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Abstract
The electrochemistry of polycrystalline Pd has been examined in alkaline and acidic solutions, with the focus being on the growth and
reduction of thin, hydrous Pd oxide (j3-oxide) films. In the first few cycles of potential between 0.47 and 2.8 V (reversible hydrogen
electrode), the typical potential limits for /3-oxide growth employed in this work, a compact, anhydrous Pd oxide (a-oxide) film forms
first. This a-oxide film has been suggested to consist of mainly PdO and some Pd02 at potentials positive of ca. 1.5 V. When the
a-oxide film is ca. five monolayers in thickness, the conversion of the a- to /3-oxide commences at certain sites, resulting in the
development of islands of a- and /3-Pd oxide. Evidence indicates that, with increasing oxide growth, the coverage of the electrode surface
by patches of a-oxide of unchanged thickness decreases slowly, reaching a steady state, while the islands of /3-oxide lengthen in the form
of columns.
Keywords: Pd electrodes; Oxide films; Film growth

1. Introduction
Hydrous oxide (/3-oxide) films have been the topic of a
significant amount of research interest over the years,
partly because of their possible applications in many areas,
including electrocatalysis, batteries and in electrochromic
display systems, and also because of the impact of oxide
properties on corrosion processes and the passivation of
metals. Previous studies of the electrochemical oxidation
of noble metals [1-6] have suggested that the hydrous
oxide (j8-oxide) film is located above a compact, anhydrous oxide (a-oxide) layer. However, the exact structure
an
d composition of these /3-oxide films are not well
understood, partly because of their probable amorphous
natn
re and their instability in high vacuum conditions.
The growth of hydrous oxide films on noble metals has
ee
n achieved most commonly under potential cycling
c
°nditions. Burke and Lyons [1] have proposed a model of
^°xide formation under these conditions, in which a
'gnly disordered layer of metal atoms (adatoms) is formed
11
we partial reduction of the a-oxide film, produced after
n
excursion of potential to a value sufficiently positive of
e 0x
ygen evolution reaction (OER). On subsequent reox-
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idation, it is suggested [1] that this disturbed layer of metal
atoms is readily converted to a hydrated oxide, with a fresh
inner a-oxide layer being regenerated at the metal | oxide
interface. With repetitive cycling, the generation of disordered metal atoms and their oxidation and hydration is
suggested to continue, and hence the /3-oxide film thickens
with time. In connection with the role of thin hydrous Pd
oxide films in the electrocatalysis of the hydrazine oxidation reaction, an "adatom to incipient hydrous oxide transition" has also recently been invoked by Burke and
Casey [7-9], but this is proposed to occur in the hydrogen
adsorption-desorption potential range.
In the present work, the very early stages of /3-Pd oxide
growth in alkaline solutions have been examined more
closely and a model of this process, somewhat different
from Burke's model in terms of how and in which potential range /3-oxide formation commences, and a model of
the structure of the Pd oxide films, have been proposed.
Films of less than approx. 10 equivalent monolayers of
hydrous oxide, based on the measured charge densities,
have generally been produced and studied. Growth of thin
oxide films has been found to minimize surface roughening, which occurs to a greater extent when thick hydrous
oxide films are grown and reduced [10]. In addition, the
study of thin films diminishes other experimental problems
such as the presence of uncompensated resistance, the
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reported incomplete oxide reduction in alkaline solutions
[11], diffusion limitations etc., which are often observed in
thick /3-oxide film growth/reduction experiments. One of
the auxiliary goals of this work has been to enable direct
comparison with the results of our prior studies [3,4] of the
growth of thin hydrous oxide films at Pt electrodes in
acidic media.

0.4

2. Experimental
All cyclic voltammetry (CV) experiments were conducted using an EG&G PARC 173 potentiostat coupled
with a PARC 175 universal programmer. An HP 7045B
X-Y recorder was used to record the voltammograms.
The working electrode (WE) was a polycrystalline Pd
wire (99.9%, diameter 1.0 mm, Aldrich), sealed in soft
glass tubing with an exposed length ranging from about
0.5 to 1.5 cm. Before each set of /3-oxide growth-reduction experiments, the Pd electrode was preconditioned by
potential cycling between 0.2 and 1.6 V at 1 V s _ 1 for at
least 10 min. The real electrode surface area was established by assuming that a 50 mV s _ 1 scan to 1.3 V
(reversible hydrogen electrode (RHE)), carried out before
and after each oxide growth-reduction experiment, produces one monolayer of PdO [12]. The charge for a
monolayer of PdO for an atomically smooth Pd surface
was assumed to be 0.42 mC cm~2 [12-14]. All current
and charge densities given in this paper are based on the
electrode areas estimated in this way, i.e. electrode roughening, which is generally minor but becomes more notable
when thick oxide films are formed and reduced, especially
in acidic solutions, has been fully accounted for throughout
this work.
A standard two-compartment cell was utilized in this
work. The counterelectrode (CE) was a large-area high
purity Pt gauze, or sometimes, for comparison reasons, a
coiled Pd wire. The reference electrode was the RHE, to
which all potentials reported in this paper are referred. 1 M
NaOH and 1 M H 2 S0 4 solutions were used throughout
this work. All chemicals used were ACS grade and water
was deionized and doubly distilled, using a Corning MP-6A
Mega-Pure distillation system. Solutions were deaerated by
bubbling high purity Ar through or above the cell solution
at all times. All experiments were carried out at room
temperature.

3. Results and discussion
3.1. Alkaline solutions
3.1.1. a-Pd oxide formation-reduction
Fig. 1 shows the typical CVs of polycrystalline Pd in 1
M NaOH, obtained using a sweep rate sT of 50 mV s - 1 .
When the potential is scanned positively up to an upper

E / V v s . RHE
Fig. 1. Typical CV profiles of a preconditioned Pd electrode in 1 M
NaOH at E+ = 1.6 V (
) and 1.3 V (
); sr = 50 mV sH.
Preconditioning usually involved potential cycling at 1 V s - 1 between
0.2 and 1.6 V for at least 10 min.

potential limit E+ of 1.6 V (full curve), the formation of
a-Pd oxide is seen to commence at ca. 0.65 V and to
continue in the anodic plateau (Aj), with a small rise in
current (A 2 ) seen at ca. 1.4 V. In the negative scan, while
the reduction of a-oxide is seen to occur primarily in a
single reduction peak (C t ), a small, broad cathodic peak
(C 2 ), centered at ca. 1.2 V, is also seen. When the
potential is reversed already at 1.3 V (broken curve), only
the Cj peak is seen, and its peak potential is less negative
than when E+= 1.6 V. In a separate experiment, repeated
potential scans just over the A 2 and C 2 peaks, e.g. in the
range of 0.9 and 1.6 V, show that the two peaks reflect a
coupled oxidation-reduction process.
Some controversy exists in the literature in the assignment of these a-oxide CV features to the various known
oxidation states of Pd in its oxide films. While both Arvia
and coworkers [15-17] and Burke and coworkers [8,101
have suggested that the A 2 - C 2 peaks reflect a redox
reaction involving Pd0 3 |Pd0 2 , they differ in the assignment of the A j plateau-Cj peak, with Arvia and coworkers suggesting the formation-reduction of Pd0 2 and Burke
and coworkers the formation-reduction of PdO. Victon
and coworkers [18,19] and Kinoshita et al. [20] have
assigned the C 2 peak to the reduction of Pd0 2 to PdO a"
the Cj peak to the reduction of PdO to Pd. In the present
work, it is assumed that the Al-Cl features reflect
PdO|Pd reaction and the A 2 - C 2 peaks the Pd02|Pd°
process.
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In an experiment analogous to that in Fig. 1, extension
the potential in a single scan to higher E+ values (up to
i o V) reveals the formation of more a-Pd oxide film, as
seen in Fig. 2 by the £+-dependent increase in magnitude
,f both the Cj and C 2 peaks. It is seen in Fig. 2(b) that the
am0unt (Jc, °f "-oxide increases linearly with E+ while

0f
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its reduction peak potential Ec shifts correspondingly in
the negative direction. This behavior has been reported
earlier [19,21-23] for Pd in acidic solutions and has also
been seen for many other noble metals such as Pt [2,3,24],
Rh [25] etc. In the case of Pt electrodes [2,3,24] in acidic
media, it has been suggested that, once the place exchange
2.2
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§• 2. (a) Successive CV scans at Pd in 1 M NaOH recorded at sT = 100 mV s - 1 , E_ = 0.1 V and increasing E+ to 3.0 V, using an increment of 0.1 V
4 D T*le P o t e n t i a l w a s *le'ci at 1-3 V for 2 min between cycles for solution deoxygenation. (b) Plots of peak potential EpCl and charge density qCi of
e Pd
0 reduction peak (C,) as a function of £+. (c) Similar plots to (b), but for the C 2 peak.
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process commences during a-oxide formation (at £ + = 0.8
V), even when less than one monolayer of the film has
been formed, an increasing extent of hysteresis is seen
between compact oxide formation and reduction, indicated
by the negative shift of the oxide reduction potential, as
more a-oxide is formed with increasing E+ or with time
of holding at any E+. Assuming that the a-oxide charge
density is proportional to the film thickness, Figs. 2(a) and
2(b) show that, the higher E+ is in a single scan, the
thicker the a-oxide film becomes and hence the more
negative is its reduction peak potential. This will be shown
to be useful in the present work in estimating the amount
of a-oxide which coexists with overlying /3-oxide films. It
should be noted once again that all current and charge
densities are based on true electrode area, obtained as
described in the experimental section.
Fig. 2(c) shows that, while the charge in peak C 2 also
increases in magnitude with E+, there is only a minor
negative shift in its potential. This indicates that the reaction occurring in peak C2 is different from that in Cv as
has been discussed recently by Bolzan and Arvia [21]. It
can also be seen in Fig. 2(a) that, when an E+ of 3.0 V is
reached, a cathodic feature at ca. 0.15 V begins to develop.
This probably reflects the earliest stages of /3-oxide film
formation by the single potential cycle method.
3.1.2. Growth and reduction of j3-Pd oxide
The growth of thin hydrous Pd oxide (/3-oxide) films in
this work was achieved using less than 30 potential cycles
at a growth sweep rate sg of 0.5-2 V s _ 1 and critical
lower ( £ _ « 0.45-0.50 V) and upper ( £ + « 2.4-3.2 V)
potential limits. After /3-oxide growth, the potential was
held at 1.3 V for ca. 2 min for solution deoxygenation and
then a reduction sweep sr of 50 or 100 mV s - 1 was
applied to reduce the oxide film and to monitor the oxide
reduction profile. It was found that slower sweep reduction
did not yield higher oxide reduction charges, suggesting
the complete reduction of these thin /3-oxide films under
these conditions.
Fig. 3 shows the negative scan for the reduction of Pd
oxide films before (dotted curve) and after (chain, broken
and full curves) /3-oxide growth ( £ _ = 0.47 V, £ + = 2.8
V) using several different growth cycle numbers N. In the
presence of the /3-oxide film, the cathodic sweep first
reveals peak C 2 , now at ca. 1.1 V. The narrow peak at ca.
0.46 V, negative of the C [ peak at 0.62 V at a /8-oxide-free
electrode (dotted curve), represents the reduction of the
now thicker a-oxide layer (as inferred from Fig. 2 after N
cycles to 2.8 V) in the presence of the /3-oxide film. The
/3-oxide film is reduced in three adjacent narrow peaks,
(3V (32 and /33 at ca. 0.29 V, 0.22 V and 0.12 V
respectively. Peaks f3r and /32 often overlap when the film
is thicker. The /33 peak has been found to be associated
with the "aging" of the /3-Pd oxide film, to be discussed
in a future publication. All these three /3-Pd reduction
peaks are denoted by the label C 3 . Similarly, in a study of
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Fig. 3. CV response of Pd in 1 M NaOH, recorded at sr = 50 mV sH
before (
) and after N cycles of /3-oxide growth. /3-oxide growth
conditions: £ _ = 0 . 4 7 V; E+ = 2.8 V; sg = 0.5 V s" 1 ; solution was
deaerated for 2 min at 1.3 V prior to oxide reduction. Inset: A2-C,
peaks in the presence of /3-oxide film, seen in the range 0.8-1.6 V.

hydrous Pt oxide film growth, two distinct /3-Pt oxide
reduction peaks have also been observed by Burke et al.
[26,27] in acidic solutions (/3-Pt oxide was also formed in
base in their work, but its reduction was carried out after
transferring the electrode to an acid solution). With no
structural-compositional data available for the /3-Pt oxide
films, it was assumed in their work [26,27] that the 0,
peak, dominant for E+< 2 V during oxide growth, corresponds to the reduction of hydrated Pt(IV) oxide, while the
(32 peak, which appears only when E+>2 V during
growth, reflects the reduction of hydrated Pt(IV) oxide
containing other solution ions. In the case of Pd, it has
been suggested that /3-oxide is hydrated Pd0 2 [15,21,28],
Pd(OH)^ [1,7,8,10] or hydrated Pd0 3 [18,29]. It is interesting in Fig. 3 that, as peak C 3 increases in size with iV.
C, decreases, while its peak potential remains unchanged.
This is an important observation and will be discussed in
more detail later in this paper.
It is also noteworthy in Fig. 3 that, immediately afte'
/3-oxide growth, the negative scan (starting from l->
reveals an enhanced C 2 peak (assumed to reflect tn
reduction of Pd0 2 to PdO) at ca. 1.1 V, as compared wi*
the smaller C 2 peak seen in the absence of a /3-oxide ti
(dotted curve). In a separate experiment (inset in F«gwhen the potential is reversed at 0.8 V without fit*
reducing the a- and /3-oxides, a comparitively large :

A.J. Zhang et al. /Journal of Electroanalytical Chemistry 389 (1995) 149-159

153

rieak (full curve) is also seen. Continued cycling between
i)8 and 1-6 V does not alter the size of the A 2 and C 2
peaks significantly.
? 1.3. Effect of electrochemical variables on /3-oxide
growth
The study of thin /3-Pd oxide films in alkaline solutions
was initiated by identifying first the optimum experimental
conditions for oxide growth by the potential cycling
method. This was accomplished by testing the effect of a
number of electrochemical variables on the amount of
g-oxide grown at Pd electrodes. A similar investigation
nas been reported previously by Burke and Roche [10], but
only for very thick /3-oxide films and only for those grown
in acidic solutions. In the case of alkaline solutions, however, they reported [10,11] that reliable optimized growth
conditions could not be established as the /3-oxide films
could not be completely reduced electrochemically. As
mentioned earlier, this problem of incomplete reduction of
/3-oxide in alkaline solutions has not been encountered in
this work since only thin oxide films were produced and
studied.
Fig. 4(a) shows the effect of both the number of
potential cycles (TV ^ 25) and sg on the charge densities in
the C, and C 3 (/^ + /32 + /33) reduction peaks, when
E_=0A7 V and £ + = 2 . 8 V during oxide growth. All
charge densities have been established using the real electrode surface area so that any changes in electrode roughness, caused by differing extents of oxide growth from one
experiment to another, have been accounted for. At s =
0.5,1 and 2 V s" 1 , Fig. 4(a) shows that the amount qc of
/3-oxide formed increases with N, while the a-oxide reduction charge density qc goes through a maximum at
Amax. The fact that the onset of /3-oxide growth is roughly
correlated with the decrease in the Cj charge density
suggests the conversion of the a- to the /3-oxide film once
the PdO film reaches a particular thickness. A similar
observation was also reported in the case of thin /3-Pt
oxide film growth in acidic solutions [2,3], where an
"island mechanism" was proposed for /3-oxide growth to
"plain this phenomenon. It is of interest that the maximum charge densities qj?** for PdO at the three growth
s
*eep rates used are all dose to approx. 2.0 mC cm" 2 .
Yc, appears to depend primarily on the particular E_ and
f
t- limits used during /3-oxide growth.
At higher N values, the /3-oxide charge density continues to increase, while the charge density in the Ct peak
ie
nds to reach a steady state. This indicates that the
inversion of a- to /3-oxide is dominant at lower N,
*"',e, at higher N values, the continuous growth of /81(]
e becomes the primary process, leaving a relatively
c
°nstant amount of a-oxide on the electrode surface.
he effect of sg on oxide growth can be seen in Fig.
(a
) by the shift in the maximum of the plots of both the
and the /3-oxide charge densities towards higher N
Ues
with increasing s . This may simply be a time
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Fig. 4. (a) Effect of the number N of growth cycles and growth sweep
rate sg on a- and /S-oxide growth in 1 M NaOH: E_ = 0.47 V; E+ = 2.8
V;

ig

= 0.5 (

), 1 (

) and 2 ( • - • - • ) V s " 1 . (b) PdO

reduction peak potential EpCi (
) and charge density qc (
)
monitored during its reduction in presence of the /3-oxide film as a
function of N; sg = 0.5 V s _ 1 . (c) Peak current density of Cj (
-)
and C 2 (
) as a function of N (sg = 0.5 V s ~ ' ) ; the charge density
in the C 2 peak was measured as ca. 0.9 mC c m - 2 for JV = 8. Conditions
of /3-oxide growth are the same as in Fig. 3 except when being specified.

effect as, for a given N value, higher s corresponds to
less total time spent at potentials positive of the OER.
The plot of the C : peak potential EpC , i.e. for the
reduction of a-oxide in the presence of /3-oxide, is also
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informative. Fig. 4(b) shows that, with increasing N, £ pC
initially shifts negatively but then remains constant at ca.
0.44 V after Nmax. Based on the correlation between the
thickness of the a-oxide film and E c (Fig. 2(a)), this
suggests that, as more a-oxide forms from N = 1 to ca. 5,
the a-oxide film is thickening, as expected. However, for
N>5, Fig. 4(b) suggests that, although the amount of
a-oxide film decreases, the thickness of the unreduced
a-oxide film remains unchanged, as seen from the constant
E c value. This further supports our hypothesis concerning the growth of /3-Pd oxide films. It appears that, at
higher N values, the surface coverage B of a- and /3-oxide
remains relatively unchanged (as seen by the relatively
constant amount and thickness of the a-oxide film). This
suggests that the /3-oxide forms initially in the form of
patches or islands, and that these islands grow primarily in
a vertical direction, i.e. in the form of strands, at still
higher N values. Further details concerning this mechanism will be discussed later in this paper.
The size of the C 2 peak is also found to be affected by
N during oxide growth. Fig. 4(c) shows that the peak
current density L c of C 2 (full curve) increases with N
when N < 5, as does j c (broken curve), but then remains
constant at N > 5 with a corresponding charge density of
ca. 0.9 mC c m 2 (true surface area). It is of interest that,
in experiments where more vigorous /3-oxide growth conditions, e.g. higher N and E + , were used, the charge
density seen in the C 2 peak never exceeded 0.9 mC c m - 2 .
As the A 2 - C 2 charge remains constant even while the a
charge decreases and the /3 charge increases at N>Nmax,
this suggests that, at potentials positive of ca. 1.5 V (Fig.
3), a Pd0 2 film is present at all sites on the electrode
surface. The 0.9 mC cm" 2 charge density indicates that
more than one monolayer Pd0 2 (the two-electron reduction to PdO would yield about half of this charge) is
formed.
Fig. 5 shows the effect of E on the amount of
j8-oxide formed for JV=8 at sg = 0.5 V s _ 1 , using a
constant E+ of 2.8 V. It can be seen in Fig. 5 that the
growth rate of /3-oxide (full curve) starts to drop when E_
is lower than 0.48 V. In fact, hardly any /3-oxide growth is
seen when an E_ value below 0.45 V is used (not shown
in Fig. 5), which is consistent with the expectation that all
a-oxide species (PdO and Pd0 2 ) and any /3-oxide formed
in each cycle can be reduced in this potential range, thus
preventing the build-up of the (3-oxide film on the electrode surface. It is interesting that this minimum E_ of
approx. 0.45 V is very close to the peak potential for PdO
reduction in the presence of /3-oxide films when £ + = 2.8
V (Figs. 2(a) and 2(b)), as indicated also by Burke and
Roche [30] in their work with Pt in acidic solutions. This
suggests that at least partial a-oxide reduction in the
negative sweep is required for /3-oxide growth and that the
/3-oxide film tends to form at these residual a-oxide sites
in the subsequent positive scan. At E_ values above 0.48
V, the growth rate of /3-oxide remains independent of E_
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Fig. 5. Effect of £_ on the rate of the change in a-Pd () ^
/3-Pd (
) oxides. Growth parameters in 1 M NaOH: £ + = 2.8 y.
j = 0 . 5 V s " 1 ; A ' = 8.

even u p to a value of approx. 1.4 V (not shown in Fig.
2(c)), a potential at which the reduction of a-oxide during
/3-oxide growth cycles cannot occur. This result is different
from that obtained by Burke and Roche [10] for very thick
/3-Pd oxide films in acidic media, w h e r e the optimum
growth rate w a s found to be at E_ = approx. 0.48 V and a
more positive E _ value resulted in a decrease in /3-oxide
growth. Considering the relative ease with which Pd dissolves in acidic solutions, especially during the oxide
formation and reduction process [31,32], this difference
may simply reflect an increased loss of /3-oxide in acidic
solutions. In alkaline solutions, this independence of /3oxide growth of E_ w h e n E_> 0.48 V (Fig. 5) suggests
that the partial reduction of P d O , which would occur to a
lesser extent the higher E_, is not critical in /3-oxide
growth. In fact, /3-Pd oxide films can also be formed at
contant potential using values positive of approx. 2 V,
similar to /3-oxide formation at Pt electrodes [2].
T h e effect of E+ on the growth rate of thin Pd oxide
films in alkaline solutions w a s investigated by measuring
the C j and C 3 peak charge densities, based on the true
electrode surface area, after 10 growth cycles at 0.5 V s
with £ _ = 0 . 5 V. A s seen in Fig. 6, the growth rate of
/3-Pd oxide (full curve) increases with E+, reaching*
value of ca. 0.56 m C c m " 2 per cycle at E+ = 3.2 V. This
trend is similar to that reported for Ir electrodes [33], but is
somewhat different again from the result of Burke an
R o c h e [10] for Pd in acidic solutions, where the grow*
rate of /3-oxide reached a m a x i m u m at £ + = 2 . 8 V an
then decreased with a further increase in E+, P r 0 ' ) a
because of increased dissolution of Pd in acidic media
higher potentials. In the case of Ir electrodes in 3'cjdfc
l
solutions, it has been suggested that an increase in I,

during oxide growth leads to a more complete convers
of the surface of an underlying compact oxide fill" ,
hydrous oxide film, with a maximum of one monolay
new oxide film being formed per growth cycle [331
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growth rate of /3-oxide films per cycle achieved
these experiments is 0.56 mC cm" , about one monoI ver if the /3-oxide is assumed to be Pd0 2 • * H 2 0 , formed
from PdO- Fig- 6 also shows that the growth rate of the
-oxide (broken curve) decreases to a steady state as more
a-oxide is formed at more positive E+, similar to the
sult of Fig. 4(a). It is possible that a linear relationship
would have been observed between E+ and the rate of
g.pd oxide growth if IR compensation (solution IR between the WE and RE) had been carried out.
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214, Reduction-formation of a-Pd oxide in presence of
fi-oxide film
Similar to previously reported results for Pt [2,3], it has
heen found in this work that the a-oxide reduction-formation reaction can be explored without reducing the overlying /3-oxide film. It is shown in Fig. 7 that, after If)
g-oxide growth cycles, the reduction of a-oxide in the first
negative scan (full curve) without removal of the /3-oxide
occurs at a peak potential of 0.44 V. In subsequent cycles
between 1.3 V (E+) and E_ values which were incrementally decreased in each cycle (from 0.4 to 0.3 V), the
ivpical a-Pd oxide formation-reduction profile is seen, as
for a /3-oxide-free electrode (dotted curve). As small portions of the /3-oxide film are reduced in each negative
scan, the a-oxide formation-reduction response is seen to
increase proportionally, indicative of the increasing availability of Pd metal sites to the solution as the /3-oxide film
is reduced. This result provides further support for our
proposed "strand" model of /3-Pd oxide. It is also noteworthy in Fig. 7 that the a-oxide reaction in the presence
of the /3-oxide film occurs at the same potential as seen at
a /J-oxide-free electrode. As in the case of /3-Pt oxide
[2,3], this strongly supports the proposed hydrous,
solvent-permeable nature of the /3-Pd oxide film.
It should also be noted that a small peak (labeled as a')
R seen at ca. 0.55 V in Fig. 7. This new reduction peak

E
o
O
E

E . / V v s . RHE
j.ji ' c n e c ' of E+ on the rate of the change in a-Pd (- - • - -) and
•• 0 . 5 V ;
; ^ r ~ "—) oxides. Growth parameters in 1 M NaOH: E_
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Fig. 7. Reduction and reformation of a-Pd oxide in presence of /3-oxide
film vs. at the /3-oxide-free electrode (
). Potential was scanned
negatively into the /3-oxide reduction peak in each cycle. /3-oxide growth
parameters in 1 M NaOH: E_ = 0.47 V; E+ = 2.8 V; sg = 0.5 V s - ' ;
# = 1 0 . CVs were recorded with E, = 1.3 V and s, = 50 mV s" 1 .

can be very large under optimized conditions and will be
discussed in detail in a future publication.
3.2. Acidic solutions
As known from previous studies [32,34] of Pd in H 2 S0 4 ,
the growth of /3-Pd oxide in acidic solutions is complicated by Pd dissolution. It has been reported by Rand and
Woods [35] that the dissolution rate of Pd in 1 M H 2 S0 4
is ca. 20 times higher than that of Pt in comparable acidic
media under potential cycling conditions. Also, ring-disc
electrode studies of Pd in acidic media [31,32] have shown
that Pd dissolves mainly during the oxide formation and
reduction process. In the present work, Pd dissolution in
H 2 S0 4 solutions could be inferred from the fact that the
electrode surface became roughened (all currents increased
with time) after the growth and reduction of /3-oxide films
in this medium. Therefore, the use of real electrode surface
areas to determine current and charge densities after each
oxide growth-reduction experiment is more important in
acidic than in alkaline solutions. Despite this issue of Pd
dissolution, the trends observed during thin Pd oxide film
formation-reduction in 1 M H 2 S0 4 in this work are
generally similar to those seen in alkaline solutions, described above. The main differences are that the growth of
/3-oxide film is easier (lower N is required to initiate

AJ. Zhang el al. /Journal of Electroanalytical Chemistry 389 11995) 149-159

156

growth) and that only a single /3-oxide reduction peak is
usually seen in acidic solutions, although the presence of
two components in the peak is evident from its asymmetrical shape.
Fig. 8 shows the typical CVs recorded at 50 mV s _ 1
after several cycles of potential between 0.47 and 2.8 V at
s =0.5 V s - 1 , the same conditions used for hydrous
oxide growth in alkaline solutions. Similar to alkaline
solutions, the now relatively broad peak at 0.30 V reflects
the removal of a hydrous /3-oxide film, and the sharper
peak at 0.53 V represents the reduction of the a-oxide
formed during hydrous oxide growth. The dotted line
shows the cathodic response after hydrous oxide reduction.
It is interesting that, after /3-oxide formation-reduction in
acidic media, the hydrogen adsorption-desorption peaks
(assigned recently by Burke and Casey to adatom-incipient hydrous oxide transition [7-9]) are enhanced at Pd and
the currents have increased significantly, similar to what
was seen at palladized Pd electrodes [7-9,36]. This phenomenon has also been reported by Arvia and colleagues
[37].
Fig. 9(a) shows the effect of TV on a- and /3-oxide
growth at two growth rates, analogous to the results in
basic solutions shown in Fig. 4(a). It is seen in Fig. 9(a)
that, similar to alkaline solutions (Fig. 4(a)), the a-oxide
charge goes through a maximum as the /3-oxide charge
increases. However, Fig. 9(a) shows a larger difference
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between the two sets of data obtained at 0.5 and 1 V s"
than for alkaline solutions. The maximum a charge for
sg = 0.5 V s"' is approx. 2.6 mC cm" 2 , ca. half of that for
V s ', while in alkaline solutions the maximum
Sg=l
charges (approx. 2.0 mC cirT 2 ) are essentially independent of s . Also, the a-oxide reduction peak becomes
significantly smaller at large N values than in alkaline
solutions (Fig. 4(a)), perhaps because of some dissolution
of the a-oxide [31,32], rather than its conversion to fr
oxide. Furthermore, the /3-oxide charge increases more
slowly at higher TV values, probably also reflecting nW
dissolution in these acidic solutions.
Fig. 9(b) shows that, also similar to alkaline solutions
(Fig. 4(b)), £ p C | shifts negatively during the build-up of
the a-oxide and then remains constant at higher eye
numbers, even while the a-oxide charge decreases su
stantially (Fig. 9(a)). This again supports the notion of
conversion of a- to /3-oxide as N is increased, with pa
of the a-oxide converted almost entirely to /3-oxide, *
the remaining a-oxide film remains unchanged in tW
ness.

AJ. Zhang et al /Journal of Eledroanaly'ical

• j Model of early stages of (3-Pd oxide growth
The results of this work indicate that the growth of thirl'
h drous Pd oxide films by the potential cycling methoP
nvolves three distinct stages. In the first few a-oxide-/^"
ivide growth cycles, only the compact a-oxide film (as"
med to consist both of PdO and Pd0 2 at potential
oositive of ca. 1.3 V) is formed, according to the following
reactions:
pj + 2 0 H " ^ P d O + H 2 0 + 2e~

(la)

and
PJ0 + 2OH ^ P d 0 2 + H 2 0 + 2e~

(lb)

this is seen by the fact that both the C, and C 2 peaks
increase in size w'ifh TV (Figs. 4la) and 4(cD in tfie fir^1
lew cycles of potential between 0.47 and 2.8 V..
A schematic of the Pd oxide film at this stage is show"
in Fig. 10(a) for potentials greater than approx. 1.5 VDuring these early cycles, little generation of the /3-oxide
film occurs (Fig. 4(a), TV < NmiX). If it is assumed that the
charge density involved in the oxidation of Pd to on e
monolayer of PdO is 0.42 mC cm" 2 [13,14] and that in tn e
PdO, I PdO redox reaction (also a two-electron transf£r
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process) is also 0.42 mC cm 2 at the monolayer level,
then the maximum C, charge observed in Fig. 4(a) (ca. 2.0
mC c m - 2 ) would correspond to ca. five monolayers of
PdO and the constant charge in C 3 (0.9 mC c m - 2 ) indicated in Fig. 4(c) would reflect the reduction of ca. two
monolayers of Pd0 2 to PdO at 1.1 V (Fig. 3). These values
are reasonable, considering the fact that E+ has been
extended to 2.8 V in these cycles of potential ( £ _ = 0.47
V).
At higher N, some regions of the compact a-oxide film
must undergo some structural-compositional changes, perhaps allowing better internal access of solution ions and
water, hence stabilizing the film in its hydrated form, i.e.
PdO + (x-

l ) H 2 0 + 2 0 H - ^ P d 0 2 x H 2 0 + 2e-

(*>1)

(2a)

or

P d O : + * H 2 O ^ P d 0 2 *H20

(*>1)

(2b)

One factor leading to the breakdown of the a-oxide film
may be the local acidic pH generated during the OER. As
mentioned in the discussion of Fig. 5, /3-oxide film may
form at the "defective" sites where residual a-oxide
remained unreduced in the prior negative scan. It is also
possible that a-oxide is transformed to /3-form via the Pd
adatom intermediate, formed during a-oxide reduction in
the prior negative excursion of E , as suggested by Burke
and coworkers [1,7-9].
In Fig. 10(b), the early stage of a-oxide transformation
to the /3-oxide is depicted as the formation of small
nodules at the PdO|Pd0 2 interface, with some dry PdO,PdO being retained beneath the nodules when the potential
is positive of ca. 1.5 V. With continued oxide growth
cycles, it is suggested that this process proceeds further
into the a-oxide layer, transforming almost the entire
region, other than the dry PdO : layer present, into /3-oxide
film. The thickness of the PdO : layer at the base of each
/3-oxide strands is depicted as the same as the Pd0 2 layer
in the a-oxide film, based on the data of Fig. 4(c), where
<7Ci remains constant at all conditions where N> NmBx.
For growth cycles after Nmax, both an increase in the
surface coverage of /3-oxide and a thickening of the
regions of /3-oxide film are suggested to occur. This is
seen primarily from the data of Fig. 4(a), from which the
notion of the formation of strands of /3-oxide within the
compact a-oxide film arose. Fig. 4(a) showed that, as the
/3-oxide film begins to form, the a-oxide charge density
decreases commensurately. Importantly, the C, reduction
peak potential remains constant at the value of the peak
potential at Nmax, indicative of the formation of islands of
PdO of unchanged thickness from that at Nmax. This is
depicted in Fig. 10(c).
Support for this model of the formation of thin a-Pd/3-Pd oxide films has arisen from the comparison of the
results of two particular experiments, both initially designed to estimate the surface coverage of the islands of
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Table 1
/3-oxide surface coverage as a function of N
Method I
(Eq. (3))

Method II
(Eq.(4))

8
ie.
22
28

0.04
0.40
0.63
0.79

0.00
0.40
0.66
0.82

Inc ase

N

a-oxide (reflected mainly by the PdO layer) and of the
thickening of /3-oxide film at various N. In the first
approach, data of the kind shown in Fig. 4(a) were treated
as follows. It was assumed that, at NmdX, the a-oxide film
fully covers the Pd electrode surface and that the PdO
layer is at its maximum charge density q^ixCi or thickness,
e.g. ca. five monolayers. It is also assumed that no /3-oxide
film has formed yet at Nmax. At N>Nmax, as the charge
density q^ Nm" in the C, peak decreases (Fig. 4(a)), it is
assumed that /3-oxide film formation occurs by the transformation of islands of PdO layer to /3-oxide film, while
maintaining a constant thickness of the PdO layer in the
unconverted part of the film. Therefore, the relative magnitude of the PdO reduction charge density would reflect the
fraction of the surface which is still occupied by the PdO
layer, i.e. q^ > N™*/qc™*, and the J3-oxide surface cover-

u
m

Fraction of 0-oxide Removal
Fig. 12. Correlation between the fraction of /3-oxide removed and ike
extent of increase of peak C, at E+ =1.3 V, an experiment similar to
that of Fig. 7. Oxide growth conditions- £_ = 0.48 V; E + = 2.&V,
v =0.5 V s " 1 ; AT=20.

0.2

age fig for N > NmM in potential scans to 2.8 V is then
obtained from the following expression:
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Fig. 11. Typical experiment in alkaline solutions used to estimate the
electrode surface coverage by /3-oxide film. The first negative scan
(
) to 0.44 V yields the amount of a-oxide formed after growth
cycles to 2.8 V; the subsequent potential scan (
) shows the
formation-reduction of fresh a-oxide beneath the overlying, unreduced
/3-oxide film. CV response of Pd after complete reduction of the /3-oxide
film (
) is also shown for comparison. Oxide growth conditions:
£_ = 0.47 V; £ + = 2.8 V; sg = 2 V s" 1 ; N = 22.

2.8 V

These values are shown in Table 1 for a representative set
of /3-oxide growth-reduction data.
In the second approach, the /3-oxide film coverage was
estimated from experiments of the kind shown in Fig. U
In these runs, after a-oxide-j8-oxide growth, only tbe
a-oxide film (PdO and Pd0 2 ) was reduced (dotted curve),
leaving the /3-oxide film intact on the surface. The normal
potential range of a-oxide formation-reduction (full curve.
0.3-1.3 V) was then examined and the magnitude of the
oxidation plateau (A t ) and/or the reduction peak (C\h
qP which is substantially smaller under these conditions
than at a fresh /3-oxide-free electrode (broken curve), was
compared with the magnitude qP~(> after /3-oxide fib"
reduction. The following equation was then app lied to
estimate the coverage of the /3-oxide film at various
ft,=

(4

l<?c,

1.3 V

Table 1 shows a very good agreement between the ^
sets of the /3-oxide coverage data obtained at « s
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. gq. (3) and (4), which adds support to the model of
' "jje film formation as shown in Fig. 10.
' further analysis of experimental results of the kind
wn j n Fig. 7 involved correlating the extent of increase
• the PdO formation-reduction charge densities with the
ction of the /3-oxide film reduced in each cycle (to
•reasingly negative E_ values from ca. 0.4 to 0.3 V).
fa 12 p' o t s t n e l n c r e a s e l n t n e Cj peak as a function of
. fraction of the /3-oxide film which has been removed.
rhe linear relationship obtained suggests that the reduction
f the /3-oxide films occurs as the reduction of vertical
strands or segments of oxide, such that the reduction of a
particular fraction of the /3-oxide film exposes an equivalent fraction of the underlying Pd metal surface. The
reduction of the /3-oxide film in horizontal (with respect to
the Pd surface) layers is therefore not probable.
Support for the /3-oxide strand model proposed here can
also be obtained from recent structural studies of Pt and
Au electrodes after the reduction of thick oxide films
(probably hydrated) [38-40]. Using integrated scanning
tunneling microscopy and scanning electron microscopy
techniques [38], columnar surface structures were observed
on these electrodes, suggesting a similar columnar (strands)
structure for the oxide film.
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