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Abstract 

Thin Pd oxide films formed by holding at potentials up to 1.8 V vs. RHE and in single sweeps up to 2.2 V at polycrystalline Pd 
electrodes in both acidic and basic solutions were investigated with the use of ac impedance techniques. At both acidic and alkaline 
pH, impedance analysis shows that, once about one monolayer of the compact a-oxide film is formed, it exhibits dielectric 
properties which do not change over the potential and film thickness range investigated. A permittivity of 19 obtained for oxide 
grown in 1 mol I"1 sulfuric acid and 40 when formed in 1 mol 1~] NaOH, suggesting that the a-oxide film has different properties 
in these two different media. In alkaline solutions, evidence is obtained for the potential-dependent adsorption of hydroxide ion on 
Pd at potentials prior to a-oxide formation. The presence of a pseudo-capacitance in the case of oxide-coated electrodes in this 
medium also suggests hydroxide adsorption or the presence of a hydrated layer on the a-Pd oxide film surface. At potentials 
greater than ca. 2.0 V, the ac response changes significantly and can be correlated with the onset of growth of a second type of Pd 
oxide, considered to be the hydrous /3-oxide film material. 

1. Introduction 

The electrochemical formation of oxide films at 
polycrystalline and single crystal noble metal electrodes 
has been studied extensively over the years, using a 
wide range of electrochemical techniques [1-3]. Other 
in situ approaches employed have included quartz crys
tal microbalance techniques [4-7], ellipsometry [8,9], 
optical transmission spectroscopy [9], Raman spec
troscopy [9-12] and electrically modulated reflectance 
at single wavelengths [13] to establish the kinetics and 
mechanisms of oxide growth. Ex situ methods, such as 
X-ray photoclectron spectroscopy (XPS) [14-16] and 
X-ray diffraction [17], have also been used to establish 
th / 
ne nature (primarily the composition) of thin oxide 
ulms on noble metals. However, there remains sub
stantial uncertainty in terms of the properties of these 
e ectrochemically formed oxide films, i.e. their oxida-

on state, conductivity, degree of hydration and mode 
ot growth. 
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In the present work, ac impedance methodologies 
were employed to attempt to shed further light on the 
nature and properties of these oxide films. The specific 
goals of this work, therefore, were both to determine 
whether the film properties suggested by the ac 
impedance measurements are in accordance with the 
prior literature and to utilize this technique to obtain 
new and useful information about these oxide films. 
The specific focus of this paper is on thin oxide films 
formed electrochemically at polycrystalline Pd elec
trodes, in both acidic and basic solutions. 

It is generally agreed that the electrochemical oxida
tion of noble metals such as Pt, Ir and Pd is initiated by 
a place exchange process [18-20], resulting in the for
mation of a thin, compact, anhydrous film (the a-oxide), 
which thickens with increasing potential according to 
the high-field growth mechanism. However, the oxida
tion state of the a-oxide at these metals as a function 
of film thickness and potential remains controversial. 
On the basis of electrochemical and XPS studies, it has 
been suggested that only PdO is formed at potentials 
negative of the oxygen evolution reaction (OER) [21-
24], while others have suggested the formation of Pd0 2 

in the same potential range [25-31]. P d 0 3 has also 
been postulated to form either near the potential of 
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the OER [27-31] or at more positive potentials 
[23,24,32]. Birss and co-workers [33,34] have suggested 
that only PdO and Pd0 2 are components of the a-Pd 
oxide film. Under more vigorous oxidizing conditions, a 
hydrated /3-oxide film is also known to form [2,3,33], 
Previous studies indicate that the /3-film lies above the 
compact, anhydrous, a-oxide film [35-40]. The 
impedance properties of Pd /3-oxide films will be pre
sented in detail in a future publication [41]. 

Only a few impedance studies have been carried out 
with palladium electrodes in the past. Pares et al. 
studied the anodic behavior of palladium in various 
media, i.e. 0.5 mol1 HC1 and H 2 S 0 4 [42], 1 mol l 1 

HC104 [43] and 1 mol l"1 KOH [44], and included 
some impedance measurements in their analysis. A 
Randies equivalent circuit was assumed to describe the 
OER in the alkaline solution, which was suggested to 
occur at oxide-coated Pd at potentials above 0.5 V vs. 
SCE (ca. 1.6 V vs. RHE). At potentials near 1.0 v vs. 
SCE, a minimum in the double layer capacitance was 
observed (30 uT cm"2) and this was explained as re
flecting the formation of an oxide film in which Pd was 
highly oxidized, e.g. Pd0 3 . In contrast, the research 
reported in the present paper focuses on the impedance 
response of Pd oxide films formed over a relatively 
wide range of potentials, but measured under condi
tions in which the occurrence of redox processes such 
as the OER or oxygen reduction is minimized. 

In another impedance study of palladium, Breiter 
[45-47] considered the adsorption/absorption of hy
drogen and the double layer properties of Pd wire 
electrodes in acidic solutions. The metal-solution dou
ble layer capacitance in the 0.3-0.6 V vs. RHE range 
of potential was found to be essentially independent of 
frequency, with a value of 40 u.F cm"2 [46]. Other 
measurements of double layer capacitance values in 
the literature are scattered. For example, in ref. 45, 
double layer capacitance as high as 70 u.F cm~2 are 
reported. Pound [48] reported values of 60 iiG cm2 for 
Pd electrodes and 70-177 / iF cm"2 for Pd coated on 
steel electrodes in acidic solutions. For a 1 mol l"1 

KOH solutions at 1.0 V vs. SCE, a value of a ca. 30 uT 
cm"2 is given [44]. The value reported for 0.1 mol l"1 

NaOH [49] is much lower, 7 u.F cm"2. It is clear that 
there is significant uncertainty in the correct value of 
the double layer capacitance of Pd electrodes in both 
acidic and alkaline solutions. 

2. Impedance Measurements of oxide films on metal 
electrodes 

The measurement of the electrochemical current/ 
potential response over a wide range of frequencies 
(electrochemical impedance spectroscopy) readily yields 

kinetic parameters but it can also provide mechanist! 
information and insight into the structural propertie 
of the electrode surface. In the present study of paija 

dium oxide films, for which information about fj]m 

properties is sought, the most useful aspect of the 
impedance response has been the capacitive comp0 

nents. For a system involving a metallic electrode cov
ered by an oxide film and immersed in an electrolyte 
solution, three main contributions to the measured 
capacitance are usually present: the interfacial capacj. 
tances at the metal I oxide and at the oxide | electrolyte 
interfaces [50] and the capacitance of the oxide fil̂  
itself. Typically these capacitances will be bridged by 
resistances, indicative of the leaky character of the 
interfaces and the film; the resistance of the electrolyte 
must also be considered. 

Ideally, the impedance of a capacitor is expressed as 

Z(co)=R-l/jcoC (i) 

where C is the capacitance (farad), ;' is the imaginary 
unit, co the angular frequency (= 2irf, where / is the 
frequency (hertz)) and R is the system (usually the 
solution) resistance in series with C. However, in prac
tice, because of the complexity of the electrochemical 
system, the impedance should be written as [51,52] 

Z(co)=R-B/(jco)n (2) 

where the fraction is the constant phase element (CPE), 
with B being a constant and the exponent, n, having 
values between 0 and 1. For n approaching 1, eqn. (2) 
is identical with eqn. (1), with C = l/B. It has been 
shown that the parameter n varies with the roughness 
of the electrode, with a rougher surface resulting in a 
smaller n [51,53]. In some work, n values of less than 
unity have been interpreted using fractal analysis 
[51,53-55]. The quality of the fits for impedance data 
generally benefits from the use of a CPE in place of a 
pure capacitor. The use of a CPE can account for 
geometrical non-idealities such as surface roughness or 
distributed parameters, without quantitatively describ
ing them. 

Oxides of many metals (non-conductive and semi-
conductive) behave as dielectric materials and may, 
therefore, be studied by impedance methods. For ex
ample, ac impedance has been commonly used in stud
ies of barrier oxides films at valve metals such as Aj 
[56,57], Zr [58,59] and Ti [60]. Although the concept of 
two well defined capacitor plates separated by a laye 

of dielectric material probably does not describe tn 
metal I oxide | solution system accurately, the metal o 
ide film formed electrochemically can still often 
viewed and treated as a dielectric layer. In this ca 
the capacitance of the surface film of dielectric m 
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;al with area, A, and thickness, d, is defined by the 
rallel-plate capacitor equation: 

C~ee0A/d (3) 

vhere £ is the relative permittivity of the film material 
and e0 is the permittivity of a vacuum. Typical capaci
tances reported for thin barrier oxide films are in the 
range 0.1-5 ;u.F cm~2 [56]. From eqn. (3), it follows 
that C should be proportional to l/d, so that for a 
ujown and constant true surface area and a given 
permittivity of the material, the thickness of an oxide 
film can be determined. A permittivity value for PdO 
obtained from ellipsometric measurements is e = 9,0 
[961]. Examples of e values in the literature for other 
metal oxides are CuO (15°C) 18.1, FeO 14.2, Si0 3 4.3, 
T l02 \4-lYS> ftli a-nd Z i 0 2 2%-2A ft%3V 

Another source of capacitance sometimes encoun
tered in electrochemical studies is the adsorption 
pseudo-capacitance. This would be observed, for exani-
ple, when a charged species adsorbs on an electrode 
surface. Pseudo-capacitive behavior is also observed 
when layers of electrochemically reversible (kinetically 
rapid reaction) materials deposit on the electrode sur
face, e.g. metal monolayers deposited at underpotefl-
tials and hydrogen atom adsorption/desorption at Pt 
[63]. Electrochemically reversible polymer films such #s 
polyaniline [64] or oxide films such as Ir oxide [65] 
exhibit supercapacitor behavior, as the entire film be
haves as a pseudo-capacitor [66]. It is important to note 
that, in contrast to the behavior of dielectric surface 
films, for which the capacitance becomes smaller as the 
film thickens (eqn. (1)), the opposite is true ft>r 
pseudo-capacitive surface films or adsorbed layers. 
Since, in the latter case, the capacitance depends on 
the total amount of material that can react electro
chemically, the measured capacitance will increase with 
increased film thickness. It is interesting to calculate a 
typical value for a pseudo-capacitance. Assuming a 
Langmuir adsorption isotherm [52] for a single monO-
'ayer if fjim material with q = 0.22 mC cm"2, the peak 
pseudo-capacitance will be 2.14 mF cm"2, which about 
two orders of magnitude larger than typically observed 
values for a metal-solution double-layer capacitance, 
ie-ca. 20MFcm 2 [50] . 

3' Selection of Best-Fit Equivalent Circuit 

Much of the literature involving impedance studies 
Restricted to the presentation of the impedance data 
Knout establishing rigorously the most appropriate 
Itiivalent circuit and therefore without reporting it in 
1111 of meaningful circuit parameters. While this ap-
°ach is perhaps sufficient in comparison studies 
ere changes in a given system are being monitored, 

a substantial amount of information contained in the 
raw impedance data is therefore lost. In the present 
work, particular efforts have been made to identify the 
optimum equivalent circuit, which is both the "best-fit" 
to the experimental data, achieved by computer opti
mization methods, and which is also the most reason
able from the chemical and electrochemical stand
point. The following criteria were used to achieve this: 

(a) The circuit and its electrical components must be 
sensible in terms of the implied properties and geome
try of the electrode | oxide | solution system. With three 
or more discrete circuit components, it is sometimes 
possible to use either parallel or series RC compo
nents in some part of the circuit. Although these would 
be algebraically equivalent, the selected circuit must 
'nave a geometry consistent wit'n t'ne presumed p'nys'ica'i 
arrangement of the components of the electrochemical 
system. 

(b) If the system is known to pass current at a 
constant potential, a resistive current path should be 
available in the circuit which is not blocked by a 
capacitor. It is interesting that impedance data can 
often fit a circuit which does not have a resistive 
pathway through it, but this is usually the case when 
impedance measurements are not carried out to suffi
ciently low frequencies or if a large capacitor is present 
in the circuit. 

(c) Efforts should be made to ensure that the best-fit 
circuit has the minimum number of variables (R, C, 
CPE or n) necessary to describe the components of the 
real system, but not so few that the quality of the fit is 
diminished. In general, the larger the number of vari
ables, the better the fit will be. This is similar to the 
fitting of a tenth-order equation to ten experimental 
points distorted only by random experimental error, 
which, while resulting in a perfect fit, would clearly be 
unrealistic. 

(d) If a capacitive element is encountered for which 
C is inversely proportional to d, typical of a dielectric 
response, then the R parallel to this C should be 
directly proportional to d and the R should also have a 
relatively high value, to be consistent with this. No 
value for the resistivity of PdO was found in the 
literature, although values for electrochemically formed 
hydrous Pt /3-oxide, i.e. P t 0 2 - x H 2 0 , have been re
ported to be 3.6 X 104 n cm [67] and 103 il cm [68], 
while for a chemically prepared P t 0 2 in the form of 
compressed powder, the value is given as 106 Q cm 
[69,70]. 

(e) The same equivalent circuit must apply over as 
wide a range of experimental conditions, e.g. potential 
and film thickness, as possible. Also, a good correlation 
should be present between a change in the value of 
particular component of the circuit and the disappear-
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ance/appearance of a corresponding electrochemical 
feature. 

4. Experimental 

4.1. Electrodes 
Polycrystalline palladium wire (1 mm diameter, ca. 

0.35 cm length, 99%; Aldrich), sealed in soft glass 
tubing, was used as the working electrode (WE) in this 
study. Prior to oxide film growth, the electrode was 
preconditioned by potential cycling between 0.1 and 
1.6 V (vs. RHE) at 1 V s"1 for at least 10 min. 
Between individual oxide growth-impedance measure
ment-oxide reduction cycles, the same surface condi
tioning regime was used. Reproducibility of the WE 
surface condition was verified by the examination of 
the cyclic voltammetric (CV) response between 0.3 and 
1.3 or 1.6 V at 50 mV s_ 1 . The true surface area of Pd 
was estimated by assuming that a 50 mV s _ 1 s scan to 
1.3 V (RHE) produces, in acid solutions, one mono
layer of PdO [46], with an assumed charge for this 
monolayer of 0.42 mC cm~2 [46,71,72]. The typical 
surface roughness was then found to be 1.5-2, which 
agrees well with a value of 1.8 reported in the litera
ture [46]. 

The working and counter electrodes (Pd wire, coiled, 
1 mm diameter, ca. 2.5 cm length) were placed about 
1.2 cm apart in the same compartment of the electro
chemical cell. Efforts were made to maintain a repro
ducible geometry of the electrodes from one experi
ment to another, in order to avoid the introduction of 
any spurious changes to the electrical characteristics of 
the electrodes and the cell. It is possible that coiling 
the counter electrode around the working electrode, as 
described by Breiter [46], could have shortened the 
integration time needed to obtain reproducible results. 

The reference electrode (RE) was a reversible hy
drogen electrode (RHE) placed in a second compart
ment and joined to the electrochemical cell via a 
Luggin capillary and a wet, closed, ground-glass stop
cock. Although this configuration is generally suitable 
for electrochemical measurements, owing to its resis
tance and capacitance characteristics, it introduces a 
time delay to the potentiostat, seen as a phase shift at 
high frequencies. This problem was eliminated by plac
ing an additional Pt wire electrode in the main com
partment of the cell and connecting it via a 6.8 fiF 
capacitor to the RE lead [56,73,74]. 

4.2. Equipment 
Impedance spectroscopy was performed using a So-

lartron 1255 frequency response analyzer connected to 
a Solartron 1286 electrochemical interface. Since the 
differential two-reference electrode input of the So

lartron potentiostat was not required in this work 
three-electrode function was achieved by connected 
the WE and the Re2 connections together. The fre. 
quency range investigated was usually from 100 000 to 
0.1 Hz, 12 points per decade, with a polarization arnplj. 
tude of 10 mV rms. A dc offset was employed to 
subtract the dc component of potential and current 
from the analyzed ac signals. A type C bandwidth 
proved to be stable setting and a low-pass filter was 
engaged at frequencies below 5 Hz. The sensing resis
tor was chosen automatically and the instrument re
evaluated this choice several times throughout the fre-
quency range to achieve optimal response. The auto-
integration feature of the instrument was set to "short 
on channel 1" and the recorded results showed that 
the integration, with an occasional exception at very 
low frequencies, was completed within the prescribed 
error limit. With all of these features engaged, the data 
gathering over the entire frequency range at a single 
potential required between 5.5 and 8 min. 

The data acquisition on a computer disk was carried 
out by Z-Plot software (Scribner Associates). A pro
gram written by us in BASIC was used to drive the 
Solartron 1286 between impedance measurement seg
ments to produce the desired potential sweep pro-
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Fig. 1. Typical set of cyclic voltammograms (50 mV s^1) f°r °c 

mol l"1 H 2 S 0 4 after positive excursion to various E+ (1.6-2.2 
RHE). Negative sweep was interrupted for 2 min at 1.4 V for o> 
removal. 
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rarns and obtain CV data. This program was incorpo
rated as part of the external program routine of the 
hatch feature of Z-Plot. The collected impedance data 

e r e subsequently evaluated using a non-linear least-
uares fit program (equivalent Circuit, version 3.97, 

vtitten by B. Boukamp, university of Twente). 

ll Solutions 
The solutions used in this study were 1 mol 1_ 1 

jsJaOH and 1 mol l"1 H 2 S0 4 , prepared from ACS-
grade chemicals and using deionized and doubly dis
tilled water (obtained with a Corning MP6A Mega-Pure 
system). No steps were taken to prevent or determine 
(he build-up of carbonate in the basic solution. Rather, 
fresh solutions were made up for each set of experi
ments. Solutions were thoroughly deaerated by bub
bling nitrogen initially through, and later over, the cell 
solution. Control of the presence of redox-active species 
was very important in this work, so that measured 
changes in resistance could be interpreted as reflecting 
changes in film resistance (properties), rather than 
changes in the magnitude of faradaic current during 
reactions such as oxygen reduction. All of the experi
ments were carried out at room temperature, ca. 23°C. 

5. Results and Discussion 

5.1. Impedance of Pd electrodes in acidic solutions 
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Fig. 2. Nyquist plot (real vs. imaginary impedance) for Pd in double 
layer potential region (0.5 V vs. RHE) in 1 mol 1 _ 1 H 2 S0 4 . Fre
quency range from 80 kHz (lower left) to 0.5 Hz (upper right); 12 
points per decade, 10 mV (rms) perturbing potential. ( + ) Experi
mental data; (o) corresponding fit based on equivalent circuit shown. 

5.1.1. Pd in the double-layer potential range 
Figure 1 shows a typical set of CVs for an electro-

chemically pretreated Pd wire electrode in 1 mol 1_ 1 

H2S04. a-Oxide growth can be seen to commence at 
0.75 V, growing at a field-dependent rate with increas
ing E+ (upper potential limit), consistent with the 
increase in the amount of a-oxide being reduced in 
peak Cj with increasing E + . At ca. 1.5 V the oxygen 
evolution reaction (OER) commences at the Pd/Pd 
oxide electrode, while at approximately 0.3 V hydrogen 
H formed and absorbed into the metal lattice, forming 
Palladium hydride [45]. In this acidic solution, the 
double layer region, over which the metal is believed to 
be essentially free of oxide film and of adsorbed/ab
sorbed hydrogen, ranges from ca. 0.4 to 0.7 V. 

Our initial experiments were aimed at determining 
the Pd electrode surface area based on the double 
ayer capacitance data reported in the literature [45-47] 

and COm-paring this with our usual method of surface 
p.ea estimation from oxide reduction charge densities. 
. 'Sure 2 shows a Nyquist plot of a typical set of 
|mPedance data, obtained at 0.5 V. The best-fit circuit 
^ this data is a simple parallel R-CPE circuit (with 
m " r ' ° n resistance, Rsol, in series), as expected for a 

e a l I solution interface. Since the exponent of the 

CPE is close to 1 (0.93-0.99), indicative of a relatively 
smooth, homogeneous surface, the CPE is shown in 
Fig. 2 as a capacitor, C. 

The dependence of the capacitance on the potential 
in the double layer region (Cdl) is shown in Fig. 3. This 
result is similar to that reported by Breiter [46]. In this 
experiment, the impedance measurements were carried 
out at potentials from 0.4 to 0.7 V, without recondi
tioning the electrode between individual runs. The 
minimum capacitance for this particular electrode is 
6.5 uT. If the double layer capacitance value of 40 ju-F 
cm"2, given by Breiter [46], is used to estimate the 
electrode area, the true surface area would be 0.16 
cm2. By comparison, the area calculated from the 
assumption that a charge density equivalent to 0.42 mC 
cm~2 (due to PdO formation) is passed in a potential 
sweep to 1.3 V [46] is also 0.16 cm2. Figure 3 also 
shows that R, the resistance in parallel with Cdl, in
creases slightly with potential and then remains essen
tially constant. 

tials 
5.1.2. a-Pd oxide formed at various constant poten-

In these experiments, the potential of precondi
tioned Pd electrodes was scanned at 100 mV s _ 1 to 
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various E+ values (ranging from 1 to 2 V vs. RHE), 
fixed at this potential for 30 min to achieve a-oxide 
growth and then stepped to and held at 1.0 V for 5 min 
while oxygen, generated during oxide growth at the 
higher potential, was removed from the solution. This 
was done for an exact period of time using precisely 
the same rate of nitrogen flow so that the level of 
oxygen in solution could be lowered to a reproducible 
level. The impedance of the a-oxide-coated electrode 
was then measured over the entire frequency range at 
1.0 V; the a-oxide film at 1.0 V is considered to be 
PdO [21-24,33,34]. This potential was selected for 
impedance measurements primarily as essentially no 
further oxide growth would be expected at potentials 
lower than that used for oxide growth and also as the 
potential is too high for oxide reduction to occur. In 
addition, this potential is negative of the OER poten
tial and also it is just negative of the small redox peaks 
(A 2 /C 2 ) , seen in alkaline solutions and centered at 
1.25 V, so that the reactions occurring in these peaks 
would not be included in the measurement. After the 
characterization of a particular oxide film by impedance 
was complete, the oxide film was reduced in a slow 
scan to 0.3 V, permitting the determination of the 
a-oxide film charge density and an estimation of oxide 
film thickness. 

Figure 4 displays typical Nyquist plots representing 
the impedance response of an a-oxide films formed at 
Pd in acidic solutions at various potentials. The best-fit 
circuit to the data gathered in this manner is shown in 
Fig. 5 (represented in the Boukamp program as 
R(RQ)(RQ), where Q is the symbol used for a CPE), 
reflecting two parallel RC circuits in series with each 
other and in series with the solution resistance. Several 

0 4 0 5 0 6 

E/V(vs. RHE) 

Fig. 3. Evaluated data (double layer capacitance C and correspond
ing parallel R) for Pd electrode in 1 mol l - 1 H 2 S 0 4 as a function of 
potential in the double layer region. The values at 0.5 V correspond 
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Fig. 4. Typical Nyquist plot for Pd oxide electrode in 1 mol l"1 

H 2 S0 4 . The oxide was generated by holding for 30 min at the £ 
potentials shown. / = 100 kHz-0.1 Hz, 12 points per decade. The 
evaluated data are shown in Fig. 5. 

other equivalent circuits for which the fit was reason
able were also considered. However, these alternative 
circuits did not pass all of the required criteria; this 
will be discussed in greater detail in a later section. 

Figure 5(a) shows the values of R1 and (CPE)) 
obtained from the best-fit equivalent circuit as a func
tion of the charge density monitored during a-oxide 
reduction after the impedance measurements were 
complete. If the charge density (mC cm - 2 ) is consid
ered to be a measure of the PdO film thickness, as 
implied from the literature [30,75], and (CPE\ (farad) 
represents the film capacitance (i.e. as n = 0.96, (CPE\ 
can be considered to be a capacitor), then these thin 
electrochemically formed PdO films appear to be be
having as dielectric materials, exhibiting the expected 
linear relationship between 1/(CPE)1 and <7pCi (eqn' 
(3)). The slope of the plot in Fig. 5(a) can then be used 
to estimate the dielectric constant of the oxide film, as 
seen from the equation 

\/C=(\/sHA)(qM/PzF) (4 
where q is the a-oxide reduction charge density, Al 
the molar mass of P d O (122.4 g m o r ' ) , p is its densiff 
(8.7 g cm~ 3 ) , z = 2 and the electrode area is 0.16 cm-

vali" 
tbH 

From the slope of the plot in Fig. 5(a), the e 
obtained for PdO is 19. This is a higher value than 
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((,] qpc/mCcafl 

Fig. 5. Impedance data for Pd oxide electrode in 1 mol l - 1 H 2 S 0 4 

plotted as a function of a-oxide reduction charge. Evaluation based 
on the equivalent circuit shown in the inset, (a) Rx-(CPE)y parame
ters; lb) R : -U PE2) parameters. 

obtained for PdO from ellipsometric measurements 
[9,58], but compares favourably with the values re
ported previously for CuO, FeO and Ti0 2 [59]. The 
film resistance, Ru is also linear with increasing film 
thickness (charge density) and satisfies the criterion for 
dielectric materials, i.e. that R is relatively high, seen 
in Fig. 5(a) to be in the range (2-8) X 104 ii. 

It is notable in Fig. 5(a) that the data at very low 
charge densities do not obey the same relationship as 
seen for thicker films. This is not surprising, consider-
wgthat at ca. 0.4 mC cm"2 a charge density equivalent 
to two electrons per atom in a monolayer of Pd atoms 
Equivalent to two atomic layers of film material with 
alternating Pd and O atoms in the lattice) has passed. 
"m thickness-dependent dielectric behavior would 

Probably not be expected to be seen until at least one 
r two layers of film are present. It is also interesting 

™at. *e slope of the 1/(CPE\ vs. q plot does not 
eviate from linearity at charge densities greater than 

°-4 mC cm"2 in Fig. 5(a), suggesting that film 
is f e n a l °^ unchanging properties, assuming to be PdO, 

terming j n the potential range 1-1.8 V. 

Figure 5(b) shows the values of (CPE)2 and R2 as a 
function of the a-oxide charge density. As these are 
both relatively independent of film thickness, it is sug
gested that {CPE)2, having a value of ca. 8-12 /u,F 
cm'2, represents the metal |oxide and oxide I solution 
interfacial capacitances, lumped together. R2 is consid
ered to be the measure of the magnitude of the leak
age current, probably reflecting the reduction of trace 
amounts of oxygen present in the solution. The charac
teristics of these interfaces are not expected to change 
significantly as a function of oxide film thickness, par
ticularly as an oxide film of unchanging properties 
seems to form in these experiments (Fig. 5(a)), as the 
concentration of oxygen was maintained at a constant 
level at all times and also as the impedance measure
ments were all carried out at the same potential, 1.0 V. 
This is consistent with the results shown in Fig. 5(b). 

The study of the impedance behavior of Pd elec
trodes in acidic solutions was carried out primarily as 
there is more prior electrochemical literature concern
ing oxide growth at Pd in this solution than in any 
other. However, palladium is susceptible to dissolution 
in acidic solutions, resulting in a gradually increasing 
electrode surface area with time of experimentation. 
Because of the greater stability of palladium in alkaline 
solutions and also as we have carried out a detailed 
study of the conversion of a- to |3-Pd oxide films in 
this medium in previous work [33,34], further 
impedance characterization of Pd oxide films was car
ried out in alkaline solutions. 

5.2. Impedance Characterization of Pd and Pd Oxide in 
Alkaline Solutions 

5.2.1. Palladium metal in absence of oxide film 
Figure 6 shows a typical of CVs for Pd in 1 mol I ~' 

NaOH. Similarly to Fig. 1 in acidic solutions, Pd in 
base forms a compact oxide film, again thought to be 
PdO, which is reduced in peak C,. At a potential 
centered at ca. 1.25 V, a small anodic peak, A2 , and its 
cathodic counterpart, C2, possibly reflecting the oxida
tion/reduction of the surface of the compact PdO 
to/from Pdo2 oxide, are seen just prior to the onset of 
the OER. The double layer potential range in alkaline 
solutions is more difficult to distinguish than in acidic 
solutions as the hydrogen absorption/desorption reac
tion is more irreversible, so that hydrogen oxidation 
extends to potentials of ca. 0.5 V and the onset of 
a-oxide growth occurs already at ca. 0.6 V. It is per
haps for these reasons that there is a paucity of double 
layer data published for Pd electrodes in alkaline solu
tions [44,49]. 

Impedance data were collected in the potential range 
0.4-0.6 V to attempt to determine the double layer 
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capacitance of Pd in this solution, using the real elec
trode surface area determined in parallel experiments 
in acidic media (Figs. 2 and 3). In these experiments, 
the NaOH solution was freshly prepared before each 
set of the new runs and rigorously deoxygenated to 
minimize the contribution of any electrochemical reac
tions to the impedance measurements. For these dou
ble layer experiments in alkaline solutions, the best-fit 
equivalent circuit consisted of two parallel R-CPE 
segments in series with each other and in series with 
the solution resistance (Fig. 7). In contrast, in acidic 
media, only one parallel R-CPE yielded the best fit to 
the impedance data (Fig. 2). Figure 7 shows the depen
dence of both Rs and CPEs on the potential in the 
double layer potential range. (CPE\, having a value of 
ca. 12.5 jiiF, is seen to be essentially independent of 
potential, while Rx shows some scatter around a value 
of ca. 2 X 105 /2 (the spike in resistance at 0.55 V is 
probably not real, as seen in other experiments). 

In comparison, (CPE)2 increases with increasing 
potential, with a value of ca. 110 ^.F at 0.55 V, while 
R2 is relatively constant at ca. 1500 O. Using the 
electrode surface area obtained in acidic solutions (0.16 
cm2), {CPE)l and (CPE)2 would yield capacitances per 
unit area of 78 and 625 ^ F c m " 2 , respectively. Alter
natively, if the Pd true surface area is gauged in alka
line solutions from the oxide formation/reduction 
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Fig. 6. Typical CVs (50 mV s"1) for a Pd electrode in 1 mol l - 1 

NaOH. Oxide formed in positive excursions to E+. 

Fig. 7. Evaluated impedance data for Pd in double layer potential 
region in 1 mol I - 1 NaOH, based on the equivalent circuit shown 

charge passed up to 1.3 V, the true surface area would 
be 0.19 cm2, yielding (CPE){ and {CPE)2 values of 66 
and 580 /JLF cm"2, respectively. By comparison with 
the double layer data in acidic solutions, it seems 
reasonable to suggest that (CPE)1 reflects the Pd |solu
tion interfacial capacitance in 1 mol l"1 NaOH while 
(CPE)2 is more likely to represent the presence of 
adsorbed hydroxide ions, i.e. a pseudo-capacitance. 
This is consistent with its large value, the rise of 
(CPE)2 with increasingly positive potentials, indicative 
of an increasing surface coverage of adsorbed OH" 
with potential, and with the relatively high currents 
seen in the double layer region of the CV; this latter 
observation has also been reported in the literature 
[2,3]. The much lower magnitude of R2 vs. R{ may 
reflect the pseudo-capacitive nature of the (CPE)rR2 

component of the circuit. Rv which has approximately 
the same magnitude here as it does in the double layer 
region in acidic media (Fig. 3), may be attributed to 
oxygen reduction at the Pd oxide-covered electrodes. 

5.2.2. Impedance of Pd oxide films generated at con
stant potential 

Similarly to the method of oxide growth employed in 
acidic solutions, after electrochemical preconditioning 
of the Pd electrode surface, a-oxide films were formed 
in alkaline solutions by scanning at 100 mV s" to a 
particular E+ value (1.0-2.0 V), holding the potential 
fixed for 30 min and then stepping back to 10 v, 
where it was maintained during solution deaeratiofl 
and subsequent impedance measurements. Figure 
shows a series of Nyquist plots obtained for this fanw 
of Pd oxide films, with the films clearly becoming nWrt 
resistive the more positive E+ and the thicker 
oxide film. The best-fit circuit for these oxide films w# 
found to consist of three parallel R-CPEs in sen* 
with each other and in series with the solution re 
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Fig. 8. Series of Nyquist plots for Pd oxide films grown for 30 min at 
indicated E t in 1 mol l - 1 NaOH. Impedance was measured at 1.0 
V vs. RHE; / = 100 kHz-0.1 Hz. 

tance (Fig. 9). A less satisfactory fit was obtained with 
two parallel R-CPEs, the circuit used both in the 
double layer potential range in base (Fig. 7) and to 
describe thin compact oxide films in acidic solutions 
(Fig. 5). Figure 9(a) shows the relationship between R3 

and \/{CPE)3 with the a-oxide charge density, which 
increases in magnitude the more positive the potential 
for oxide growth. The potential of the C, peak, which 
is known to be a measure of the a-oxide film thickness 
[33], is also shown in Fig. 9. The good correlation 
between the dependence of the Cj peak potential and 
(CPE)3 and R3 suggests that (CPE)3-R3 reflects the 
compact oxide film properties. Just as in acidic media, 
the film resistance is relatively high, increasing from 
'0 to 105 n with increasing charge density. Using 
eQn. (4), £ for PdO in base can be calculated from the 
slope of Fig. 9(a) to be ca 40, which is significantly 
'gher than obtained in acidic media, and suggests that 
e c°mpact film has different properties in alkaline vs. 

ac'dic solutions. This may be caused by the fact that in 
acidic solutions, the compact oxide film is dissolving 
"ring its formation or may reflect a different degree 

ot hydration of PdO in these two solutions. 
In contrast to the case in acidic solutions (Fig. 5), 

Plot in Fig. 9(a) is fairly linear, even down to a 
tio

a
n
rge density of 0.3 mC cm"2. The fact that a devia-

rom linearity is not seen at low charge densities 

may be consistent with the fact that, in alkaline solu
tions, a substantial coverage of the electrode by ad
sorbed hydroxide and involving partial charge transfer 
developed already in the double layer range of poten
tial (Fig. 6), so that the oxide film may actually be 
slightly thicker than inferred from the charge density 
passed and therefore exhibits bulk dielectric properties 
at lower charge densities than in acidic solutions. 

Figure 9(b) shows the dependence of R2 and (CPE)2 

on oxide film thickness. It is interesting that the (CPE)2 

values range from ca. 570 to 310 uT cm"2 with in
creasing PdO film thickness, similar in magnitude to 
the pseudo-capacitance considered to be due to ad
sorbed hydroxide in the double layer range of potential 
(Fig. 7). Also, R2 has similar values to the analogous 
resistor under double layer conditions (Fig. 7), ranging 
from 340 to 830 ft. R2 and (CPE)2 may therefore 
represent the pseudo-capacitance resulting from the 
presence of adsorbed hydroxide on the compact oxide 

(a) 

(b) 

0.4 06 06 

q p d / m C cm'2 

Fig. 9. Evaluated data (1/(CP£) 3 and R3) from Fig. 8 for Pd oxide 
films grown for 30 min at various E + in 1 mol I - 1 NaOH and peak 
potential of C, peak, £p C 1 , vs. charge density in C[ peak. The open 
and closed symbols are discussed in the text. The values for (CPE)X 

(60 fiF c m - 2 ) and R1 ( 3 x l 0 5 fl) were essentially constant and are 
not shown, (a) R3 and (CPE)3 parameters; (b) R2 and (CPE)2 

parameters. 



72 AJ. Zhang et al. / Impedance characterization of palladium oxide thin films 

surface. Rx and (CPE)y, although not shown graphi
cally, were essential constant at all oxide film charge 
densities (thicknesses), having values of ca. 3 X 105 fl 
and 60 ,uF cm - 2 , respectively, similar to the Pd |solu
tion double layer values reported in Fig. 7. At low 
coverages (open symbols in Fig. 9(b)), it is interesting 
that the value of the pseudo-capacitance, which now 
dominates the overall measured capacitance (1/(CF£), 
is now very small), matches the value of the pseudo-
capacitance in the double layer range (Fig. 7), where 
the oxide film has not yet begun to form. 

5.2.3. a-Oxide film growth and conversion to hydrous 
oxide at higher potentials (single sweep experiments) 

In this set of experiments, the potential of the Pd 
wire electrode was extended in a single sweep to E+ 

values ranging from 0.9 to 3.0 V in alkaline solutions, 
at a sweep rate of 100 m V / s - 1 , and then reversed to 
0.9 V, at which solution deaeration was first performed 
and then impedance measurements were carried out. 
Figure 10 shows a selection of the negative scans as the 
oxide film, formed in a single sweep to the E+ poten
tials indicated, is reduced. At E+ values up to ca. 2.2 
V, only a-oxide reduction is seen in peak Cj, with an 
increasing charge density with increasing E+. When 
the potential was extended above ca. 2.2 V, the nega-
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Fig. 10. Cathodic scans (50 mV s ' ) showing reduction of Pd oxide 
films formed in a single sweep (100 mV s _ 1 ) to indicated £ + in 1 
m o l l - 1 NaOH. 
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Fig. 11. Nyquist plots at 0.9 V vs. RHE for Pd oxide films formed in 
single scans to various E+ in 1 mol l - ' NaOH. / = 100 kHz-0.1 Hz 

tive sweep shows a second oxide reduction peak, C3, at 
0.2 V; this peak represents the reduction of thin j3-Pd 
oxide films [2,3,33]. 

Figure 11 shows the Nyquist plots obtained at 0.9 V 
for the films formed in the scans to the potential limits 
indicated. It is interesting that a gradual rise is seen in 
these curves up to ca. 2.2 V, after which the curves 
diminish in amplitude and broaden. The change in the 
impedance data at 2.2 V is therefore accurately reflect
ing the change in the type of oxide film formed at Pd. 

As was the case for Pd oxide films formed in basic 
media in 30 min of holding at potentials up to ca. 2.2 
V, the best-fit circuit for the data in Fig. 11 also 
consists of three parallel R-CPE segments in series 
with each other (Figs. 9 and 12). Figure 12(a) shows 
that 1 / (CPE) 3 and R3 both increase linearly with 
increasing E+. As the a-oxide film charge density is 
directly proportional to E+ up to 2.0 V, the a-oxide 
appears to be exhibiting similar dielectric properties to 
those seen in Fig. 9 in base and in Fig. 5 in acid. It is 
interesting that at potentials above ca. 2.2 V, the values 
of (CPE)3 and ^ 3 reach steady-state values. This sup
ports the notion that (CPE)3~R3 represents the a-oxide 
film, as the Cj reduction peak also reaches a steady-
state magnitude (Fig. 10), with a charge density of u 
m C / c m ~ 2 , indicating that the amount of a-oxide pre
sent on the surface does not change once /3-oxtdc 
growth commences. Figure 12(b) shows the behavior ot 
the remaining CPE and R components of the circuit-
The most interesting features are that the R^ and "! 
terms are both relatively small and decrease with * 
creasing E+ as an increasing amount of yS-oxide film 
formed. Also, both (CPE)2 and (CPE\ increase wtt» 

after 2.2 V. This suggests that * increasing £ H 

/3-oxide film has pseudo-capacitive properties, w hie*1 
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Fig. 12. Evaluated data for impedance response of Pd oxide film 
grown in single scans to E+ in 1 mol 1 _ 1 NaOH; cf. Fig. 11. (a) 
(CPE)3/R3; a-oxide charge at E > 2 V is ca 1.1 mC cm~2 (b) 
(CPE)2/R2 and (CPE\/RV 

in agreement with past suggestions that it is a highly 
porous, hydrous film material [2,3,34]. The fact that the 
circuit components so clearly reflect the onset of /3-
oxide growth in these experiments is strong support for 
the equivalent circuit (Fig. 12) used in the data fitting. 

5.3. Alternative circuits considered 
Although many equivalent circuits were carefully 

examined for their quality of fit to the impedance data 
collected for oxide-coated Pd electrodes in acidic and 
alkaline solutions, there were two circuits, in particu-
ar> f°r which the fit could be considered to be of equal 
quality to those selected (Figs. 5 and 9) to represent 
the Pd | oxide | solution system. The data in which oxide 

ms Were formed in 30 min at various potentials were 
°sea for this selection process. These two alternative 
^cuits are depicted in Figs. 13 and 14, along with how 

e components of these circuits depended on oxide 
m thickness, represented by the a-oxide reduction 
^r8e density. A brief discussion of these figures 
°ws and the argument regarding why these circuits 

re ultimately rejected is also presented. 
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Fig. 13. Impedance results using the alternate equivalent circuit 
shown for Pd oxide grown for 30 min at various E+ in 1 mol 1 _ 1 

H 2 S 0 4 . (•) (CPE)3 parameter; ( A ) (CPE)2 parameter; (O) R, 
parameter; ( • ) R3 parameter. 

5.3.1. Series R — CPEs in parallel 
This circuit, depicted in Fig. 13, is, in fact, alge

braically equivalent to the circuit employed in the 
representation of the Pd | oxide | solution system in 
acidic solutions (Fig. 5) and therefore, the quality of 
the fit of the data to these two circuits should be the 
same. It is notable, however, that in the non-linear 
least-squares fit of the data obtained in acidic solu
tions, Ru the resistor bridging the other components, 
was assigned a value of infinity at high oxide charge 
densities, i.e. the iteration for this parameter did not 
converge under these conditions; this is an indication 
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Fig. 14. Impedance results using an alternate equivalent circuit 
shown for Pd oxide grown for 30 min at various E+ in 1 mol 1 _ I 
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that the circuit may not to be appropriate or that Rl 

may not be necessary (although the dc pathway through 
the circuit would then be missing). R2 (in the first 
series R-CPE segment) has a value of ca. 2.2 fl (not 
shown in the figure) and is essentially independent of 
film thickness; it appears that, in this representation, 
R2 depicts the solution resistance. 1/(CPE)2 is seen to 
increase linearly with the charge density passed during 
a-oxide reduction in acidic solution. As n = 0.97 for 
(CPE)2, it can be considered to be equivalent to a 
capacitor and an analysis of the slope of the plot in Fig. 
13, using eqn. (4), yielded an e value of 26, which 
would be considered a reasonable value for PdO films. 
One problematic aspect of the \/{CPE)2 vs. qpC] plot 
in Fig. 13 is that at zero charge density, i.e. zero film 
thickness, a capacitance value of close to 100 ^iFcra"2 

is still observed. This does not match well with the 
double layer capacitance of oxide-free Pd, established 
to be ca. 40 u.F cm~2 in Fig. 3 and as also reported in 
the literature [46]. In considering the (CPE)3-R3 pair, 
neither (CPE)3 {n = 0.4) nor R3 shows any dependence 
on film thickness; l/(CPE)3 actually decreases and 
then increases again with increasing a-oxide charge 
density, while R3 is fairly constant with an average 
value of 1.5 X 105" n. 

In basic media, as in acidic solutions, 1/(CPE)2 

varies linearly with oxide film charge density. As n = 
0.955, an analysis of this dependence using eqn. (4) 
yields an e value of 47 from the slope. It is interesting 
that this value is similar to that obtained for Pd oxide 
in base using the circuit in Fig. 9, and is larger than 
that obtained from l/(CPE)2 in Fig. 13 in acidic 
solutions, also consistent with the lower e reported in 
acidic media in Fig. 5. When the oxide film charge 
density is zero, the capacitance is 50 jiiF cm - 2 , which 
would be a reasonable measure of the double layer 
capacitance of oxide-free Pd in alkaline solutions (see 
Fig. 7) and is larger than that seen in acidic media. R2 

is again very small, independent of film thickness and 
has a value suggestive of the solution resistance. As in 
acidic solutions (Fig. 13), 1/(CPE)3 and R3 show no 
linear trends with film thickness, increasing sharply at 
low charge densities and then dropping once again as 
several monolayers of oxide are formed. Rt is essen
tially the same as that obtained in acidic solutions, i.e. 
5 X 105 a. 

In summary, a number of factors were involved in 
the rejection of this circuit. In addition to the difficulty 
of obtaining non-infinity values for R3 under certain 
conditions, the circuit is not consistent with the ex
pected geometry of the metal | oxide |film system. It is 
not clear why there should be R-CPE units in parallel 
(i.e. perhaps suggesting the existence of different re
gions on the electrode surface), nor why the R and 

CPE components should be in series. Neither (CP£) 
nor R3 showed any clear dependence on film thickness 
Also, while the (CPE)2 parameter did behave in 

manner enabling a reasonable film dielectric constat 
to be determined, the resistance associated with (CP£) 
was very smaller and independent of film thickness" 
Finally, but importantly, none of the elements of this 
circuit change significantly as /3-oxide film formation 
commences. 

5.3.2. Parallel CPE and C 
This circuit (Fig. 14), involving a capacitor and a 

CPE in parallel with a resistor, also showed a quality of 
fit similar to that in Section 5.3.1. and those used ij 
Figs. 5 and 9. In acidic media (Fig. 14), \/C varies 
linearly with qpCl, with an e determined from the slope 
of the plot to be 10. At zero charge density, a capaci
tance of 60-70 ,uF c m - 2 is present, which is higher 
than the double layer capacitance of Pd in acidic 
solutions (Fig. 3). The CPE (n = 0.85) shows significant 
scatter with film thickness, although there is a general 
trend of increasing 1 /CPE with charge density. The 
resistance, R, increases only by a factor of less than 
two, while the charge density increases four-fold or 
more. In alkaline solutions, the identical trends in 
CPE, C and R are seen with a-oxide charge density. R 
remains essentially, constant at 3.6 X 105 O and the 
CPE values range from 25 to 30 ju,F c m - 2 (n = 0.84), 
1/C varies linearly with charge density, again display
ing a non-zero intercept at q = 0; and e value of 16 is 
obtained from the slope of the 1/C vs. charge density 
plot in alkaline solutions. 

Overall, this circuit seems to be more satisfactory in 
terms of how the individual components vary with film 
thickness than that considered in Section 5.3.1. It could 
be concluded that the C represents the dielectric prop
erties of the a-oxide film, with very reasonable t 
values obtained in both acidic and basic solutions. The 
CPE values may reflect the combined capacitances at 
the metal I oxide and the oxide I solution interfaces. The 
R value, in parallel with the C and CPE, does pose» 
problem, as it does not appear to increase with increas
ing film thickness. This is probably the principal weak
ness of this circuit, coupled with the fact that the 
circuit once again does not adequately represent the 
physical/geometrical structure of the system, i.e- "* 
film capacitance and the interfacial CPEs should ap
pear in series, as is the case in the circuits selected u> 
Figs. 5 and 9, rather than in parallel. Finally, the onset 
of /3-oxide formation (Fig. 10) is seen by a miB* 
increase in C, while the CPE ceases to decrease w 
increasing charge density. Not only are those chanp 
less apparent than for the circuit in Fig. 12, they * 
also not as easily explained. 
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i Conclusion 

In acidic solutions, the double layer capacitance of 
Pd agrees with literature reports of ca. 40 /xF cm"2. 
However, in alkaline solutions, the best-fit equivalent 
•ircuit involves two parallel R-C components in series 
vjth each other. One capacitance, which behaves as 
expected for the metal/solution interface, has a value 
0f ca. 70 /AF cm*2, while the second exhibits the 
properties of a pseudo-capacitor, suggested here to 
reflect the presence of adsorbed hydroxide ion on the 
pd surface prior to a-oxide film formation. 

The results in Figs. 5 and 9 for a-oxide films formed 
in acidic and basic solutions, respectively, indicate that 
these thin films have essentially unchanged properties 
up to a potential of ca. 2.0 V. This is seen by the 
constant slope of the \/C vs. charge density plots and 
the linearly increasing resistance with oxide film thick
ness, indicative of dielectric film properties. These 
results also support the notion that a-Pd oxide films 
thicken in a layer-by-layer fashion, consistent with the 
expectation from the field-assisted place exchange film 
growth mechanism, rather than through the formation 
of nuclei, which would yield a range of film coverages 
and thicknesses at any potential, probably resulting in 
non-linear 1 /C vs. oxide charge density plots. 

The a-oxide film formed in acidic solutions may 
have different properties than that formed in alkaline 
solutions. This is seen by the higher e (ca. 40) obtained 
for the oxide film produced in base, vs. ca 19 in acid. 

Analysis of the impedance response of the a-oxide 
film in alkaline solutions suggests that the surface of 
the oxide is different to that in acidic media. The 
pseudo-capacitor which is seen in basic solutions may 
suggest the present of adsorbed hydroxide or the hy
dration of the surface of the film. This may also be 
consistent with the presence of the A 2 / C 2 redox peaks 
at ca. 1.25 v in the CV response of Pd in base; these 
peaks are not readily seen in acidic solutions. 

The onset of growth of /8-oxide film is readily de
tected by ac impedance measurements. This form of 
Pd oxide-appears to yield an increasing capacitance, as 
expected for pseudo-capacitive behavior, and a de
creasing resistance with increasing amount of film, at 
east for these very thin /3-oxide films. 

The selection of the optimum equivalent circuit 
would involve choosing a circuit which is the best 
nalog of the geometrical/physical properties of the 
Wtem. Also, the individual circuit elements should 
ePend on experimental variables in a reasonable and 
errelated way. The same circuit should apply over as 
e a range of conditions as possible and changes in 
values of the element should correlate with changes 
Ae electrochemical response. Two equivalent cir

cuits, which had a very similar quality of fit to those 
ultimately selected, were rejected on the basis of these 
criteria. 
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