
> Electrochimica Acta, Vol. 40. No. 10, pp. 1551 1560, 1995 

I Pergamon Copyright © 1995 Elsevier Science Ltd. 
' Printed in Great Britain. All rights reserved 

0013-4686'95 $9.50 + 0.00 

0013-4686(95)00037-2 

ELECTROCHEMICAL AND TRANSMISSION ELECTRON 
MICROSCOPIC CHARACTERIZATION OF METAL OXIDE 

FILMS 

VIOLA I. BIRSS*, SHARON C. THOMAS and AUBREY J. ZHANG 

Department of Chemistry, University of Calgary, Calgary, Alberta Canada T2N 1N4 

{Received 20 December 1994) 

Abstract—Oxide films have been formed electrochemically at several metallic substrates, including base 
metals such as a new Al-based microcrystalline alloy (Al-Fe, V, Si) and at polycrystalline Pd electrodes. 
The Al-based materials were oxidized in sulfuric acid media in order to attempt to form adherent and 
strong anodic oxide films. The cyclic voltammetry and current transients indicated more active electro
chemistry of the alloy than of essentially pure Al, consistent with the expected solubility of the Fc and V 
components of the alloy, ac impedance analysis indicated that the underlying barrier oxide film was 
either absent altogether or flawed in nature. These results have been tested by examination of cross-
sectional specimens by transmission electron microscopy (tern), prepared by ultramicrotomy techniques, 
which showed that the barrier film was missing at some sites and significantly flawed in others. The 
overlying porous film contained irregular pore distribution, branching at different angles. It appears that 
sulfuric acid is too aggressive a medium for the formation of a stable porous oxide film at this alloy. 
Relatively thin hydrous oxide films were formed at Pd electrodes in alkaline solutions. The electrochem
istry suggests a growth mechanism involving the conversion of islands of compact a-oxide to columnar 
hydrous /J-oxide film material, with the remaining patches of ot-oxide remaining unchanged in thickness. 
The /i-oxide must be very porous in nature, as the a-oxide can be reduced and reformed readily even in 
the presence of a thick, overlying /J-oxide film. These structural hypothesis have been confirmed by tern 
analysis of thin hydrous Pd oxide films. 
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I N T R O D U C T I O N 

There has been a great deal of interest over the years 
in the properties of oxide films formed at metal sur
faces, due primarily to their relevance in many prac
tical applications, including in electrocatalysis 
(particularly of anodic reactions such as oxygen and 
chlorine evolution), in batteries, in electrochromic 
display systems and because of the significant impact 
of oxide properties on the corrosion and passivation 
of metals. In recent years, the development of metals 
with improved properties is an on-going area of 
industrial research, an example being the rapid 
solidification of molten metal to form nanocrystal-
line (amorphous) and microcrystalline alloys. The 
surface properties of these advanced materials, par
ticularly of the oxide films which will naturally be 
present or can be formed electrochemically at their 
surfaces, are also of great interest. 

The most important characteristics of oxide films 
include their composition and the oxidation state of 
the metal, their conductivity, and their morphologi
cal properties, often at the nm scale. It is frequently 
these nanostructures which dictate the kinetics and 
mechanisms of oxide film formation/oxidation and 
of film reduction, as well as of other redox reactions 
which occur at their surfaces. Some of the 
approaches which have been employed to elucidate 
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the nanostructure of films on electrode surfaces 
include in situ techniques such as reflectance 
spec t ro scopy 1] and ellipsometric[2] methods. 
Recently, major developments have occurred in the 
application of STM/AFM techniques to electro
chemical problems[3, 4] , although most of the rigor
ous work involving these methods continues to be 
focussed on well-defined single crystal surfaces. Ex 
situ methods have included Scanning and Transmis
sion Electron Microscopy (fern). With the latter 
approach, resolution down to the atomic level has 
been reported[5], similar to what has been achieved 
using in situ STM/AFM methodologies. 

In the present paper, oxide films formed electro
chemically at several different metallic substrates 
have been imaged by tern methods, with a principal 
goal being to assist in the interpretation of electro
chemical results and to test hypothesized film struc
tural models. A common feature of these studies is 
the preparation of samples of these metal oxide films 
for tern analysis using ultramicrotomy[6], in which 
thin cross-sectional slices (ca. 30 nm) are cut with a 
diamond knife. This method of thin foil preparation 
has been suggested[7] to be potentially less damag
ing than ion milling or electrochemical etching tech
niques. Porous oxide films formed at constant 
potential in room temperature sulfuric acid solutions 
at a microcrystalline Al-based alloy have been inves
tigated in comparison with the typical anodic films 
formed at polycrystalline Al substrates. In acidic 
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solutions, it is known that[8, 9] an Al oxide film 
having a very regular cylindrical porous structure 
thickens with time under constant potential condi
tions. This porous film lies above a compact oxide 
film, which is known to form to a thickness which 
depends primarily on the applied potential (1.2 to 
1.7nm/V[10, 11]). This paper also focuses on the tern 
elucidation of the structure of the oxide film formed 
by potential cycling at polycrystalline Pd, again 
using ultramicrotomy for sample preparation. It is of 
interest that electrochemically formed oxide films at 
these rather different metals, Al (a base metal) and 
Pd (a noble metal), are both composed of a compact, 
barrier oxide film underlying a thicker porous oxide 
layer. 

EXPERIMENTAL 

(a) Electrochemical equipment 

Standard three-electrode circuitry utilizing an 
EG&G PARC 173 potentiostat combined with a 
PARC 175 function generator was employed in all of 
this work. The electrochemical data were plotted on 
a HP 7045B X/Y recorder, ac impedance measure
ments were carried out either with the use of a 
EG&G PARC 5206 Two-Phase Lock-in Analyzer, 
using a constant 5mV (rms) amplitude, or a Solar-
tron 1255 frequency response analyzer connected to 
a Solartron 1286 electrochemical interface. 

(b) Electrodes, cells and solutions 

Several different working electrodes (we) were 
employed. In the Al work, metals in rod-form were 
embedded in protective resin so that only the cross-
sectional face was exposed to solution during elec
trochemical experimentation. The materials under 
study were the extruded form of the rapidly 
quenched FVS0812 alloy (geometric area ca. 
0.27 cm2), material equivalent to the matrix phase of 
the alloy (ca. 0.20cm2), bulk material equivalent to 
the dispersoid phase (ca. 0.25 cm2) and a pure, poly
crystalline Al rod (ca. 0.32 cm2). Electrode surfaces 
were prepared by lathe-smoothing at 1000 to 
2000 rpm. All electrodes were ultrasonically cleaned 
in ethanol for ten minutes and then rinsed with triply 
distilled water before immersion into solution. All 
current and charge densities for porous film 
responses at Al-based materials are given vs. the 
apparent electrode areas in this work. 

In the Pd work, polycrystalline Pd wire (1 mm dia, 
ca. 0.35 cm length, 99%, Aldrich), sealed in soft glass 
tubing, was used as the we. Prior to oxide film 
growth, the electrode was preconditioned by poten
tial cycling between 0.1 and 1.6 V (vs. rhe) at 1 V/s for 
at least ten minutes. Between each oxide growth/ 
reduction cycle, the same surface conditioning 
regime was used. Reproducibility of the Pd 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 50mV/s. The true surface area of 
the Pd wire we was estimated by assuming that a 
50mV/s scan to 1.3 V (rhe) produces, in acidic solu
tions, one monolayer of PdO[12], with an assumed 
charge for this monolayer of 0.42mC/cm2. The 
typical surface roughness was then found to be 1.5 to 

2, which agrees well with the literature value of 
1.8[12]. All current and charge densities for Pd elec
trochemistry are given vs. the true electrode surface 
area. 

Either a two or three-compartment cell was used 
in all of this work, with a large area Pt gauze 
counter electrode (ce) separated from the we com
partment by a porous glass frit in the Al work, and a 
coiled Pd wire ce usually in the same compartment 
as the we. In sulfuric acid (Al work) and sodium 
hydroxide (Pd work) solutions, the reversible hydro
gen electrode (rhe) was the reference electrode (re). 
while in neutral borate solutions, a calibrated Ir 
oxide electrode served as the re. In all cases, the re 
was connected to the we compartment via a Luggin 
capillary. Potentials are given vs. the rhe in all of this 
work except for that performed in neutral boric acid/ 
sodium borate, in which the potential is referenced 
to the she. 

Solutions were 2.0mol/L sulfuric acid or neutral 
0.5mol/L boric acid/0.25 mol/L sodium borate (pH 
7) for the work with Al-based materials and 1 mol/L 
sodium hydroxide for the research related to Pd, 
maintained at 22 + 0.5°C. Cell solutions were con
stantly stirred and deaerated with argon during the 
electrochemical experimentation. 

(c) U Itramicrotomy and tern analysis of microstructure 

After oxide films were formed electrochemically 
and emersed from solution, the electrodes were 
rinsed well with water and then, in the case of rod 
electrodes, a thin disc was cut from the end of the 
electrode, and in the case of Pd wires, a ca. I cm 
length of oxide-coated wire was cut from the end of 
the electrode. These specimens were then embedded 
in Spurr's epoxy in the "hard" formulation. After 
trimming to the desired cross-sectional area, thin 
sections of specimens were prepared by ultramicro
tomy using either a RMC MT6000 or a Reichert/ 
Jung Ultracut E ultramicrotome. All sections were 
cut using either a 55° Diatome or a 45° Jumdi 
diamond knife. Cutting speed was varied from 0.6 to 
1.5 mm/sec, as required to cope with thin section 
curling. Sections were typically 30 nm in thickness 
and were collected on Formvar-coated copper grids. 
The sections were examined on a either a Philips 
400T transmission electron microscope (rem) at 
120 kV, a Hitachi H9000 tern at 300 kV or a Hitachi 
H7000 tern up to a maximum of 125 kV. 

(d) Inductively coupled plasma spectrometry 

Solutions used in the work with the Al-based 812 
alloy were analyzed for their Al, Fe, V and Si content 
to establish the extent of metal dissolution by using 
either an ARL 35000C or ARL 3510 inductively 
coupled plasma spectrometer (icp). 

RESULTS AND DISCUSSION 

1.0 Porous oxide film formation at microcrystalline 
Al-Fe-V-Si alloy 

FVS0812 ("812 alloy") is the designation given to 
the rapidly solidified, high-strength/low density, Al-
based alloy material under study in the present 
work. It contains Fe, V and Si as alloying elements 
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with the atomic and weight percent compositions 
shown in Table 1[13]. The microstructure of the 
extruded form of the alloy is known to consist of two 
phases[14], a matrix (ca. 99.4at.% Al, <0.5at.% Fe, 
0.1 at.% Si and no detectable V) and variously sized 
approximately spherical dispersoids (body-centered 
cubic intermetallic, All2_13(Fe, V)3Si), randomly dis
tributed in the matrix. The dispersoids have diam
eters of 0.05 ±0.01 jim and occupy ca. 27vol% of 
the alloy[15], while the ultrafine matrix grains are 
typically 0.5 to 2/jm in diameter. 

Despite the strength advantages of this alloy, par
ticularly at high temperatures, it has been found[16] 
to be difficult to form a sufficiently thick and adher
ent anodic oxide film at the surface, required to 
provide the alloy with abrasion resistance. Therefore, 
one of the goals of this research was to explore the 
properties of the electrochemically formed oxide film 
at this alloy, with an emphasis on relatively thin, 
porous oxide films, as it was expected that the funda
mental origins of the weaknesses of these oxides 
would be more readily established under these con
ditions. The approach used in this work involved an 
electrochemical study of each of the phases of the 
alloy in bulk form (the "dispersoid" and the 
"matrix") and the extruded alloy itself. It was found 
in preliminary experiments that the matrix material 
yielded virtually identical electrochemical responses 
in all solutions investigated to that of pure, poly-
crystalline Al, and therefore experiments with Al 
itself were only sometimes carried out. 

(a) Cyclic voltammetrk (cv) response of 812 alloy 
and its components. Although much past work has 
been performed on anodic, porous Al oxide films, 
little literature exists on potentiodynamic studies of 
Al and its alloys in acidic solutions[17, 18]. Figs. 1(a) 
and 1(c) display the cvs of the 812 alloy, and of the 
bulk forms of the matrix and the dispersoid, respec
tively, at lOOmV/s in 20CC 2.0mol/L sulfuric acid, in 
both the first and second cycles of potential to 10 V 
vs. rhe at a fresh electrode surface. While the ct'S are 
clearly similar in nature for these three materials, all 
revealing increasing current with increasing poten
tial, a closer look reveals that the dispersoid is the 
most active, followed by the 812 alloy, and then the 
matrix (essentially identical to pure Al). In fact, the 
charge densities passed in the first anodic cycle were 
1050 and 1250mC/cm2 for the matrix and the 812 
alloy, respectively. The enhanced anodic activity of 
the dispersoid and the 812 alloy was found to be 
reflective, at least partially, of the dissolution of the 
Fe and V components, as determined by ICP Spec
trometry. The second cycle cvs indicate that the 
oxide films formed under these conditions at all 
three substrates are porous in nature, probably 
showing that in the time taken in the reverse sweep 
to —0.5 V, the underlying barrier layer has dis-

Table I. Composition of Alloy FVS0812 

Element Atomic percent Weight percent 

Al 93.2 
Fe 4.3 
V 0.8 
Si 1.7 
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Fig. 1 (a) Cyclic Voltammograms of FVS0812 in 20 C 
2.0mol/L sulfuric acid at s = lOOmV s. Current density is 
based on geometric electrode area; (b) Cyclic Voltam
mograms of matrix in 20°C 2.0mol/L sulfuric acid at 
s = lOOmV/s. Current density is based on geometric elec
trode area; (c) Cyclic Voltammograms of dispersoid in 
20CC 2.0mol/L sulfuric acid at s = lOOmV/s. Current 

density is based on geometric electrode area. 

solved such that its thickness remains commensurate 
with the applied potential. In the case of the dis
persoid [Fig. 1(c)], the second cycle currents are 
greater than those in the first, indicative of substan
tial surface roughening, which could easily be distin
guished visually for this material. Oxygen evolution 
could also be observed at the dispersoid at potentials 
above ca. 4 V, reflecting the fact that the dispersoid 
does not readily form a passive oxide film in this 
acidic solution. 

In contrast, Fig. 2 shows the first cycle cvs of the 
three materials as well as of pure Al in barrier film 
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2. First cycle cvs of pure Al, the matrix, alloy FVS0812 
and the dispersoid at lOOmV/s in 20°C neutral boric acid/ 
sodium borate. Current density is based on geometric elec

trode area. 

forming neutral borate solutions under otherwise 
comparable conditions to those in Fig. 1. More ideal 
barrier film formation behaviour is seen, at least for 
Al and the very similar matrix phase. An anodic 
current plateau which is independent of applied 
potential is seen, the currents are ca. 20 to 30 times 
smaller than those in Fig. 1 and the cathodic scans 
reveal the passage of almost no current. This latter 
observation indicates that the barrier film formed at 
higher potentials remains essentially unchanged as 
the potential is decreased. It is interesting that even 
in neutral borate solutions (Fig. 2), the electrochemi
cal activity of the 812 alloy is greater than that of the 
matrix and/or Al, indicating the different properties 
of the oxide film formed at these two materials. 

(b) Current transients at constant potential. Figure 
3 illustrates a typical current density transient 
obtained while the 812 alloy was held at 2.0 V in 
2.0mol/L sulfuric acid after a sweep from —0.35 V at 
lOV/s. This transient is similar to that shown in the 
literature for pure Al[19] and has been explained as 
follows: the initial decrease in current reflects the 
completion of barrier film formation to the thickness 
appropriate to the applied potential, followed by the 
onset of pore development as seen by the increase of 
current due to oxide dissolution, followed by a final 

decline in current to its steady-state value while the 
overlying porous oxide film thickens linearly with 
time[20]. The essentially steady-state current seen at 
long times, often referred to as the "leakage current", 
increases with increasing potential. The similar 
appearance of the transient for the 812 alloy to that 
of the matrix (not shown) and Al[19] provides addi
tional evidence for porous film formation at the 812 
alloy in sulfuric acid solution. However, it is notable 
that the values of the leakage currents after 0.5 hours 
at 10 V were 8.3, 14 and 72mA/cm2, for the matrix, 
the 812 alloy and the dispersoid, respectively. This 
indicates again that the 812 alloy forms an oxide film 
having different properties from that at the matrix. 

(c) Impedance analysis of oxide films formed at 812 
alloy and matrix material. It has been reported pre
viously that the presence of a relatively thin, porous 
oxide film on Al does not contribute significantly to 
the total measured impedance and that impedance 
measurements of such a film cannot provide infor
mation on the pore structure or porous oxide film 
thickness[21]. Consequently, the capacitive response 
of films formed in 2.0mol/L sulfuric acid in the 
present work was used to probe the barrier oxide 
layer underlying the porous film as another strategy 
to determine if the greater activity, higher leakage 
currents and the otherwise poor properties of anodic 
films on the 812 alloy[16] were related to the 
properties of the underlying barrier oxide film. After 
oxide growth at 10V for 2.5 hours, estimated from 
the literature to yield a 20 /jm oxide film at pure 
Al[22], the oxide-coated electrode was then removed 
from solution, rinsed copiously with water and trans
ferred to 20°C neutral boric acid/sodium borate 
solution, which was stirred continuously and deaer-
ated with argon. The potential of the electrode was 
held at 0.1 V (she) during impedance measurements 
in the benign borate medium, using an ac amplitude 
of 5mV (rms) over a frequency range of 100 to 
10000 Hz. 

Figure 4 shows the Bode plots for the 812 alloy 
and the matrix material. The proximity of the slope 
of the plot for the matrix to a value of - 1 indicates 
that, at least within the frequency range explored, 
the impedance data originate from a parallel RC 
circuit[23]. Also, the similarity of this plot to that 
obtained for barrier films formed in borate 
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Fig. 3. Current density (based on geometric area) of 
FVS0812 during a hold at 2.0 V (rhe) in 2.0mol/L sulfuric Fig. 4. Comparison of Bode plots for FVS0812 and matrix 

acid. after anodization at 10 V in 2.0mol/L sulfuric acid. 
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solutions[24] supports the suggestion of an intact 
barrier layer underlying the porous film formed on 
the matrix material. In contrast, the Bode plot for 
the 812 alloy shows a higher impedance overall and, 
more importantly, yields a slope closer to 0 than — 1, 
indicative of purely resistive behaviour. These data 
support the absence of a continuous, barrier-like 
oxide film on the 812 alloy after oxidation in sulfuric 
acid solutions. In the event that the impedance 
properties of the 812 alloy caused the —1 slope of 
the plot to be out of range, ie at higher frequencies, 
than those explored in these experiments, a simula
tion was performed to determine the capacitance of a 
system which would provide the observed response 
of Fig. 4. It was determined that the capacitance 
required to achieve the observed result would be so 
small, ie ca. 10" q F, that it could neither be mea

sured nor reflect a reasonable barrier oxide film 
thickness. 

Overall, the impedance data predicts that the 
barrier oxide film at the 812 alloy surface is either 
absent or very defective when formed in sulfuric acid 
solutions. This would perhaps not be surprising, con
sidering the facile dissolution of the dispersoid 
material itself and the fact that ca. 30% of the 
volume of the 812 alloy is composed of the dis
persoid phase. 

(d) TEM analysis of oxide films at 812 alloy and 
matrix. The micrographs of cross-sections of the 
oxide films formed on the matrix and the 812 alloy 
after 5 minutes of anodization in sulfuric acid show a 
very different structure. Fig. 5(a) shows a classical 
porous anodic oxide film, ca. 1 /im in thickness, at 
the matrix, with cylindrical pores, ca. 4nm in dia.. 

Fig. 5 (a) tern of oxide film formed on the matrix in 20X 2.0mol/L sulfuric acid at 10 V [rhe) for 5 
minutes. Magnification = 46000 x. 1 cm = 220nm; (b) tern of oxide film formed on FVS08I2 in 20 C 

2.0mol/L sulfuric acid at 10 V [rhe) for 5 minutes. Magnification = 80000x. 1 cm = I30nm. 
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passing perpendicularly to the substrate from the 
underlying barrier film. Although not clearly seen in 
Fig. 5(a), an intact barrier oxide film, ca. 13 + 1 nm in 
thickness, is present beneath the porous oxide layer. 
These film dimensions are very similar to those 
reported in the literature for pure Al[25, 26], In con
trast, Fig. 5(b) shows a non-structured and tortuous 
oxide film at the 812 alloy surface. Pore structure 
was evident at the 812 alloy, with a pore diameter of 
ca. 6 nm, but was irregular in appearance, with pores 
seeming to branch at different angles. Perhaps most 
importantly, the barrier film is seen to be, at best, 
intermittent in nature. Sometimes, the barrier film 
was present at the base of pores; occasionally, a pore 
or large flaw penetrated directly to the alloy surface. 
Also, the thickness of the porous film at the 812 alloy 
is only ca. 70% of that at the matrix after the same 
5 min period of oxidation in sulfuric acid. It should 
be noted that the metal underlying the oxide films 
shows the two-phase microstructure characteristic of 
the rapidly quenched 812 alloy, with spherical dis
persoids uniformly distributed throughout the 
matrix. 

A closer examination of the alloy/film interface 
reveals a rather rough metal surface, often punctu
ated by hemispherical pits. The pit diameter, ca. 
40 nm, is roughly equivalent to the diameter of the 
dispersoids. Also, large voids which are ca. 40 nm in 
diameter can be seen within the porous oxide film 
itself. It appears that dissolution of the dispersoid 
phase from the alloy may have contributed both to 
the roughening of the underlying metal surface and 
to the lack of homogeneity in both the barrier and 
porous oxide films. In fact, there is no evidence for 
the retention of dispersoids within the porous oxide 
film at the 812 alloy. 

The electrochemical data has indicated that the 
812 alloy is more active in porous film forming sul
furic acid medium than is the matrix, found to be 

very similar in behaviour to pure Al. This indicates 
that the barrier and/or the porous oxide film at the 
812 alloy is more defective or more conductive than 
is the oxide film at the matrix. The results of imped
ance analysis clearly suggest that an intact barrier 
oxide film is not present at the alloy and that only 
the resistance of a surface film is being monitored. 
These results are therefore supported by the tern 
analyses, which show that the barrier oxide film at 
the 812 alloy is indeed defective, often absent and 
certainly penetrated at many points by the solution. 
The overlying porous film is also very heterogeneous 
in nature, showing evidence of dispersoid dissolution 
and a large total void volume, consistent with its 
poor mechanical and adhesion properties. It thus 
appears that sulfuric acid is too aggressive a medium 
for the formation of a stable, porous oxide film at the 
812 alloy. 

2.0 Hydrous oxide film formation at Pd electrodes 

The ability to form a thin, compact oxide film at 
noble metals such as Pt[27], Pd[28] and gold[29] is 
well known; up to several monolayers of this film, 
often termed the a-oxide, can be grown with time at 
constant potential or by extending the potential to 
values of 2.0 V or more. A second type of oxide film, 
the /J-oxide, can also be formed if more rigorous oxi
dizing conditions are used, eg longer times spent at 
relatively high potentials[30] or if a particular 
potential cycling regime [31] is employed. Despite 
the numerous possible advantages of these hydrous 
noble oxide films, eg in electrocatalysis in particular, 
there is little knowledge concerning the structure and 
composition of these /J-oxide film materials, perhaps 
partly due to their probable amorphous nature and 
instability under high vacuum conditions. Therefore, 
efforts were focussed on combing electrochemical 
results with structural information obtained from 
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tern analysis to obtain a deeper understanding of the 
properties of these oxide films. 

(a) Growth and reduction of thin fj-oxide films on 
polycrystalline Pd. In our work, the emphasis has 
been on developing a structural model of/?-Pd oxide 
film growth by focussing on the relatively early 
stages of film formation. Alkaline solutions only 
were used in order to minimize Pd dissolution[32]. 
Thin, hydrous oxides were formed by using less than 
60 potential cycles at a growth sweep rate in the 
range of 0.5 to 2.0 V/s and a critical lower (£_ ca. 
0.45-0.50 V) and upper (£+ ca. 2.4-3.2 V) potential 
limits, a method originally developed by Burke et 
a/.[31], but now used quite commonly by others[33, 
34]. After the completion of the hydrous oxide 
growth step, the potential was held for two minutes 
at 1,3 V to achieve solution deoxygenation and then 
the oxide film was reduced in a 50 mV/s sweep to ca. 
0.1 V. 

Figure 6 shows the cv response for Pd both before 
(•••) and after (-•-•, , ) /J-oxide 
growth at the very early stages of growth, ie after 
only 5 to 10 growth cycles, N. Before /?-oxide film 
growth ( ), the usual compact a-oxide film forma
tion plateau (/I, and A2 features), reflecting the layer-
by-layer field-assisted growth of a-oxide[35], and the 
cathodic reduction peaks (C2, C J are seen. In this 
case (••), only a little more than one monolayer of 
the compact oxide is formed/reduced. It is proposed 
that the Al/Cl features represent PdO formation, 
reduction, while the Az/C2 peaks may reflect the oxi
dation of PdO to Pd0 2 and its subsequent reduction 
back to PdO[36]. It is interesting that as more 
a-oxide film is formed, its reduction peak, C, , moves 
increasing negatively, so that the C, peak potential 
can be used as an indication of the compact oxide 
film thickness. After /i-oxide growth is complete, the 
peak centered at ca. 0.46 V represents the reduction 
of the now thicker {ca. 5 monolayers) a-oxide film, 
while the hydrous oxide is reduced in the two small 
peaks making up C3 (the two peaks composing C3 

merge together at higher N). It is to be noted that 
the current density is based on the true Pd electrode 

surface area determined from a subsequent scan to 
1.3 V, as described in the Experimental section 
above. 

One of the most interesting and notable aspects of 
/?-oxide growth by the potential cycling method is 
shown in Fig. 7. Here, a plot of the magnitude 
(charge density) of both peaks C, and C, , as well as 
the peak potential of C, , is shown as a function of N 
for a growth sweep rate of 1 V/s and an oxide 
removal sweep rate of 50 mV/s. This plot (seen for 
many different conditions of £_, £ + , N) also strong
ly suggests that with increasing N, as the hydrous 
oxide film begins to form, the amount of a-oxide film 
present decreases. However, the constancy of the 
peak potential of C,, even as it decreases in size, 
suggests that the a-oxide film, while decreased in 
overall quantity, retains a constant film thickness 
even as more /J-oxide film is formed. This imme
diately suggests that the a-oxide is transformed to 
the hydrous /f-oxide form in a process in which 
islands of a-oxide of unchanged thickness remain on 
the electrode surface[36]. This, in turn, implies that 
the hydrous /3-oxide film develops a columnar or 
island-like structure, and is also an indication of the 
porosity of the hydrous Pd oxide film. 

Another key piece of evidence concerning the 
/i-oxide film structure is obtained from Fig. 8. 
Similar to past observations with hydrous oxide 
films formed at Pt[33, 34], it is possible to form/ 
reduce the compact oxide even in the presence of 
overlying /?-oxide film[36]. In Fig. 8, after 10 
hydrous oxide growth cycles, extension of £.. only 
to ca. 0.4 V in the first cathodic scan reduces the rela
tively thick a-oxide film and then in the next anodic-
scan, a typical a-oxide growth plateau is seen 
(commencing at the normal potential for a fresh Pd 
electrode, although the current is much smaller). In 
subsequent cycles between 1.3 V and increasingly 
negative £_ values, as small amounts of the /J-oxide 
film are reduced, the a-oxide formation/reduction 
profile increases in size commensurately (Fig. 9), 
indicative of the increasing availability of Pd metal 
sites to the solution as the overlying hydrous oxide 
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7. Effect of number of growth cycles (/V) on amount of x-{qcl) and /M<fc}) Pd oxide present and on 
peak potential of a-oxide reduction, EpCi . /f-oxide growth conditions same as in Fig. 6, but al oxide 

growth sweep rate of 1 V/s. 
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Fig. 8. Reduction and formation of a-Pd oxide in presence 
of overlying /J-oxide. Potential scanned negatively into 
/J-oxide reduction peak in each cycle at 50mV/s (/J-oxide 

growth conditions same as in Fig. 6, but for N = 10). 

film is partially reduced. These results provide two 
pieces of information about the /j-oxide film. The 
first is that there must be an extensive film porosity 
and very good accessibility of solution at the base of 
the pores in the film, so that a-oxide electrochemistry 
can occur without any a shift of potential even in the 
presence of relatively large amounts of /J-oxide film. 
Secondly, the fact that the reduction of a particular 
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CO 

u 
O 
c 

c 
0 

CO 

fraction of the hydrous /J-oxide film exposes an 
equivalent fraction of the Pd metal surface, as seen 
by the proportional increase in the a-oxide profile, 
suggests that the /J-oxide film reduces in an island-
by-island manner, indicative of its structure being 
columnar or island-like in nature. 

Based on these results, the nanostructure of thin 
/J-oxide films is shown schematically in Fig. 10. Here, 
it is seen that after ca. 50 growth cycles, for example, 
the a-oxide film which is still ca. five monolayers in 
thickness (based on the potential of peak C,), 
occupies only ca. 25% of the electrode surface (Fig. 
7), while the /J-oxide film, which is shown to be much 
thicker than the a-oxide material, covers the rest of 
the surface in the form of columns or islands. This 
model of the hydrous Pd oxide film nanostructure 
has been tested by the tern examination of cross-
sectional samples of compact and hydrous oxide 
covered Pd wire electrodes. 

(b) TEM analysis of thin ft-Pd oxide films. Direct 
observation of the structure of hydrous Pd oxide 
films was made using tern of samples prepared by the 
ultramicrotomy technique, as described earlier. 
Figure 11 shows a tern micrograph of the cross-
section of a /J-oxide film on a Pd electrode after 60 
growth hydrous oxide growth cycles. The oxide film 
is clearly porous in nature and oxide segments which 
are ca. 3 nm in width, with pores of the order of 2 nm 
in diameter, can be discerned. For this particular 
oxide film, a charge density of ca. 9.5mC/cm2 would 
have been expected. As the film thickness is seen to 
be ca. 50 nm, this yields a film density of ca. 1.4 g/ 
cm3, assuming the /J-oxide film to be[36] 
Pd02(OH~)2(Na + )2 • 2HzO (molar mass 286g/mol). 
This comparatively low density is clearly consistent 
with the observed film porosity. 

Figure 12 shows a tern view of a thinner hydrous 
oxide film, formed in only 30 growth cycles. The film 
appears to have a still lower density, consistent with 
the structure of the earlier stages of /J-oxide film 
growth proposed in our model (Fig. 10), in which 
fewer islands or columns of /J-oxide film are sug
gested to be present. 

The electrochemical data has suggested that the 
/J-oxide film develops by the conversion of islands of 
the a-oxide to the hydrous form, leaving the remain
ing a-oxide regions of unchanged thickness. This, in 
turn, implies that the /J-oxide film has a columnar or 
island-like structure. Other experiments, particularly 
the ability for the a-oxide formation/reduction reac
tion to occur beneath a relatively thick /J-oxide film 

Islands of p-Pd oxide 

0.0 
0.0 0.2 0.4 0.6 0.8 1 0 

Fraction of p-oxide Removal 
Fig. 9. Correlation between the fraction of /J-oxide reduced 
and extent of increase of peak C ; , obtained from an experi
ment such as shown in Figure 8 (/J-oxide growth conditions 

same as in Fig. 6, but for N - 20). 

a-Pd oxide 

Fig. 10. Schematic of nanostructure of /)-Pd oxide film. 
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Fig. 11. Cross-sectional tern view of /!-Pd oxide film (growth conditions as in Fig. 6, but N = 60). Light 
area on left is resin, dark area on right is underlying polycrystalline Pd. Magnification = 300000 x ; 

1 cm = 33 nm. 

(Fig. 8) and the correlation between the increase in 
the a-oxide cv profile and the extent of reduction of 
the [i-oxide film (Fig. 9) provide strong support for a 
porous /?-oxide film structure, suggesting that the 
reduction of the hydrous Pd oxide films occurs in an 
island-by-island or strand-by-strand fashion. The 
proposed structure of these thin a//?-Pd oxide films 
(Fig. 10), has been confirmed by tern analysis, which 
has revealed (Figs. 11 and 12) the presence of a 
porous, low density. /i-Pd oxide film. 
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