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Abstract 

Thin, hydrous (dispersed) Pd oxide films (/3-oxide) formed electrochemically at polycrystalline Pd electrodes in basic solutions have 
been studied using a range of electrochemical techniques as well as transmission electron microscopy (TEM). These films have been 
formed by multi-cycling potential methods to maximum estimated thicknesses of ca. 100 nm. The hydrous oxide film forms only when a 
potential of 2 V is exceeded, and electrochemical evidence indicates that it exists in the form of islands or strands lying above the compact 
Pd a-oxide film. Based on its — 90 mV pH dependence during reduction, the /3-oxide film is suggested to have the following 
composition: Pd02(OH~)2 • (Na + )2 • (n + 2)HzO. Impedance studies have indicated that the film is non-conducting, and an equivalent 
circuit very similar to that for the reduced non-conducting forms of Ir oxide and polyaniline films applies to the Pd /3-oxide film material. 
The TEM examination of cross-sections of the oxide films confirms that it is highly porous and dispersed in nature, with pore diameters 
up to 2 to 3nm and with a very low density, estimated on the basis of its measured thickness and charge density. © 1997 Elsevier Science 
S.A. 
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1. Introduction 

Like other metal oxides, oxide films formed at palla
dium electrodes can be classified into two types: a com
pact, ordered a-oxide and the highly dispersed, hydrous 
/3-oxide film. On metals such as Ir, Co, Ru, Rh, and Ni, 
/3-oxide films appear to form readily by cycling the poten
tial between the hydrogen evolution reaction (her) and 
oxygen evolution reaction (oer) potential regions [1-4]. 
These /3-oxide films are distinguished by the presence of a 
reversible electrochemical reaction in which the metal sites 
undergo oxidation/reduction between oxidation states. It 
is the reversible conversion of these oxide films between 
oxidation sfetes which is responsible for the numerous 
practical applications of these materials, e.g. in batteries, 
supercapacitors, electrochromic devices, etc. Hydrous ox
ide films formed at these metals are also characterized by 
their inability to be reduced electrochemically back to the 
metallic state [1-4]. It has been hypothesized that the 
unique structure and composition of these hydrous oxide 
films shifts the potential for their reduction negatively of 
the her. 

Corresponding author. 

In contrast, for Pd, Pt and Au, more vigorous condi
tions, involving either constant potential or potential cy
cling to potentials of 2.0 V vs. the reversible hydrogen 
electrode (RHE) or more, have been found to be necessary 
to induce and maintain the growth of /3-oxide films [5-11]. 
These /3-oxide films do not exhibit any redox behaviour 
within the potential range of the her and oer, but can be 
readily reduced back to the metallic state at potentials 
negative of that for the reduction of the compact a-oxide 
film, but still positive of the her. In fact, it is somewhat of 
a detriment that /3-oxide films formed at Pd, Pd and Au 
can be electrochemically probed only by examining their 
reduction behaviour. 

Our interest in Pd, in particular, has arisen in associa
tion with our past studies of oxide film growth at Pt 
electrodes [5,6,12] and also in relation to our more recent 
investigations of oxide film formation at Pd-containing 
amorphous materials [7,13]. Our interest lies in establish
ing the mechanism of /3-oxide film growth and proposing 
a model of the structural properties of these films. In 
addition, it appears that, depending on the method of 
/3-oxide film growth employed, these hydrous films formed 
at Pt and Pd electrodes can alter both the mechanism and 
rate of the oer [14]. It is therefore of interest to establish 
the compositional, structural and electrochemical proper-
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ties of these films as a function of the film thickness and 
the growth method employed. 

/3-Oxide film growth at Pd electrodes has been studied 
previously by Burke and coworkers [4,8-11], with a focus 
on relatively thick /3-oxide films formed and studied in 
acidic solutions. They have suggested that the /3-oxide 
film consists of hydrated and non-hydrated Pd(IV) compo
nents and that it can be best described as the anionic 
species Pd(OH)^-. Others have proposed the /3-Pd oxide 
film to consist of hydrated Pd02 [15-17] or even Pd03 

[18,19]. The model of /3-oxide film formation offered by 
Burke and coworkers [8-11] and Birss and coworkers [20] 
is one in which a highly disordered layer of Pd adatoms is 
formed during the partial reduction of the a-oxide film in 
each cathodic cycle and that this disturbed layer of metal is 
then readily converted to a hydrated oxide in the next 
positive scan. With repetitive cycling, the generation of 
metal adatoms and their oxidation and subsequent hydra
tion is suggested to continue, with a consequent thickening 
of the /3-oxide film. In our previous work [7,20,21], a 
model of hydrous /3-oxide growth involving the conver
sion, at certain sites, of the surface of the a-oxide film 
Pd02 to Pd03, followed by its hydration, deprotonation 
and cation injection to form the /3-oxide film, is suggested 
to occur at potentials above 2.0 V. 

In the present work, /3-Pd oxide films have been formed 
and investigated in alkaline solutions, the medium in which 
the dissolution of Pd is minimized. The emphasis has been 
on the formation and study of thin /3-oxide films, which, 
when reduced, do not lead to significant roughening of the 
Pd electrode surface. The specific goals of the present 
work have been to establish the compositional and struc
tural properties of the film, using impedance and other 
electrochemical approaches, as well as the use of transmis
sion electron microscopy (TEM) to establish the /3-oxide 
film structure at the nanometre scale. 

2. Experimental 

2.7. Electrodes, cells and solutions 

A polycrystalline palladium wire (1 mm diameter, 0.3 to 
1.0 cm length, 99.9%, Aldrich), sealed in soft glass tubing, 
was used as the working electrode (WE) in this study. 
Between each oxide growth/reduction cycle, the electrode 
was preconditioned for 5min in lmoll~' NaOH solution 
by potential cycling between 0.1 and 1.6 V (vs. RHE) at 
1 Vs~' for at least lOmin. The true surface area of the Pd 
electrode was determined by assuming that a 50mVs"' 
scan to 1.3 V (RHE) produces one monolayer of PdO [22], 
with an assumed charge for this monolayer of 
0.42 mC c m 2 [22-24]. The typical surface roughness fac
tors were then found to be 1.5 to 2, which agree well with 
a value of 1.8 reported in the literature [22]. 

The counter electrode consisted of a coiled Pd wire 

(lmm diameter) which was ca. 2.5 cm in length (surface 
area ca. 2.5 to 10 times that of the WE), while the 
reference electrode (RE) was usually an RHE placed in a 
second compartment and joined to the electrochemical cell 
via a Luggin capillary. In some experiments, an SSCE 
(0.236 V vs. SHE) was used as the RE. For impedance 
measurements, an additional Pt wire electrode was placed 
in the cell and connected via a 6.8 (JLF capacitor to the RE 
in order to avoid time delays which introduce phase angle 
shifts at high frequencies [25-27]. IR compensation of the 
solution resistance (typically 4 £1) was not used. Instead, 
to minimize the IR drop effect at high currents during 
oxide formation, the experiments were carried out with the 
WE placed in a precisely reproducible position in the cell. 

The 1 moll"' NaOH solution (Fisher, Certified A.C.S.) 
used in this work (deionized and doubly distilled water) 
was thoroughly deaerated by bubbling nitrogen initially 
through, and later over, the cell solution. Alkaline solu
tions of constant ionic strength were made up for the pH 
dependence studies using NaC104 as the supporting elec
trolyte. All of the experiments were carried out at room 
temperature, ca. 23°C. 

2.2. Electrochemical equipment 

An EG&G 173 potentiostat in conjunction with the 
EG&G 175 universal programmer were used for the cyclic 
voltammetric (CV) work. The resulting E/I curves were 
recorded on an analog X-Y recorder. The impedance 
work was performed using the Solartron 1255/1286 fre
quency response analyser. The impedance response was 
recorded in the frequency range from 100 kHz to 0.1 Hz 
with 12 steps per decade, using a lOmV (r.m.s.) perturbing 
signal. Z-plot software (Scribner Associates) was used to 
average the data over a 1 s period or less, with a low 
frequency filter engaged. The impedance data were saved 
on computer disks for further evaluation. The fit of the 
data to an appropriate equivalent circuit was accomplished 
using a non- linear least squares regression program written 
by B. Boukamp, University of Twente. 

2.3. Ultramicrotomy and TEM analysis 

After the oxide films were formed on the Pd wire, for 
preparation of the TEM samples, the electrode was re
moved from the electrolyte solution, rinsed well in water 
and up to a 1 cm length of the oxide-coated wire was 
removed at the Pd wire/glass junction. The specimen was 
embedded in Spurr's epoxy in the 'hard' formulation. The 
sample was then trimmed to expose the desired 
resin |oxide|metal interfaces and the specimen was sliced 
into sections, typically 30 nm in thickness. The sections 
were cut using a Reichert/Jung Ultracut E microtome 
using a DesignPak diamond knife at a cutting speed of 0.6 
to 1.5mms , as required, to prevent section curling. The 
sections were floated on water and then collected on 
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Formvar-coated copper grids. The samples were examined 
with a Hitachi H7000 TEM using accelerating voltages of 
up to 125 kV. 

3. Results and discussion 

3.1. General electrochemical behaviour of oxides at Pd 
electrodes 

Formation of the a-oxide film on Pd in alkaline solu
tions commences at a potential of approximately 0.65 V vs. 
RHE, as is documented in the potential scan between 0.2 
and 1.6 V in Fig. 1 (dotted line). Despite the fact that PdO 
is widely considered to be the most stable form of Pd 
oxide, controversy exists in the literature as to the oxida
tion state of the efectrocfternicaffy formed1 a-oxide film. 
From electrochemical and XPS studies, some researchers 
have suggested that only PdO can be formed at potentials 
negative of the oer [8,19,28,29], while others support the 
formation of Pd02 in this potential range [15-17,30-33]. 
In addition, Pd03 has also been suggested to form, either 
at potentials near the onset of the oer [16,17,30-32] or at 
potentials more positive than this [8,18,19]. In our previous 
work [7,20,21,34], the Pd a-oxide film has been suggested 
to be PdO (plateau A, in Fig. 1) at potentials negative of 
1.2 V, and then to be converted to a higher oxidation state 
at its surface, i.e., to PdOz in peak A2. 

The second type of Pd oxide, the /3-oxide film, can be 
formed on Pd to various thicknesses using either constant 
potentials or by rapid cycling of the potential between 
critical upper and lower limits. Pd /3-oxide films can be 
formed only if the potential exceeds 2.0 V vs. RHE [7,20]. 
Fig. 1 (solid line) shows the CV response during the 
reduction of both the a-oxide (C,) and /3-oxide (C3) film 
formed in 1 mol 1 ~' NaOH solution after ten cycles at 
0.5 Vs" 1 between 0.47 and 2.8 V. For relatively thin 
/3-oxide films, the C3 peak can be seen to be composed of 
several individual peaks [7,20], while for thicker films, a 
single C3 peak is usually observed. Fig. 2 shows the linear 
relationship between the charge density in the /3-oxide 
reduction C3 peak and the number of growth cycles TV 
used. The plot does not go through the origin as, in the 
first ten or so cycles of potential, only a-oxide growth 
occurs, followed by the transformation of the a-oxide film 
to /3-oxide in the 10 to 20 cycle range [20]. At higher N, 
essentially only /3-oxide film growth occurs. The thickest 
films examined in the present study involved 150 cycles of 
potential. 

In addition to its proposed hydrous and amorphous 
nature, the Pd sites in the Pd /3-oxide film are considered 
to be in a higher oxidation state than in the a-oxide film. 
Based on XPS [15] and AES [35,36] studies of electro-
chemically formed Pd oxide films, the Pd /3-oxide has 
been suggested to be a highly dispersed, hydrated form of 
Pd02 [4,8,16,17]. However, in other recent XPS studies of 
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Fig. 1. Formation of Pd a-oxide film (A,) and its reduction peak C, 
(dotted line). Reduction of the (3-oxide film (solid line) after growth at 
£_ = 0.47V, £ + = 2.8V, s = 0.5Vs_ 1 , JV=10 cycles in l m o i r 1 

NaOH. Inset: A2 / C 2 peaks in the presence of /3-oxide film, seen in the 
range of 0.8 to 1.6 V. All sweep rates are 5 = 50mVs_ 1 . Adapted from 
Refs. [7,20]. 

highly oxidized Pd electrodes by Victori and coworkers 
[18,19,37], the /3-oxide film was suggested to consist 
mainly of hydrated Pd03. 

To date, only a few studies [8-11,16,17] have focused 
on the growth of /3-Pd oxide films, and these have been 
primarily in acidic solutions in which Pd is quite soluble 
[32,38,39] and usually involving comparatively thick films 
(up to 300mCcm~2 or more). In our previous work with 
thin Pd /3-oxide films in alkaline media [7,20,21], it was 
shown that the Pd /3-oxide film forms above the a-oxide, 
and that a-oxide reduction and re-formation can be carried 
out without removing the overlying /3-oxide film, a clear 
indication of extensive /3-oxide film porosity. This is 
similar to the case of /3-oxide films formed at Pt electrodes 
in acidic solutions [5,40]. In addition, the formation and 
reduction of /3-Pd oxide films in an island-like mechanism 
was demonstrated [21], also implying a porous film struc
ture. 

Another factor which is important in the study of Pd 
/3-oxide films, and is also evidence for its dispersed and 
amorphous nature, is the fact that the properties of the 
oxide films can change with time under certain conditions. 
For example, Fig. 3 shows the reduction profiles of two 
/3-Pd oxide films, both formed under exactly the same 
conditions (details in figure caption) after holding at 1.5 V 
for solution deoxygenation for 2 (solid line) and 30min 
(dashed line). It is clear from Fig. 3 that the reduction of 
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Fig. 2. Amount of Pd /3-oxide film formed in 1 moll ' NaOH expressed 
as the charge density in the /3-oxide reduction peak as a function of N. 
/3-oxide growth conditions: £_ = ().48V, £ + = 2.8V, s = 2.0Vs" ' . 

the /3-oxide film after 2min yields a large C3 peak (which 
can be deconvoluted into two peaks, /3, and /32) and a 
small and broad /33 peak. However, after 30min at 1.5 V, 
the /33 peak increases significantly in size, while the C3 

peak, now seen clearly as two separate peaks (/3, and /32), 
is substantially smaller. It is important that the total /8-oxide 
reduction charge is the same for the two cases in Fig. 3, 
suggesting that only a change in /3-oxide structure or 
composition occurs after prolonged times at 1.5 V. This 
phenomenon is similar to the so-called 'aging' process 
reported in the literature for hydrous Ir and Co-Ni oxide 
films in the reduced state [1,2,41] and for a number of 
polymer-modified electrodes, e.g. polyaniline (PANI), Naf-
ion®, etc. [42,43]. In the case of hydrous Ir oxide films 
[41], the aging process was attributed to partial dehydration 
of the oxide film, accompanied by ion injection into the 
film in the reduced state. It was found in this work that no 
apparent aging or changes of the kind seen in Fig. 3 were 
observed as long as the potential was held for no more 
than lOmin, sufficient for either deoxygenation of the 
solution or for impedance measurements to be completed. 

3.2. pH dependence of Pd ft-oxide film reduction 

In order to obtain compositional information about Pd 
/3-oxide films, the pH dependence of the oxide reduction 
peak was tracked as a function of the solution pH at 
constant ionic strength, achieved by addition of NaC104. 
Fig. 4 shows the effect of the NaOH concentration on the 
peak potential of the /3-oxide reduction peak for films 
formed in ca. 30 growth cycles. Oxide films were reduced 
typically at 10mV s~', a sweep rate slow enough such that 
the /3-oxide reduction peak potential was independent of 
the scan rate. For comparison purposes, the dependence of 
the a-oxide reduction peak C, was also tracked under 
otherwise identical conditions. Fig. 4 shows that, while 
peak C | shows the classical near — 59 mV dependence on 

the log of the OH~ concentration, c0H , the /3-oxide film 
yields close to a — 90mV/log c0H- dependence. This 
higher than — 60mV/log c0H- dependence is characteris
tic of hydrous oxide films having a structure involving the 
presence of solution ions in the film [1,4,41,44]. Therefore, 
the reactions in Eqs. (J) and (2) are suggested to occur in 
peaks C, and C3 respectively. 

PdO + H 2 0 + 2 e ~ ^ P d + 20H~ (peakC,) (1) 

PdO, • (OH")2 • (Na+ )2 • (n + 2 )H,0 + 4e~ 

^ P d + 6 0 H " + 2 N a + + « H 2 0 (peakC,) (2) 

According to Burke and coworkers [4,9-11], the Pd 
/3-oxide film formed in both alkaline and acidic solutions 
can be represented as [Pd(OH)6]2_. Although the existence 
of [Pd(OH)6]

2~ in acidic solutions, especially in strong 
sulphuric acid solutions, remains questionable, its presence 
in alkaline solutions could be more likely. Even so, this 
anionic representation of the Pd /3-oxide film is doubtful, 
and complexation with solution cations must occur in 
order to meet the requirement for film electroneutrality. 
Therefore, considering also the highly hydrated nature of 
the film [7,20], a drawing of the structure/composition of 
a small segment of a base-grown Pd /3-oxide film is shown 
in Fig. 5. The presence of hydroxide and sodium ions is 
consistent with the higher than — 60 mV dependence on 
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Fig. 3. Reduction profiles of /3-oxide films obtained at s = 50mVs -

after potential holding at 1.5 V for solution deoxygenation for 2min (solid 
line) and for 30min (dashed line). /J-oxide growth conditions: £_ = 
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Fig. 4. Effect of pH on the oxide reduction peak potentials, for oxides formed in 30 growth cycles. Upper curve ( • ) C, peak for a-oxide, ( • ) C3 peak for 
/3-oxide film. 

the OH" concentration (Fig. 4). The film is shown as 
being attached to either the Pd metal or to a Pd a-oxide 
film surface. The conversion of the a- to /3-oxide film can 
be suggested to occur as shown in the reaction in Eq. (3), 
assuming that the a-oxide film is Pd02 at potentials 
greater than peak A2, i.e. greater than 1.2 V. 

Pd02 + (n + 2)H 20 + 2Na++ 20H" 

P d 0 2 ( O H ) 2 - ( N a + ) 2 ( n + 2)H 20 (3) 

sectioned horizontally, i.e. parallel to the surface, could 
ultimately prove to be beneficial in terms of elucidating 
the nanostructural properties of these films. 

The dependence of the measured thickness (by TEM) of 
the /3-oxide film da on its charge density q„, obtained by 
reducing an identical film formed under exactly the same 
conditions in a single slow sweep rate negative scan, is 
shown in Fig. 9. The measured thickness rises more sharply 

3.3. TEM studies of Pd (3-oxide films 

Direct observation of the structure of Pd /3-oxide films 
was made in this work using TEM of samples prepared by 
ultramicrotomy. Figs. 6 and 7 show TEM micrographs of a 
30 nm thickness cross-sectional specimen of a particular Pd 
/3-oxide-covered Pd electrode. This /3-oxide film was 
formed using 60 growth cycles and is seen to be approxi
mately 35 nm in thickness. The Pd /3-oxide film shown in 
these figures is clearly porous in nature, with oxide seg
ments (columns) which are 1 to 3 nm in width and having 
pores ca. 2nm in diameter, seen particularly well at the 
lower magnification of Fig. 6. Fig. 8 shows a cross-sec
tional view of a thinner /3-Pd film, formed using 30 cycles 
and seen to be ca. 15nm in thickness. 

Assuming that the oxide film columns are 1 to 2nm in 
average cross-section, and that the pore diameters are 
about 2 nm in these Pd /3-oxide films, it is clear that, in a 
30 nm thickness cross-sectional sample of the film, many 
columns and pores would be superimposed in the TEM 
image. Therefore, it is not surprising that the film structure 
cannot be more clearly established than shown in Figs. 
6-8. In fact, TEM studies in which oxide films are cross-
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formula PdO, (OH" ), -(Na+ ) , (n + 2)H,0. 
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Fig. 6. Cross-sectional TEM micrograph of a 30 nm thickness section 
showing a Pd /3-oxide on Pd substrate. Oxide growth conditions: 1 raolP1 

NaOH, N = 60 cycles, E_ = 0.48 V, E+ = 2.8 V, s = 2.0Vs"1 . The dark 
area on the left side is the resin, the light area ^n right is Pd metal, with 
oxide film between. Adapted from Refs. [7,21]. 
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Fig. 8. Cross-sectional TEM micrograph of a 30 nm thickness section 
showing Pd /3-oxide on a Pd substrate. Oxide growth conditions: 1 molP 1 

NaOH, N = 30 cycles, E_ = 0.48 V, £ + = 2.8 V, s = 2.0 V s~'. Resin is 

on the right, Pd on the left and thin porous oxide film between. 

at higher charge densities, perhaps suggesting that film 
thickening is predominant at qp higher than 6.5mCcm~2, 
while for lower charge densities (lower N), /3-oxide film 
growth is primarily lateral in nature. This would be consis
tent with the model of Pd /3-oxide film growth suggested 
previously [7,20,21], and also implies that the film should 
have its lowest density at low q^ (low N), consistent with 
the TEM results of Fig. 8 (N = 30) and Fig. 6 (N = 60), 
both at the same magnification. Further support for the 
formation of the /3-oxide film in the form of columns or 
islands has arisen from the recent structural studies of Pt 
and Au electrodes after the reduction of thick oxide films 
(probably hydrous) carried out by Arvia and coworkers 
[45-47], Using integrated STM and SEM techniques [46], 
they observed columnar surface structures on these elec
trodes, inferring a similar columnar (strand) structure for 
the oxide film prior to its reduction. 

Assuming that the Pd /3-oxide film is in the ( + IV) 
oxidation state during its reduction to Pd metal in the C3 

peak, one monolayer of a compact Pd(IV) oxide film 
might be expected to involve a charge density of ca. 
0.45 mCcm"2 and have an estimated thickness of 0.5 nm. 
This would lead to a predicted thickness to charge density 
ratio of 1.1 nmmC"1 cm2. Fig. 9 shows that the observed 
ratio is close to 4nmmC~' cm2 for N < 30, and ca. 8 to 
10nmmC~' cm2 for /3-oxide films of higher charge den
sity (higher N values). These values are clearly much 
higher than for a compact oxide film, indicative of a high 
degree of porosity. 

If one considers that the single strand of Pd /3-oxide 
film, shown schematically in Fig. 5, has a strand cross-sec
tional diameter of ca. 1 nm and assuming inter-strand pore 
diameters to be of a similar size to that of the strand itself. 

Fig. 7. Higher magnification view of /3-oxidt; film shown in Fig. 6. 

qp / mC cm" 

Fig. 9. Plot of measured thickness (by TEM) of the /3-oxide film vs. 
charge density, obtained by electrochemical reduction of an oxide filni 
formed under identical conditions (see captions of Fig. 6). 
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a film thickness to charge density ratio of 8nmmC - 1 cm2 

would be obtained. This compares favourably with the data 
at high N. This confirms once again that Pd /3-oxide films 
are highly porous in nature, having a much lower density 
than predicted for compact oxide film materials. 

3.4. A.c. impedance characteristics of Pd (3-oxide films 

A.c. impedance spectroscopy was employed in this 
work primarily to attempt to identify an equivalent electri
cal circuit which would fit to the experimental data so that 
additional insight into the electrical and structural proper
ties of Pd /3-oxide films in alkaline solutions would be 
obtained. In this work, the /3-oxide films were formed 
using the repetitive potential cycling method of Burke and 
coworkers [4,8-11], i.e. cycling between 0.48 and 2.8 V at 
2Vs~' for N cycles, with N ranging from 20 to 150, i.e. 
a factor of 7.5 in terms of the amount of /3-oxide film 
formed (Fig. 2). Following film formation, the potential 
was held at 1.0 V for 2 min while the solution was deoxy-
genated, and then the a.c. impedance data were collected, 
requiring 7 min. The value of 1.0 V was selected because it 
was determined in this work that this was a potential at 
which the /3-oxide film was the most stable, i.e. no further 
/3-oxide film would form and the oxide was not prone to 
either dissolution or any transformation. It should be noted 
that the /3-oxide film will dissolve gradually at open circuit 
(OC). Therefore, it was important to allow only negligible 
time under OC conditions during switching between the 
potentiostat and the impedance analyser. The oxide films 
were then reduced in a single negative scan at 100 mV s~', 
leading to the data of Fig. 2. The C3 /3-oxide reduction 
peak shape and size (charge density) was then also com
pared with that seen for the reduction of a second oxide 
film, which was formed using identical conditions but 
reduced immediately after solution deoxygenation at 1.0 V 
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Fig. 10. Bode plot obtained at 1.0V for /3-oxide film formed in 1 moll 
NaOH after N = 20 cycles (solid line) and N = 150 cycles (dashed line). 
Conditions: E_ = 0.48V, E , = 2 . 8 V , s = 2.0Vs~'. 
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Fig. 11. Bode plot obtained at 1.0 V for /3-oxide film formed in 1 molP 
NaOH during N = 4-0 cycles (symbols) and the best non-linear least 
squares fit to the data (solid lines) using the equivalent circuit shown. 
Note the near-perfect fit over the entire frequency range. 

for 9 min. This was done to ensure that the properties of 
the /3-oxide films had not been altered in any significant 
way by the 9 min spent at 1.0 V during deoxygenation and 
the subsequent collection of the a.c. impedance data. 

A typical set of Bode diagrams for N= 20 and 150 is 
shown in Fig. 10 over the range of frequency from 0.1 to 
100 000 Hz. Inspection of the phase angle data in Fig. 10 
shows at least two time constants. One is at ca. 20 Hz, with 
a shoulder reflecting a second RC component at frequen
cies below 1 Hz. Several likely different circuits were 
carefully tested in order to fit all of these data sets. Only a 
single circuit was found to apply to the /3-oxide-covered 
Pd electrodes. This circuit is shown in Fig. 11, along with 
the overlay of the experimental data (N = 40) and the best 
fit data using the equivalent circuit shown. The error of the 
fit was found to be very low, with ^ 2 , the measure of the 
overall non-linear least squares fit, no larger than 2 X 10~4. 
The fit error was constant throughout the whole frequency 
range, indicating that the circuit applies very well over the 
entire experimental frequency range. 

As was discussed in our impedance study of a-Pd oxide 
films [34], the fact that the same circuit fits well to oxide 
films of different thicknesses is an important test of its 
applicability. Therefore, it is necessary to examine the 
effect of film variables (e.g. charge density) on the magni
tude of the circuit elements, as well as to attempt to 
provide physical meaning to the circuit itself and to its 
elements. In the circuit of Fig. 11, R& is the solution 
resistance between the WE and the RE, typically 4 fl in all 
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Fig. 12. Evaluated impedance parameters for Pd /3-oxide film formed in 
ImolP 1 NaOH at different numbers of growth cycles, from N = 20 to 
N= 150. The equivalent circuit used is the same as in Fig. 11. Rs, the 
solution resistance, essentially constant at 4 ft, is not shown.(a) CPE-1, 
n- 1 and R-l; (b) CPE-3, n - 3 and R-3; (c) CPE-2 and n-1. 

of the data sets. Rs appears, as it should, in series, with the 
remaining elements, all of which represent surface film 
parameters. Fig. 12(a) shows the dependence of the ele
ments labelled as CPE-1 and Rl in Fig. 11, as well as the 
associated n value for CPE-1, on the amount of /3-oxide 
film formed, given as N. The constant phase element 
(CPE) is a parameter which describes the behaviour of the 

impedance Z as a function of the signal frequency / . This 
relationship is, in its simplest form, Z = (l/CPE)(j27r/)"; 
j is the imaginary unit, indicating that Z will be composed 
of both real and imaginary components (for 0 < n < 1). If 
n = 1, the CPE behaves as a pure capacitor. The capacitors 
in electrochemical systems usually have values of n some
what smaller than unity. This phenomenon is often associ
ated with porous, rough, or fractal surfaces [34]. 

It is significant that the values of CPE-1 are rather high 
in general, reaching a maximum of ca. 380 jxF. Such high 
values are typical of the pseudocapacitance due to surface 
monolayers [34,48,49]. Fig. 1 (inset) shows that at 1.0 V, at 
which the impedance data were collected, the potential is 
within the potential range of the A 7 / C 2 peaks, which 
have been assigned previously [7,34,20] to reflect the 
PdO/Pd02 redox process believed to occur at the a-oxide 
surface. In our previous impedance study of Pd a-oxide 
films, a similar pseudocapacitance was reported [34]. 
Therefore, it is reasonable to suggest that CPE-1 reflects 
the pseudocapacitance due to the oxidation/reduction of 
PdO/PdO, at the a-oxide surface. This supports our 
model of a highly porous /3-oxide film structure, such that 
the surface of the underlying a-oxide film can continue to 
yield its signature, even in the presence of relatively thick, 
overlying /3-oxide films. The reaction in the A 2 / C 2 peaks 
has been shown to be relatively kinetically reversible [4], 
consistent with the very low values of R-l of only 5-20 11, 
shown in Fig. 12(a). Although not shown in Fig. 1, the 
A 2 / C 2 peaks increase somewhat in magnitude with N, up 
to a maximum value, which, once again, would be consis
tent with the trend shown in Fig. 12(a). The fact that the n 
value associated with CPE-1 (inset in Fig. 12(a)) decreases 
from a value close to unity, indicative of close to purely 
capacitive behaviour, to a value of less than 0.8 with 
increasing N, may reflect the presence of the overlying 
increasingly thick porous /3-oxide film. It is known that n 
values will be less than 1.0, and increasingly so, if the 
signal is coming from within or beneath a porous matrix 
[50]. The increase in R-l with N, reaching a steady-state 
value for N > 80, may reflect the fact that at the lower N 
values, the /3-oxide islands are still spreading laterally on 
the electrode surface, thus decreasing the surface area of 
the a-oxide film (hence increasing its resistance) which is 
in contact with solution at the base of the /3-oxide film 
pores. At higher N values, /3-oxide film growth is be
lieved to occur only by thickening, such that the area, and 
hence the resistance, of the underlying a-oxide film now 
remains constant. This is consistent with the TEM results, 
shown in Fig. 9. 

Having assigned the CPE-1 and R-l elements as reflect
ing the conditions at the surface of the a-oxide film at the 
base of the /3-oxide film pores, it is very interesting that 
the remaining part of the equivalent circuit, i.e. labelled as 
CPE-2, R-3 and CPE-3 in Fig. 11, is identical to that 
obtained in parallel work [51] for the reduced, non-con
ducting form of Ir oxide and is also very similar to that for 



V.I. Birss et al. / Journal of Electroanalytkal Chemistry 429 (1997) 175-184 183 

the reduced, non-conducting form of PANI [52]. In the 
case of both Ir oxide and PANI films, it is known that in 
the non-conducting form, only the pores of the film can 
pass the small leakage currents which are due to spurious 
processes such as oxygen reduction. Therefore, these three 
circuit elements have been ascribed [51,52] to the base and 
sides of the pores of the film. By analogy to the other 
studies, R-3 and CPE-3, with its associated n value of 
close to 0.5 (Fig. 12(b)) typical of a Warburg admittance, 
are suggested to reflect the diffusion-controlled passage of 
trace currents in the pores of the Pd /3-oxide film. At 
1.0 V, the potential at which the impedance data were 
collected, cathodic leakage currents of the order of 10-
300 nA were routinely observed, reflecting the diffusion-
controlled reduction of trace levels of oxygen in solution. 
It is noteworthy that the relative independence of the 
values of R-3 and CPE-3 on N (Fig. 12(b)) supports this 
interpretation, since the trace oxygen concentrations were 
essentially constant due to reproducible nitrogen purging. 

The remaining circuit element, CPE-2, also seen in the 
equivalent circuits of reduced, non-conducting Ir oxide 
[51] and PANI [52] films, does show a dependence on A' 
(Fig. 12(c)), while its associated n value remains relatively 
constant at ca. 0.9. Interestingly, CPE-2 decreases to a 
steady-state value at N > 80, similar to the dependence of 
CPE-1 on N. It was suggested in the discussion of CPE-1 
that no further lateral growth of the /3-oxide film occurred 
at N>80, and that the /3-oxide film would then only 
thicken. Based on this model, the CPE-2 component would 
then also reflect an element at the base of the film pores, 
similar to CPE-1, most likely the sum of the Pd|a-oxide 
and the a-oxide|solution interfacial capacitances. CPE-2 
cannot reflect the /3-oxide film, since it would then either 
decrease continuously for A' = 80 to 150 if it had dielectric 
properties or increase continuously if it behaved as a fully 
conducting hydrous oxide film of increasing active surface 
area with increasing N. It is noteworthy that the /3-oxide 
film itself is invisible to the impedance technique, consis
tent with its supposed insulating and porous characteristics. 
This is similar to the case of porous, insulating aluminium 
oxide films, which also cannot be detected readily by the 
a.c. impedance technique. If the /3-oxide film itself were 
responding to the a.c. perturbation, another CPE, which 
would increase in proportion to the amount of /3-oxide 
film present, should have been present. * 

The fact that Pd /3-oxide films appear to be non-con
ducting at 1.0 V is consistent also with parallel experi
ments carried out with /3-Pt oxide films, where it was 
shown [5] that even very thin /3-Pt oxide films almost fully 
inhibit the Fe 2 + / 3 + redox process. It is interesting that in 
the case of both /3-Pd and /3-Pt oxide films, a marked 
increase in film conductivity can be detected in the Tafel 
plots for the oer, at above 1.8 V in the case of Pt /3-oxide 
[5,14] and above 2.0 V for /3-oxide coated Pd electrodes 
[14]. This is seen by a marked decrease in the Tafel slope 
for the oer at potentials greater than these values, suggest

ing that the hydrous Pd oxide film undergoes an insulating 
to conducting transition at 2.0 V, similar to what is seen 
for Ir oxide films at approximately 0.9 V [1,41,44,51]. The 
potential of 2.0 V above which the increase in the oer 
kinetics is observed for Pd /3-oxide film is significant as it 
is also the minimum potential required to form the /3-oxide 
[7,14,20]. 

Overall, it can be concluded that the impedance re
sponse of /3-oxide films of varying charge densities fully 
supports the model of a high degree of porosity. Its 
impedance characteristics are very similar to those of the 
non-conducting forms of Ir oxide and PANI, except that an 
additional time constant (CPE-1, R-l) is present, suggested 
to reflect the pseudocapacitive A 2 / C 2 process which oc
curs at 1.0 V at Pd electrodes (Fig. 1). Such an electro
chemical process does not occur at either reduced PANI or 
Ir oxide electrodes. This additional time constant in the 
case of Pd /3-oxide appears in series (Fig. 11) with the 
impedance signature of the film pores (CPE-3, R-3), which 
is further support for the topological features of this model. 
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