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Distribution profiles of dissolved antimony in corrosion films on a Pb-Sb alloy were obtained by means 
of SIMS in the in-depth mode. The corrosion films were prepared by multi-triangular potential scans of 
the alloy in 5 M H2SO4. It was found that independent of the final polarization potential the dissolved 
antimony distributed in such a manner that there was a monotonically increasing trend in the content 
from the surface of the corrosion film to the lead alloy substratum. 

1. Introduction 

Lead-antimony alloys have been widely used as 
the grid material of lead-acid batteries. Antimony 
in the alloy is anodically dissolved from the grid 
even below the equilibrium PbSO4/PbO2 potential 
[1,2]. Fortunately, however, the dissolved anti- 
mony improves the performance of the positive 
plate. In order to elucidate the benefical roles of 
antimony, it is helpful to obtain information on 
the distribution profiles for antimony within the 
film. The transference behaviour of dissolved anti- 
mony in electrolytes during charge-discharge 
cycles was studied by Dawson et al. [3,4] by 
means of tracer techniques, but the distribution of 
antimony as a function of depth within the active 
material and the corrosion f'dm has not yet been 
reported. 

Several studies on secondary ion mass spec- 
trometry in the in-depth mode [5-9] have shown 
that this technique is useful for analysing a speci- 
fied element as a function of depth in the samples. 

Therefore, our aim was to obtain distribution 
profiles of antimony as a function of depth in 
corrosion films on a lead-antimony alloy. 

2. Experimental 

2.1. Preparation o f  samples 

Antimonial lead plates (4.92 wt% Sb) of a circular 
form (16 mm diameter, 2 mm thick) were used in 

the present study as the test electrodes. After 
mechanical polishing with a plane, the electrode 
was subjected to electropolishing in a mixed 
solution of CH3COOH and HC104 (7 : 3) at 9 V for 
10 rain at room temperature. The electropolishing 
did not give a surface of metallic lustre but one 
covered with a black film. By wiping with wetted 
tissue paper, however, the black film was easily 
removed, and a brilliant surface of metallic lustre 
was obtained. The specimen was then mounted in 
a Teflon electrode bolder, so that the surface 
exposed to the electrolyte was decreased to 0.95 
cm 2. Before measurements were taken, the elec- 
trode was cathodically polarized at - 1-2 V for 30 
min in 5 M H2SO4. 

The electrolytic solution used in this study was 
5 M H2SO4 which was prepared from reagent grade 
H2SO4 and doubly distilled water, and it was pre- 
purified by electrolysis. A mercurous sulphate 
electrode in this solution was used as the reference 
electrode, and the potentials given in this paper are 
referred to this electrode. Nitrogen gas was bubbled 
through the solution for de-aeration and agitation 
of the solution, just prior to and sometimes during 
the measurements. 

All the experiments were carried out at 25 ~ C. 

2.2.1on microprobe mass analysis 

The in-depth analysis was conducted by using an 
ion microanalyzer (Hitachi, model IMA-2). The 
techniques used here were analogous to those 
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reported by Evans et al. [7, 10] for the in-depth 
analysis of anodic oxide films on tantalum, except 
for the following conditions: acceleration voltage 
of the primary and secondary ion, 10 kV and -+ 3 
kV, respective!y; primary Ar + beam density, 
4 x 10-4A cm -2 (0.5/aA/beam with the diameter 
of 0.40 mm); sample chamber, 10 -7 torr pressure. 

It is necessary in the in-depth analysis that the 
beam has a uniform intensity throughout the spot. 
To obtain such a condition, the primary beam was 
impinged onto the sample surface in an under- 
focussing condition [11], and the suitability of the 
condition was confirmed by the in-depth analysis 
of an anodic oxide film of tantalum formed up to 
30V by checking for a sharp change in the signal 
intensity of Ta § and O- at the tantalum-oxide 
interface (see Fig. 6). 

2.3. Standard samples for in-depth analysis 

It is desirable to get information on the content of 
antimony in the corrosion film from secondary ion 
signal intensities of antimonial species. For this 
purpose, relationships between antimony contents 
and signal intensities must be obtained in advance 
by using standard samples containing known 
amounts of antimony. The preparation of the 
standard samples was follows: lead dioxide, and a 
mixture of lead sulphate and lead dioxide (80 : 20 
wt%) were mixed with antimony oxides in various 
weight ratios, and the resulting mixtures were 
stirred in a wetted condition for 30 rain, followed 

by drying under reduced pressure. Afterwards 
these were again mixed in an agate mortar for 30 
rain, and then pressed into a tablet form with 1.6 
ton cm -2. 

In order to get a rough estimate of the thick- 
ness of the corrosion films from the sputtering 
time, the sputter rates were obtained for thin Pb, 
o~-PbO2 and/~-PbO2 films. These films were pre- 
pared on Pt by electrodeposition [12, ] 3]. 

3. Results and discussion 

3.1. Establishment o f  calibration curves 

Fig. 1 shows a negative secondary ion spectrum of 
an anodic corrosion film of the lead-antimony 
alloy. Though a variety of ionic fragments were 
produced by ion bombardment of the specimen, 
the highest intensities for antimony and lead 
species, of the secondary ion signals were obtained 
at 121SbO~ and 2~ respectively. It was found 
that the relative sensitivity of secondary ions of 
antimony and lead were much higher for negative 
ions than for positive ions. From the results, signal 
profiles of SbO; and PbO~ were chosen to obtain 
information on the distribution profiles of anti- 
mony in corrosion films of the antimonial lead. 

In order to compensate for effects introduced 
by the variation ~f  the primary ion intensity with 
time, it is desirable to use the ratio of signal inten- 
sity of SbO~ to that of PbO~, I~el, as a measure of 
the antimony content. This ratio was obtained for 
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Fig. 1. Negative secondary ion spectrum of an oxide film on the lead-antimony alloy. 
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Fig. 2. Ratio of signal intensity of 121SbO~ to that of 
2~ Irel, obtained on pressed disc samples containing 
a known amount of antimony, as a function of atomic 
ratio of Sb to Pb. 

a variety of standard samples, and the results are 
given in Fig. 2. The open circles of Fig. 2 refer to 
samples compsed of PbO2 and Sb203, and the 
triangular symbols to P b Q  samples mixed with 
Sb2Os. A linear relationship was found between 
the content of Sb and Irel, irrespective of the 
valence state of antimony. Therefore, I~el can be 
used as a calibration curve for analysis of anti- 
mony content in lead dioxide films. 

In corrosion films, not only PbO2 but also 
PbSO4 may co-exist. It is desirable, therefore, to 
examine the applicability of the calibration curve 
obtained to mixed phases of PbO2 and PbSO4. 
Results obtained for pressed mixtures of 80 wt% 
PbSO4 and 20 wt% PbO~ containing various 
amounts of Sb203 are also plotted in the figure 
(closed circles), and it was found that almost the 
same relationship as observed for PbO2 discs holds. 
These results show that the content of antimony 
in the corrosion films can be determined by 
measuring I~el. 

3.2. Sputter rate of  Pb, a-Pb02 and ~-Pb02 

If the current efficiency for deposition of Pb [14] 

and ~-PbO2 [15, 16] is assumed to be 100%, and if 
the deposited lead film is assumed to be non- 
porous [14], then it is possible to estimate the film 
thickness, d, from the quantity of electricity used 
in the deposition. When the film is sputtered out 
by an Ar § beam to the depth corresponding to the 
film thickness, the signal intensity of PbO~ 
falls sharply, and the time when the film is 
sputtered out, t, can be determined. The average 
sputter rates, which are determined as values of 
d/t are given in Table 1. 

As shown in Table 1, the sputter rate of the 
electrodeposited Pb was larger than that of the 
electrodeposited PbO2. The mass sputtered per 
unit area per unit time (ng s -1 cm -2) is also given 
in this table. This is based on the assumption that 
the porosity of the electrodeposited film was zero. 
Since oxides resist sputtering to a significant 
extent compared with the corresponding metals 
[17], it is thought that the difference in the 
sputter rates between Pb and PbO2 is reasonable. 

3.3. In-depth analysis of  antimony in the corrosion 
film formed by means of  multi-triangular volt- 
ammetry 

For preparation of samples, the lead-antimony 
electrode was anodized in 5 M H2SO 4 using a 
potential sweep method. The potential was 
scanned 50 times at 1 mV s -1 between 0.90 V and 
1-65 V, and then held at 1 "60 V for 30 rain 
(sample 1), 1-38V for 30 min (sample 2) or 1-12 
V for 15 min (sample 3). At the potential selected, 
the following reactions were believed to have 
taken place and were confirmed by X-ray dif- 
fraction analysis on the prepared samples: oxygen 
evolution accompanied by complete oxidation of 
the film to/3-PbO2 for sample 1, complete oxi- 
dation to/3-PbO2 for sample 2 and reduction of 
/3-PbO2 to PbSO4 for sample 3. Each sample 
was rinsed with de-ionized water for a few seconds 
and then dried under reduced pressure (in a few 
torr). 

Fig. 3 shows typical signal intensity profiles of 
SbO~, O- and PbO~ as a function of sputtering 
time for sample 1. Fig. 4 gives I~el as a function of 
the sputtering time for this sample together with 
the results for the other two kinds of samples. It is 
noticed that I~1 gradually increased with the 
sputtering time, that is, with an increase in the 
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Table 1. Sputter rate of samples formed by electroplating on Pt 

Preparation condition of  samples Sputter rate 

Sample Current density Charge passed Film thickness (rim s-~) (ng s- ~ cm- 2) 
(mA cm -~) (C) (~m) 

10 4.2 5.8 3.8 43 Pb 
5 2-6 5.8 3.7 42 

1 0.57 1.19 0.90 8.4 
a'PbO2 0.5 0-49 1-19 1-01 9.5 

2 1.15 2-38 0.95 8.9 
fl-PbO 2 1 1.15 2.38 1.05 9.8 

0.5 0.58 1-19 1.23 11.5 

depth of the corrosion film. The solid lines in the 
figure, the ends of which were equal to the 
sputtering time giving the maximum signal inten- 
sity of  SbO~, lsbo-2, as shown in Fig. 3, are 
believed for the following reasons to correspond to 
the period which gives information on the cor- 
rosion films, although beyond that point mono- 
tonic increases in Ire1 were still noticed with sput- 
tering time. Firstly, it was found by microscopic 
observation during the sputtering that the sub- 
stratum alloy surface appeared almost at the same 

time when Isbo~ reached its maximum. Secondly, 
the signal intensity of PbO~, Ipbo~, was found to 
depend on the partial pressure of oxygen over the 
lead-antimony alloy, as Fig. 5 shows. In the sput- 
tering process for the corrosion film, neutral oxy- 
gen molecules as well as charged species must be 
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Fig. 3. In-depth profiles of ~2~SbO~(O), ~~ and 
~60-(e)  in a corrosion film on the Pb-Sb alloy. 

produced from the oxide surface [18, 19]. The 
maximum oxygen pressure over the sample surface 
will be attained when the Ar § beam reaches the 
substratum face, because the surface area of  the 
crater in the corrosion film produced by sputtering 
is the largest at this point. Therefore at this stage 

the maximum Isbo~ will be obtained. 
Ire1 was converted into antimony content by 

using the calibration curve shown in Fig. 2. The 
antimony content in the film at the film- 
substratum interface, was almost twice the anti- 
mony content in the substratum alloy, 8.81 at%. 
This result may indicate that dissolved antimony 
is accumulated in a corrosion film-substratum 
interface region [1 ]. 
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Fig. 4. lrel as a function of sputtering time for samples 
prepared at different fired polarization potentials: o, 1.60 
V; 4 1,38 V; D, 1.12 V, The solid lines show the regions 
of the corrosion layer. 
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If the solid lines in Fig. 4 represent the distri- 
bution profiles of antimony in the sample films, 
then we have to explain why the increasing trend 
in I~1 still continues after the beam reached the 
substratum alloy. For this purpose, we require a 
knowledge of the morphology of the corrosion 
film. Presumably the corrosion film will not have 
the same thickness throughout the analysing 
position. It has pores in it, and consists of aggre- 
gated particles of lead dioxide and sulphate [20, 
21 ]. Furthermore, the substratum surface was not 
completely smooth. Therefore, it will be expected 
that when the Ar § beam reached the top of the 
substratum, some part of the film still remains on 
the substratum. Further continuation of sputtering 
will then sputter the remaining film and the sub- 
stratum. It can be seen in Fig. 5 that Isbo~ is much 
higher than Ipbo~ when the substratum alloy is 
sputtered. Therefore, the contribution of the 
secondary ions from the substratum alloy must 
become dominant when the sputtering proceeds 
from the top of the substratum to its interior. 
When the corrosion film is completely sputtered 
out, eventually no change will occur in/rex. 

These arguments closely relate also to resolution 
of the primary ion beam of IMA. The information 
on the beam resolution was obtained from the in- 
depth analysis of O- and Ta § for an anodic film on 
tantalum. The in-depth profiles of O- are presented 
in Fig. 6. By comparing the time giving a gradual 
signal drop, tl, to that required for sputtering out 
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Fig. 5. Signal intensity of  121SbO~ and 2~ emerging 
from the Pb-Sb alloy (4-92 wt%) as a function of oxygen 
pressure over the sample surface. SbO~ (• 1); . . . .  
PbO i (X 10). 
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Fig. 6. Intensity profile of the secondary ion 160- as a 
function of the depth of an anodic oxide film on tan- 
talum (~ 50 nm thick). 

the film, t2, it can be seen that the beam resolution 
is as good as that usually utilized in the in-depth 
analysis. 

The results presented in Fig. 4 show that the 
antimony content of the film decreased mono- 
tonically from the interior to the outer surface, 
independent of the final polarization potential 
chosen in the preparation of samples. Judging 
from the results on the sputter rates shown in 
Table 1, the thickness of the samples was around 
1 "8 ~m. According to a model proposed by 
Dawson et  aI. for antimony transference during 
charge-discharge cycles [4], a large part of the dis- 
solved antimony adsorbs on PbO2, and the 
adsorbed antimony is released into the electrolyte 
during the discharge. If the distribution profiles of 
antimony reflect such an antimony transference, 
then the profile should differ greatly between 
samples 1 and 3. However, the results did not 
satisfy this expectation. The samples were, how- 
ever, washed before measurements of SIMS. Wash- 
ing for only a few seconds will not remove com- 
pletely the electrolyte held in the pores of the 
corrosion film, so that antimony dissolved in this 
portion of electrolyte also contributes to the dis- 
tribution profiles obtained. 

In order to test whether this view is valid, 
samples were washed in an ultra-sonic bath for a 
fixed period of time before being mounted on a 
sample holder for the secondary ion mass spec- 
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Fig. 7. Effect of washing in an ultra-sonic bath on distri- 
bution profiles of antimony in the film. The sample was 
prepared in the same manner as that in Fig. 3. O, 6 rain in 
H20; A, 6 min in 5 M H2SO4;., 60 rain in H~O; A, 60 min 
in 5 M H2SO 4. 

t rometry .  The results obtained on these samples 
(Fig. 7), however, show that  the washing procedure 
does not  influence the distribution profiles. There- 
fore, it is concluded that  the corrosion films pre- 
pared by  the potent ial  sweep polarization at 1 mV 
s -1 in the potential  range between 0-90 V and 1.65 
V contained dissolved ant imony which was tightly 
fixed to the corrosion film. This conclusion may 
be at least part ly explained by  the theory o f  
Ritchie et al. [22] that  dissolved Sb s§ ions might 
occupy vacant Pb 4§ octahedral  sites in the PbO2 
lattice and also lead to formation of  lead meta- 
antimonate [23]. 
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