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ABSTRACT

The mechanism of formation of thick, porous, PbO films at a Pb anode in 1N NaOH solutions was investigated. Film
growth initiates by a nucleation process and then proceeds at a rate which is controlled by the increasing resistance of the
solution in the narrowing pores of the oxide film. The observed i/E relationships were simulated on the basis of two mod-
els of film growth, one involving the spreading of islands of film of constant height, and the other in which nuclei both
spread and increase in height until the electrode surface is almost fully covered. The latter model led to a very good fit be-

tween the observed and calculated curves.

Of the two common forms of lead oxide, PbO and PbO,,
the electrochemistry of the tetravalent oxide has been
studied in greater detail, particularly in acid solutions, due
to its central role in the Pb/acid storage battery (1-3). In
comparison, little has been reported about the electro-
chemical behavior of PbO in either acidic or basic solu-
tions, despite the numerous applications of PbO in such
areas as the glass and ceramics industry, in the production
of Pb-containing pigments, in pesticides, soaps, plates, in
storage batteries, etc. (4, 5).

Of the published work regarding PbO electrochemistry,
most has been based on the results of galvanostatic studies
(6-11). More recently, a photoelectrochemical study of PbO
and PbO, films, formed by the potentiodynamic sweep
method in pH 9 solutions, has been published (12).

In the last few years, we have been carrying out a de-
tailed study of the electrochemical behavior of Pb in alka-
line solutions, focusing primarily on pH 14 solutions
(13, 14). It has been shown (13) that the first step in the oxi-
dation of Pb at pH 14 is the formation of a small amount of
a Pb(OH); film on the Pb electrode surface (reactions [1]-{3]).
With the use of cyclic voltammetry, steady-state and tran-
sient potentiostatic methods, as well as rotating disk elec-
trode techniques, it was found that the Pb(OH), film
readily dissolves as Pb(OH);~ (reaction [3]). Pb(OH), can
also undergo a dehydration process (reaction {4]) according
to the following reaction scheme

Pb + OH™ = (PbOH),q, + €~ [1]
(PbOH).4s + OH™ = Pb(OH); + e~ [2]
Pb(OH), + OH" = Ph(OH);" {31
Pb(OH); = PbO + H,0 [4]

These reactions occur in the range of potential from about
200 to 300 mV vs. RHE, with reaction [3] being the rate-
determining step. The occurrence of reactions [1]-[4] is con-
sistent with the prior suggestions in the literature regard-
ing the early stages of Pb oxidation in alkaline solutions
(6-11).

At potentials more positive than about 300 mV vs. RHE,
cyclic voltammetric and chronoamperometric experi-
ments have revealed that a PbO film forms directly on the
Pb electrode surface by an instantaneous three-dimen-
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sional nucleation and growth mechanism, under diffusion
control (14). Reactions [5]-[7] reflect PbO film growth under
these conditions, with reaction [6] considered to be the
rate-determining step under steady-state conditions

Pb + OH™ = (PbOH),y; + € [5]
(PbOH).4s + OH™ = (PbO7), + HO [6]
(PbO )ags = PbO + e~ [7]

Some dissolution of PbO was also found to occur during
the nucleation and growth process, forming the HPbO,~
species (reaction [8])

PbO + OH™ = HPbO,"~ [8]

In the work referred to above (13, 14), only the early
stages of PbO film formation were examined. At more pos-
itive potentials in cyclic voltammetric experiments, or at
longer times at constant potential, much thicker PbO films
can be formed. It is the purpose of this paper to present the
mechanism of the buildup of thick PbO films at Pb elec-
trodes in pH 14 solutions. It will be shown here that these
thick PbO films are very porous in nature, which is con-
sistent with film initiation by a three-dimensional nucle-
ation and growth process (14).

Experimental

The details of the electrochemical experiments, as well
as the description of the cell, electrodes, and Pb electrode
surface preparation, have been presented elsewhere
(13, 14). In this work, all experiments were carried out at
room temperature in. 1M NaOH solutions, made from ACS
Fisher grade NaOH and thrice-distilled water.

In the presentation of the data, the apparent electrode
surface area (Pb disk, 0.38 cm?) is utilized unless otherwise
specified, and all potentials are given with respect to the
RHE.

Curve simulations were done with the use of an IBM-PC,
while the scanning electron microscope (SEM) investiga-
tions were carried out with a Cambridge Stereoscan 2500
SEM, equipped with a Kevex energy-dispersive x-ray ana-
lyzer.

Results and Discussion

Figure 1 shows a typical steady-state cyclic voltammo-
gram (CV) for a Pb disk electrode in a 1M NaOH solution,
obtained after a number of repeated cycles of potential. In
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Fig. 1. General cyclic voltammetric response of Pb in 1M NaOH; s =
50 mV/s. The potential was extended between the range of hydrogen
and oxygen evolution.

the anodic sweep, two principal peaks (A, and A,) are ob-
served. Based on thermodynamics, these are likely to rep-
resent PbO and PbO, film deposition, respectively. Peak
C, has been found to be associated primarily with peak A,
and therefore depicts the reduction of PbO to Pb, while
peak C, reflects PbO, reduction. The anodic shoulder, A’,
has been shown to be related to Pb(OH), deposition/disso-
lution (reactions [11-[4]) (13), while the remaining anodic
features, e.g., the small peak and shoulder at 1.4 and 1.6V,
respectively, remain unassigned, although they may be
due to the formation of other Pb oxides such as Pb,O; and
Pb30; (13). Oxygen and hydrogen are evolved at the posi-
tive and negative limits, respectively, of the scan shown in
Fig. 1.

It can be seen in Fig. 1 that the magnitude of the currents
passed is very large, indicative of high rates of reaction of
Pb in these alkaline solutions. Also, it can readily be seen
that the anodic and cathodic charge densities are quite
similar, showing that most of the oxidation products form
as surface films which are then reduced in the cathodic
scan. A more detailed examination of the charge densities
shows that the anodic charges exceed the cathodic charges
by a small amount, which is consistent with the in-
volvement of some film dissolution at pH 14 (reactions [3]
and [8]).

It was shown earlier that subsequent to the formation/
dissolution of Pb(OH), in shoulder A’, another film pro-
cess involving the nucleation and growth of PbO com-
mences at potentials just positive of A’ (14). Figure 2a
shows an enlarged CV of the region at the foot of peak A,.
A type of hysteresis which is characteristic of film nucle-
ation and growth is observed, i.e., the oxidation current
observed in the cathodic sweep is greater than that in the
prior anodic sweep. When the potential is extended more
positively (Fig. 2b), sufficient PbO film is deposited so that
the hysteresis behavior of Fig. 2a is no longer seen.

The CV response obtained when the potential is ex-
tended over peaks A, and C, is displayed for several sweep
rates (s) in Fig. 3. It can be seen that the leading slopes of
peaks A, and C, are linear and constant at all s, indicative
of an ohmically controlled reaction (IR compensation was
not used in this work). The value of the reciprocal of this
slope was found to be ca. 1.9Q, which is very close to the
value of the resistance of the solution, R, between the Pb
disk surface and the tip of the Luggin capillary containing
the reference electrode, as calculated by the Newman
equation [Eq. [9], Ref. (15)]

R, = (1/2 wka) tan~! (d/a) [9]

where « is the solution conductivity, d is the perpendicular
distance from the tip of the Luggin capillary to the Pb disk
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Fig. 2. (a) Anodic hysteresis in the early stages of Pb oxidation in 1M
NaOH; s = 50 mV/s. (b) PbO formation and reduction when the upper

potential limit is extended more positively with each cycle; s =
50 mV/s.

surface, and a is the radius of the disk. In these experi-
ments, a = 035em,d =ca. 1 em,and k = 0.18 S em™,

An investigation of the relationship between the peak
current density, i,,;, and the potential sweep rate is pre-
sented in Fig. 4 (— —). It can be seen that a linear relation-
ship exists between i, ; and s'2. An examination of the de-
pendence of the peak potential, E, 4;, on the sweep rate
also yields a linear relationship between E,,; and s?
(Fig. 5).

The charge passed up to E, 1, measured by integration
of the I/E response, has also been examined as a function
of the sweep rate. A fairly constant value (ca. 2 C/cm?) is
observed, with the charges being somewhat larger at low s
than at high s, and with an ca. 5-10% higher charge density
observed in the anodic vs. the cathodic peaks. These obser-
vations are further evidence for PbO dissolution (reaction
[8]) occurring along with PbO film deposition.

A model of film growth which is consistent with all of
the observations described above concerning peak A, is
that involving film formation at a rate controlled by both
R, and the resistance of the solution in pores, R, of a grow-
ing porous film (16). This, in turn, is based on Mueller’s
model (17) of film growth, which involves the initial ran-
dom nucleation of small islands of film on the electrode
surface. These nuclei are considered to form initially to a
particular height, h, and then grow laterally until most of
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Fig. 3. E/i response of Pb in 1M NaOH at s = 50 mV/s (a), 200 mV/s
(b), and 400 mV/s (c).

the electrode surface is covered, leaving only small pores
between the adjacent islands of film.

Arvia (16) has considered the resistance of this film
growth process as a function of electrode coverage. Ini-
tially, when only a few nuclei of film are present, only E;
controls the rate of the reaction. This is evidenced by the
fact that the reciprocal of the leading side of peak A, is
equivalent to the bulk solution resistance in the case of
PbO film formation. However, as the nuclei spread, the
pores between the growing islands of film become smaller.
Assuming that the film growth reaction occurs by ion
transfer to/from the metal/solution interface at the base of
the pores, the increasing resistance of the narrowing pores
of the film soon begins to control the reaction rate, causing
it to decrease. This is the origin of the current peak and the
drop in current after the peak, as seen in Fig. 3. This model
of film growth, in which the growth rate depends on pore
solution resistance, has also been found to hold in a num-
ber of other cases, e.g., silver halide film growth at Ag elec-
trodes (18, 19).
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Fig. 4. Relationship between peak current densities of A, and s'%
experimental cutves (--); calculated relationship from Eq. [15] for sim-
ple film spreading model ( ); relationship obtained from differentia-
tion of Eq. [20] for film spreading and thickening mechanism (----).

2645

900~
[71]
E ;
~ 600-
[’
>
s
g O
o
w300

T T T T T
0 4 8 12 16 20

s”2 (mV/s)”2

Fig. 5. Experimental relationship between peak potential of A; and
$2,

The resistance of the pores, R,, can be described (16) ac-
cording to Eq.[10]

R, = h[kA(L - 0)] (101

Here, 6 depicts the fraction of the Pb surface of apparent
area, A, which is covered by the PbO film. Therefore,
A(1 - 0) is equivalent to the free Pb surface area, i.e., that
area of the electrode still accessible to the reactant and not
covered by PbO film.

When a reaction overpotential, v, is applied to the elec-
trode, current will flow across the two resistors, R; and R,,,
according to Ohm’s law

I=n/(Rs+ Ry [11]

where

m=st f12]

and s is the potential sweep rate. As the film grows laterally
at a constant thickness, h, 8 increases and Faraday’s law
can be used to convert the quantity of film formed to the
amount of charge passed. The current can then be ex-
pressed as (16)

| _ FphAdo/dy)

= Qu(d/dt
i Q(dérdt)

[13]

where 7 is the number of electrons passed per molecule of
film material formed (= 2), p is the film density [9.5 g/cm3
(20)], M is the film molecular weight [223.2 g/mol (20)], and F
is the Faraday constant. @, is therefore the charge equiva-
lent to full coverage of the electrode by a PbO film of thick-
ness h.

If Eq.[10]-[13] are combined, then an expression for do/dt
is obtained (16)

st
de/dt =

[14]

Q[R+ h ]
T kA -

Equation [14] can be solved numerically for 8 as a function
of time by using an iterative process (186, 18, 19), e.g., the
Newton-Raphson method, commencing with an arbitrary,
but small value of 8. The I/y relationship calculated as a
function of time by this method can be compared with that
observed experimentally to test the appropriateness of the
pore resistance model of film growth for the PbO case.
Figure 6 shows a comparison of the i/m curves obtained
by this method for four different sweep rates. n = 0 was
taken as the potential at which the extrapolated leading
slope of peak A, intercepts the potential axis. This was
done because PbO film formation is actually preceded by
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Fig. 6. Experimental (---) and calculated (——) I relationship for
anodic PbO formation. m = 0 is defined at the extrapolated foot of
peak A;. The calculated curve is based on a porous film spreading
mechanism (Eq. [13]). s = 50 (a), 100 (b), 200 (c), and 400 (d) mV/s.

the Pb(OH), formation/dissolution process (shoulder A’),
which is not considered to play a role in the pore resistance
controlled growth of PbO film. It can be seen in Fig. 6 that
both the calculated (——) and experimental (---) currents
increase linearly toward the peak, with a reciprocal slope
equal to R, However, the calculated curves have a very
sharp peak, while the experimental curves are much more
rounded. Also, in contrast to the calculated curves, the ex-
perimentally observed currents do not drop to zero imme-
diately after the peak.

Another comparison of the experimental and calculated
i/m relationship can be made by differentiation of Eq. [14]
and determining the predicted dependence of i, on s for
this pore resistance model of film growth. This leads to
Eq. [15], which reveals a linear relationship between i,and
s, as is also found experimentally

L/A = i, = mFxp/M)V* (1 — g)s¥ [15)

Figure 4 shows the iy/s'? plot for the calculated curves
(—) in comparison with the experimental (— —) results.
Both plots are linear, but are not parallel. The degree of
surface coverage by PbO at the current peaks, 6,, can be
calculated from the slope of the experimental plot by
using Eq.[15]. Using the apparent electrode area of 0.38
cm?, 9, is found to be 0.966 by this method. If a relatively
large roughness factor of the Pb electrode of ca. 5 is as-
sumed, 6, is 0.893. Using these 6, values, an estimate of the
PbO film thickness at the current peak can be made. If the
apparent electrode surface area is again used in the calcu-
lation, h is ca. 590 nm, while if a reasonable roughness fac-
tor of 5 is assumed, h = ca. 120 nm.

The linear E /s'? relationship shown in Fig. 5 is also con-
sistent with the suggestion that the film pore resistance is
the rate-determining step (16). This relationship can
readily be derived from Eq. [11]and [15}, if the peak param-
eters [, and E, are substituted for I and v.

Further support of this model of anodic film growth is
obtained from an SEM analysis of the film morphology.
Figure 7 shows a typical view of the electrode surface after
oxidation in 1M NaOH solutions. In this case, the potential
scan was terminated at the peak of A, revealing the very
porous nature of the PbO film.

Overall, although the general shape and magnitude of
the calculated and experimental current peaks are similar,
there is only a fair fit between them, particularly in the re-
gion of the peak maxima. These results suggest that the
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Fig. 7. SEM view of anodically formed PbO film. Potential sweep ter-
minated at A, peak potential.

simple model of islands of film of constant height growing
laterally on an electrode surface with increasing potential
may not adequately describe the real film deposition pro-
cess in the case of PbO. Therefore, the following modifica-
tions have been made to this simple model.

In order to improve the fit between the calculated and
the experimentally observed i/m curves, it should first be
recalled that the model used by Calandra et al. (16) as-
sumes that the film thickness does not vary during the en-
tire film growth process, at least up to the current peak.
This model is not likely to be a very realistic representa-
tion of the growth of a thick and porous film. An alterna-
tive model for the growth of such a film has been pre-
sented by Birss and Wright (18). In this modified pore-
resistance model of porous film growth, it has been
assumed that the initial film nuclei grow in three dimen-
sions with time, rather than in only two dimensions.
Three-dimensional nucleation and growth is a more appro-
priate model for PbO film growth, as was shown earlier
(14) by chronoamperometry.

In this modified model, the pores which develop be-
tween islands of film both narrow and lengthen with time.
The current which flows can then be represented as being
due to both film spreading and film thickening

I = Q'w hdo/dt + Q' ,0dh/dt [16]

where @'y, is equal to nFAp/M. This equation contains two
time-dependent variables, k and 8. As neither dh/dt nor
de/dt are known, Eq.[16] cannot be solved exactly as a
function of time.

Therefore, in order to obtain a simple expression for
de/dt, as was done above in Eq. [14], an arbitrary but rea-
sonable dependence of h on time has been assumed (18),
i.e., it is assumed that the rate of film thickening, dh/dt, is
directly proportional to the overpotential, n

dh/dt = j'n [17]

where j' is a film thickening rate constant obtained by a
computer curve-fitting technique. Upon substitution of
Eq. [17]into [16], followed by integration, an expression for
h as a function of time is obtained

h = ho + (j'/12)st? = h, + jst2 [18]

where h, is the initial height of the nuclei when they are
first deposited. The concept of the deposition of nuclei of
PbO of constant height at very short times is consistent
with the instantaneous nucleation model of film growth,
found to apply in the case of PbO deposition at short times
in response to a potential step (13). In order to determine I
as a function of v, the values of the two arbitrary constants,
jand h,, must be established. This has been done by a best-
fit calculation. By substituting Eq.[17] and [18] into
Eg.[16], a time-dependent expression for the current is ob-
tained.

I= Q' n(h, + jstdde/dt + 2Q',8]st [19]
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From this point on, the same approach is used to calcu-
late the I/n relationship as was used for the simple pore re-
sistance model described above. The current is again con-
sidered to be limited by R;and R,

st

I=R +
{[h, + jst* VAL — )T}

[20]

By combining Eq. [19] and [20], an expression for dé/dt is
obtained, analogous to that in Eq. [14]

st 2j0st
de/dt = , - (21]
(ho + jst? h
Q’mh Rs t
kAl - 6)

The solution to this equation is again obtained by an iter-
ative technique in which each small increment of time is
recalculated from do/dt (BEq. [21]), h is incremented by the
use of Eq. [17], and I is then determined at each 6 (Eq. [20]).
The calculations are carried out until 6 is very large, and
the calculated current becomes very small after the peak.
By carrying out these calculations for various j and h,
values and using the apparent electrode area, the best fit
for PbO film growth was obtained with the following
values of j and k,

j=5x10"%em/s/mV
ho = 80 X 107 cm (800 nm)

It should be noted that if the electrode roughness were
known and could be taken into account, h, would be
smaller by this factor.

Figure 8 shows the comparisons of a I}umber of experi-
mental (----) and calculated (—) I/yy curves for PbO film for-
mation based on the modified pore resistance model de-
scribed above. It can be seen that the fit between the two is
quite good, with the calculated curves now being more
rounded at the peak than in the case of the simple pore re-
sistance model (Fig. 6). Also, the calculated currents do not
drop to zero immediately after the current peak but rather
decrease much more slowly, analogous to the experimen-
tal I/m curves. As a further test of the applicability of the
modified pore resistance model of film growth to the PbO
case, the calculated i,/s'? relationship based on the new
model (-—-) is seen to display a closer fit to the experimen-
tal (— —) plot (Fig. 4) than does the data from the original
pore resistance model (——). ’
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Fig. 8. Experimental (---) and calculated (——) i/m curves, based on

film spreading and thickening model (Eq. [20]). s = 50 (a), 100 (b),
200 {c), and 400 {d) mV/s.
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Overall, the modified pore resistance model, which al-
lows for the film to thicken as well as to grow laterally with
time until the electrode is essentially fully covered, pro-
duces a closer match with the experimental curves than
does the simple film spreading model. The modified model
also allows for a more natural progression from a nucle-
ated surface film, to a thick, porous, anodically formed
film.

Conclusions

This study has focused on the formation of thick PbO
films at a Pb anode in pH 14 solutions. These films are
known to initiate by an instantaneous three-dimensional
nucleation process. SEM investigations have shown the
films to be very porous. The current/voltage relationship,
as seen by cyclic voltammetry, has been simulated on the
basis of a model of film growth in which islands of PbO
grow together, resulting in rate control by the increasing
resistance of the solution in the pores of the film. Two
models of island growth have been examined. The simple
model of the lateral growth of PbO islands of constant
height has led to a reasonable simulation of the observed
results, although the calculated current peaks are too high
and comparatively sharp. Significant improvement of the
match between the experimental and calculated curves
has been achieved by assuming that the nuclei both in-
crease in height and spread laterally with increasing po-
tential, or time, which is a much more realistic model of
the growth of a porous film.
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