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The distribution of antimony in the oxide layer
formed by potentiostatic oxidation of Pb-Sb alloy
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The distribution of antimony within the oxide films on Pb—Sb alloy prepared by potentiostatic oxi-
dation in H,S0, solutions was examined by SIMS. The study of oxide films prepared by applying
different potentials for three hours showed that two types of film were obtained depending on whether
the potential was more negative or more positive than 1-5 V. Antimony profiles were obtained for films
at several stages in the initial growth. It was found that antimony was retained in the oxide film at 1-5V
during both nucleation and two- or three-dimensional growth of PbO, and at 1-6 V during the lateral
overlaps of three-dimensional centres of PbQ,. Relationships between the antimony distribution profiles

and the oxide film growth are discussed.

1. Introduction

Antimony dissolved anodically from lead—
antimony alloy grids [1] plays a beneficial role in
the performance of the positive plate in lead—-acid
batteries [2-4]. Unfortunately, however, the
mechanism by which the antimony dissolves is not
well known. In order to approach this problem, it
seems important to obtain exact information on
the behaviour of antimony in anodically oxidized
lead—-antimony alloys.

In a previous paper, we investigated the macro-
scopic distribution profiles of antimony in oxide
films on a lead~antimony alloy, and revealed that
the distribution profile was almost independent of
the final polarization potential chosen for the
preparation of the films; the films were prepared
by multi-triangular potential sweeps. The results
obtained, however, showed that it was impossible
to get information on the dissolution behaviour
of antimony from the well-grown oxide films of
the alloy.

In this study, the distribution of antimony as a
function of depth was obtained for films formed
during the initial stages of potentiostatic oxidation
of a lead-antimony alloy. In the potentiostatic
oxidation of the alloy, lead dioxide crystals will
be formed in several successive steps such as"dis-
solution of the alloy, nucleation, two- or three-
dimensional growth of the crystals [5-9] .
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Fortunately, we can distinguish these steps from
the shape of the current-time curves obtained
during the oxidation period. In this study, there-
fore, the main objective was to correlate the
distribution profiles with the individual step of
the potentiostatic oxidation. Although it has
already been shown {10, 11] that the content of
antimony in the alloy influences the dissolution
behaviour of antimony as well as the oxidation
behaviour of lead, the present study was con-
ducted on an alloy of fixed antimony content.

2. Experimental

The preparation of lead-antimony electrodes was
described in the previous paper [12] . The content
of antimony in the alloy was again 4-92 wt%.
Prior to anodic oxidation of the alloy, it was held
at —1-2 V for 30 min to remove completely any
oxide film on the alloy. During potentiostatic oxi-
dation of the alloy, current-time curves were
recorded, and the charge passed was evaluated
from these transients. Samples prepared by poten-
tiostatic oxidation were washed with distilled
water for several seconds and then subjected to an
in-depth analysis of antimony by using an ion
microanalyzer [12]. A mercurous sulphate elec-
trode in 5 M H,SO, was used as the reference
electrode. All the other details have already been
described [12].
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3. Results

The current—time curves for the Pb—Sb alloy in
5M H,S0, obtained during potentiostatic oxi-
dation are shown in Fig. 1. These curves are similar
to those obtained in 4-5 M H,S0, by Sharpe
[10].

The in-depth analysis of the resulting films
shows that the film thickness was almost constant
and independent of the charge passed if the film
was prepared at potentials less positive than 1-5 V.
However, if the oxidation was carried out at
potentials more positive to this potential, the
film thickness was proportional to the charge
passed. These results are given in Fig. 2. The ab-
scissa of this figure is a measure of the film thick-
ness. On the basis of the results shown in Fig. 2,
we tentatively classified the oxidation film pre-
pared at various potentials into two groups, de-
noted here as the A and B groups. The film pre-
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Fig. 1. Current—time curves for potentiostatic oxidation
of Pb—Sb alloy in 5 M H,S0, for 3h. A, 1-65 V; B,
1-60V;C,1-55V;D,1-50 V;E, 145 V;F, 140 V;

G, 1-30 V versus Hg/Hg,SO, reference electrode.
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Fig. 2. Relationship between charge consumed in prepar-
ation of oxide film and time required for sputtering out
the prepared film.0 1-30 V;2 1-40 V; 0 145 V;0 1-50 V;
®1:55V;41:60 V;m 165V versus Hg/Hg,S0, reference
electrode.

pared at potentials less than 1-5 V belong to the
A group, and those prepared at potentials more

_positive than 1-55 V belong to the B group. The

classification into these two groups has already
been suggested by Sharpe [10]. The results in

Fig. 2 seemed to be in agreement with those
obtained by weight loss experiments during poten-
tiostatic oxidation [13].

Figs. 3 and 4 show signal intensity ratios /,q -
(SbO; to Pb03) as a function of sputtering time,
for the two groups of films. The solid lines in the
figures show the regions where a corrosion layer
is observed [12]. It is seen by comparing Fig. 3
with Fig. 4 that the distribution profiles are quite
different for the two groups. The relation between
L,y and sputtering time (i.e. film thickness) shows
a distinct minimum for the A group, but a simple
increasing trend for the B group. Furthermore,

I is larger for the A than for the B group.

In the previous paper, I, was converted into
antimony content in the film by using a calibra-
tion curve between I,; and antimony content.
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Fig. 3. In-depth profiles of relative signal intensity ratio,
Ispo; /Tpho; » as 2 function of sputtering time for films
obtaihed by potentlostatlc oxidation. 0 1:30 V; 2145 V;
o 1-50 V. The solid lines show the regions of the cor-
rosion layer.
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Fig. 4. In-depth profiles of relative signal intensity ratio,
Isho; /IPb02 » as a function of sputtering time for films
obtained by potentiostatic oxidation. 0 1-60 V; 2 1-65 V.
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Fig. 5. Schematic representation of the current—time
curve for anodic oxidation under potentiostatic control.
The arrows indicate five oxidation steps at which speci-
mens were prepared.

When this calibration curve was applied to the
present results, however, very high antimony con-
tents were obtained. We therefore feel that the
nature of the oxide film is different. In view of
this, I, is used throughout this paper only as a
measure of the relative antimony contents in the
corrosion film.

In order to study the dissolution behaviour of
antimony in the initial stages of the anodic oxi-
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Fig. 6. In-depth profiles of relative signal intensity ratio,
Isno; /Ipbo ,as a function of sputtering time for films
forméd at oXidation steps denoted in Fig. 5 for the 1-5V
oxidation case. 0 1;42;03;04;v5,
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Fig. 7. In-depth profiles of relative signal intensity ratio,
Isvo; /Ipboi ,asa function of spu’gtering time for films
formed at oxidation steps denoted in Fig. 5 for the

1-6 V oxidation case. 0 1;42;03;04;v5.

dation of the alloy, distribution profiles for anti-
mony were obtained for samples prepared by
stopping the oxidation at the times shown with
arrows in the curreni-time curve in Fig. 5. The
phenomenon occurring in each oxidation step has
already been studied by other investigators [6-8] .
The films prepared at 15 V and 1-6 V were chosen
as representatives of the A and B groups, respec-
tively, and the results are given in Figs. 6 and 7.
The following points may be noted from Fig. 6:
(a) Step 1; [, decreased linearly from the alloy
substrate to the surface of the film. (b} Steps 2-4;
I shows plateaux and the location of the plateau
moves towards the interior with further oxidation.
In the surface region, I, increased linearly with
depth. (c) Step 5; the dependence of 7, on the
depth becomes less defined, and [, began to show
only a slight increase with depth. In Fig. 7, slightly
different results are noticed for steps 2 and 3.
Almost linear dependences on the depth are seen
during these stages in the oxidation.

4. Discussion

When the oxidation of the alloy is carried out, the
antimony distribution profiles change with time.

5Sb conc. Oxidation Step
potential in Fig.5
15V 1
16V 1,2,3
| \
! U/ N
15V : 23,4
1BV : 4
15V -
BV . 5
ky<s— =— K
ko
solution oxide  alloy

Fig. 8. Classification of obtained profiles into three
schematic representations.

In order to understand such changes, it seems
appropriate to assume the existence of at least
three electrochemical processes in the course of
dissolution of antimony into the electrolyte:

(a) ionization of antimony at the alloy—film
interface. At this interface, the ionization of lead
also occurs.

(b) migration of antimony in the film.

(c) dissolution of antimony from the oxide
film region into the bulk electrolyte.

We have no definite evidence for processes (a)
and (b), but the profiles obtained are best under-
stood by assuming their existence. If the relative
rate constant of the individual processes are de-
noted as kq, k, and k4, the profiles in Fig, 8 will
be obtained for appropriate values of the hypo-
thetical rate constants, which are also shown in
the figure.

Step 1 (in Fig. 5) concerns the dissolution and
precipitation of lead, and the profile obtained
‘suggests that the rate of dissolution into the elec-
trolyte bulk, k4, is larger than the dissolution rate
of antimony from the alloy, &, . This trend holds
for films prepared at both 1-5 V and 1-6 V. During
steps 2 and 3 the oxidation proceeds (i.e. nuclea-
tion and two- and three-dimensional growth of
PbO, crystals occur) and k3 becomes relatively
small compared to &k, and %k, the bulk migration
rate constant. In the film prepared at 1-5V the
accumulation of antimony in the film takes place,
and I, becomes independent of charge. The
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Table 1. Charge passed up to oxidation step 2 of Fig. 5 in the current—time curves of Fig. 1.

Applied potential (V) 1.30 1.40

145 1.50 1.55 1.60 1.65

Charge passed  (C) 0.15 .0.16

0.05 0.07 0.05 0.03 0.02

decrease of k3 compared to k; and k, may reflect
the situation where dissolved antimony strongly
interacts with oxidized lead.

In the case of the film prepared at 1-6 V, how-
ever, the situation is different. The distribution
profiles are understandable if k; and k5 are larger
than k, . Certainly k; is expected to be larger at
this applied potential. With the film formed at
1-5V, k5 was thought to be the smallest as des-
cribed above. Therefore, the question arises as to
why k3 is now large. A plausible answer to this
question may be as follows. According to the
current—time traces in Fig. 1, the lower the oxi-
‘dation potential, the longer is the time required
to reach step 2. The charge passed before the
current—time traces show that step 2 has been
reached was also high for the lower oxidation
potentials as shown in Table 1. The formation of
Pb** must pass through Pb2*; Pb?* is more stable
at the 1-5 V oxidation than the 1-6 V case. There-
fore, in the former case, there is more chance for
the formation of complex Pb(II) oxides containing
antimony, for example as lead meta-antimonate
[14]. k3 then refers to the dissolution of anti-
mony from the complexed oxides. At 16 V, the
life of the Pb?* may be too short for the com-
plexed oxides to be formed, so that dissolved anti-
mony behaves freely as if there is no interaction
with the PbO, crystals; k5 would then be large.

The significance of the appearance of the
plateau in the I ,—charge curves during step 4,
observed at both 1-5 V and 1-6 V, will be different
from that in steps 2 and 3. In step 4, the alloy has
just become completely covered by lateral overlaps
of three-dimensionally grown PbO, crystals. If
antimony is anodically dissolved underneath the
PbO, crystals in the course of steps 3-4, it cannot
directly dissolve into the electrolyte. The PbO,
crystal block the dissolution into the electrolyte.
Thus k3 decreases, and antimony accumulates in
the films causing the appearance of the plateau.

During step 5, the oxidation leads to a thick

film. In this process, the migration of antimony
is the lowest of the three steps. Therefore a mono-
tonic gradient of antimony appears.

Hence, the distribution profiles in Fig. 4 seem
to be reasonable. The results shown in Fig. 3, how-
ever, are quite different from those expected
during step 5 of the oxidation at 1-5 V. If k5 is
quite small, antimony will accumulate in the film
surface region and the observed profiles will occur.
At present we can give no definite explanation to
the observed behaviour, but the profiles may be
caused because the removal of antimony only
occurs from dense oxide films when the film
growth continues. According to the current—time
traces of Fig. 1, the charge passed in the 3 h oxi-
dation was dependent on the potential chosen, but
the film thickness was not very different when the
potential was below 1-5 V (as judged from the in-
depth anatysis of the films). This phenomenon
implies that the film formation was completed in
the early stages of the 3 h oxidation. At 1h the
current fell to an almost constant value. Further
polarization only leads to oxygen evolution and
rearrangement of the ionic configuration of the
film, which brings about the accumulation of anti-
mony in the surface region.

It is well known that the presence of antimony
in the electrolyte influences the morphology of
PbO, crystals [2, 15]. Antimony must have some
role in the crystallization step (steps 2 and 3).
According to the distribution profiles obtained
during these steps, more antimony is retained in
the oxide films prepared at 1-5 V than at 1-6 V. In
the former oxides, the plateau appeared. There-
fore, the effects of antimony will be more evident
during the oxidation at 15 V than at 1-6 V.
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