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The influence of indium content on the anodic behaviour of Pb-In alloys in 4MH
2
SO
4
solution is investigated by potentiodynamic,

potentiostatic, chronopotentiometric, and cyclic voltammetric techniques. The composition and microstructure of the corrosion
layer on Pb-In alloys are characterized by X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy analysis (EDX), and
scanning electron microscopy (SEM).The potentiodynamic and chronopotentiometric curves show that the anodic behavior of all
investigated electrodes exhibits active/passive transition. The active dissolution (except for alloy I) and passive currents increase
with increasing both In content and temperature.This indicates that the conductivity of the anodic film on Pb-In alloy is enhanced.
This study exhibits that indium catalyses the oxidation of Pb (II) to Pb (IV) and facilitates the formation of amore highly conductive
corrosion layer on lead. Alloy I (0.5% In) exhibits that the corrosion rate is lower, while the passive current is higher than that of Pb.
XRD, EDX, and SEM results reveal that the formation of both PbSO

4
and PbO on the surface decreases gradually with increasing

In level in the alloy and completely disappear at higher In content (15% In).Therefore, recharge of the battery will be improved due
to indium addition to Pb.

1. Introduction

Generally, lead and lead alloy were used as the grid material
of the lead acid battery, due to their good anticorrosion
performance in H

2
SO
4
solution. The use of pure Pb gives

rise to strong oxide passive layer formation at the grid/active
material interface [1]. This oxide layer is highly stable in
the presence of H

2
SO
4
solution. The insulating passive film

reduces the anode dissolution, thereby increasing the active
life of the battery [2]. However, this also has an undesirable
effect of increasing the impedance of the anode after storage
for a certain period of time. The increase in the resistance
reduces both the reversibility and charging efficiency during
subsequent cycles [3].

Passivation of lead and lead alloys is believed to occur
by the formation of highly resistive 𝛼-PbO at the interface
between the grid and the active material during the oxidation
of lead to lead dioxide, which passivate the electrical contact
over the boundary layer [4–9]. 𝛼-PbO is formed under the
lead sulphate layer where the local pH value is close to 9
due to the semipermeable properties of the lead sulphate

layer, allowing a flux of H+, OH−, and water species, while
hindering SO

4

2− and HSO
4

− ions [9]. The solution of this
problem is the addition of tin as alloying element to lead.
Studies indicate that tin alloying with Pb makes the PbO
layer thinner [10, 11], promotes the oxidation of tet-PbO or
𝛼-PbO to PbO

𝑛
(1 < 𝑛 < 2), and lowers the potential

at which this reaction initiates [12, 13]. Two comprehensive
reviews covering the literature about the role of tin as an
alloying element to eliminate problems of passivation have
been presented by Nelson and Wisdom [3] and by Culpin
et al. [2]. Thus, the presence of tin in the oxide layer has been
confirmed. Tin has been shown to alleviate the passivation
problem [11, 13]. Fundamental research has been performed
to elucidate the action of tin alloyingwith Pb on the electronic
properties of the PbO layer and to determine the optimum
level of tin in the alloy.The nature of the passivation layer and
the conditions of its formation have been well defined. The
generally accepted view is that the passivation layer, namely,
𝛼-PbO, acts as a semiconductor or an electrical insulator.
The effect of tin on grid passivation has been known a long
time ago [2], but previous studies on the effect of tin on the
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Table 1: Chemical composition (weight percent) of alloys.

Alloy number I II III IV V
Composition Pb99.5In0.5 Pb99In1.0 Pb95In5.0 Pb90In10 Pb85In15

passive film formation were stimulated by the investigations
of Pavlov et al. [13]. The electron conductivity of lead oxide
increases strongly with the value of 𝑛, and PbO

2
is very

electron conductive. In this way, Sn increases the oxidation
rate of PbO to PbO

𝑛
and thus eliminates the formation of

𝛼-PbO. However, the problem in using Pb-Sn alloys as grid
material in the lead acid battery is the observed decrease
in conductivity for long periods of time. This behavior was
explained by the slow dissolution of tin oxide in H

2
SO
4
[14].

Indium alloying with lead suppresses the growth of PbO
phase. Accordingly, the corrosion of Pb into PbO can be
controlled or can be prevented by incorporating indium in
the lead. Consequently, the conductivity of the passivation
layer on Pb-In alloy is improved. Therefore, Pb-In alloys
may be proposed to replace Pb-Sn alloys as grid materials.
In the present investigation, the anodic oxidation of Pb-In
alloys in 4M H

2
SO
4
solution was studied as a function of

In content. The oxidation behavior was studied by means
of potentiodynamic, potentiostatic, chronopotentiometric,
and cyclic voltammetric measurements. The passive film
formed on the surface of electrodes at various potentials was
characterized using X-ray diffraction, EDX, and scanning
electron microscopy (SEM).

2. Experimental Procedure

2.1. Materials and Solutions. A stock solution of 4M H
2
SO
4

acid (the acid concentration used in the lead/acid battery)was
prepared by dilution of the calculated volume of A.R. grade
acid. Pb and In of high purity (99.999%; Johnson Matthey
Chemicals Ltd.) were used to prepare Pb-In alloys as disk
electrodes (𝐴 = 0.196 cm2) in a Gallenkamp muffle furnace
using evacuated closed silica tubes at 500∘C for 24 h. The
melts were shaken every 6 h to ensure the homogeneity of
melting alloy and finally the melts were quenched in an ice
as previously discussed [15]. Five Pb-In alloys were prepared
with the composition shown in Table 1. The prepared alloys
were analyzed using X-ray photoelectron spectroscopy. For
the alloys, the percentage of Pb and In was found in
accordance with the percentage of mixing Pb and In. The
microstructure and composition of the studied alloys were
investigated using X-ray diffraction and SEM micrographs.
It was found that solid solution phase is formed, and the
composition is homogeneous.

2.2. Electrochemical Measurements. The measurements were
performed on planar disk electrode embedded in an Araldite
holder. Prior to each measurement the electrodes were
polishedwith sequacious grades of emery paper, degreased in
pure ethanol, and washed in running bidistilled water before
being inserted in the polarization cell. A conventional three-
electrode system was used; the counter electrode was a Pt
sheet with an area of 1 cm × 2 cm.The reference electrode was

a saturated calomel electrode (SCE) to which all potentials
are referred and connected via a Luggin’s capillary. The cell
description was given elsewhere [16]. To remove any surface
contamination and air formed oxide, the working electrode
was kept at −1.5 V (SCE) for 5min in the tested solution,
disconnected, and shaken free of adsorbed hydrogen bubbles.
Then, each electrode was left in the solution (30min) to reach
steady state potential (𝐸o.c.p) before the anodic polarization
measurements. Potentiostat/Galvanostat (EG&GModel 273)
connected with a personal computer (IBM Model 30) was
used for the measurements. Software 342C and version
270 (used for cyclic voltammetric measurements) supplied
from Princeton Applied Research were used for all the
electrochemical measurements.

In the case of potentiodynamicmeasurements, the poten-
tial was altered automatically in the positive direction from
the open circuit potential (𝐸o.c.p) up to +1.5 V versus SCE
and at scan rate 1mV s−1. In some potentiostatic experiments,
the anodic potential was fixed at required constant value and
the variation of current density was recorded as a function
of time (current density-time transients). Details of the
experimental procedure have been described elsewhere [17].
In chronopotentiometry potential/time transients, a constant
current density is applied on the anode and the variation
in potential was recorded as a function of time. Cyclic
voltammograms of the pure Pb and Pb-In alloys as electrodes
in H
2
SO
4
solution and potential region between −1.2 and

1.5 V were obtained at a constant sweep rate (10mV s−1).

2.3. Surface Characterization. X-ray diffraction of the corro-
sion products formed on the surfaces of Pb and Pb-In alloys
was carried out using the X-ray diffraction technique (Bruker
AXS-D8 Advanced diffractometer) using Cu-K𝛼 radiation
(𝜆 = 1.5418A∘). The composition and morphology of
corrosion products formed on the surfaces of electrodes were
examined using energy-dispersive X-ray spectroscopy anal-
ysis (EDX) conducted with scanning electron microscope
(SEM) (SEM-EDX) (JEOL, model 5300). Each experiment
was performed with freshly prepared solution and clean set
of each electrode. Measurements were conducted at 20, 30,
40, and 50 ± 0.5∘C for each investigated electrode. For this
purpose ultrathermostat model Frigiter 600 382 (SELECTA)
was used.

3. Results and Discussion

3.1. Potentiodynamic Polarization Curves

3.1.1. Effect of Indium Content. Figure 1 shows a comparison
between the potentiodynamic polarization curves for pure
lead and Pb-0.5 In alloy in 4M H

2
SO
4
solution. The polar-

ization curves were swept from steady state of open circuit
potential (𝐸o.c.p) up to +1500mV (SCE) at scan rate 1mV s−1
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Figure 1: Potentiodynamic anodic polarization curves for Pb and
Pb-0.5 In alloy in 4M H

2
SO
4
solution and at 20∘C.

and 20∘C. The data reveal that the anodic excursion exhibits
active-passive transition of both lead and its investigated
alloy. The active dissolution region involves a well-defined
one anodic peak I and shoulder II of the pure lead, followed
by a passive region,which extends up to +1500mV (SCE)with
almost constant current density (𝐼pass.). The anodic peak I is
located at about−565mV(SCE),which can be associatedwith
the active dissolution of Pb to Pb (II) species according to the
reaction [18]

Pb → Pb2+ + 2𝑒 (1)

Pb2+ + SO
4

2−
→ PbSO

4
(2)

where Pb2+ and SO
4

2− ions exceed the solubility product
of PbSO

4
; it precipitates on the electrode surface and thus

the current drops, suggesting the onset of the primary
passivation at a potential comparable with the equilibrium
potential of the system Pb/PbSO

4
. On the other hand, the

shoulder II observed at about −366mV (SCE) is related
to electrooxidation of Pb to PbO. PbO is insoluble and
precipitates [18] on lead surface, giving rise to a passivation
film. At potentials between −200 and +618mV (SCE) the
current density starts to slightly increase again, which may
be due to the partial dissolution of PbSO

4
in H
2
SO
4
solution

in this region. A partial stabilization on current density is
observed between potentials +618 and +1400mV (SCE). This
indicates the precipitation and dissolution mechanisms of
PbSO

4
particles, as also verified in previous study [19].

The curve of potentiodynamic anodic polarization of
alloy I (0.5% In) in the same acid solution under the same
conditions exhibits similar behaviour to that observed in
the case of pure Pb (except that shoulder II, disappeared).
However, it is observed that the anodic peak current is
decreased compared with that of pure lead. This behaviour
suggests that addition of minor In to Pb plays an important
role in decreasing peak current. Therefore, the decrease of
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Figure 2: Potentiodynamic anodic polarization curves for Pb and
Pb-5 In alloy in 4M H

2
SO
4
solution and at 20∘C.

anodic corrosion current of the mentioned alloy (0.5% In)
under the same conditions improves its stability against
corrosion [15]. This behaviour indicates a beneficial effect of
minor In content in the alloy. It may be that the In atoms
in the lead alloy during lead dissolution tend to remain on
the surface. They also appear to mostly locate at the edges of
the steps. Since dissolution of crystalline structures typically
proceeds layer by layer along the steps, thus it may have an
effect of blocking the sites for the dissolution reaction [20].

It is interesting to observe that shoulder II for alloy I
seems to have disappeared. This behaviour can be attributed
to the presence of In with lead, retarding the formation
of PbO on the surface. Mukhopadhyay et al. [21] showed
that 𝛼-PbO gradually decreased with the increase in indium
concentration in Pb-In alloy. This behaviour supported that
In passivates the lead from its oxidation to PbO. Accordingly,
the growth of Pb (II) in the corrosion film was inhibited by
adding indium. On the other hand, the current density of
the passive region (𝐼pass.) is higher in the case of Pb-0.5% In
alloy than that of pure lead.These results suggest that the alloy
surface is less protected, due to the formation of another type
of semiconducting oxide but less resistant than PbO [14].

Figures 2 and 3 represent a comparison between the
potentiodynamic polarization curves of Pb with both alloys
III (5% In) and V (15% In) at 20∘C in the examined acid
solution. These curves reveal that the addition of indium
(from 1 to 15% In) to Pb has the influence of increasing peak
current compared with that of Pb.The peak current gradually
increases with increasing In content. This behaviour exhibits
very interesting results that indium content in the alloys (II to
V) plays an important role in the active dissolution of Pb in
H
2
SO
4
solution. The curves of alloys II and III are similar to

that of alloy I.This shows that the curves have nearly the same
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Figure 3: Potentiodynamic anodic polarization curves for Pb and
Pb-15 In alloy in 4M H

2
SO
4
solution and at 20∘C.

general feature. They are characterized by the appearance of
one peak only. Therefore, the observed peaks of alloys (I to
III) may be attributed to the formation of mixed oxides of
both lead and indium. On the other hand, it is observed
that the values of the anodic peak current (alloys II and III)
increase with increasing In content compared with that of
pure lead. This value is the lowest in the case of alloy I (0.5%
In) compared with those of Pb and another alloys, containing
higher In content. Alloys IV andV exhibit different behaviour
compared to that of the first three alloys. However, the data
of alloy IV (not represented here) show two peaks: the first at
a potential of about −594mV and the second at −580mV. It is
observed that the current of peak I is higher than that of peak
II.This peak IImay be attributed to the formation of In(OH)

3
.

The curve of alloy V (Figure 3) shows three peaks: the first
at a potential of about −601mV, the second at –583mV, and
the third at −541mV. The three peaks are very close to each
other. However, the data reveal that the value of the anodic
current of peak I is higher than those of peaks II and III. The
observed peak I can be attributed to the oxidation of Pb to
PbSO

4
, which may be oxidized to 𝛽-PbO

2
according to the

following reaction [22]:

PbSO
4
+ 2H
2
O → 𝛽-PbO

2
+H
2
SO
4
+ 2H+ + 2𝑒 (3)

Peaks II and IIImay be attributed to the formation of In(OH)
3

and In
2
O
3
, respectively, due to the high In content in the alloy

V. This is confirmed by X-ray diffraction and SEM.
Figure 4 shows the effect of indium alloying with Pb on

passivation current of the investigated electrodes at +1200mV
(SCE) and 20∘C. In general, the passivation current increases
gradually with increasing In content. This indicates that
the addition of In enhances conductivity of the corrosion
layer. The effect of In on the corrosion properties of Pb-In
alloy can be discussed in two folds [23]: conductivity and
ion transportation. Transportation of ions and electrons in
the passive layer are the two most important processes to
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Figure 4: Effect of indium alloying with Pb on passivation current
density at +1.2 V versus SCE and 20∘C.

determine the corrosion rate of the alloys and the slower
process between these two could be the controlling step of
the corrosion reaction. It has been found that In can improve
the conductivity of the passive film on the alloy surface by
promoting the formation of 𝛽-PbO

2
, having resistance values

lower than those of both PbSO
4
and PbO [11]. When In was

present in the alloy, more indium oxide was incorporated in
the lead oxide, leading to a great increase of the electronic
conductivity of the passive layer [14]. It is generally observed
that with the incorporation of indium in the alloys, formation
of PbO is impeded and the thickness of the passivation layer
decreases as the indium level increases.The general proposed
mechanism is the catalytic oxidation of PbO to 𝛽-PbO

2
as

reported earlier [24]. Another suggested mechanism [25] is
disproportionation reaction as the following:

In
2
O + 2PbO → In

2
O
3
+ 2Pb (4)

and/or

2 In+3PbO → In
2
O
3
+ 3Pb (5)

Both Pb and In
2
O
3
are very conductive. This study exhibits

that indium ions have an acidic character and inhibit the
nucleation and the growth of PbO which is stable only in
alkaline medium [24]. Therefore, indium alloying with lead
increases the amount of nonstoichiometric oxide and facil-
itates the formation of a more highly conductive corrosion
layer on lead.

3.1.2. Effect of Temperature on the Anodic Polarization.
Figure 5 shows the potentiodynamic polarization curves for
pure Pb anode in the investigated acid solution at different
temperatures (20–50∘C). It is observed that the peak and
passivation currents increase, while their corresponding peak
potentials (peak I and shoulder II) shift to more positive
direction as an increase in temperature. In addition, the
observed shoulder II becomes more prominent at higher
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Figure 5: Potentiodynamic anodic polarization curves of Pb in 4M
H
2
SO
4
solution at different temperatures.

temperatures.This indicates that the passivating oxide filmon
the surface of pure lead is able to sustain high current density
by the removal of lead in the form of more soluble ions. This
leads to an increase in the peak current and to a positive
shift in the peak potentials with a simultaneous delay in the
passivation and consequently an increase in the corrosion
rate [26]. This fact implies that most Pb dissolves into the
solution as PbSO

4
and the passivation oxide film must be

quite thin [27]. The data exhibit that the current density of
the passive region of pure lead gradually increases at the
highest temperature (50∘C) compared with those at lower
temperatures (20–40∘C). This behaviour can be interpreted
on the basis that the oxide film formed on the Pb surface at
more positive potential tends to be partially soluble at higher
temperature.This behaviour could be ascribed to the effect of
the chemical dissolution of the passive film in acid solution.

Figure 6 represents potentiodynamic anodic curves of
alloy I (0.5% In) in the studied acid solution at different
temperatures. The present data display that with increasing
temperature, the peak current is also increased, while its
corresponding peak slightly shifted to more positive poten-
tial. This behaviour is similar to that observed of pure
lead. However, it is interesting to observe that the shoulder
II appears again at higher temperature only (50∘C). This
behaviour can be explained in terms of competition between
the formation of PbO and its chemical dissolution [28]. This
phenomenon can be attributed to that the high temperature
facilitates the oxidation of Pb to PbO. The data obtained for
alloys II and III are similar to those of alloy I. This exhibits
that the curves have nearly the same general feature.They are
characterized by the appearance of one peak only (except at
50∘C shoulder II is also observed).
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Figure 6: Potentiodynamic anodic polarization curves of alloy I in
4M H
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4
solution at different temperatures.
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Figure 7: Potentiodynamic anodic polarization curves of alloy IV
in 4 M H
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4
solution at different temperatures.

Alloys IV and V (Figures 7 and 8) exhibit different
behaviour compared to that observed in the first three alloys.
As mentioned above, the curves show two peaks for alloy
IV and three for alloy V. However, the data reveal that the
anodic current of peak III is small compared to those of
peaks I and II. On the other hand, it is observed that peak III
decreases gradually because of an increase in temperature and
completely disappeared at higher temperature, in addition
to peak II which also becomes very small (Figure 8). This
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Figure 8: Potentiodynamic anodic polarization curves of alloy V in 4M H
2
SO
4
solution at different temperatures. (a) 20∘C, (b) 30∘C, (c)

40∘C, and (d) 50∘C.

indicates that In
2
O
3
, which may be formed at peak III,

dissolves in acid solution particularly at high temperature.
This behaviour may be due to the presence of In as a high
content in the alloy V, enhancing the dissolution current and
leading to an increase in the peak and passivation currents.
This behaviour confirms that the tendency of the mentioned
alloys toward passivity decreases with increasing indium
content. These results suggest that the alloy surface is less
protected most probably by the formation of more porous
anodically formed films of mixed oxides from both Pb and
In and the significant dissolving power of the studied acid on
those oxides [28].

The log values of both peak current (𝐼peak.) and passi-
vation current (𝐼

𝑝
) for various temperatures were plotted

versus 1/𝑇 (K−1) in Figures 9 and 10. The apparent activation
energy (𝐸

𝑎
) values for the corrosion and passivation currents

of pure lead and its studied alloys are determined from the
slope of log 𝐼peak. or log 𝐼

𝑝
, respectively, versus 1/𝑇 plots,

which are given in Table 2. The data in Table 2 show that the
(𝐸
𝑎
) value of Pb-0.5% In alloy is higher than that of pure

lead. This behaviour probably is due to the higher energy
barrier which is attributed to the hindrance of dissolution
process at minor In content in the alloy [26]. However,
the activation energy value (𝐸

𝑎
) starts to decrease (at more

than 0.5% In) with increasing In content and reaches its
minimum value in the case of alloy V. This observed lower
energy barrier would be attributed to the promotion of the
dissolution process by increasing In content in the case of
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Figure 9:Arrhenius plots for Pb and its investigated alloys corrosion
in 4MMH
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Figure 10: Arrhenius plots for Pb and its investigated alloys
corrosion in 4M H
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SO
4
solution at passive region.

alloys II-V [28].These obtained values of𝐸
𝑎
support the trend

of corrosion rate (peak current) which is obtained for Pb and
its studied alloys asmentioned before. A similar trend (except
for alloy I) is observed for Pb and its alloys at passive potential
(+1200mV versus SCE). The data show that the (𝐸

𝑎
) value

decreases gradually with increasing In content and reaches
its minimum value in the case of alloy V. This indicates that
the passive film formed on Pb-In alloys with indium content
exhibits good electronic conductivity, while the passive film
formed on pure lead is more resistive [29].

Table 2: Apparent activation energy values for Pb and Pb-In alloys
in 4M H2SO4 solution at both peak (I) and passive region.

Pb or alloys 𝐸
𝑎
(kJ⋅mol−1) at
Peak (I)

𝐸
𝑎
(kJ⋅mol−1)

(in passive region at 1.2 V)
Pb 24.20 52.00
Alloy (I) 26.20 49.00
Alloy (II) 21.30 45.60
Alloy (III) 18.00 41.50
Alloy (IV) 16.60 26.11
Alloy (V) 15.00 22.00

3.2. Potentiostatic Measurements. In order to establish that
the current density increases as a result of increasing In level
in the alloy at two different applied potentials (peak I and
passive region), potentiostatic measurements are examined
of both Pb and its studied alloys. Figures 11 and 12 show
the current-time transient curves of Pb and its alloys in the
examined acid solution at 20∘C.The results show clearly that
the measured currents of the investigated electrodes at more
positive potential (passive region) are significantly reduced
(curves of Figure 12) in comparison with those obtained
at more negative potential, peak I (curves of Figure 11).
Visual observation indicated that the current density initially
decreases gradually with time. This indicates that oxides
of Pb and In formed on the surface of each electrode
and the current flowing at this time may correspond to
the film formation and repairing the film materials [30].
By comparing the current densities, it has been seen that
immediately after switching on the applied potential (+1.2 V
versus SCE), the value of current density of pure Pb is low
compared to those of Pb-In alloys. Consequently, the current
remains at a maximum value for alloy containing 15% In.
The curves of Figure 11 (at peak I) exhibit that the steady
state value of current density (except for alloy I) increases
with increasing In content.These results clearly show that the
addition of In to Pb aids in dissolution of the passive film
and increases the reversibility of the anodic reaction [1]. This
behaviour can be explained by the dissolution of In in H

2
SO
4

solution leading to increase the ionic conductivity of the layer
[24]. However, the data exhibited that the steady state value
of current density in the case of alloy I (at peak potential)
is lower than that of pure lead. These results support the
potentiodynamic behaviour of the pure Pb and its studied
alloys at the same applied potentials.

3.3. Chronopotentiometric Measurements. Chronopotenti-
ometry at an anodic constant current density is utilized to
get more information about the anodic behaviour of Pb and
its investigated alloys in H

2
SO
4
solution. Figures 13 and 14

show anodic potential/time transients of Pb and alloy V
at different current densities (20–120 𝜇A⋅cm−2) and 20∘C.
The curves (except at 100 and 120 𝜇A⋅cm−2 in the case of
Pb only) exhibit active/passive transition at point B. The
anodic potential remains almost constant along the arrest
AB (the active dissolution region) and then suddenly rises
at B to the inflection potential C and then tends to attain a
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Figure 12: Potentiostatic transient’s current versus time curves for
Pb and its investigated alloys in 4MH

2
SO
4
solution at passive region

(1.2 V) and 20∘C.

steady state value (passive region). As mentioned above Pb
dissolves in the active region as Pb2+ ion. The passivation
may be due to the formation of a film on the anode surface
containing PbSO

4
and PbO in the case of Pb and 𝛽-PbO

2

and In
2
O
3
for alloy. Within the passivation region no oxygen

evolution is observed, and the current flowing at this time
may correspond to the film formation on the surface [16].
The time elapsed from the start of the test until the sudden
rise in potential (B) is designated by passivation time (𝑡pass.).
Subsequent to this process (BC), the passivation potential
starts to slightly decrease before reaching steady state (CD
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Figure 13: Anodic potential versus time curves for Pb in 4MH
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solution at different current densities and 20∘C.
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region).This process may be attributed to the partial dissolu-
tion of oxides film. It is observed that the polarization curves
(CD) deviated from linearity to reach steady state value. The
potential deviation indicated a decrease in the film growth
efficiency [31]. The value of 𝑡pass. decreases, while the steady
state potentials in the passive region seem to be the same
with increasing current density. This behaviour is related
to the increase of the formation rate of the oxide with an
increase of the applied current density.However, it is seen that
immediately after switching on the applied higher current
density (100 and 120𝜇A⋅cm−2 for pure Pb), the potential rises
very rapidly and almost linearly to an inflection potential
at C, denoting the occurrence of permanent passivation.
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Below the inflection potential, the curve does not exhibit
any potential arrest. Within this potential region, the flowing
charge transfer reactions are thermodynamically possible:

Pb + SO
4

2−
→ PbSO

4
+ 2𝑒 (6)

and/or

Pb +H
2
O → PbO + 2H+ + 2𝑒 (7)

It seems that under the prevailing conditions the rate of film
formation is much faster than that of its dissolution. For this
reason permanent passivation of the anode is attained very
rapidly, especially if there are any oxides formed by atmo-
spheric oxygen present on the Pb surface. The time elapsed
from the start until the inflection point C is designated by
𝑡pass..

It is interesting to observe that the investigated alloys
(Figure 14 as representative curves for alloy V) exhibit dif-
ferent behaviour to that observed in Figure 13 for pure Pb at
higher current densities (100 and 120 𝜇A⋅cm−2). This reveals
that the anodic potential remains almost constant along arrest
AB (the active dissolution region) for the alloys.This indicates
that the dissolution rate of the passive film becomes higher
than that of its formation at all applied current densities.This
explanation can be accepted on the basis that addition of In
to Pb retards the formation of both PbSO

4
and PbO (resistive

film) on the surface, and consequently the film becomesmore
conducting with increasing In content.

Figure 15 shows the potential-time curves for Pb and
its investigated alloys in the examined acid solution at
20𝜇A⋅cm−2 and 20∘C. Careful inspection of these curves
reveals that the addition of indium to Pb has no significant
effect on the basic trends of the polarization curves. It is
obvious that an increase in In content in the alloy enhances
the value of 𝑡pass., and the steady state potential of the
passive film is slightly shifted to less value. This indicates
that the conductivity of the anodic film on the surface of
lead alloy has been improved by increasing In content. It is
in agreement with the potentiodynamic measurements. As
mentioned above Pb and In dissolve in the active region
as Pb2+ and [In(OH)

4
]− ions according to the following

reaction:

Pb + SO
4

2−
→ PbSO

4
+ 2𝑒 (8)

However, the formation of PbSO
4
on the alloy surface

decreases with In level in the alloy and may be completely
prevented at higher In content (15% In). Therefore, dissolu-
tion of PbSO

4
becomes easier as the following:

PbSO
4
←→ Pb2+ + SO

4

2− (9)

At the same time during the anodic polarization under the
imposed current density on the surface, indium in the alloy
dissolves as In[(OH)

4
]− according to the following:

In+2H
2
O → InOOH + 3H+ + 3𝑒 (10)

InOOH + 2H
2
O → [In (OH)

4
]
−

+H+ (11)

0 5 10 15 20 25 30 35 40 45 50 55
−1.0
−0.5

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

(D)
(C)

(B)(A)

E
(V

)

Time (min)

(1) Pb
(2) Pb-0.5% In
(3) Pb-1% In

(4) Pb-5% In
(5) Pb-10% In
(6) Pb-15% In

(6)(5)(4)(3)(2)(1)

Figure 15: Comparison between anodic potential versus time curves
for Pb and Pb-In alloys in 4M H

2
SO
4
solution at 20 𝜇A⋅cm−2 and

20∘C.

Accordingly, the anode dissolves continuously as Pb2+ and
[In(OH)

4
]− without passivation. Then, the anode potential

rises very rapidly at B (active-passive transition) to the
inflection potential C.This behaviour can be attributed to the
oxidation of Pb2+ to 𝛽-PbO

2
as the following [32]:

Pb2+ + 2H
2
O → 𝛽-PbO

2
+ 4H+ + 2𝑒 (12)

As mentioned before, the oxidation rate of PbSO
4
increased

with increasing In content. In addition, the transformation of
a hydrated and ionically conducting indium oxide layer into
a more stable crystalline and electronically conducting type
of oxide occurs with loss of water [26]:

2InOOH → In
2
O
3
+H
2
O (13)

When the formation rate of oxides (PbO
2
and In

2
O
3
) exceeds

its dissolution rate, the potential rises suddenly at B to the
inflection C.

Comparison between these curves shows that the pas-
sivation time (𝑡pass.) increases with increasing In content. It
is evident that an increase in In content increases the time
required to achieve passivation (𝑡pass.). This behavior can be
attributed to the presence of In which retards the formation
of PbO and facilitates the oxidation of PbSO

4
to PbO

2
. It

can be clearly shown that the tendency of the alloys towards
passivity decreases with increasing In content. Accordingly,
the investigated alloys required more time to reach passi-
vation compared with that of pure Pb. Consequently, the
data exhibited that the time required reaching the electrode
surface to the passivation decreases in the following order:

alloy V > alloy IV > alloy III > alloy II > alloy I > Pb
(14)

Therefore, it can be clearly seen that the tendency of the alloys
to passivity is delayed with an increase in indium content.

The relation between the current density and passivation
time is best represented by plotting these two variables on
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Figure 16: Linear dependence of log 𝑡pass. versus log 𝐼 of Pb and Pb-
In alloys in 4M H
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solution and at 20∘C.

a double logarithmic scale (Figure 16), where a straight line
relation is obtained and is satisfactorily represented by the
equation

log 𝑡pass. = 𝑎 − 𝑏 log 𝐼 (15)

where 𝑎 and 𝑏 are constants. A similar relation has been
derived by Müller [33] who considered the formation of a
layer leading to the passivation of the metal electrode in a
solution saturated with the reaction product. These results
together with those obtained by both potentiodynamic and
potentiostatic techniques assume that the electron conductiv-
ity of the passivation layer increases with the indium level in
the lead alloy.Therefore, one of the effects of In is to decrease
the thickness of both PbSO

4
and PbO layers, during both

the charge and discharge of Pb-acid batteries. The standard
electrode potential of electrochemical reaction is shown in
Table 3.

3.4. Cyclic Voltammetric Measurements. Figure 17 represents
the cyclic voltammograms of Pb and some investigated
Pb-In alloys in 4MH

2
SO
4
solution at scan rate 10mV s−1.

Each electrode was kept for 60 s at −1.5 V versus SCE, and
then the potential was swept from −1.2 V up to +1.5 V. On
positive going sweep, the active dissolution region involves
one anodic peak (A) in the case of Pb, corresponding to
the formation of a PbSO

4
layer. While, with continuous the

sweeping potential to more positive direction, PbO is formed
under PbSO

4
perm-selective membrane permeable [34]. But,

on the negative-going scan, a small peak (CI) appears at
about −0.7 V, corresponding to the reduction of the PbO
formed underneath the passive layer of PbSO

4
. In addition, at

more negative potential (CII), PbSO4 is reduced to Pb metal.

Table 3: Standard electrode potential of electrochemical reaction
formula.

Electrochemical reaction
Standard

potential versus
SHE, V

Pb → Pb2+ + 2𝑒 −0.13
PbSO4 + 2H2O → 𝛽-PbO2 + H2SO4 + 2H+ + 2𝑒 +1.69
Pb + SO

4

2−
→ PbSO4 + 2𝑒 −0.36

Pb2+ + 2H2O → 𝛽-PbO2 + 4H+ + 2𝑒 +1.12
In → In+ + 𝑒 −0.23
2In + 3H2O → In2O3 + 6H+ + 6𝑒− −0.431
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Figure 17: Cyclic voltammograms of Pb, Pb-0.5% In, and Pb-15% In
alloys in 4M H

2
SO
4
solution at scan rate 10mV s−1.

However, in the case of Pb-In alloys two anodic peaks AI and
AII are formed. Obviously the anodic oxidation peaks move
to more positive potential, and the current of peak increases
gradually with increasing In content. The first peak may be
due to oxidation of Pb to PbSO

4
or PbO

2
, while the small

broad peak (AII)may correspond to the dissolution of Pb-In
phase [8]. On the other hand, the obtained behaviour of cyclic
voltammograms of alloys II to IV (not represented here) is
similar to that of alloy I.

By comparing between cyclic voltammograms of pure Pb,
Pb-0.5% In, and Pb-15% In alloys (Figure 17), it is observed
that the anodic oxidation peak (AI) shifts to more positive
potential, and the peak current (AI) of the two mentioned
alloys is higher compared to that of pure Pb. This behavior
can be ascribed to that alloying In decreases the thickness
of the passivation layer on the alloy surface. On the other
hand, the conductivity of the passivation layer is increased as
the In level increases in the alloy. It is interesting to observe
that by increasing In content (up to 15%), the peak related to
the reduction of PbO at negative back scan is not observed
as in both pure lead and the lower In content in the alloy
(0.5% to 10% In). Moreover, the third peak (AIII) appears at
the reverse scan (at potential close to −0.5 V), but the peak
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current is observed in the positive anodic direction in the
case of alloy V (15% In). This criterion is very important, and
similar behavior has been reported byAbdEl Rehim et al. [16]
for anodic dissolution of tin inmaleic acid solution.This peak
may be attributed to the oxidation of uncombined In at higher
In content only. However, In can be oxidized to In+ species
at certain potential (−0.5 V). Chung and Lee [35] studied
the electrochemical behavior of In in acidic solution. They
detected In+ species formed during the anodic dissolution of
indium at −0.5 V. The present results suggest that the anodic
oxidation of In ismore difficult for Pb alloy containing In than
that of pure In electrode. This explanation is in accordance
with that previously mentioned by Li et al. [36] for anodic
oxidation of Pb alloy in H

3
PO
4
solution. Accordingly, one

can conclude that the higher In content (15% In) prevents
the formation of PbO on the alloy surface, and its absence
is confirmed by XRD, EDX, and SEM analysis.

3.5. Composition and Properties of Anodic Film. In order to
investigate the type and nature of passive film formed on the
surface of both Pb and its studied alloys, X-ray diffraction,
EDX, and SEM are examined.The composition of the passive
film formed on the surfaces of the studied electrodes, after the
anodic potentiostatic polarization treatment in H

2
SO
4
solu-

tion for 20min at different formation potentials, was studied.
Each passive electrode was withdrawn carefully, washed with
doubly distilled water, dried, and finally examined.

3.5.1. X-Ray Diffraction. The data for the composition nature
of passive film formed at peak potential I of Pb (Figure 18)
confirm the existence of Pb, PbO, Pb

3
O
4
, and PbSO

4
con-

stituents. These results indicate that the peak potential of Pb
is related to the formation of PbO and PbSO

4
, in addition

to Pb
3
O
4
constituent. X-ray diffraction data (passive region)

exhibit that the surface contains very small amounts of PbO
and 𝛽-PbO

2
and large amounts of PbSO

4
. This indicates

that PbSO
4
is more predominant and PbO seems to be very

small in the passive region. X-ray data for alloy I (0.5%
In) at peak potential (Figure 19) indicate that the surface
contains large amounts of Pb, 𝛽-PbO

2
, and In

2
O
3
and small

amounts of PbO and PbSO
4
. This exhibits that the presence

of In (0.5%) in the alloy firstly retards the oxidation of
Pb to PbO, and accordingly the formation of PbO on the
surface is significantly reduced.The data for the same studied
alloy in the passive region (Figure 20) reveal that the surface
contains Pb,𝛽-PbO

2
, andPbSO

4
and small amounts of In

2
O
3
.

Comparison betweenX-ray data for the presence of both PbO
and PbSO

4
on the surfaces of Pb and Pb-0.5% In alloy reveals

small amounts of PbSO
4
and PbO of alloy compared with the

large amounts in the case of pure Pb.
X-ray data in Figure 21 for alloy V (15% In) at peak poten-

tial reveal that the surface contains a large amount of Pb and
small amounts of𝛽-PbO

2
and In

2
O
3
, while PbSO

4
completely

disappeared. This observation supports our suggestion that
addition of In to Pb, particularly at high In content, prevents
the formation of PbSO

4
through its oxidation to 𝛽-PbO

2
. On

the other hand, the data (XRD) for the mentioned alloy, but
in the passive region (not represented here), reveal that the
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surface is covered also by 𝛽-PbO
2
and In

2
O
3
. This indicates

that 𝛽-PbO
2
and In

2
O
3
prevail at high positive potentials.

This result clearly shows that the formation of In
2
O
3
with

𝛽-PbO
2
in the passive region aids in the dissolution of

the passive film and consequently increases the passivation
current density. The X-ray data support that alloying with
indium improves the electronic conduction of the passive
layers, due to the presence of indium in the film, in an ionic
or oxide form.

3.5.2. EDX Spectroscopy and SEM Micrographs. Figures
22(a)–22(c) represent an EDX spectroscopy for Pbmetal, Pb-
0.5% In, and Pb-15% In alloys surfaces exposed to passive film
formed anodically at peak I potential in the examined acid
solution. Figure 22(a) exhibits the characteristic peaks which
are related to Pb, S, and O. This indicates that the corrosion
product on pure Pb surface is PbSO

4
and PbO. However,
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Table 4: Surface element content (atomic %) of Pb, alloy I, and alloy V at both peak potential and passive region using EDX analysis.

Electrode At peak potential At passive region
Pb Alloy I Alloy V Pb Alloy I Alloy V

Element Element (atomic %) Element (atomic %)
O 57.86 71.97 85.44 55.28 60.45 84.23
S 19.72 14.0 — 10.87 9.50 —
In — 5.12 9.45 — 4.28 8.23
Pb 22.42 8.91 5.11 33.85 25.77 7.54
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the data in Figure 22(b) show additional characteristic peaks
of In element, and the peaks heights of Pb and S are lower
than those observed in the case of pure Pb.This result proved
that the amount of PbSO

4
is decreased, due to the presence

of In in the alloy. Figure 22(c) exhibits peaks of Pb, In, and

O elements only. This result indicates that the corrosion
product on the surface of Pb-15% In alloy is 𝛽-PbO

2
and

In
2
O
3
. The absence of peaks related to S element for the

mentioned alloy, indicating that the formation of PbSO
4
on

the Pb-15% In alloy surface is completely prevented. Similar
behavior is obtained for the same investigated metal and its
alloys in the passive region (Figure 23). The data of surface
element content (atomic %) of Pb, alloy I and alloy V at
both peak potential and passive region using EDX analysis,
are shown in Table 4. It is very interesting to observe that
the S element disappears in the case of alloy V (15% In).
This further confirms that PbSO

4
does not form at higher

In content, and this result is consistent with that of XRD
analysis. It can be probably explained by the fact that a large
amount of In element has to be present on the surface of the
alloy, to prevent the formation of PbSO

4
.

Figures 24(a)–24(c) show the SEM photographs of Pb,
Pb-0.5% In, and Pb-15% In alloys, respectively, at peak I
potential. The data in Figure 24(a) infer that the surface
exhibits two layers of the corrosion film. The quantity of the
upper layer is denser and covers most of the surface. The
particles of the upper layer become loosely bound to the Pb
surface. The particles in the underneath layer are very low,
and much larger in size. This result suggests that the upper
layer is PbSO

4
, and the underneath layer is PbO. However,

the photograph of Pb-0.5% In alloy treated under the same
conditions given in Figure 24(b) recognized that the quantity
of PbSO

4
at the upper layer is less than that observed in

Figure 24(a), and the vacancies between particles become
wider so that the underneath layer appears easily through
them. In addition, the amount of particles in the underneath
layer is greater compared with that of the same layer formed
in the case of pure Pb. This indicates that the presence of
In as a minor alloying element retards the formation of
PbSO

4
and enhances the formation of 𝛽-PbO

2
. Figure 24(c)

shows two layers on the alloy surface. It is observed that the
crystals of upper layer exhibit different shapes, that is, like the
sticks and are loosely distributed on the surface with different
orientations.The second layer seems to exist below the upper
layer and is not compact and porous. These observations
are in agreement with the data of X-ray diffraction that the
upper layer may be related to In

2
O
3
and In(OH)

3
, while the

underneath layer contains lead oxides. It is very interesting to
observe that PbSO

4
completely disappeared on the surface of

alloy V (15% In) compared with that observed in both Pb and
Pb-0.5% In alloy.
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Figure 22: EDX spectrum for the passive film on (a) Pb, (b) Pb-0.5 In alloy, and (c) Pb-15 In alloy surface formed anodically in 4M H
2
SO
4

solution at peak potential and at 20∘C.
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Figure 23: EDX spectrum for the passive film on (a) Pb, (b) Pb-0.5 In alloy, and (c) Pb-15 In alloy surface in 4 M H
2
SO
4
solution at passive

region (1.2 V versus SCE) and at 20∘C.
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Figure 24: SEM photographs of passive film on (a) Pb, (b) Pb-0.5 In alloy, and (c) Pb-15 In alloy surface formed anodically in 4 M H
2
SO
4

solution at peak potential and at 20∘C.
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Figure 25: SEM photographs of passive film on (a) Pb, (b) Pb-0.5 In alloy, and (c) Pb-15 In alloy surface formed anodically in 4 M H
2
SO
4

solution at passive region (1.2 V versus SCE) and at 20∘C.
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Figures 25(a), 25(b), and 25(c) show the micrographs
of the anodic passive film formed potentiostatically on the
surfaces of the above-mentioned electrodes at 1.2 V versus
SCE. It would be seen that the surface of pure Pb seems
to be completely covered by the passive film so that the
underneath layer can not be seen. Figure 25(b) shows two
layers; the quantity of the upper layer (PbSO

4
) is less than

that observed in Figure 25(a), while the quantity of oxide
patches in the underneath layer is greater than that observed
for pure Pb. Figure 25(c) shows two layers on the surface.The
upper layer is due to In

2
O
3
formation, but the underneath

layer belongs to 𝛽-PbO
2
. Generally, the passive films at more

positive potential (1.2 V versus SCE) are denser than those
at peak potential. These observations are confirmed by XRD
and EDX and are in good agreement with electrochemical
measurements. Based on these interpretations, minor In
alloying with Pb reduces the rate of corrosion and promotes
the formation of a conductive corrosion film.Therefore, non-
conducting layer at the grid/activematerial can be eliminated
and recharge of the battery will be improved.

4. Conclusions

In this paper the effect of indium content on both anodic
dissolution and passivation behavior of Pb-In alloy in H

2
SO
4

solution was investigated by different techniques. Several
conclusions can be withdrawn from this investigation.

(1) The potentiodynamic and chronopotentiometric
curves show that the anodic behaviour of all investi-
gated electrodes exhibits active/passive transition.
The active dissolution (except for alloy I) and passive
currents increase with increasing both In content and
temperature.

(2) Chronopotentiometricmeasurements exhibit that the
passivation time increases with increasing In content.
Therefore, it can be clearly seen that the tendency
of the alloy to passivity is delayed with increase in
indium content. Therefore, one of the effects of In
is to decrease the thickness of both PbSO

4
and PbO

layers, during both the charge and discharge of Pb-
acid batteries.

(3) The values of activation energy (𝐸
𝑎
) in the passivation

region decrease gradually with increasing In content
and reaches its minimum value in the case of alloy
V. This indicates that the passive film formed on
Pb-In alloy with In content exhibits good electronic
conductivity, while the passive film formed on pure
lead is more resistive.

(4) Cyclic voltammetric measurements show that at
higher In content (15% In), the peak related to
the reduction of PbO at negative back scan is not
observed compared with that of both pure Pb and
each alloy having lower In content. This indicates
that the presence of high In content prevents the
oxidation of Pb to PbOon the alloy surface.Moreover,
third oxidation peak (AIII) is observed at the reverse

scan. This peak may be attributed to the oxidation of
uncombined In at higher In content only.

(5) XRD, EDX, and SEM results reveal that the formation
of both PbSO

4
and PbO on the surface decreases

gradually with increasing In level in the alloy and is
completely prevented at higher In content (15% In).
Accordingly, the electronic resistance of the passive
layer is decreased, due to the presence of In in the film,
in an ionic or oxide form.

(6) Based on these interpretations,minor In alloyingwith
Pb reduces the rate of corrosion and promotes the
formation of a conductive corrosion film. Therefore,
nonconducting layer at the grid/active material can
be eliminated and recharge of the battery will be
improved.
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