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ABSTRACT:

The electrochemical performance of positive pole grids of lead-acid batteries made of Pb-0.08%Ca-

1.1%Sn alloys without and with 0.1 wt% of each of Cu, As or Sb and with 0.1 wt% of Cu, As and

Sb combined was investigated by electrochemical methods in 4.0 M H2SO4. The corrodibility of

alloys under open-circuit conditions and constant current charging of the positive pole, the positive

pole gassing and the self-discharge of the charged positive pole were studied. All impurities (Cu,

As, Sb) were found to decrease the corrosion resistance, Rcorr after 1/2 hour corrosion, but after 24

hours an improvement in Rcorr was recorded for Sb containing alloy and the alloy with the three

impurities combined. While an individual impurity was found to enhance oxygen evolution reac-

tion, the impurities combined significantly inhibition this reaction and the related water loss prob-

lem was improved. Impedance results were found helpful in identification of the species involved

in the charging/discharging and the self-discharge of the positive pole. Impurities individually or

combined were found to increase the self-discharge during polarization (33-68%), where Sb con-

taining alloy was the worst and impurities combined alloy was the least. The corrosion of the pos-

itive pole grid in the constant current charging was found to increase in the presence of impurities

by 5-10%. Under open-circuit, the self-discharge of the charged positive grids was found to increase

significantly (92-212%) in the presence of impurities, with Sb-containing alloy was the worst. The

important result of the study is that the harmful effect of the studied impurities combined was not

additive but sometimes lesser than any individual impurity. 
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1. Introduction

Most lead used in the manufacture of grids is pro-

vided by the recycling process of lead batteries and

other lead products.1-3) Tolerance of elemental impuri-

ties in pig lead for the manufacture of grids is based on

industrial standards, such as, ASTM Designation B29-

79(84) and Battery Council International (BCI).

According to these standard, maximum tolerance lev-

els of some elements As, Cu and Sb are at less than 20

ppm. From the environmental and economical points

of view, it is encouraging to use lead produced in the

recycling process with the minimal additions of pure

lead. Lead-Calcium grids dominate value-regulated

lead-acid batteries (VRLAB) market for use in cars

due to their superior self-discharge performance, low

water problems and long shelf-time.4-7) Addition of Sn

in the grid alloys is effective in recovery after over-

charging, on long standing and in improving the corro-

sion resistance.8-10) Typical composition of Pb-Ca-Sn

alloys is 0.08-0.12% Ca and 0.2-0.4% Sn for negative

grids while as positive grids 0.04-0.06% Ca and 1.0-

1.2% Sn is used.11) Research studies to improve the

performance of Pb-Ca-Sn grids by controlling the

alloying elements and heat treatments received atten-
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tion.12-17)

The present work is a preliminary evaluation study

that is aimed to encourage the use of the recycled lead

with impurity levels considerably above those in the

industrial standards. The selected elements, namely,

antimony, arsenic and copper are some of the potential

impurities from recycling of lead-acid batteries based

on Pb-Sb grids and Pb-Cu alloys used in many indus-

trial applications. These elements are expected to dete-

riorate the electrochemical performance and corrosion

resistance of positive pole made from Pb-Ca-Sn

alloys. The corrosion behavior, the positive pole gas-

sing and the self-discharge problems of positive pole

grids made of the commercial alloy Pb-0.08% Ca-

1.1% Sn with 0.1 wt% additions of Cu, As and Sb

individually and combined were investigated in 4.0 M

H2SO4. 

2. Experimental

Disc working electrodes were cut from rods of cast

Pb-Ca-Sn alloys with the compositions given in Table 1.

2 cm long rod of the alloy was coated with a thin

epoxy adhesive (Araldite®, Ciba, Switzerland) and

inserted in thick-walled glass tubing with appropriate

cross-sectional area. Cross sectional area of the alloy,

ca. 0.28 cm2, was only left to contact the test solution.

A stout copper rode was screwed from the other end of

the alloy rod to provide the electrical contact of the

electrode. The electrodes were mechanically polished

with successive grades of emery papers up to 1200

grit, then washed with acetone, double distilled water

and finally with a fine tissue so that the surface

appeared bright and free from defect. A three-elec-

trode cell was employed in all electrochemical tests.

The counter electrode was a platinum sheet of area ca.

2 × 2 cm2 and positioned in the cell to face the work-

ing disc electrode. The potential of the alloy electrode

was measured versus an Hg/Hg2SO4/1.0 M H2SO4 ref-

erence electrode (0.680 V vs. SHE). All potentials are

given relative to the previously mentioned reference

electrode. Chemically ultra-pure sulfuric acid 98% stock

was used for preparation of solutions by appropriate

dilution using doubly distilled water. All measure-

ments were conducted in unstirred naturally aerated

4.0 M H2SO4 acid solutions at a constant temperature

of 25±0.2oC. 

The different electrochemical measurements were

carried using the electrochemical system IM6 Zahner

electric, Meßtechink, Germany. The electrode capaci-

tance, C (F) and resistance, R (Ω) values were

extracted from the impedance, Z (Ω), and the phase

shift angle, θ values of the cell at a frequency, f, of

1.0 kHz; Z = (R2 + (1/2 πfC)2)1/2 and tanθ = 1/2 πfRC.

With the large counter electrode used, the cell imped-

ance was reduced to that of the working electrode and

the solution resistance between the working and

counter electrodes. Impedance spectra were recorded

at the respective corrosion potential of the alloy in the

frequency range 0.1 Hz-100 kHz using an ac potential

of 3 mV peak to peak. The experimental impedance

spectra were fitted with the appropriate equivalent cir-

cuits using the “SIM” program included with the IM6

package. The suitability of the elements in the pro-

posed equivalent circuits to fit the experimental data

was judged by the error% of the fitting and by compar-

ing the calculated and the experimental impedance

plots. Potentiodynamic tests were carried out by hold-

ing the respective alloy electrode at 2.0 V versus the

Hg/Hg2SO4/1.0 M H2SO4 reference electrode for 15

minutes before scanning the potential to 1.2 V at a

scan rate 10 mV/s. Constant current charging/dis-

charging of the alloy electrode was done by applying a

cathodic current of 0.54 mA cm−2 for 5 minutes to

remove any reducible species from the alloy surface,

then the current polarity was reversed to oxidize the

alloy for 60 minutes. Finally, the current polarity was

again reversed to reduce the formed PbO2 on the alloy

surface. The reduction continued until the H2 evolu-

tion. The potential of the alloy electrode was followed

Table 1. Composition of Pb-Ca-Sn alloys used in the study.

Alloy Description Composition%

A No impurity added Sn 1.1214, Sb 0.00033, Cu 0.00034, As 0.00019, Ca 0.08279, Pb 98.7807

A-As With 0.1 wt% As Sn 1.146, Sb 0.00035, Cu 0.00033, As 0.0982, Ca 0.08151, Pb 98.674

A-Cu With 0.1 wt% Cu Sn 1.1234, Sb 0.00021, Cu 0.098, As 0.00018, Ca 0.08279, Pb 98.681

A-Sb With 0.1 wt% Sb Sn 1.1146, Sb 0.1021, Cu 0.0934, As 0.1021, Ca 0.08166, Pb 98.704

A-ACS With 0.1 wt% As +

0.1 wt% Cu + 0.1 wt% Sb 

Sn 1.1369, Sb 0.00031, Cu 0.00034, As 0.00026, Ca 0.08093, Pb 98.409
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with time during all the stages of the constant current

charging/discharging. In the self-discharge tests, the

alloys were anodized at 0.54 mA cm−2 for 30 minutes

before opening the circuit and recording open-circuit

potential and impedance until the alloys were fully

self-discharged.

3. Results and Discussion

3.1. Corrosion behavior under open-circuit condi-

tions

Under open circuit conditions, passive PbSO4 films

were naturally formed on the tested alloys as a result

of the thermodynamically favorable reaction of Pb

component in the alloy with H2SO4. The reaction was

completed by reducing H+ to H2 gas and/or reduction

of O2. The passive PbSO4 layer is the main corrosion

product of the alloys. 

The effect of impurities on the general corrosion of

the alloy in 4.0 M H2SO4 (the typical sulfuric acid con-

centration for most fully charged lead-acid cells) was

tested after 1/2 hour (as usually employed in electro-

chemical corrosion testing of metals) and after 24 h

hours (for deeper evaluation) using the non-destruc-

tive electrochemical impedance spectroscopy (EIS).

Fig. 1 shows Nyquist plots for the five alloys taken

at the corrosion potential, Ecorr, after 1/2 hour and 24

hours. The shape of the impedance plots at low fre-

quencies (at higher values of real and imaginary parts

of impedance, Zre & Zim) is determined by the diffu-

sion impedance and the impedance of the passive film

at 1/2 hour corrosion, while the passive film resistance

dominates the behavior after corrosion for 24 hours. It

is known that linear Zre-Zim parts, at lower frequencies,

are attributed to the Warburg diffusion impedance

while the distorted semi-circles are attributed to the

presence of insulating layers on the corroding alloy

(more explanation will be given later). Corrosion

resistance, Rcorr, of the alloy is masked by the previ-

ously mentioned properties and cannot directly be

inferred from the distorted semi-circles at high fre-

quencies. Proposed equivalent circuits that represent

structure and electrode kinetics of the alloy/solution

interface in this study are shown in Fig. 2. Model 1 is a

Fig. 1. Nyquist plots for Pb-Ca-Sn alloys without and with

different impurities after 1/2 hour (Upper) and 24 hours

(Lower) corrosion in 4.0 M H2SO4.

Fig. 2. Equivalent circuits used to simulate the impedance spectra for corrosion of Pb-Ca-Sn alloy in 4.0 M H2SO4. For

definition of each component in the circuits see text.
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serial connection that include 3 parts: 1- Passive film

properties (as a parallel combination of film resis-

tance, Rf, and capacitance, Cf), 2- Capacitive and fara-

daic processes of the interface (as a parallel

combination of double layer capacitance, Cdl, and the

two faradaic contributions; charge transfer resistance,

Rct, and Warburg diffusion impedance, Zw) and 3-

Solution resistance, Rsol·Cdl and Cf are represented by

constant phase elements, CPEdl and CPEf to account

for the surface heterogeneity, distribution of surface

properties and imperfect dielectric material, respec-

tively.18,19) The capacitive reactant, Zim,φ, of a constant

phase element, CPE, is given by:

(1)

Where ω = 2πf, ωo = 2πf0, f and f0 are the working

frequency and a reference one to keep the dimensions

of capacitance C, j = −11/2
 and the exponent φ takes a

value between 0 and 1, φ =  for conventional capaci-

tance. Rct is identified as Rcorr in the present study.

Model 2 is Model 1 but without the diffusion imped-

ance contribution. Other equivalent circuits that

described the corrosion behavior of lead alloys in

H2SO4
7,19-22) were tested and found inappropriate for

fitting of the experimental data in the present work,

whereas Model 1 was found successful in other stud-

ies.23,24)

Fig. 3 shows Bode plots for the fitting of the experi-

mental data of alloy A after 1/2 hour and 24 hours cor-

rosion with proposed Models 1 & 2. Bode plots allow

better and uniform estimation of the fitting quality

over the entire frequency range studied. While Model

2 is clearly better than Model 1 for fitting the 24 hours

data, Model 1 fits slightly better than Model 2 the 1/2

hour data. The deterioration of the fitting quality at 1/2

hour with both models compared to that at 24 hours is

attributed the quasi-stationary nature of the interface at

the beginning of the corrosion rather than the assumed

stationary state required to access data in EIS tech-

nique. The key fitting parameters are given in Table 2

and represented graphically as a function of the alloy

composition in Fig. 4. Generally, Rcorr values after 1/2

hour are higher than after 24 hours, probably due to an

increase in the surface roughness (area) of the corrod-

ing alloy. The alloy with the three impurities combined

(A-ACS) shows the least decrease in Rcorr with

increasing the corrosion time, indicating the fast

attainment of steady state of corrosion for this alloy.

After 1/2 hour, the presence of the impurities individu-

ally or combined causes a decrease in Rcorr in the

order: A-ACS > A-As > A-Sb > A-Cu. However, after

24 hours, alloys A-Sb & A-ACS have higher Rcorr than

alloy A while the other two alloys have lower Rcorr val-

ues. The improvement of corrosion resistance after 24

hours for alloys A-Sb and A-ACS is attributed to

thickening of a barrier passive film that is rich in Sb

species and composed mainly of PbSO4. Both Cu and

As impurities seem to have a deteriorating effect on

the insulating properties of the passive film after 24

hours of corrosion. The resistance of the naturally

formed passive PbSO4 film, Rf, is represented on loga-

rithmic scale to facilitate comparison and it increases

substantially with corrosion time for all alloys due to

thickening of the insulating PbSO4 film.25,26) From

Table 2, both Rf and the parameter of the diffusion

Z
im φ,

1

ω0C jω ω0⁄( )φ
-----------------------------------=

Fig. 3. Bode plots for Pb-Ca-Sn alloy after 1/2 hour and 24

hours corrosion in 4.0 M H2SO4. The lines are the

simulations of the experimental data according to Model 1

and Model 2 shown in Fig. 2.
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impedance W follow the same order: A-Sb > A-Cu >

A-ACS > A > A-As. Since W is inversely propor-

tional to the diffusion coefficient(s) of the species

involved in the alloy corrosion,27) one can inferred that

after 1/2 hour, the presence of Sb, Cu and three impu-

rities combined retard the diffusion while the pres-

ence of As enhance the diffusion. The substantial

increase in Rf with the concurrent decrease in Rcorr

after 24 hours indicate that the passive film is defec-

tive and does not inhibit the transport of the corrosive

species. The thickening of PbSO4 film is supported by

the pronounced decrease in Cf after 24 hours, com-

pared to that after 1/2 hour for all alloys. This is

because PbSO4 is considered an imperfect dielectric

material; the increase in its thickness is expected to

decrease capacitance according to equation of the par-

allel plate condenser. The fact that PbSO4 film is an

imperfect dielectric is supported by the experimental

value of φ (0.6-0.7), where a perfect dielectric should

have φ = 1. The increase in the PbSO4 surface cover-

age with the corrosion time is inferred from the

slighter decrease in Cdl.

Table 2. Key fitting parameters for impedance spectra of Pb-Ca-Sn alloys without and with different impurities in 4.0 M

H2SO4 at the corrosion potential. Models 1 & 2 were used to fit the experimental data after 1/2 h and 24 hours, respectively.

The models were shown in Fig. 3.

Corrosion time Parameter A A-As A-Cu A-Sb A-ACS

1/2 hour

Rct/Ω cm2 35.0 15.3 23.9 22.5 15.2

W/Ω cm2 s
−1/2 16.6 15.8 31.8 67.62 28.0

Cdl/µF cm
−2 311.61 398.96 246.82 252.53 208.54

Rf/Ω cm2 53.9 44.0 56.8 198.3 54.3

Cf/µF cm
−2 358.57 333.14 388.93 257.68 362.5

24 hours

Rct/Ω cm2 8.9 7.1 6.0 11.0 14.8

Cdl/µF cm
−2 39.36 41.36 34.37 24.24 102/36

Rf/kΩ cm2 8.9 4.5 2.7 5.2 0.5

Cf /µF cm
−2 162.79 74.25 74.86 102.86 99.25

Fig. 4. Dependence of the corrosion resistance, Rcorr, the passive film resistance, Rf, the double layer capacitance, Cdl, and

the passive film capacitance, Cf, on the composition of the Pb-Ca-Sn alloy and the corrosion time in 4.0 M H2SO4.
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3.2. Oxygen evolution kinetics on positive grids

Anodic polarization curves of the alloys at potential

more positive than 1.0 V have two concurrent fara-

daic contributions; PbO2 formation and oxygen evolu-

tion reaction (OER). Current due the PbO2 formation

process must be subtracted (or greatly suppressed) to

obtain pure current due to OER. A simple procedure

was followed in the present study to suppress PbO2

formation. The alloy potential was held at sufficiently

high anodic potential of 2.0 V for sufficient time to

observe excessive gassing (15 minutes). The total

anodic charge, Qt, was determined from the respective

i-time curves by integration. A following potentiody-

namic scan from 2.0 V to −0.2 V was performed at a

scan rate10 mV/s. The E-i data in the potential range

1.4-1.8 V were used to construct Tafel plots for OER.

The parts of the potentiodynamic curves for the reduc-

tion of PbO2 to Pb2+ species at peak C1 [19,22,23,28]

is showed in Fig. 5. The charge of peak C1, QC1, is a

measure of the amount of PbO2 formed at 2.0V for 15

minutes. The efficiency percentage of PbO2 formation,

, was calculated according to the relation:

(2) 

Inset of Fig. 5 shows that  values are very

low ( < 0.25%). QC1 may be underestimated

due to the self-discharge of PbO2 via the chemical dis-

proportionation reaction with the underlying Pb layers

[21,25,26]. However, the current contribution of PbO2

formation may be neglected and the anodic current is

safely attributed to OER from 2.0 V down to 1.4.

Fig. 6 shows Tafel plots constructed from potentio-

dynamic curves recorded according to the previously

mentioned procedure. As can be seen in Fig. 6, linear

Tafel plots over about two orders of magnitudes of

current density were obtained for all alloys. The nearly

independence of Tafel slope (ba = 0.15 mV) on the

alloy composition signifies the same mechanism for

OER on all alloys. Apparently, any individual impu-

rity enhances OER but impurities combined signifi-

cantly inhibit OER. The percentage inhibition of OER

current, , at E = 1.7 V was calculated according

to the relation:

(3)

Where and were the current densities of OER on

alloy with an impurity and on alloy A, respectively.

Inset of Fig. 6 shows that a weak negative inhibition

(speed up) of OER occurs and follows the order: A-

Cu > A-As > A-Sb. A stronger positive inhibition of

OER occurs for alloy A-ACS. Thus, positive pole

grids made of alloy A-ACS, in the constant potential

EPbO
2

%

EPbO
2

%
2QC1
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⎛ ⎞ 100×=
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2
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2
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2
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⎝ ⎠
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Fig. 5. Potentiodynamic curves for reduction of PbO2 film

formed on Pb-Ca-Sn alloys without and with different

impurities in 4.0 M H2SO4 at a scan rate 10 mV/s. Alloys

were pre-oxidized at 2.0 V for 15 minutes. Inset) versus

alloy type.

Fig. 6. Anodic polarization curves for the oxygen

evolution reaction on Pb-Ca-Sn alloys without and with

different impurities in 4.0 M H2SO4. Inset) versus alloy

type.
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charging, is superior in reduction of gassing (i.e.,

water loss due to OER) than the pure alloy A.

3.3. Galvanostatic charging/discharging of posi-

tive grids 

Each alloy was cathodically polarization at 0.54 mA

cm−2 for 5 minutes in 4.0 M H2SO4 to remove any

reducible species on the surface, especially the trans-

formation of the naturally formed passive PbSO4 to

Pb. Then the polarity was reversed to charge the posi-

tive pole and the oxidation was continued for 60 min-

utes. Finally, the polarity was again reversed to

discharge and the reduction continued until H2 evolu-

tion dominated and all reducible species in the surface

were reduced.

Fig. 7 illustrates the instantaneous variation in

potential, E, capacitance, C, and resistance, R, during

the oxidation (charging)/reduction (discharging) cycle

of alloy A. C is represented on the logarithmic scale to

show uniformly the large change in properties of the

alloy/solution interface. The fact that the time of

reduction (~80 min.) is higher than the oxidation time

(60 min.) indicates that new reducible species are

involved in the reduction, beside the oxidation prod-

ucts. These new species are mainly Pb atoms in the

surface layer of alloy beneath the PbO2 layer, beside

O2 produced in the oxidation and O2 already present in

the naturally aerated H2SO4. Three oxidation regions

a-c can be distinguished: 

- The potential arrest a (at −0.95 V) is close to the

equilibrium potential of the redox Pb/PbSO4 in 4.0 M

H2SO4.
29) It is attributed to the growth of PbSO4 film,

and it lasts for 8 minutes. The corresponding C

decreases to a minimum and then it increases slowly.

The corresponding R increases with time to a quasi-

stationary value by the end of this region, indicating

the growth of a thin PbSO4 film. 

- A following sharp increase in E from −0.95 to

1.52 V occurs in region b. In this region, a sharp

decrease in C to a minimum and a sharp increase in R

to a maximum occur, due to the formation of a highly

insulating inner PbO film beneath the PbSO4

layer.21,22,28,30) The compact PbSO4 film is assumed to

retard the diffusion of H2SO4 through the barrier film

and consequently, pH value increases at the alloy/

PbSO4 interface and the formation of PbO becomes

favorable.

- In region c, E decreases slowly from 1.52 V to

1.29 V (up to 38 minutes) and then it starts to increase

slowly up to 1.34 V due to OER. Concurrently, C

starts to increase very sharply and R decreases to the

solution resistance. This indicates the transformation

of PbO to the conducting PbO2 and growth of PbO2

from the underlying Pb as well. It is noted that C

increases more slowly after 38 minutes and continues

to increase even during the initial period of reduction

after reversing the current polarity (region d). The

increase in C is attributed to a change in the dielectric

properties of PbO2 layer as a result of the concurrent

OER21) and involvement of O2 species in the growing

PbO2 layer.

Reduction of PbO2 occurs in three two-electron

steps d-f:

- The potential arrest d (at 1.05 V) is close to the

equilibrium potential of the redox PbSO4/PbO2 in 4.0

M H2SO4 and attributed to the electo-reduction of

PbO2 to PbSO4 according to the process:21,29)

(4)

Arrest d lasts for 16 minutes. In the first 6 minutes

of this arrest, C increases to a maximum and then it

deceases substantially during the next 14 minutes.

Meanwhile R stays low during arrest d. C and R

behaviors can be explained as follows: At the begin-

ning, the high electrical conductivity of PbO2 facili-

tates electron transfer through the film and the

reduction occurs partially at PbO2/alloy interface and

through all parts of PbO2 film. Concurrently, O2 mole-

cules formed in the oxidation are gradually removed

PbO2 4H
+

SO4

2−
2e+ + + PbSO4 2H2O+→

Fig. 7. Instantaneous potential, E, capacitance, C, and

resistance, R, during galvanostatic oxidation/reduction of

alloy A at 0.54 mA cm
−2 in 4.0 M H2SO4.
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from the film by both, electro-reduction and by physi-

cal diffusion. After 6 minutes of reduction, the passive

layer at film/alloy interface is completed and further

reduction of PbO2 to PbSO4 can only result in thicken-

ing of the passive layer.

- E shows a rapid transition from 1.0 V to −0.7 V

(~6 minutes) to region e where the reduction of basic

lead sulphates (namely, PbO.PbSO4 and 3PbO.PbSO4)

to Pb are assumed.21,29) In the transition d → e, a sub-

stantial decrease in C and a corresponding sharp

increase in R occur due to the formation of PbO

beneath PbSO4 layer. This is possible due to the rise of

pH value in the inner layer of PbSO4 and the electro-

reduction of the remaining PbO2 to PbO occurs

according to the process:21)

(5)

The equilibrium potential of the above process is

~0.4 V. Thus, the final stage of PbO2 electro-reduction

involves the formation of the highly insulating PbO

layer at alloy/film interface. In the middle of region e,

C starts to increase and R decrease due to the electro-

reduction of PbO to the conducting Pb.

- In region f, PbSO4 is reduced to Pb21,29) with a

noticeable, but slow, decrease in C. The capacitance

behavior in this region reflects two effects: a decrease

in PbSO4 surface coverage and an increase in the inter-

facial acid concentration.

- At the end of region f, E shifts to a more negative

potential (~−1.3 V) where H2 evolves in region g. In

this region, there is a decrease in C and a slight

increase in R, probably due to the H2 bubbles formed

on the alloy surface.

It should be mentioned that the amount of the charge

consumed in the reduction of PbO2 to Pb2+ is signifi-

cantly less than half of the total anodic charge. This is

attributed to the self-discharge of PbO2 with the under-

lying lead according to the disproportionation reac-

tion:29,31,32)

(6)

The charge density lost in the self-discharge, QSD, is

given by:

(7)

Where ,  and  are charge

densities of reduction of PbO2 to Pb2+, basic PbSO4

(namely, PbO.PbSO4 and 3PbO.PbSO4) and PbSO4,

respectively. The factor 0.5 in the above Eq. (5) was

used to account for the extra reduction charge of Pb2+

species produced from the underlying Pb as a result of

its reaction with PbO2 according to equation (6). The

charge consumed in formation of PbO2  is

given by:

PbO2 2H
+

2e+ + PbO H2O+→

PbO2 Pb 2H2SO4+ + 2PbSO4 2H2O+→

QSD 0.5 QbasicPbSO
4

r
QPbSO

4

r
QPbO

2

r
–+( )=

QPbO
2

r
QbasicPbSO

4

r
QPbSO

4

r

QPbO
2

f

Fig. 8. Instantaneous potential (A), capacitance (B) and

resistance (C) during galvanostatic oxidation/reduction of

Pb-Ca-Sn alloys without and with different impurities at

0.54 mA cm-2 in 4.0 M H2SO4. The predominating species

are shown on curves of parts (A) & (B).
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(8)

The positive pole corrosion, Acorr (g cm−2) in terms

of the Pb mass loss in the form of PbO2 was calculated

from  according to Faraday’s laws: 

(9)

The value 207.19 g/atom is the atomic mass of Pb

and F is the Faraday constant, 96500 C/equivalent. It

should be noted that the positive pole corrosion is dif-

ferent from the general corrosion of the alloy in part

3.1. This is because the former corrosion form occurs

as a result of charging of the positive pole, while the

latter corrosion form occurs naturally under open-cir-

cuit conditions. The percentage of the self-discharge

under polarization, SDP%, is given by:

(10)

Fig. 8 shows the effect of impurities on the charg-

ing/discharging behavior of E, C and R. Curves of all

alloys show the same features. Lead species that dom-

inate C & R behaviors are given in the figure. Due to

the exceptionally high resistivity of PbO, the growth

of PbO layer beneath PbSO4 outer layer and its disap-

pearance appear in Fig. 8 as two sets of C and R peaks.

The initial set corresponds to the transformation

Pb → PbO → PbO2. The second set signifies the

transformation PbO2 → PbO → Pb. The time needed

for appearance of C or R peak of the initial set follows

the order: A-As < A < A-ACS < A-Sb < A-Cu. This

time is proportional to charge needed for the comple-

tion of PbSO4 layer and the increase in pH beneath it

to the level that the formation of an inner PbO layer

becomes favorable. The results indicates that Cu and

Sb impurities delayed the formation of PbO while As

speeded up it. The time of the second set follows the

order: A-Sb < A-Cu < A-AS < A-ACS < A, and it

indicates that the impurities speed up the formation of

PbO from PbO2. The amount of the charge consumed

in the redox processes of interest, beside Acorr and

SDP%, are given in Table 3. Fig. 9 shows the effect of

impurities on the positive pole corrosion and the self-

discharge under polarization compared to alloy A,

expressed as the relative percentage of the positive

pole corrosion, RAcorr% and the relative percentage of

the self-discharge, RSDP%. As can be seen, RAcorr%

increases in the order: A-Cu < A-Sb < A-As = A-

ACS. RSDP% increases the order: A-ACS < A-

Cu < A-As < A-Sb. The effect of impurities on the

QPbO
2

f
2 QPbO

2

r
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QPbO
2

r

Acorr

QPbO
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Table 3. Charge consumed in the redox processes of interest in the charging/discharging of Pb-Ca-Sn alloys at 0.54 mA

cm
−2 in 4 M H2SO4.

Charge A A-As A-Cu A-Sb A-ACS

cm
−2 0.497 0.346 0.346 0.259 0.410

cm
−2 0.518 0.605 0.303 0.626 0.432

cm
−2 0.734 0.972 1.188 0.994 1.080

cm
−2 1.75 1.92 1.84 1.88 1.92

cm
−2 0.378 0.616 0.573 0.681 0.551

cm
−2 0.94 1.03 0.99 1.01 1.03

SDP
% 21.6 32.1 31.1 36.2 28.7

QPbO
2

r
C⁄

QPbOPbSO
4

r
C⁄

QPbSO
4

r
C⁄

QPbO
2

r
C⁄

QSD C⁄

Acorr mg⁄

Fig. 9. Dependence of the percentages of the relative

positive pole corrosion, RAcorr%, and the relative self-

discharge under polarization, RSDP%, on alloy type.



132 H.A. Abd El-Rahman
,
 A.G. Gad-Allah, S.A. Salih, and A. M. Abd El-Wahab

deterioration of the self-discharge under polarization

(33-68%) is more pronounced than on the positive

pole corrosion (5-10%). The alloy containing the three

impurities combined (A-ACS) is the lowest in RSDP%

while Sb-alloy is the highest. On the repetition of the

charging/discharging, more penetration of the alloy

surface, due to the self-discharge, becomes the pre-

dominant factor in the deterioration of the mechanical

properties and the chemical stability of the positive

pole grid.

3.4. Self-discharge of positive grids

Fig. 10 shows the instantaneous variations in the

open-circuit potential, Eoc, C and R of the pre-oxidized

(pre-charged) alloys in 4 M H2SO4. Alloys were anod-

ized (charged) at 0.54 mA cm-2 for 30 minutes and

then the circuit was opened and the alloys were

allowed to fully self-discharge under open-circuit con-

ditions. The most probable stoichiometric redox pro-

cesses are given on the Eoc-time curves. According to

the potential curves, the full self-discharge corre-

sponds to the disproportionation of PbO2 with the

underlying Pb to the final product PbSO4. During the

self-discharge there were substantial changes in C and

R due to the generation of compounds, such as, PbO,

basic PbSO4 and PbSO4, which have considerably dif-

ferent dielectric and insulating properties from the

conducting PbO2. At the beginning, Eoc stays at ~1.2 V

for 2-3 minutes. Then, it shifts rapidly to more or less

stable potential at ~1.07 V for a period of time that

depends on the alloy type. Thereafter, Eoc decays rap-

idly to several consecutive ill-definite potential arrests.

The probable redox processes involved in the potential

arrests are shown on the potential curves in Fig. 10.

Concurrently, C increases initially to maximum

(~1 mF) an then decreases rapidly to a very low values

(~2-4 µF). It is assumed that the self-discharging of

PbO2 starts and with time the acidity at the alloy/film

interface decreases and PbO formation starts. R stays

low for most of the initial period but starts to increase

sharply with the PbO formation. The minimum capac-

itance, Cmin, and maximum resistance, Rmax, indicate

the maximum amount of PbO. It should be mentioned

that Cmin and Rmax for alloys A and A-ACS occur at

longer times (50 & 60 minutes) than the rest of alloys

with an individual impurity (11-18 minutes), indicat-

ing the slower formation and growth of the inner insu-

lating layer of PbO for alloys A and A-ACS. The final

stage of the self-discharge is characterized by a further

but slower Eoc decay with a noticeable irregular

increase in C and a decrease in R. Such changes are

associated with the chemical transformation of the

inner PbO to PbSO4. After ~3 hours, Eoc records prac-

tically the same value for all alloys and corresponds to

Fig. 10. Instantaneous open-circuit potential, Eoc (A),

capacitance (B) and resistance (C) during the self-discharge

of Pb-Ca-Sn alloys without and with different impurities in

4.0 M H2SO4. The electrodes were pre-oxidized at

0.54 mA cm
−2 for 30 minutes. The various redox processes

involved during the self-discharge are shown on Eoc-time

curves.
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the potential of the redox Pb/PbSO4. Also, C and R

become very close for all alloys.

The effect of impurity type on the self-discharge

was estimated from Fig. 10, in terms of the reciprocal

of time period before the fall of Eoc under 1 V, 1/tSD.

The value 1/tSD was taken as a measure for the rate of

the self-discharge under open-circuit conditions. The

results show that 1/tSD increases in the order: A < A-

As < A-Cu < A-ACS < A-Sb. Thus, alloys with impu-

rities have higher self-discharge rate than the alloy

without impurity. The fact that Sb-alloy has the high-

est rate of self-discharge is consistent with the known

harmful effect of Sb on the self-discharge of positive

pole grids of antimonial lead alloys.4,5) The percent-

age of the relative increase in 1/tSD for alloys with

impurities compared to alloy A is: A-As 92%, A-Cu

108%, A-ACS 127%, A-Sb 212%.

Conclusion

- Corrosion behavior showed a strong dependence

on the corrosion period. After 1/2 hour corrosion,

impurities (Cu, As, Sb) individually or combined were

found to decrease the corrosion resistance, Rcorr. After

24 hours, Rcorr for A-Sb and A-ACS alloys was found

to be higher than the alloy A (without any impurity).

- Any individual impurity was found to enhance

oxygen evolution reaction, but the impurities com-

bined significantly inhibited the reaction.

- The inner insulating PbO formation and transfor-

mations were identified as peaks in the resistance and

capacitance measurements.

- In the constant current charging of the positive

pole, impurities were found to increase both the corro-

sion of the positive pole grid (5-10%) and the self-dis-

charge of PbO2 under discharge conditions (33-68%).

The alloy A-Sb was the worst in the self-discharge of

the charged positive pole while alloy A-ACS was the

least.

- The self-discharge of the charged positive grids

under open-circuit conditions was found to increase

significantly (92-212%) in the presence of impurities,

with alloy A-Sb was the worst.
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