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Abstract

The steady-state and anodic corrosion of Pb—0.17 wt.% Ca—0.88 wt.% Sn, and Pb-0.17 wt.% Ca—0.88 wt.% Sn-0.06 wt.% Li alloys in 4.5 M
H,S0, at 25 °C were studied using cyclic voltammetry, linear sweep voltammetry, and electrochemical impedance spectroscopy. The experimental
results show that the lithium added to Pb—Ca—Sn alloy increases corrosion resistance in equilibrium potential and inhibits the growth of the anodic

corrosion layer.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The main challenge for lead-acid batteries to become effec-
tive power sources for vehicle is the need to increase specific
energy and to extend deep cycle life. To this end, efforts have
been made to reduce significantly the dead weight from non-
energy producing components (i.e., grids, connectors, terminals,
etc.) and to increase both the electrode-material utilization and
battery cycle life. These objectives are approached through the
use of thin positive and negative plates, which are produced, from
highly corrosion-resistant alloys [1]. The positive electrode has
a strong effect on battery performance, and irreversibly degrades
by a series of corrosion reaction. This early failure is attributed
to the development of an insulating barrier layer at the interface
between the positive grid and active material [2,3]. The use of
pure lead gives rise to a strong oxide passive layer formation at
the grid/active-material interface [4,5]. This oxide layer is highly
stable in the acidic environment present in lead-acid batteries.
The insulating passive film reduces the anode dissolution thereby
increasing the active life of the battery [6]. However, this also has
an undesirable effect of increasing the impedance of the anode
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after storage for a certain period of time. The increased resis-
tance reduces the reversibility and charging efficiency during
subsequent cycles [7,8].

Several studies have looked at the nature of the passive film
formed on the anode. The composition of the passive layer is
a mixture of PbSO4/PbO;, (1 <x<2) [9-11]. The lead alloys,
generally used as positive grids, are Pb—Sb and Pb—Ca alloys
[10,11]. It was reported that Pb—Sb alloy is corroded and the
complex antimony ions are formed as oxidized species [12].
These ions slowly migrate through the positive active material
and the electrolyte and, then, antimony deposits on the nega-
tive electrode, lowering the overpotential of hydrogen evolution
and give rise to increase self-discharge, excessive water loss
or increased maintenance and decreased charge efficiency [10].
Hertz et al. [13] and Rocca and co-workers [14] reported that
calcium is only added to enhance the mechanical properties of
the lead alloys and has no influence on their electrochemical
behavior. But Pavlov et al. [15] and Caillerie and Albert [16]
reported that calcium increases the overpotential of hydrogen
evolution on lead alloy and results in improving the performance
of maintenance-free for the batteries. However, the lead—calcium
alloy has poor strength and casting performance. Especially, a
high-impedance passivation layer formed on Pb—Ca alloy dur-
ing anodization can give rise to the detrimental influences on
the deep charge/discharge cycle performance of the batteries
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[15,16]. One of the most effective methods is to add tin into the
lead alloy to improve the conductivity of the anodic film [14].
It has been reported that tin plays a complex role in the passiva-
tion phenomenon of lead tin alloys in sulfuric acid. At high tin
level (1.5 wt.% < Sn) the PbO growth progressively decreases,
and then electronic conductivity of the oxide layer is increased.
At this tin level, the alloy is two-phased, which promotes the
formation of a very thin and highly conducting oxide layer [14].
Alloying tin appears to favor the formation of an intermediate
oxide, PbO,, which is less resistive than PbO [17]. However,
the deep charge/discharge cycle performance of Pb—Ca—Sn is
still not satisfactory. Moreover, tin dissolves in the electrolyte
from the alloy and forms Sn>*. The reaction of Sn**/Sn** redox
couple with the active materials of the positive and negative elec-
trodes may increase the self-discharge of the batteries [10,18].

Metal elements such as strontium, cerium, and lithium, whose
electrode potentials are close or more negative than that of cal-
cium, may be added into lead or lead alloys to improve the
crystal grain structure of the alloys and not obviously to decrease
the hydrogen overpotential. The effect of cerium on the corro-
sion of Pb—Ca—Sn has been studied previously [10]. Although
lithium has also an electrode potential close to that of calcium, to
our knowledge, lithium has never been tested as an additive for
improvement the performance of positive grid materials in lead-
acid batteries. Specially, there is no quantitative electrochemical
information on the effect of lithium incorporation in Pb—Ca—Sn
alloy. In the present work, the anodic behavior of Pb—Ca—Sn—Li
alloy was studied in sulfuric acid solution by electrochemical
methods to clarify the possibility of its preparation as a positive
grid material for lead-acid batteries. For this purpose, initially
corrosion of alloy in equilibrium potential and finally in the
battery deep discharge potential is considered.

2. Experimental

A lead-0.17 wt.% calcium—0.88 wt.% tin alloy and a lead—
0.17 wt.% calcium—0.88 wt.% tin—0.06 wt.% lithium alloy were
used as working electrodes. The alloys were prepared by melting
the mixture of metals in furnace under argon gas atmosphere,
and their composition was determined by atomic absorption
spectroscopy (AAS). The electrolyte was 4.5 M H,SOy4 solution
prepared from H,SO4 and double-distilled water. All reagents
were of analytical grade and obtained from Merck® or other
commercial resources.

For electrochemical measurements, a three-electrode conven-
tional glass cell was used. A sample was prepared from each
alloy and welded to a copper wire to be used as working electrode
for electrochemical measurements. The sides and other parts of
the working electrode were covered with an epoxy resin (special
polyester) to avoid any contact with electrolyte solution, except
electrode surface exposing a 0.5 cm x 0.5 cm surface area of the
alloy. A flat working-electrode surface was obtained by mechan-
ical polishing with emery paper of successively decreasing grain
size down to 10 wm. Then, the working electrode was washed
with double-distilled water before immersing in electrolyte solu-
tion. The electrolyte was a 4.5 M H;SOy4 solution. Before each
experiment, a cathodic potential of —1.2'V was applied for

20 min in order to reduce any oxide formed during pretreat-
ment. A Hg/HgrSO4/H>SO4 (4.5M) electrode served as the
reference (EY =0.630 V at 25°C). All potentials reported here
are referenced to this electrode. A platinum plate (Pt 99.99%)
was used as counter electrode. Electrochemical impedance spec-
troscopy (EIS), open circuit potential (OCP), cyclic voltammetry
(CV), and linear sweep voltammetry (LSV) measurements were
performed using EG&G P/G 273A/92 coupled to a frequency
response analyzer EG&G FRA 1052 and controlled by a per-
sonal computer through GPIB-IEEE NI-488-I1 card. For the EIS
measurements, a sine wave with 5 mV amplitude was applied at
each dc potential, and a range of frequencies from 100 kHz to
0.1 Hz was scanned in logarithmic scale with 10 points/decade.
The EIS data were approximated using complex nonlinear least
square (CNLS) method and appropriate electronic equivalent
circuit models built in ZView®2.3 software (Scribner Asso-
ciates, Inc.), and the model parameters such as interfacial charge
transfer resistance (R.;) and double layer capacitance were esti-
mated [19,20].

3. Results and discussion
3.1. Synthesis of working electrodes

Because of a large difference between the melting points of
Li and Ca, the Pb—Ca—Sn-Li alloy was prepared in a three-
step method as: (i) a sample of Pb—Ca alloy was prepared by
mixing pure pellets of corresponding metals (typically 9.5 g of
Pb with 0.5 g of Ca) and melted under argon gas atmosphere
at 850°C for 10min in an electrical furnace, cooled down to
500 °C, kept under these conditions for 4 h to form homoge-
neous Pb—Ca alloy, then cooled to room temperature, and used
for further works; (ii) a sample of Pb—Li alloy was also prepared
by mixing pure pellets of corresponding metals (typically 9.7 g
of Pb with 3 g of Li) and melted under argon gas atmosphere
at 300 °C for 10 min, then cooled down to 120 °C, kept under
these conditions for 4 h to form homogeneous Pb-Li alloy, then
cooled to room temperature, and kept for further works; and (iii)
appropriate percent of the Pb—Ca and Pb—Li alloys were mixed
with Sn pellets, heated at 600 °C for 10 min, cooled down to
300 °C, kept under these conditions for 4 h to form homogeneous
Pb—Ca—Sn-Li alloy, then cooled to room temperature, and used
for preparation of working electrodes. The Pb—Ca—Sn was pre-
pared by mixing appropriate percent of the Pb—Ca alloy, with Pb
and Sn pure pellets, and heated as step (iii). The Pb—Ca—Sn and
Pb—Ca—-Sn-Li prepared by mixing different percent of Pb—Ca
and Pb-Li with Sn, were analyzed in the same way by AAS.

Bulk homogeneity of the prepared alloys was determined by
dissolution of local samples in acidic solution and analysis by
AAS. The local samples were cut from bulk as well as surface of
the prepared alloys. We expected 5 and 3% of Ca and Li in Pb—Ca
and Pb-Li binary alloys, but we found 4.49 and 1.95%, in the
bulks, and higher concentration of Ca and Li in the form of oxides
and impurities on the sides and surfaces. Finally, lead—0.17 wt.%
calcium-0.88 wt.% tin and lead—0.17 wt.% calcium—0.88 wt.%
tin—0.06 wt.% lithium alloys were selected and used as working
electrodes for electrochemical studies. The percent of Pb, Ca,
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Fig. 1. Open circuit potential vs. time obtained on (a) Pb—Ca—Sn and (b)
Pb—Ca-Sn-Li electrodes in 4.5 M H;SOy4 at 25°C.

and Sn in these alloys was more near to that of recently prepared
Pb—-Ca—-Sn grids [1,10,14].

3.2. Electrochemical studies

3.2.1. Open circuit potential decay

The open circuit potential behavior of Pb—Ca-Sn and
Pb—Ca—Sn-Li alloys is illustrated in Fig. 1. In both cases, the
initial OCP potentials were almost —0.900 V but, they increased
as functions of time and reached to different steady values (cor-
rosion potential, E¢qr) after 45 h. These values are —0.335 and
—0.351V for Pb—Ca—Sn and Pb—Ca—Sn-Li alloys, respectively,
which are different by almost 0.016 V. Despite this small shift,
the steady-state polarization behavior showed that the corrosion
behavior of Pb—Ca—Sn is improved by addition of Li to this alloy.

3.2.2. Steady-state polarization

The steady-state polarization curves (Tafel plots), obtained
on Pb—Ca-Sn and Pb—Ca—Sn-Li electrodes after 48 h immer-
sion in 4.5 M H;SO4 solution at 25 °C are presented in Fig. 2.
The corrosion current density (icorr) associated with polariza-
tion measurement for the two samples were simultaneously
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Fig. 2. Steady-state polarization curves (Tafel plots) obtained on (a) Pb—Ca—Sn
and (b) Pb—Ca—Sn-Li electrodes after 48 h immersion in 4.5 M H,SOy4 at 25 °C
and then scanning the electrode potential with 1 mV s~! scan rate.

determined in the potential range =60 mV from E o using
icorr = (BaBc)[2.303Rp(Ba + Bc)] in which 8,8 are anodic and
cathodic Tafel slopes, Ry =n/i=RT/nFiy, n is overvoltage, iy
exchange current density, and R, 7, and n have their usual
meanings [21]. The results obtained showed that the values of
icorr are 11.32 x 1075 and 4.24 x 1075 Acm~2 for Pb—-Ca-Sn
and Pb—Ca—-Sn-Li alloys, respectively. The icorr and its corre-
sponding potential, E¢qr, could also be directly estimated from
interpolation of the linear parts of Tafel curves at higher 1. The
corrosion rates estimated from i.qr are of 134.2 and 50.3 mpy for
Pb—Ca—Sn and Pb—Ca—-Sn—Li alloys, respectively. These results
show a large decrease in the corrosion rate of Pb—Ca—Sn by
addition of Li to this alloy.

3.2.3. Cyclic polarization (CP)

The cyclic polarization curves obtained on Pb—Ca—Sn and
Pb—Ca—Sn—Li alloys at | mV s~ ! scan rate, between —0.430 and
+0.640V, after 48 himmersion in 4.5 M H>SOy4 solution at 25 °C
are presented in Fig. 3. One should consider that experiments
are extended to more anodic potential regions in comparison
to Fig. 2. Two passivation regions in anodic branches which
are due to formation of two different kinds of lead compounds
(non-stoichiometric sulfate and oxy-sulfate) and a small negative
hysteresis effect in both plots are observed. The hysteresis effect
implies that no pitting corrosion exists in these alloys. Moreover,
the currents are lower for Pb—Ca—Sn-Li alloy. These behaviors
also show that addition of Li to Pb—Ca—Sn has increased the
stability of this alloy against anodic corrosion.

3.2.4. Electrochemical impedance spectroscopy

The EIS is a powerful, nondestructive, and informative tech-
nique, which is usually used for characterization and study of
corrosion phenomena [22], fuel cells and batteries [23], coat-
ings and conductive polymers [24], adsorption behavior of thin
films [25-27], and electron transfer kinetics [28]. Recently,
the EIS has been used in studies of lead-acid batteries for in
situ characterization of anodic films formed on antimony and
lead—antimony alloys in lead-acid batteries [29,30]. This method
was used to investigate the anodic charge transfer resistance of
Pb—Ca—Sn-Li new grid prepared in this work.
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Fig. 3. Cyclic polarization curve obtained on (a) Pb—Ca—Sn and (b) Pb—Ca—Sn—
Li electrodes after 48 h immersion in 4.5 M H;SOy4 at 25 °C and then scanning
the electrodes potential between —0.450 and +0.660 V with 1 mV s~ scan rate.
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Fig. 4. (A) Complex plane and (B) phase angle plots obtained on (a) Pb—Ca—Sn
and (b) Pb—Ca-Sn-Li electrodes in 4.5M H,SO4 at OCP and 25 °C. Dots are
experimental data and lines are fitted results obtained using CNLS method and
ZView2.3.

A sample of the complex plane and Bode plots obtained
on Pb—Ca-Sn and Pb—Ca-Sn-Li alloys after 48 h immersion
in 4.5M H;SO4 solution at OCP and 25°C is presented in
Fig. 4A and B. The EIS data reveal that each impedance diagram
consists almost of two semicircles (capacitive loops). The elec-
trode impedance in this case was determined by the metal/oxide
interface, the oxide film, and the oxide/solution interface.

The data were approximated using different electronic equiv-
alent circuits built in ZView?2.3® software, and finally the best fit
(the smallest x2) [31] was observed based on equivalent circuit
Fig. 5 in which R denotes solution resistance, R, and C indicate
oxide layer resistance and capacitance, R3 and CPE [20] repre-
sent charge transfer resistance and constant phase element of the
oxide/solution interface, and parameter n explains deviation of
the semicircle from its ideal form (i.e., time constant dispersion),
and was attributed to inhomogeneities of the electrode surface.
The values obtained at OCP for corrosion charge transfer resis-

R1

R2 M

Fig. 5. Equivalent circuit diagram purposed for impedance behavior of the
Pb—Ca—Sn and Pb—Ca-Sn-Li electrodes in 4.5 M H,SO,4 at OCP and 25 °C.
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Fig. 6. Variation of the charge transfer resistance as a function of potential
obtained on (a) Pb—Ca—Sn and (b) Pb—Ca—Sn-Li electrodes (see Figs. 4 and 5).

tance, R3, were 558 and 920 2 for Pb—Ca—Sn and Pb—Ca-Sn-Li,
respectively. The same tendency was observed up to 1 V anodic
overpotentials; however, the difference was larger for higher
overpotentials (Fig. 6). It means that anodic films formed on
Pb—Ca—Sn—Li at higher overpotentials resist against corrosion
better than those formed on Pb—Ca—Sn alloy in these conditions.
Therefore, the EIS results also show that the corrosion resistance
of Pb—Ca-Sn is substantially improved by the presence of Li in
this alloy. These data are in good agreements with those obtained
from Tafel plots and cyclic polarization curves, Figs. 2 and 3.

3.2.5. Linear sweep voltammetry

The LSV experiments were also performed to investigate
the electrochemical stability and corrosion resistance of the
Pb—Ca—Sn-Li grids. Therefore, the electrodes were anodized
at +0.900V in 4.5 M H,SOy4 solution at 25 °C for 5, 10, 20, 30,
60, and 120 min, and then the electrode potential was swept to
—1.2V with 1mVs™! scan rate to reduce the oxides formed.
The potential +0.900 V was chosen for the anodic film growth,
because it is close to the positive grid potential after deep
discharge in the batteries. A typical voltammogram obtained
for reduction of the anodic films formed on Pb—Ca—Sn and
Pb—Ca—Sn-Li alloys after 30 min anodization at +0.900 V is pre-
sented in Fig. 7. Peaks A and C are attributed to the reduction
of PbO + PbO-PbSOy (i.e., Pb2+) to Pb, and peaks B and D to
the reduction of PbSOy4 to Pb [14]. Addition of lithium to the
Pb—Ca—Sn alloy is probably beneficial to decrease the reduction
charges for PbO + PbO-PbSOy (i.e., Pb2+) and PbSOy4 to Pb. The
peak currents of PbSO4/Pb reaction (peaks B and D) did not vary
significantly for anodization time longer than 20 min (Fig. 8A).
So, this behavior does not clarify any point for the effect of Li
addition to Pb—Ca—Sn alloy.

However, the peak currents (A and C) for Pb2*/Pb reac-
tion increase with the oxidation time. Variation of the anodic
charges as functions of anodization time obtained for Pb—Ca—Sn
(Fig. 7, curve 1, peak A) and Pb—Ca-Sn-Li (Fig. 7, curve 2,
peak C) showed a linear behavior with slopes of 31.32 and
21.15 pCcem~2s~! (Fig. 8B) indicating the growth rate of Pb>*
film on Pb—Ca—Sn (curve a) and Pb—Ca—Sn-Li (curve b) alloys,
respectively. Therefore, addition of lithium into Pb—Ca—Sn alloy
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Fig. 7. Linear sweep voltammograms obtained for anodic films formed on (1)
Pb-Ca—Sn and (2) Pb—Ca—Sn-Li electrodes after 30 min anodization at +0.900 V
in 4.5M HSO4 at 25°C and then sweeping the potential to —1.2'V with
1 mVs~! scan rate.
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Fig. 8. (A) Variation of reduction charges vs. time of anodization for PbSO4/Pb
peak evaluated from linear sweep voltammograms (Fig. 7, peaks B and D) for
the anodic films formed on (a) Pb—Ca—Sn and (b) Pb—Ca—Sn-Li electrodes at
+0.900 V. (B) Variation of reduction charges as functions of anodization time
evaluated from surface area of Pb>*/Pb anodic peaks (Fig. 7, peaks A and C) on
(a) Pb—Ca—Sn and (b) Pb—Ca—Sn-Li electrodes, respectively.

can obviously decrease anodic growth of the Pb** film and
increase the corrosion resistance of the alloy.

4. Conclusion
The addition of lithium into Pb—Ca—Sn has led to the forma-

tion of Pb—Ca—Sn—Li alloy, decrease the corrosion rate of the
alloy by a factor of 2.65 (from 134.2 to 50.3 mpy), and inhibi-

tion the growth of the anodic Pb>* film formed at +0.900 V by
using Tafel plots. Cyclic polarization measurements revealed no
pitting corrosion for the alloy. Variation of the anodic charges
as functions of anodization time obtained by LSV showed that
the formation rate of Pb>* film on Pb—Ca—Sn—Li alloy has con-
siderably decreased, and confirmed the increase of corrosion
resistance of the alloy. These behaviors have been established
by the EIS studies in a wide range of dc potentials.

Therefore, addition of Li into Pb—Ca—Sn alloy can obviously
improve the corrosion resistance of the alloy and form a new
positive grid material, Pb—Ca—Sn-Li, for lead-acid.
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