gaertner L116C ellipsometer was 
employed in the monochromatic mode in all of this 
work. The light source employed was a He-Ne laser at 
a wavelength of 632.8 nm. Instrument operation and all 
ellipsometric data collection was controlled by an IBM 
computer, interfaced to the system. A Pierce-type oscil
lator and a Philips PM 6654C high resolution frequency 
counter-timer were employed for the quartz crystal 
microbalance (QCMB) experiments. All frequency data 
were plotted out on an X-Y recorder (HP 7044A). 

In the presentation of the data in this paper, nonlin
ear best-fit curves were drawn manually, without the 
use of regression analysis. The error in the mass to 
charge ratios (standard deviation is estimated to be 0.17 
g/mol e~) arises primarily from the difficulty in estab
lishing the correct baseline for the oxide reduction 
peaks. This is particularly problematic when a small 
amount of Pt a-oxide is formed along with a larger 
amount of P-oxide film, as the two reduction peaks can 
overlap quite substantially. 

2.2. Ellipsometry measurements 

Ellipsometry is an optical technique which can be 
used to measure polarization changes of light in order 
to establish the properties of thin films. The experimen
tal procedure in the present work involved the in-situ 
determination of the parameters A and \j/, where A is 
the relative phase difference between the s and p com
ponents of polarized light and \\i reflects their relative 
amplitude ratio. The complex reflection coefficient ra
tio, Rp/Rs can be expressed as: 

Rp/Rs = tan ip expO'zf) (1) 

where Rp and Rs are the complex reflection coefficients 
for light polarized parallel (p) and perpendicular (s) to 
the plane of incidence, respectively. From A and i//, it is 
possible to determine the properties (refractive index 
and thickness) of a thin film, providing that the optical 
properties of the substrate and the ambient medium, 
the angle of incident radiation and the wavelength of 
light are all known. The refractive index (TV) is a 
complex number, involving two unknowns, the real 
part of the refractive index, n and the extinction coeffi
cient, k: 

N = n-ki (2) 

Therefore, with a single wavelength instrument, ellipso
metric data must be gathered as a function of film 
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thickness in order to determine n, k and the film 
thickness using a best-fitting method, assuming the film 
is isotropic and homogeneous [14]. A detailed discus
sion of the ellipsometry technique and the method of 
data analysis is provided elsewhere [15]. In the present 
study, ellipsometric data were collected at a constant 
potential as a function of time of film growth, and 
hence with increasing film thickness. 

2.3. Electrodes and cells 

For the ellipsometric/electrochemical experiments, 
disc-shaped specimens (5.6 mm diameter) were punched 
out of a Pt foil (Aldrich, 99.99%, 0.5 mm thickness) and 
were then soldered to the end of a Cu rod of the same 
diameter. The Cu rod was then sealed with epoxy into 
a Teflon holder, leaving the cross-sectional end (Pt) 
exposed. The Pt surface was polished first with various 
grades of wet emery paper, and then with wet A120, 
suspensions of decreasing grit size (from 1.0 to 0.05 
urn), to produce a mirror-like surface prior to each 
experiment. 

The electrochemical/optical cell was constructed of 
Plexiglass and contained a solution volume of ca. 100 
ml. The Pt working electrode (WE) entered the cell 
through its base. A high area Pt gauze counter elec
trode (CE), a reversible hydrogen reference electrode 
(RHE) and the gas bubbler for control of the atmo
sphere were introduced via ports in the sides of the cell. 
The two optical quartz crystal windows for entry and 
exit of light were situated on opposite sides of the cell 
(angle between cell walls and cell base was 70°). 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). 

The in-situ mass measurements were carried out us
ing AT-cut 5 MHz quartz crystals (2.5 cm diameter, 
Valpey-Fisher), first sputter-coated with an undercoat 
of Ti to a thickness of ca. 10 nm, followed by a coating 
of Pt to ca. 120 nm. Electrical contact was made to 
each side of the crystal with Cu 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. The Pt gauze CE 
was placed in the same compartment as the WE, while 
the RHE was located in a second compartment. 

2.4. Solutions and general experimental conditions 

All solutions were prepared using Analar-grade 
sodium hydroxide and triply distilled water. The cell 
solutions were thoroughly deaerated by vigorous bub
bling of nitrogen gas, which was passed through the 
solution prior to each experiment and then blanketed 
the solution during the experimental measurements. All 
experiments were carried out at room temperature. 

2.5. Hydrous Pt oxide growth and characterization 
procedure 

The typical electrochemical/ellipsometric experimen
tal sequence was as follows. The potential of the Pt WE 
was first cycled between - 0.05 to 1.8 V at 1 V/s in 
order to electrochemically clean the surface and to 
ensure that a good cyclic voltammetric (CV) response 
was obtained. The A and \\J values for the oxide-free Pt 
surface were then collected at 0.6 V, i.e. in the 'double 
layer' potential range, where it is expected that the 
surface is free of both adsorbed hydrogen and oxide 
films. Then the Pt [3-oxide film was formed in 0.1 M 
NaOH, typically by cycling between 0.5 and 2.82 V at 
2 V/s. Since oxygen is vigorously evolved at the elec
trode surface simultaneously with the growth of thick 
oxide films at positive potentials, the optical data could 
not be collected under these conditions. Therefore, the 
potential was swept negatively to 1.6 V (a potential at 
which insignificant additional oxide film growth would 
occur), any oxygen bubbles attached to the surface were 
removed by directing a stream of nitrogen gas directly 
onto the Pt electrode surface using a Pasteur pipette. 
The A and \jj data were collected, and then the oxida
tion program was resumed for the next period of film 
growth. QCMB/electrochemical experiments were car
ried out in parallel work. Pt [3-oxide films were formed 
by cycling between E_ and E+, using sweep rates from 
0.5 to 10 V/s. E_ was varied from 0.1 to 0.58 V. and 
E+ from 2.1 to 2.82 V. 

The oxide charge density was determined at the end 
of each experiment from the cathodic charge passed in 
the a- and [3-oxide reduction peaks in a slow sweep rate 
(10 mV/s) cathodic scan to 0.0 V. The frequency change 
during a- and [3-oxide film reduction was measured and 
converted to a mass change employing the Sauerbrey 
equation [16] and using the frequency-to-mass conver
sion factor of — 56.6 Hz/ug/cm2. 

3. Results and discussion 

3.1. oc-Pt oxide films in alkaline solutions 

Fig. 1 (solid line) shows a typical cyclic voltam-
mogram (CV) of a Pt-coated quartz crystal in 0.1 M 
NaOH, as well as the associated frequency change 
(dashed line, inverse of the mass change [16]), measured 
during an oxidation/reduction scan between 0 and 1.6 
V versus RHE. In this range of potential, only the 
compact a-oxide film can be formed (at. ca. 0.6 V), and 
reduced, in peak C b at polycrystalline Pt electrodes, 
while the adsorption/desorption of a monolayer of hy
drogen atoms is seen between 0.1 and 0.4 V. 

In Fig. 1, a mass increase is seen, as expected, during 
Pt oxide formation, while oxide reduction is accompa-



3662 S.J. Xia. V.I. Birss /Electrochimica Acta 45 (2000) 1659-3673 

nied by an equivalent mass loss. From the integrated 
charge density during cc-oxide reduction, for example, 
and the associated change in mass over the potential 
range of the cathodic peak, a ratio of 8.3 g/mol e~ 
passed is obtained. This is very similar to the value 
obtained for Pt a-oxide films formed and reduced in 0.1 
M sulfuric acid [1,13]. A ratio of 8 g/mol e~ would be 
predicted for the formation of an anhydrous Pt oxide 
film, either PtO or Pt02 . 

In the potential range of the hydrogen adsorption-
desorption reaction, it is notable that, as the potential is 
made negative and hydrogen begins to adsorb, the 
electrode mass actually initially decreases, rather than 
increases, and vice versa during the positive scan. This 
is similar to what has been reported by Shimazu et al. 
[17] in the same solution. When hydrogen evolution 
commences in the negative scan, i.e. at ca. 0.1 V, the 
frequency drops somewhat, and then increases again in 
the positive scan. 

The anticipated frequency change for the deposition/ 
removal of one monolayer of hydrogen atoms would be 
0.12 Hz. Therefore, the frequency gain of 1.8 Hz (mass 
loss of 15 ng) during the negative sweep from 0.4 to 
0.15 V, and vice versa during the positive scan, cannot 
reflect this process, being too large and in the opposite 
direction from that expected. It is therefore more likely 
that the mass change between 0.15 and 0.4 V is due to 
the desorption of OH in the cathodic scan, and its 
readsorption during the positive scan. The results of 
Fig. 1 therefore suggest that, during hydrogen atom 
adsorption on Pt (0.4-0.15 V), adsorbed hydroxide is 
concurrently being desorbed, then readsorbing again in 
the anodic sweep. The adsorption of OH" on Pt in the 
positive sweep prior to a-oxide formation was also 
suggested by Shimizu et al. [17] and Conway et al. [18]. 

0.5 1.0 
E/Vvs. RHE 

Fig. I. CV (solid line) and associated frequency change (dotted 
line) of a Pt-eoated quartz crystal in 0.1 M NaOH between 0 
and l .6 V at 50 mV/s. 
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Fig. 2. a-Oxide reduction charge density (solid symbols) 10 
mV/s and its g/mol e~ ratio (open symbols) as a function of 
anodization time of Pt-coated quartz crystal at (a) 1.3 V and 
(b) 1.6 V in 0.1 M NaOH. 

The mass gain in the negative scan from 0.1 to 0 V may 
then be associated with a small amount of Na + adsorp
tion on the few sites not covered by adsorbed hydrogen, 
and then desorption in the anodic scan from 0 to 0.1 V. 

QCMB experiments involving a-oxide growth, in 0.1 
M NaOH, with time at constant potentials were also 
carried out in the present investigation. Fig. 2(a, b) 
show both the a-oxide reduction charge density (per 
apparent area) and its g/mol e ratio as a function of 
anodizing time at two potentials, 1.3 and 1.6 V, respec
tively. In both cases, the oxide reduction charge in
creases logarithmically [3,18] with anodizing time, 
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reaching a near steady-state value after ca. 6 min (Fig. 
2a) and 4 min (Fig. 2b). The maximum a-oxide charge 
at 1.6 V is higher than that at 1.3 V, also consistent 
with the reported potential dependent growth rate of 
compact Pt oxide films [3]. 

Fig. 2(a) shows that the mass to charge ratio for the 
oxide formed after very short times of anodization at 
1.3 V is almost 9 g/mol e~. While a ratio of 8 is 
expected for either PtO or Pt02 [13], this slightly higher 
value may indicate that the initial layer may have 
included some adsorbed OH" , or the formation of a 
small amount of PtOH or Pt(OH), (expected ratio for 
both is 17 g/mol e"), as has been predicted earlier [18], 
After 1 min of anodization at either 1.3 or 1.6 V, Fig. 
2(a, b) show similar ratios for the a-oxide film of 7.9 to 

8.1 g/mol e~, the expected values for PtO or PtO, [13], 
Unfortunately, the form of Pt a-oxide cannot be 

distinguished from the QCMB data. If PtO is the 
identity of the a-oxide film, then the charge density of 
0.80 mC/cm2 (based on the real Pt area) after 10 min at 
1.6 V is equivalent to the formation of ca. 3 monolayers 
of oxide, while for PtO,, this would be ca. 1.5 monolay
ers. In these experiments, the electrode roughness factor 
is 1.8, based on a hydrogen monolayer charge density 
of 0.21 mC/cm2 [19]. 

Fig. 3 shows a plot of both the ct-oxide reduction 
charge and the g/mol e~ ratios, monitored after 5 min 
at each of the indicated anodization potentials between 
1.2 and 1.9 V. The plot of the reduction charges 
appears to contain two apparently linear segments, one 
for potentials less than 1.6 V, and one for potentials 

10 

o 
E 

1.4 1.6 1.8 
growth E„ / V vs. RHE 

2.0 

Fig. 3. a-Oxide reduction charge density (solid symbols) at 10 
mV/s and its g/mol e~ ratio (open symbols), as a function of 
applied potential, after 5 min of anodization of Pt-coated 
quart/, crystal in 0.1 M NaOH. 

above this. The ellipsometric data, shown in Section 4, 
also indicates that the Pt a-oxide films, formed using 
E + values < 1.6, have different optical properties (n = 
3.7, k = 2.7) from those formed at E, > 1.6 V (n = 2.8, 
k = 1.2). However, for all upper potential limits except 
at 1.2 V, the g/mol e~ ratio remains at ca. 8. These 
results can be interpreted as indicating that the oxide 
formed over the range of 1.3 to 1.6 V is PtO, then 
changing to Pt02 when the applied potential becomes 
higher than 1.6 V. 

3.2. CV and QCMB study of Pt fi-oxide film growth 
in alkaline solutions 

It was reported previously [2,3,9] that two (or more) 
types of hydrous P-oxide films can be formed on poly-
crystalline Pt electrodes in sulfuric acid solutions using 
the rapid potential cycling growth technique. These are 
characterized by the potential of their reduction peaks, 
which are always negative of that of the a-oxide film, 
when slow sweep rates are employed. In 0.01 M base, it 
has been reported that both the a- and p1- Pt oxide films 
can be fully reduced in the potential range of 0.6-0.4 V 
in a single negative scan [20], As the concentration of 
OH~ is increased, however, the reduction potential of 
the P-oxide film is shifted into the H + electrosorption 
potential range and therefore not all of the oxide can be 
reduced [20], It was proposed, on the basis of the effect 
of K + , Na+ and Li+ ions, that the retardation of the 
reduction of these films in concentrated alkaline solu
tions is related to cation adsorption on the oxide sur
face [20] in these environments. 

In the present work, the QCMB technique has been 
used to gain insight into the composition and growth 
properties of the (3-oxide film formed on Pt in base. As 
this oxide film can be formed only by accessing high 
potentials, at which vigorous rates of oxygen evolution 
also occur, the mass of the oxide can be reliably mea
sured only during its reduction. In these experiments in 
0.1 M NaOH, potential cycling with an upper limit of 
more than 2.1 V was employed to grow the hydrous 
oxide film on Pt. The (3-oxide film was then reduced at 
a slow sweep rate of 10 mV/s. The reduction peak was 
always clearly delineated, and a large and reproducible 
mass change could be concurrently and accurately 
monitored. 

Fig. 4 shows a typical set of ijE reduction profiles 
and the simultaneous frequency changes (inverse of 
mass changes) measured during a- and P-oxide film 
reduction after (a) 30 s, (b) 3 min and (c) 5 min of 
growth by cycling between 0.5 and 2.82 V at 2 V/s. The 
C, peak centered at 0.5 V versus RHE reflects the 

reduction of the a-oxide film, while the p-oxide film is 
detected by its reduction peak (C2) at ca. 0.25 V, seen 
best in Fig. 4(b, c). When up to 30 s of cycling was 
employed, essentially only a single sharp a-oxide reduc-
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Fig. 4. Typical i/E (solid line) and f/E (dotted line) profiles during Pt oxide film reduction at 10 mV/s and associated frequency 
change after oxide growth on Pt-coated quartz crystal, by cycling for (a) 30 s. (b) 3 min and (c) 5 min between 0.5 and 2.82 V at 
2 V/s, in O.I M NaOH. 

tion peak and only a small peak centered at ca. 0.2 V 
are seen (Fig. 4a). In Fig. 1, it can be seen that the 
hydrogen adsorption peak is located at ca. 0.2 V, and 
that the concurrent frequency change is less than 2 Hz. 
Therefore, the larger frequency change in the range of. 
0.2 V in Fig. 4(a) suggests that peak C2 is related to 
both hydrogen adsorption and the reduction of a small 
amount of P-oxide film. After ca. 1 min of growth, the 
P-oxide reduction peak is clearly seen just negative of 
the a-oxide reduction peak (Fig. 4b), increasing further 
in size with longer times of oxide growth (Fig. 4c). 

Fig. 5a shows a plot of both the a- and P-oxide 
charge densities (growth using identical conditions to 

those used in Fig. 4) versus the time of oxide growth. 
The quantity of the a-oxide film formed increases with 
cycling time up to 30 s (Fig. 5a). and then, as more 
(3-oxide film is formed, the amount of a-oxide film 
present decreases. This is consistent with the transfor
mation of the a-oxide to p-oxide with time of growth, 
as has been reported previously for the growth of 
hydrous oxide at polycrystalline Pd electrodes in basic 
solutions [21] and at Pt in acidic solutions [1,2]. The 
a-oxide charge density drops to ca. 1.8 mC/cm2 from a 
maximum of ca. 2.7 mC/cm2, while the P-oxide charge 
continues to rise, nearly at 4 mC/cm2 after ca. 450 s of 
growth (Fig. 5a). 
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The potential of both the a- and P-oxide reduction 
peaks are shown in Fig. 5(b) as a function of growth 
time (for the data of Figs. 4 and 5a). This shows that, 
as the cycling time increases, the a-oxide reduction peak 
potential initially shifts from 0.56 to 0.48 V, and then 
finally remains centered at ca. 0.46 V. This negative 
shift in its potential occurs even as its charge decreases, 
and as the P-oxide peak charge increases in the first few 
min of growth. As the a-oxide reduction potential is 

o 
6 

100 200 300 400 

growth cycling time / sec 
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Fig. 5. (a) Reduction charge densities (10 mV/s) of Pt a-oxide 
(solid symbols) and p-oxide (open symbols) films as a function 
of growth cycling time between 0.5 and 2.82 V at 2 V/s. Oxide 
formed on Pt-coated quartz crystal in O.l M NaOH. (b) 
Reduction peak potential (10 mV/s) of Pt a-oxide (solid sym
bols) and p-oxide (open symbols) films as a function of growth 
cycling time between 0.5-2 and 82 V at 2 V/s. Oxide formed 
on Pt-coated quartz crystal in 0.1 M NaOH. 

normally an indicator of its thickness (moving nega
tively with increasing thickness), this suggests that the 
a-oxide thickness reaches a steady-state value (Fig. 5b), 
at which point Ep remains constant at 0.46 V. However, 
as its charge decreases over this same time period (Fig. 
5a), this indicates that portions of the a-oxide are being 
converted to the p-oxide form, leaving the remaining Pt 
sites covered by an a-oxide film of unaltered thickness. 

In the case of the P-oxide film (Fig. 5b), its reduction 
peak potential shifts from ca. 0.35 V at 1 min to 0.2 V 
at 7 min of growth. This indicates that the film becomes 
increasingly difficult to reduce as it becomes thicker, 
consistent with the reports of Burke et al [4,7] for films 
formed by cycling for much longer periods of time in 1 
M NaOH. The negative shift in the P-oxide reduction 
peak may be reflective of the development of some film 
resistance, or just an indication of a gradual change in 
some other film properties. 

In order to ensure that all of the P-oxide film was 
being reduced in a single scan from 1.6 to 0 V at 10 
mV/s in 0.1 M NaOH solution, the following experi
ments were performed. After P-oxide film growth for 
various times, the films were reduced in base, and then 
the electrode was transferred to 0.1 M H2S04 solution 
and the potential was scanned from 1.6 to 0 V at 10 
mV/s. It was found that P-oxide films, formed in less 
than 10 min of potential cycling between 0.5 and 2.82 V 
at 2 V/s in 0.1 M NaOH, can be reduced completely in 
base in a single potential scan from 1.6 to 0 V at 10 
mV/s. When the oxide growth time, using this method, 
was greater than 10 min, some P-oxide film remains 
unreduced on the surface. Therefore, in the present 
study of the Pt p-oxide film, formed in 0.1 M NaOH 
and using the QCMB technique, growth times of up to 
ten minutes only were employed, to ensure the complete 
reduction of the film during the cathodic scan. 

Fig. 6 shows the g/mol e~ ratio, obtained during the 
reduction of both the Pt a- and p-oxide films, with 
oxide growth time (for the same data set as in Fig. 5). 
The a-oxide ratio remains close to 8 g/mol e~, while 
the ratio for the P-oxide film increases with cycling 
time, from ca. 11.0 initially to 13-13.5 after longer 
cycling times. It can be seen that the greatest change in 
the g/mol e" ratio for the P-oxide is seen in the first ca. 
150 s of oxide growth. It is interesting that, in Fig. 5(a), 
it is in the first ca. 150 s that the a-oxide charge is 
dropping most notably, and when its potential is mov
ing the most negatively (Fig. 5b). This supports the 
argument that the a-oxide is transforming to P-oxide in 
the first 150 s of growth using these growth conditions. 

The effect of the potential cycling rate, from 0.5 to 10 
V/s, used during Pt oxide growth, all between 0.5 and 
2.82 V, is demonstrated in Fig. 7 for a set of experi
ments in which a cycling time of 3 min was employed. 
The a-oxide charge density (Fig. 7a) increases notably 
as the sweep rate is increased from 0.50 to 2 V/s and 
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growth cycling time / sec 
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Fig. 6. Mass (g) per mole of electrons passed (mol e~) ratio of 
Pt a-oxide (solid symbols) and P-oxide (open symbols) films as 
a function of growth cycling time between 0.5-2.82 V at 2 V/s 
on Pt-coated quartz crystal in 0.1 M NaOH. Data is for the 
same films examined in Fig. 5, and reduced at 10 mV/s. 

then remains relatively constant ca. 2.1 mC/cm2. The 
P-oxide charge density increases somewhat as the 
growth cycling rate is increased from 0.50 to 2 V/s (Fig. 
7a), and then it decreases with a further increase in the 
growth sweep rate. The overall impression of Fig. 7(a) 
is that, when conditions are favorable for a-oxide 
growth, less P-oxide is formed, and vice versa. Also, 
low sweep rates favor p-oxide growth, while at high 
growth cycling rates, perhaps insufficient time is avail
able for the oc-oxide film to convert to the p-oxide film. 
Also, an optimum growth sweep rate of ca. 2 V/s, 
under these conditions, appears to exist for the forma
tion of the Pt P-oxide film in Fig. 7(a), a similar value 
to that reported for this oxide formed by rapid poten
tial cycling in acidic solutions [2]. 

The lower efficiency for oxide growth per cycle at the 
faster sweep rates may simply reflect the a- to p-oxide 
conversion rate limitation. Alternatively, it is possible 
that 1R effects become more pronounced at high sweep 
rates, so that an insufficiently high upper potential limit 
is experienced at the Pt surface to form the P-oxide film 
(see Fig. 8). A sweep rate effect similar to that of Fig. 
7(a) has been suggested [11] to be due to a greater 
penetration of oxygen into the outer regions of the 
metal lattice at higher versus lower sweep rates. This 
could arise as insufficient time is available at high 
sweep rates for oxygen to diffuse away from the elec
trode surface. 

It is also worth noting that, with a constant period of 
cycling, e.g. 3 min. increasing the growth sweep rate 

above ca. 2 V/s decreases the total a- plus p-oxide 
charge density. In sulfuric acid solution, a similar phe
nomenon was observed [1,2], but the sweep rate of 
highest total oxide charge density was 20 V/s for cycling 
between 0.5 and 1.8 V [1], and 5 V/s for growth by 
cycling between 0.5 and 2.82 V [2]. 

Fig. 7(b) shows the g/mol e~ ratio for both the a-
and p-oxide films as a function of the growth sweep 
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Fig. 7. (a) Reduction charge densities (10 mV/s) for Pt a-oxide 
(solid symbols) and P-oxide (open symbols) films vs. growth 
sweep rate after cycling for 3 min between 0.5 and 2.82 V 
using Pt-coated quartz crystal in 0.1 M NaOH. (b) Mass (g) to 

moles of electrons passed (mol e~) for Pt a-oxide (solid 
symbols) and P-oxide (open symbols) films vs. growth sweep 
rate after cycling for 3 min between 0.5 and 2.82 V using a 
Pt-coated quartz crystal in 0.1 M NaOFl. 
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Fig. 8. (a) Effect of upper potential limit during growth (E+ ) 
on reduction charge (10 mV/'s) of Pt a-oxide (solid symbols) 
and P-oxide (open symbols) films formed on Pt-coated quartz 
crystal, in 0.1 M NaOH. after cycling for 3 min between 0.5 
and 2.82 V. (b) Effect of upper potential limit during growth 
(E+) on mass (g) per mole of electrons passed (mol e~) of Pt 
a-oxide (solid symbols) and p-oxide (open symbols) films 
formed on Pt-coated quartz crystal, in 0.1 M NaOH. after 
cycling for 3 min between 0.5 and 2.82 V. 

rate employed. The a-oxide ratio is again close to 8 
g/mol e~ for all growth rates. The p-oxide film shows 
the highest ratio, of ca. 20 g/mol e~, when grown at 0.5 
V/s. The ratio decreases to ca. 13 at 2 V/s, and then 
goes back up to ca. 18 g/mol e~ at higher growth sweep 
rates. 

The effect of the upper potential limit used for Pt 

oxide growth in 0.1 M NaOH, all with a lower limit of 
0.5 V, a growth cycling time of 3 min, and a growth 
sweep rate of 2 V/s, was also investigated. Fig. 8(a) 
shows that the a-oxide reduction charge increases with 
an increasing upper potential limit (£+), while the 
(3-oxide reduction charge increases with E+ until 2.75 
V, and then drops slightly with a further increase in 
E+. Therefore, a maximum in the p-oxide growth rate 
is seen for an E + value of ca. 2.7 V, when E _ is 0.5 V. 
The slow decrease of the p-oxide growth rate at above 
2.75 V probably arises from the same effects as encoun
tered when very rapid growth cycling rates are em
ployed (Fig. 7). 

Fig. 8(b) shows that the a-oxide g/mol e~ ratio again 
remains near 8, for all E + values employed, consistent 
with a non-hydrated PtO or PtO, film. However, the 
most important information obtained from Fig. 8(b) is 
that the p-oxide ratio is very high when formed using 
low E+ values, conditions which lead to the smallest 
quantity, and lowest rate of formation, of p-oxide film. 
The P-oxide ratio is seen to decrease continuously with 
increasing E+ values, from as high as 23 down to 13 
g/mol e~. As will be shown below, the high p-oxide 
ratio is correlated with a greater extent of film hydra
tion. Therefore, the use of higher E+ values and the 
associated higher P-oxide rate of formation appear to 
dehydrate the P-oxide film. This may be related to 
complex factors arising from concurrent oxygen evolu
tion, or may be due to a limited supply of water into 
the film when formed rapidly, as suggested previously 
[11]. For example, at lower E+ values, less oxygen will 
be evolved, and thus more water, otherwise converted 
to oxygen, would be retained in the film. 

A study of the effect of the E_ value employed 
during Pt oxide growth in 0.1 M NaOH by rapid 
potential cycling also leads to some interesting results. 
In these experiments, E + was fixed at 2.82 V and a 3 
min growth time was again employed throughout. Fig. 
9(a) shows that the amount of a-oxide retained on the 
surface is constant at ca. 1.6-2.0 mC/cm2 for E_ 
values below 0.4 V, likely reflecting the a-oxide formed 
in the prior scan from 2.82 V to E_. For E__ values 
greater than 0.45 V, not all of the a-oxide formed in the 
prior cycles is reduced, and therefore some additional 
a-oxide film has accumulated. 

It is seen in Fig. 9(a) that the maximum amount of 
P-oxide film is present for E_ values of ca. 0.3-0.35 V. 
Surprisingly, quite a large amount of P-oxide film is still 
present on the surface for E_ values as low as 0.1 V. 
This is in contrast to the case of p-oxide growth at Pt in 
0.1 M H2S04 solutions [1,2], where no P-oxide remains 
if E_ is made lower than 0.40 V. It is also seen in Fig. 
9(a) that, as more p-oxide is formed, less a-oxide is 
retained on the Pt surface. This again strongly supports 
the hypothesis that the P-oxide film is initially formed 
by the conversion of a-oxide, consistent with the prior 
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literature for Pt in acid [1,2] and Pd in basic solution 
[21]. 

Fig. 9(b) shows the corresponding g/mol e~ ratios 
for the data in Fig. 9(a). The a-oxide ratio again 
remains relatively constant, being in the range of 8 + 
0.2 g/mol e~, independent of the amount of a- or 
P-oxide present on the surface. However, the p-oxide 

ratio decreases almost linearly with increasing E _ until 
0.50 V, when E. V, independent of the p-oxide 
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Fig. 9. (a) Effect of lower potential limit during growth (£._) 
on reduction charge (10 mV/s) of Pt a-oxide (solid symbols) 
and [i-oxide (open symbols) films formed on Pl-coated quartz 
crystal, in 0.1 M NaOH, after cycling for 3 min between 0.5 
and 2.82 V. (b) Effect of lower potential limit during growth 
(E_) on mass (g) per mole of electrons passed (mol e~) of Pt 
a-oxide (solid symbols) and P-oxide (open symbols) films 
formed on Pt-coated quartz crystal, in 0.1 M NaOH, after 
cycling for 3 min between 0.5 and 2.82 V. 

reduction charge. This is similar to what was observed 
by us [2] in 0.1 M H,S04 when an E+ value of 2.82 V 
was employed. It is possible, that when the P-oxide film 
is grown more slowly, i.e. so that the a-oxide is almost 
fully reduced in each growth cycle (E_ values from 0.1 
to 0.4 V, Fig. 9a), the p-oxide film has sufficient time to 
become more fully hydrated. This may also imply that 
the p-oxide film structure is more open and porous 
under these conditions. Overall, lower E + and E_ 
values used during oxide growth at Pt in 0.1 M NaOH 
solutions lead to p-oxide films having the greatest mass, 
likely reflecting the highest water content. 

3.3. Interpretation of CV/QCMB results 

The above data show that the mass to charge ratio 
for the a-oxide film formed on Pt by multi-cycling, or 
at a constant potential ranging from 1.3 to 1.9 V, in 0.1 
M NaOH, ranges from 7.8 to a maximum of 8.2 g/mol 
e~, averaging out at ca. 8. This was interpreted [1,2,13] 
as reflecting the formation of either a PtO or Pt02 film. 
Even when some of the a-oxide film has been converted 
to p-oxide, and when presumably a porous, hydrated 
P-oxide film lies above the compact a-oxide film, the 
a-oxide is still in the non-hydrated PtO or PtO, form. 
As argued above, it is possible that the a-oxide formed 
at potentials from 1.3 to 1.6 V is PtO, and that formed 
above this value is Pt02, based both on the different 
growth rates (Fig. 3) and the ellipsometric data (Section 
4). The relatively high g/mol e~ ratio (almost 9) for the 
oxide film formed at short times at low potentials 
(1.2-1.3 V) indicates either the adsorption of some 
OH~ on the electrode, or the formation of a small 
amount of PtOH or Pt(OH), prior to PtO growth. 

The mass to charge ratio for the p-oxide film, formed 
by multicycling between 0.5 and 2.82 V at 2 V/s, is 
initially (first 3 min) less than 12 g/mol e~, increasing 
to over 13 g/mol e~ with further cycling (Fig. 6). These 
results indicate conclusively that the P-oxide film, 
formed by cycling between 0.5 and 2.82 V at 2 V/s, is in 
a partially hydrated form. For example, Pt02 .H20, 
having a ratio of 12.5 g/mol e - , is a likely product, 
suggested previously [13]. However, the extent of hy
dration of the Pt P-oxide film, formed in base, appears 
to depend on many variables during growth. The in
creasing water content with increasing P-oxide film 
thickness may represent an increase in the number of 
waters of hydration of each Pt site, consistent with the 
negative shift of the reduction peak potential with film 
thickening. The water content of the p-oxide film as a 
function of its thickness will be examined in more detail 
in relation to the ellipsometric results discussed below. 

In the analysis of the growth sweep rate on a- and 
P-oxide film formation when E_ is 0.5 V and E + is 
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2.82 V (Fig. 7), an inverse relationship between the 
g/mol e~ ratio and the growth rate is seen. Since the 
value of this ratio has been suggested to be propor
tional to the extent of hydration of the p-oxide film, 
this result indicates that higher growth rates result in 
less film hydration due to a limited supply of water into 
the film. However, the p-oxide g/mol e~ ratio is not 
just simply inversely related to its charge density, as 
shown in Figs. 8 and 9. for example. The P-oxide g/mol 
e~ ratio decreases with both increasing E_ and E + 

values, even though the E_ and E + values leading to 
a maximum growth rate are 0.35 V (Fig. 9a) and 2.75 V 
(Fig. 8a), respectively. 

The highest P-oxide g/mol e~ ratio was 23 to 24, 
both when E_ was 0.5 V and E + was 2 V (Fig. 8b), 
and when E_ was 0.1 V and E t was 2.8 V, cases 
where the p-oxide film charge is low. This ratio would 
be consistent with Pt02.3.5H20 or Pt(OH)4.1.5H,0, 
both compositions having a ratio of 23.8 g/mol e~. 
Smaller ratios than this, down to ca. 12, must then 
reflect a lower water content of the P-oxide film, as seen 
when either E. or E+ is increased during growth, for 
example. 

3.4. Ellipsometric study of li-Pt oxide films in alkaline 
solutions 

In previous ellipsometric studies of hydrous Pt oxide 
films, p-oxide films were formed either potentiostati-
cally at 2.1 V [22] and 2.2 V [23,24], or by employing a 
multi-cycling method [1,2], in sulfuric acid solutions. 
The p-oxide film thickness was tracked and found to be 
linear with time of polarization [22] or with cycling time 
[1,2] in these prior studies. No ellipsometric studies of 
Pt P-oxide films, formed in base, have been reported 
previously. In the present work, all p-oxide films stud
ied were formed in 0.1 M NaOH by using the multi-cy
cling method, as described above. The potential was 
periodically lowered from 2.82 to 1.6 V to allow for the 
removal of oxygen from the solution and from the 
surface of the disc electrode. Ellipsometric data was 
then gathered at 1.6 V, prior to resuming another 
period of oxide growth by rapid potential cycling. 

A typical set of experimental A and ij/ data points, 
collected during 40 min of P-oxide growth in 0.1 M 
NaOH using similar conditions as in Fig. 5, i.e. an E + 

of 2.82 V, E_ of 0.5 V, and a growth sweep rate of 2 
V/s, is shown in Fig. 10 (solid squares). The ellipsomet
ric data were subsequently fit to a model of p-oxide film 
growth and structure, based on the electrochemical and 
QCMB data shown and discussed in the previous sec
tions. A multilayer model, in which the film properties 
change with thickness (time of growth), as suggested 
from the CV and QCMB data, had to be used to fit 
(Fig. 10, solid line) the experimental data. For simplifi
cation, each layer/layer interface is considered to be 
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Fig. 10. A vs. if/ plot during growth of oxide film on Pt disk in 
0.1 M NaOH as a result of potential cycling between 0.5 and 
2.82 V at 2 V/s for 40 min. Solid squares: experimental data; 
solid line: fitted data. 

smooth in nature and the optical properties are as
sumed to change abruptly from those of one layer to 
the next [14,15]. In reality, the film properties are 
expected to change more gradually than this as the film 
thickens. 

The ellipsometric data was fit to a structural model, 
as follows. The short-time data points were found to fit 
very well to a single layer model up to 5 s of growth, 
after which the theoretical data was seen to deviate 
from the experimental points. Therefore, a second layer 
was assumed to form, and the n, k and d values of the 
first (inner) layer were assumed to remain unchanged 
during the growth of the second layer (limitations of 
our single wavelength ellipsometer). When the calcu
lated data again deviated from the experimental points, 
a third layer of different optical properties was assumed 
to form on the inner two layers, again assuming that 
the properties of the two inner layers remained fixed. 
The best-fit to the ellipsometric data was achieved, for 
each layer, by varying the values of the refractive index 
(«) and the absorption coefficient (k) [14], as the film 
thickness, d, is changed, until a minimum error re
sulted. Tables 1-4 show the n, k and d values for each 
layer of a range of Pt oxide films, all formed under 
conditions also examined using CV and QCMB 
methods. 

Table 1 shows the film parameters for the data of 
Fig. 10. It is likely that the oxide film formed in the first 
5 s is the Pt a-oxide, based on the predictions from the 
CV/QCMB experiments (Figs. 5 and 6), as well as the 
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fable 1 
Change of optical properties and thickness of Pt oxide film as 
a function of growth time in 0.1 M NaOH" 

Layer number Growth time N k rf/nmb 

1 0-5 s 2.8 1.2 0.75 
2 5 s-1 min 2.5 0.03 1.5 
3 1-3 min 1.95 0.015 2.8 
4 3^10 min 1.85 0.008 52.5 

" Growth by potential cycling between 0.5 and 2.82 V at 
2V/s. 

b The total film thickness at the end of each growth period 
is obtained by summing the thicknesses of the layers formed 
up to the end of that period of time. 

very different // and k values versus those for the outer 

layers of the film (likely P-oxide) grown later. The 

ellipsometric data yield a thickness of ca. 0.8 nm for 

this a-oxide film, with a best-fit /; value of 2.8 and a k 

of 1.2, using a single layer fitting model. Pt a-oxide 

films formed potentiostatically in 0.1 M NaOH at E + 

values of 1.7-1.9 V (Fig. 3), conditions under which no 

P-oxide film can form, yield the identical optical prop

erties to the a-oxide in Tables 1 - 4 . Contrary to this, 

a-oxide films formed either potentiostatically or in 

sweep experiments in 0.1 M NaOH, but never exceed

ing potentials of 1.6 V, have quite different n and k 

values, i.e. 3.7 and 2.7, respectively. This suggests that 

the a-oxide film formed at higher potentials in 0.1 M 

NaOH is different from that formed at lower poten

tials. This was also inferred from the different growth 

rates of the a-oxide film at above versus below 1.6 V 

(Fig. 3). As suggested earlier in this paper, it is possible 

that the a-oxide film formed at higher potentials ( > 1.6 

V) is P t 0 2 , and that formed at lower potentials is PtO. 

Interestingly, the n and k values, obtained for a Pt 

a-oxide film formed potentiostatically and by multicy-

cling in 0.1 mol/1 sulfuric acid, are 3.7 and 1.6, respec

tively [1,2], different from either of the a-oxide films 

formed in base. 

Table 2 
Change of optical properties and thickness of Pt oxide film as 
a function of growth time in 0.1 M NaOH" 

Layer number Cycling time N k (f/nmb 

1 0-5 s 2.8 1.2 0.8 
2 5 s-6 min 2.0 0 8.5 
3 6-18 min 1.7 0 22.0 

" Growth by potential cycling between 0.5 and 2.3 V at 2 
V/s. 

h The total film thickness at the end of each growth period 
is obtained by summing the thicknesses of the layers formed 
up to the end of that period of time. 

Table 3 
Change of optical properties and thickness of Pt oxide film as 
a function of growth time in 0.1 M NaOH11 

Layer number Cycling time N k rf/nmb 

1 0-5 s 2.8 1.2 0.8 
2 5 s-2 min 2.1 0.02 5.2 
3 2-15 min 1.73 0.011 45 
4 15-25 min 1.73 0.029 29.5 

" Growth by potential cycling between 0.2 and 2.82 V at 2 
V/s. 

b The total film thickness at the end of each growth period 
is obtained by summing the thicknesses of the layers formed 
up to the end of that period of time. 

The ellipsometric data collected from 5 s to 1 min 

(Fig. 10, Table 1) had to be fitted using a two-layer 

model. The inner a-oxide film formed in the first 5 s 

was assumed to retain its same n, k and d values. The 

best-fit n and k values for the outer oxide film, formed 

during the growth period from 5 s to 1 min, are 2.5 and 

0.03, respectively, and the total P-oxide film thickness 

after 1 min of growth is 1.5 nm. The /; value for the 

outer oxide film, presumably the P-oxide, is lower than 

that for the a-oxide film, indicative of a higher degree 

of hydration (the closer the n value becomes to that of 

pure water, 1.33, the more hydrated a surface film is 

expected to be [15]). This is consistent with the higher 

g/mol e~ ratio obtained from the Q C M B data (Fig. 6). 

The low value of k (close to 0) indicates that the outer 

P-oxide film is transparent, indicative of a high degree 

of porosity. Clearly, the a- and P-oxide films have quite 

different properties, as was also shown to be the case 

from the different g/mol e~ ratios obtained from the 

Q CMB experiments. 

In the period of oxide growth from 1 to 3 min (Table 

1), while the P-oxide film continues to thicken, the 

model which best-fits this segment of the ellipsometric 

data is one in which the outer region of this growing 

P-oxide film becomes increasingly hydrated. Therefore, 

Table 4 
Change of optical properties and thickness of Pt oxide film as 
a function of growth time in 0.1 M NaOH" 

Layer number Cycling time N k d/nmb 

1 0-5 s 2.8 1.2 0.85 
2 5 s-2 min 2.2 0 2.4 
3 2-60 min 1.72 0 37.5 

" Growth by potential cycling between 0.5 and 2.82 V at 5 
V/s. 

b The total film thickness at the end of each growth period 
is obtained by summing the thicknesses of the layers formed 
up to the end of that period of time. 
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a three-layer model (a-oxide inner film and two (3-oxide 
overlayers) was used to best-fit the experimental data at 
this stage of growth. The outermost layer of the (3-oxide 
film is now characterized by slightly lower n and k 
values of 1.95 and 0.015, respectively. In order to fit the 
data at growth times beyond 3 min, the n, k and d 
parameters of the inner three layers (a-oxide and two 
p-oxide layers) were kept fixed, while additional oxide 
(layer 4) is formed in the outer region of the film. 

Table 1 shows the values of n and k, as well as the 
relevant thickness of each layer at the end of each 
period of growth for this oxide film. The refractive 
index of the outermost part of the p-oxide film, formed 
between 3 and 40 min of growth, remains constant at 
1.85, showing that the film composition does not 
change any further. This is consistent with the results 
shown in Fig. 6, in which the p-oxide g/mol e~ ratio 
remains nearly constant, at ca. 13.5, after growth times 
of ca. 200 s. 

The n value of the P-oxide film formed in the first 
minute of growth (layer 2, Table 1) is close to that for 
chemically prepared Pt02 .H20, reported to be 2.6-2.65 
[25], Additionally, the g/mol e~ ratio for the p-oxide 
film in the first minute of growth is ca. 12-12.5 (Fig. 6), 
very close to that predicted for Pt02 .H20, i.e. 12.5. 
Based on the results of Fig. 6 and the refractive index 
of the outer p-oxide film, an approximately inverse 
relationship between n and the g/mol e~ ratio appears 
to exist. As n drops from 2.5 to 1.95 (Table 1), the ratio 
increases from ca. 12 to 13.5. The earlier suggestion 
that the higher mass to charge ratios represent a higher 
degree of hydration of the P-oxide film is therefore 
supported by this data. 

Fig. 11 shows the cumulative P-oxide film thickness 
(Table 1) with cycling time, based on the ellipsometric 
results. It can be seen that the film thickness increases 
linearly with cycling time. The growth rate, obtained 
from the slope of the curve in Fig. 11, is 1.4 nm/min for 
this Pt oxide film, formed in 0.1 M NaOH by cycling at 
2 V/s between 0.5 and 2.82 V. An examination of Fig. 
5a shows that the P-oxide charge density plot curves 
downwards slightly with growth time, suggesting at first 
that the film thickness does not increase linearly with 
time. However, the ellipsometric results show that the 
film porosity/water content is increasing, and hence the 
film density is decreasing, with time of growth and 
therefore the data of Fig. 5(a) and Fig. 11 are consis
tent with each other. 

The optical properties and thickness of several other 
Pt oxide films, all formed in 0.1 M NaOH, are given in 
Tables 2-4, to assist in understanding the effects of 
E_, E + , and the sweep rate used during oxide growth 
(cf. Figs. 8, 9 and 7, respectively). In all cases, the 
a-oxide film, formed in the first 5 s of growth, appears 
to have the n and k values typical of those associated 
with a-oxide growth employing potentials greater than 

10 20 30 

growth cycling time / min 

Fig. 11. Total Pt P-oxide film thickness, determined from 
ellipsometric data (Fig. 10). as a function of growth cycling 
time between 0.5 and 2.82 V at 2 V/s on Pt disk in 0.1 M 
NaOH. 

1.6 V, i.e. Pt02 . Also, all growth conditions lead to a 
decrease in the refractive index of the P-oxide film with 
increasing film thickness, suggesting an increasing 
porosity and water content towards the outer portions 
of the p-oxide film. 

Table 2 demonstrates the impact of lowering the E+ 

value during P-oxide growth, from 2.82 (Table 1) to 2.3 
V. Fig. 8a showed that the lower E+ value led to a 
substantially slower rate of growth of p-oxide film, and 
to a notably higher g/mol e~ ratio, suggestive of a 
higher water content. Table 2 shows that, when the 
upper potential limit is decreased from 2.82 to 2.3 V, in 
the first min, the refractive index is 2 (versus 2.5 at 
E+ =2.82 V). From 1 to 6 min of growth, the n values 
are more similar, while after 6 min, the refractive index 
of the oxide film formed at E_, =2.3 V (Table 2) is 
lower (for a thinner oxide film) than when formed at 
2.8 V (Table 1). Overall, the P-oxide film formed at 
E+ = 2.3 V is more hydrated than that at E+ = 2.8 V, 
in agreement with the higher g/mol e" ratio of the 
oxide film, seen in Fig. 8(b). The average rate of 
thickening of the p-oxide film at E+ =2.3 V (1.72 
nm/min) is higher than that at E+ =2.82 (1.4 nm/min 
from Fig. 11), due to the higher degree of hydration 
and hence lower density/higher porosity of the film. 

Table 3 shows that, when E_ during growth is 
decreased from 0.5 to 0.2 V, the n value for the P-oxide 
film is quite a bit lower, overall, than in Table 1. 
indicating a higher film water content. This is consistent 
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with the higher g/mol e~ ratio seen in Fig. 9 as the 
lower potential limit, employed during growth, is de
creased. Also, the B-oxide growth rate is higher when 
E_ is 0.2 V than 0.5 V (Table 3 versus Table 1), also 
consistent with the substantially higher B-oxide charge 
densities seen in Fig. 9(a) after 3 min of growth using 
the lower of these two £__ values. 

Finally, when a 5 V/s growth sweep rate was em
ployed, Table 4 shows again that both the average n 
value of the B-oxide film and the rate of film thickening 
is lower than at 2 V/s (Table 1). These results are both 
consistent with the prediction of Fig. 7, which showed 
lower B-oxide charges at higher sweep rates (Fig. 7a) 
and a higher film g/mol e~ ratio (Fig. 7b), indicating a 
higher water content, at a growth sweep rate of 5 versus 
2 V/s. This may again reflect the fact that insufficient 
time is available to convert the water inside the oxide 
film to oxygen at high growth sweep rates. 

4. Summary 

Both compact (a-) and hydrous (B-) oxide films were 
formed at polycrystalline Pt electrodes in 0.1 M NaOH 
solutions, and the composition and properties of these 
films were established using cyclic voltammetry (CV), in 
situ mass mesurements (QCMB) and the ellipsometry 
technique. Pt a-oxide films were first studied separately 
by forming them potentiostatically at polycrystalline Pt 
electrodes in 0.1 M NaOH, using E + values less than 
1.9 V, such that no B-oxide film was present. Simulta
neous QCMB experiments showed that all a-oxide films 
are either PtO or Pt02 , based on their close to 8 g/mol 
e ~ mass to charge ratio. The growth rate of the a-oxide 
film with time at constant potentials < 1.6 V is only 
half of that at E + values of 1.7-1.9 V. Also, the 
ellipsometric data showed that the refractive index of 
the a-oxide film is distinctly different when formed at 
less than, versus greater than, 1.6 V. It is therefore 
proposed that the a-oxide film is PtO in the former 
case, and PtO, when formed in 0.1 M NaOH at poten
tials above 1.6 V. 

Hydrous Pt B-oxide films were formed, along with an 
inner a-oxide, in 0.1 M NaOH solutions, typically by 
multicycling between 0.5 and 2.82 V at 2 V/s. The 
a-oxide film is shown to thicken and then partly con
vert to B-oxide film, leaving areas of the electrode 
covered with a-oxide of unchanged thickness. The 
QCMB results showed that the a-oxide formed is likely 
Pt02 under these conditions, based on both its mass to 
charge ratio of ca. 8 g/mol e , as well as its optical 
properties. The B-oxide film exhibits a g/mol e~ ratio 
initially of ca. 11.5, increasing to ca. 13.5 as the film 
thickness thickens further. It is proposed that the B-ox
ide film becomes more hydrated with time of growth, 
changing from Pt02 .H20 initially, to Pt02.(1.2-
1.5)H20 at longer growth times. 

Pt B-oxide films formed at different E+ and E_ 
values were also examined in the CV/QCMB experi
ments. It was found that, the lower either of these limits 
were (while maintaining the other limit at either 0.5 or 
2.82 V), the higher the g/mol e~ ratio of the film. For 
e.g. when using limits of 0.1 and 2.82 V for growth, a 
ratio of 24 g/mol e~ was obtained, while a ratio of 23 
was obtained for limits of 0.5 and 2.3 V. These high 
film ratios were interpreted as reflecting a higher degree 
of hydration of the B-oxide film, and a B-oxide film 
composition of Pt02.3.5H20 would be consistent with 
this result. When lower E+ values are used, it is 
proposed that less water in the film is converted to 
oxygen, leaving it more hydrated. Lower E_ values, 
which yield lower p-oxide growth rates, may allow for 
the development of a more open, porous B-oxide film 
structure, allowing the retention of more water in the 
film. 

The ellipsometric measurements have confirmed the 
results of both the electrochemical and QCMB data. 
The difference between the optical properties of a-oxide 
films formed at lower potential and at higher potentials 
suggests that there are two different a-oxide forms, 
either PtO or Pt02 . The ellipsometric data during 
growth of the p-oxide film was fitted using a mutilayer 
model, and the results show clearly that the refractive 
index of the outer layer of the p-oxide film decreases 
with time of growth, indicative of increasing overall 
film hydration as the film thickens. Films formed using 
low E_ or E+ values during growth exhibit the lowest 
refractive indexes. Also, the rate of increase of the total 
P-oxide film thickness, obtained from the fitting of the 
ellipsometric data, is consistent with the electrochemical 
and QCMB data, obtained in parallel experiments. 
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