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Abstract

A low-cost direct melt foaming approach was used to develop a new Pb alloy-based composite foam comprising hybrid of
gas pores and closed cell porosity in the form of hollow ceramic particles to be an alternative to the traditional Pb grids in
Lead acid battery (LAB). The novel Pb alloy-based composite foams were used as plates to manufacture lightweight LAB.
The LAB was evaluated regarding weight saved and electrochemical performance, including cyclic voltammetry,
galvanostatic polarization, and specific discharge capacity. The cyclic voltammetry results of the composite foams revealed
that the composite foam required a higher voltage for oxidation, indicating that Pb oxidation occurred slower in the composite
foams. Galvanostatic measurements showed that the composite foam took a long time to oxidize Pb into PbSOs, implying
that the battery developed in the current work would have a longer lifespan than a conventional LAB. The LAB made of
composite foams had a greater specific electrical discharge capability than a conventional LAB. The density of the composite
foam was significantly smaller than the traditional lead alloy, showing that the weight of the composite foam plate was low.
These findings suggested that the LAB with plates made of composite foams developed in the current study can be a feasible
alternative to traditional Pb grids used in LAB.
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1. Introduction

The attention to exploring lightweight and high-
performance batteries has grown due to several
reasons such as environmental problems, limited fuel
resources, and irrefutable climate change [1, 2]. Due
to the characteristics of deep-rooted technology, cut
price, good safety, recyclability, accessible
maintenance, and consistent behavior, lead-acid
batteries (LABs) have been widely utilized in
numerous applications, keeping the greatest market
share in all types of batteries. Despite the above, LABS
have a set of performance limitations, including
heavyweights, inadequate specific capacities, short
lifespan, and limited utilization efficiency. one
alternative for reducing the weight and increasing the
utilization efficiency of the presently used LABs is to
replace heavy Pb grids with lower density and better
properties materials. The primary functions of the
grids are to support active chemicals and conduct
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current. Grid materials that function well must meet
the following criteria: acceptable mechanical
properties, high conductivity, raw material costs, and
environmentally friendly nature [3, 4].

There have been several studies done to change
out the high-density Pb grids with lower-density
metals or alloys. Commercially pure nickel sheets
were employed as substrates for the electrodeposition
of PbO,. The PbO; electrodeposition was conducted
on the Ni-substrate by galvanostatic anodic deposition
in acidic Pb (NOs), solution in the existence of
additives to be used as a positive electrode in LAB [5].
Although the Ni substrate has good electrical
conductivity, its density is too high to accomplish a
considerable weight reduction in the electrode. To be
employed as an electrode in LAB, a polyurethane
foam substrate was plated with lead. The authors have
reported that the polyurethane foam plated with lead
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can enhance the utilization of the active material and
the specific energy as well as discharge performance
and cycle life of LAB [6].

In other studies, Pb or Pb alloy was
electrodeposited on copper or carbon foam substrates
to fabricate electrodes [7-14]. Using copper foam as
the substrate and adding cerium to the
electrodepositing solution under ultrasonic treatment,
Dai et al. [7] synthesized electrodes by
electrodeposition. The electrode had a three-
dimensional reticulate structure with a specific surface
area of around 5700 m2 m and a porosity of about
88.1 %. The cyclic voltammetry results showed that
when employed as the negative electrode material in a
LAB, the electrode has good stability. In another
research, Pb alloy was electrodeposited on a copper-
foam substrate to develop positive electrodes for
LABs. The positive electrodes considerably improved
the charge/discharge performance of the batteries and
exhibited a better utilization efficiency of the positive
active materials (PAM) [8].

Gyenge et al. [9] studied open-cell structures as
current collectors for LABs based on vitreous carbon
substrates electroplated with a Pb-Sn (1 wt.%) alloy.
The authors suggested that electroplated reticulated
vitreous carbon collectors could be used in LABs
because of their cycling behavior and the adaptability
of electrodeposition.

Graphite foams with high electrical and thermal
conductivities, superior mechanical strength, and low
density were developed and explored as viable current
collector materials to replace Pb alloys for developing
lightweight LABs. The graphite foam s
electrochemically stable in the operating voltage
range of the negative electrode. However, due to
sulfuric acid intercalation into graphite, the graphite
foam is not electrochemically stable in the operating
voltage range of the positive electrode [10].

To deposit Pb layers on reticulated vitreous
carbon and porous conductive carbon, Wrobel et al.
[3] used a galvanic method. Pb layers electrodeposited
on porous conductive carbon have enhanced
properties and a more uniform thickness. Porous
conductive carbon has been demonstrated to be as
effective as reticulated vitreous carbon, indicating that
porous conductive carbon can be used as negative and
positive plates in LABS.

Fabrication of Pb or Pb-alloy foams has been
attempted on a few occasions. Pb or Pb-alloy foams
can be used as plates for LABs, according to the
authors [15, 16].

Generally, all the above-suggested electrode
materials and their synthesis techniques are

39

https://doi.org/10.21608/1JMTI1.2022.171774.1068

overwhelmed by several drawbacks such as
inadequate  properties, technical manufacturing
complexities, and excessive pricing. In this study, a
low-cost direct melt foaming approach was used to
develop a new Pb alloy-based composite foam
comprising a hybrid of gas pores and hollow ceramic
particles to act as an alternative to the traditional Pb
grids to address these drawbacks. The novel Pb alloy-
based composite foams were used in the
manufacturing of LAB. The LAB was evaluated
regarding weight saving and electrochemical
performance, including galvanostatic polarization,
cyclic voltammetry, and specific discharge capacity.

2. Experimental work
2.1 Materials Preparation of the composites

The stirring route and direct melt foaming were
used to manufacture the composite foams. Pb alloys
were utilized as matrix materials, while Ni-coated fly
ash microballoons were employed as reinforcements,
pores, and thickening agents. Pb alloys with uniformly
dispersed Ni-coated fly ash microballoons were
synthesized using the following procedures. In a steel
crucible heated to 350°C, the Pb alloy was melted. Ca,
Sn, and Al were added when the melt temperature
reached 400°C, and the melt temperature was raised to
450°C. A stirrer made of stainless steel coupled to a
variable-speed motor was introduced into the melt. 5
vol % Ni-coated fly ash microballoons were preheated
at 200°C for 2 hours. They were then incorporated into
the vortex generated by stirring. To guarantee
microballoons incorporation in the melt, the melt
mixture was stirred for 1 minute after the
microballoons were fully incorporated. The
temperature of the melt was then reduced to 400°C.
The foaming agent (white lead carbonate) powder was
stirred into the melt. The slurry was forcefully agitated
to disseminate the foaming agent powder and
microballoons evenly. To enable the foaming agent to
release gas bubbles, the molten metal was maintained
at the foaming temperature for 3 minutes.
Subsequently, compressed air was used to chill the
composite foam suddenly. Table 1 gives the codes,
compositions, and density of the investigated
materials.

Archimedes method was used to determine the
densities of the composite foams. All measurements
were conducted on a precision research balance
(resolution 0.00001 g).
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Table 1. Codes and compositions of the investigated
alloys and foams

Code | Material Composition
PGLA | Positive Pb0.08Cal.6Sn0.008Al
grid lead
alloy
NGLA | Negative Pb0.07Ca0.5Sn0.008Al
grid lead
alloy
PCFSI Positive Pb0.08Cal.6Sn0.008AI-5
composite | vol.% of Ni-coated fly ash
foam microballoons
NCFSI| Negative Pb0.07Ca0.5Sn0.008AI-5
composite | vol.% of Ni-coated fly ash
foam microballoons

2.2 Preparation of the electrodes

Lead oxide powder with some additives was used
to prepare the lead oxide paste used for plate
preparation. The composition of lead oxide and
additives is presented in Table 2.

For preparing the electrodes, plates were cut from
the investigated materials. As shown in Table2, the
paste was made by mixing PbO and Pb powders (50 g
lead oxide powder and 15 g free lead) with 5 g distilled
water and 10 g (1M) H2SO4, which were added
gradually and thoroughly to make a homogeneous
paste. The plates were weighed before pasting and
then the paste was applied on the plates. The plates
were set for 72 hours at 25°C for curing as shown in
Fig.l (@8 & (b). The formation procedure was
conducted with a 1 M H,SO4 electrolyte. The charging
current was steadily raised over 12 hours, ranging
from 20 to 300 mAcm? until complete formation was
achieved, forming PbO, on the positive electrode and
spongy Pb on the negative electrode as shown in Fig.
2.

Table 2. Composition of leady oxide and additives for
positive and negative electrodes preparation

Composition Negative plate Positive
plate
PbO 68.5% 69.8%
Free Pb 30% 30%
Graphite | = ----- 0.2%
BaSO, 08% | -
Sodium Lignin 03% |
Sulphonate (SLS)
Carbon black 02% |
Carboxy methyl 02% |
cellulose (CMC)
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Fig. 1 Cured electrodes made of composite foams(a)
and Higher magnification of cured plates made of
composite foams (b)

Fig. 2 Formed positive (one lower) and negative (two
upper) electrodes made of composite foams

2.3 Electrochemical measurements

Then, for cycle life measurements, the battery
was charged at 20 mAcm- for 3 h and discharged at
15 mAcm till the cut-off voltage of 1.75 V in 3M
H2SO4, the specific discharge capacity was measured.
DC Power Supply Topward (0-6A and 0-30V) was
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utilized to perform the specific discharge/charge
galvanostatic measurement as shown in Figs. 3 and 4
(a &b).

Fig. 3 Battery with electrodes made of composite
foams

For galvanostatic polarization and cyclic voltammetry
measurements, the foam electrodes of 1 cm? cross-
sectional area were reduced for about 3 minutes at the
hydrogen evolution potential of -2V to remove any
grease or oxidized residues. Then, at room
temperature, cyclic voltammograms (CV) for
composite foams were evaluated at a sweep rate of 1
mV/s in 3M H,SO4. The counter and reference
electrodes were platinum wire and Hg/ Hg.Cl./ KCl
(SCE=0.244 V vs. NHE), respectively. Galvanostatic
polarization of the composite foams was studied at
various current densities in 3M H,SQO,4. The steps of
oxidation and reduction processes each took 60 and 45
minutes.

https://doi.org/10.21608/1JMTI1.2022.171774.1068

Supply

Resistance

H,SO,
electroly

b)

Positive foam electrodes

Battery Cells
Fig. 4 Circuit including battery with electrodes made
of composite foams (a) and schematic electrical circuit
for the battery cells connection (b)

3. Results and Discussions
3.1 Density and porosity content

A representative macrostructure of the composite
foam is shown in Fig. 5. The composite foam exhibits
closed cells with uniform distribution and size of
about 300 um. Table 3 lists the densities, relative
densities, and porosity percentage of the composite
foams. The porosity percent (Pm) in the composite
foam was determined using the measured density (p)
of the composite foam as follows:

Pm=1-p /ps x 100

where ps is the density of dense Pb alloys and p/ps
is the relative density.

Table 3. Densities, relative densities, and porosity percentage of the composite foams

Material Density (g/cm3) Relative density (p /ps) Porosity percentage
PCFSI 2.35 0.21 79 %
NCFSI 2.65 0.23 77%
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(@)

Fig. 5 Plates cut from composite foams (a) and higher magnification view (b)

3.2 Cyclic voltammetric

The reversibility of the composite foams
produced was studied using cyclic voltammetry (CV).
Figs. 6 and 7 show the cyclic voltammogram for
PCFSI and NCFSI electrodes at the potential range of
-0.8 to +2 V vs. SCE in 3M H,SO4. CV of PCFSI has
a strong anodic peak (Al) at -0.417 vs. SCE,
corresponding to the mixed oxidation potentials (-
0.172Vvs. NHE) of Pb to PbSO, and Pb to
PbO.PbSO4, respectively as explained by the
following equations [ 17-19]:

Pb + H;SO, = PbSO,; +2H" + 2e

En = -0. 356 — 0.029 pH - 0.029 (1)
2Pb + H,S04 + H,0= PhO.PbSO, + 4H* + de”
Ep =-0.115—0.029 pH — 0.015 In & (so4?] )

Where pH is equal to —logio ¢, ¢ is the hydrogen ion
concentration in moles per liter, a [sos 27 is the activity
concentration of the sulphuric acid, Ej is the potential
at the given pH of Pourbaix diagram, and In is the
natural logarithmic of the activity to the base of the
mathematical constant e value (2.718).

Also, there is a second anodic peak (A2) at about 0.0V
(0.247 V vs. NHE), corresponding to the oxidation
potential of Pb to PbO as explained by the following
equation:

Pb+ H,O=PbO + 2H" + 2e

En = 0.248 — 0.059 pH (3)
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Finally, there is a third small anodic peak (A3) at
1.444 V (1.689 V vs. NHE), corresponding to the
oxidation potential of PbSO4 to PbO; as explained by
the following equation:

PbSO4+ 2H,O =PbO, + 5042' + 4H* + 2¢

En =1.685-0.118 pH + 0.029 g a [s04?] 4
The cathodic reduction of the PCFSI shows three
cathodic peaks (C1, C2, and C3) at -0.507, -0.321and
1.498V vs. SCE, respectively. The first cathodic peak
(C1) occurs at 0.263 V vs. NHE according to the
following reduction reactions:
PbSO,4 + 2H* + 2e= Pb+ H,SO,
En =-0. 356 — 0.029 pH - 0.029 (5)
PbO.PbSO, + 4H* + 4e'= 2Pb + H,SO4+ H>0

En = -0.115-0.029 pH —0.015 Ig a [3042'] (6)
This peak has mixed potentials for the reduction of
PbSO4and PbO.PbSO; into Pb.

The second cathodic peak (C2) at -77 mV vs. NHE is
due to the reduction of PbSOsand PbO.PbSO, into Pb
according to following reactions:

2Pb0.PbSO, + 6H* + 6e'= 3Pb + 2H,S04 + H,0
En =-0.075 - 0.029 pH — 0.015 Ig a [so4?] (7
The third cathodic peak (C3) at 1.75 vs. NHE is due
to the reduction of PbO; into PbSO, as expressed by
equation [18, 19]. On the other hand, the CV of NCFSI
shows three anodic peaks (A1, A2 and A3) at -0.429,
0.003 and 1.404V for the oxidation of Pb to PbSOy,
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Pb to PbO.PbSQy, Pb to PbO, PbSO,4 to 2PbO.PbSO,,
Pb and PbO; to PbSO,. Also, similar behavior is
obtained for the cathodic reduction of the NCFSI as
observed in the PCFSI. There are three cathodic

20
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reduction peaks (C1, C2 and C3) at -0.507, -0.375 and
1.548V for the reduction of PbSO4 & PbO.PbSO4 to
Pb, 2PbO.PbSOs to Pb and PbhO, to PbSO,,
respectively.

Al

Current density [mA cm?]

Potential vs. SCE [V]
Fig. 6 CV of PCFSI in 3M H2S04 at scan rate of 5 mVs-1

Current density [mA cm™?]

0.5

Potential vs. SCE [V]
Fig. 7 CV of NCFSI in 3M H2S04 at scan rate of 5 mVs-1

It's also worth noting that PCFSI's first anodic peak
A1l has a higher current density (22 mAcm) than
NCFSI's (9 mAcm™). This confirms that the PCFSI
has a higher reaction affinity for the H,SO, electrolyte
than the NCFSI, which has a lower affinity. This
tendency can be explained by the fact that the PCFSI
has a higher Sn percentage (1.6%) than the NCFSI
(0.5%).
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The cyclic voltammetry results for the composite
foams reveal that the composite foam requires a
higher voltage for oxidation. As a result, to match the
high applied voltage for this oxidation, the oxidation
of Pb into PbSO, will take a long time, i.e. Pb
oxidation happens at a slower rate in composite foams
than in Pb alloys [20]. As a result, it may be expected
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that the battery developed in the current study will last
longer than a typical lead acid battery.

3.3 Galvanostatic polarization

The galvanostatic measurements were carried out
to obtain E-t curves for the PCFSI and NCFSI
polarization in 3 M H,SO4. Fig. 8 shows E-t relation
for the PCFSI at numerous current densities (lq) from
0.26 to 10 mA.cm2. At lower lq, the first oxidation
step of Pb to PbSO, takes place at -540 mV vs. SCE,
but at higher Ig, this step occurs at ~ -500 mV. The
second oxidation step of Pb into basic lead sulphates
(BS) for lower g (0.26 mA.cm) exists at -450 mV,
while for Iy of 0.52 mA.cm? has ~ -300 mV.
Furthermore, a high 14 of 2.6 mA.cm™ has a higher
potential between 20 and 50 mV for the second
oxidation step. At this lq, there is a third oxidation step
that starts after 4000s and its potential varies between
50 and 110 mV for the oxidation of Pb to 3BS and
4BS, respectively. The galvanostatic polarization at
higher I4 of 10 mA.cm shows three oxidation steps
from -500 to -200, 0 to 200 and 600 to 800 mV for Pb
to PbSO4, Pb to BSs & PbO and finally PbO to Pb30s,
respectively. The reduction steps for the different Iq
have mainly reduction potential at -500 mV for lead
basic sulphate and PbSQO,4to Pb. On the other hand,
Fig. 9 shows E-t relation at the current density (lg) of
20 mA.cm for NCFSI. It can be noted that at higher
I such as 20 mAcm, the oxidation of lead has two
steps, one at -540 mV for about 25 min due to
oxidation of Pb to PbSO, and the other step is at -300
mV for the oxidation of Pb to 2 PbO.PbSO4 with 65
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min duration. The reduction behavior step takes place
at about -540 mV but for higher 14 (20 mAcm), it has
a potential of -500 mV for the reduction of lead basic
sulphates and PbSO,to Pb. The more reactive PCFSI
rather than the NCFSI can explain the difference in
galvanostatic polarization between the two foams,
validating the findings obtained from the CV
measurements of the two foams. Galvanostatic
measurements show that the composite foam takes a
longer time to complete the oxidation of Pb into
PbSO. compared to the Pb alloys [20] because of the
existence of fine cells (pores) in the structure of the
foams as well as the existence of Ni- coated fly ash
microballoons, which may impede the oxidation of the
Pb element. Once more, this suggests that the battery
produced in this work will last longer than a typical
LAB.

3.4 Specific discharge galvanostatic

The cell made of composite foam electrodes has
a specific electrical discharge capacity of
approximately 113 mAh g, which is greater than that
of traditional Pb-grids, approximately 94 mAhg™.
This is primarily due to the composite foam's large
surface area, which is caused by the existence of fine
cells (pores) in the structure of the composite foams.
The connection between the composite foam electrode
and the active material is increased due to the large
surface area of the foam cells. This provides the active
material more active reaction sites, which enhance the
active  material's  conversion capability and
electrochemical utilization efficiency [21].

0.26 mA cm2
0 2000 4000 6000 8000 10000

-500 ﬁ

2.6 mAcm2

Potential [mV] vs. SCE

8000 10000

0.52 mAcm™2

0 2000

-300
-400
-500

10 mA cm2

4000 6000 8000 10000

800

600

400

200

o !

200 0 000
-400
-600
-800

4000 60po 8000 10000 12000

Time [s]

Fig. 8 E-t relation of galvanostatic polarization of PCFSI in 3 M H,SO;, at different current densities
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Fig. 9 E-t relation of galvanostatic polarization of NCFSI in 3 M H,SO4 at current densities

3.5 Weight saving

The weights of electrodes made of the composite
foam are less than the traditional lead alloys because
the density of the foam is significantly lesser than that
of the traditional Pb alloys. For instance, a traditional
Pb grid with dimensions of 12 x 10 x 0.3 cm weighs
140 g, whereas a foam electrode with identical
dimensions weighs 90 g. The weight savings would be
roughly 35% if composite foam electrodes were used
in place of the traditional Pb-grids.

4. Summary and conclusions

The cyclic voltammetry results for composite foams
reveal that the composite foam requires a higher
voltage for oxidation. As a result, to match the high
applied voltage for this oxidation, the oxidation of Pb
into PbSO,4 will take a long time, i.e. Pb oxidation
happens at a slower rate in composite foams. This
implies that the battery developed in the current work
has a longer lifespan than a conventional LAB.
Galvanostatic analysis reveals that the composite
foam requires more time for Pb to oxidize into PbSO,4
than Pb alloys. This suggests once again that the
battery developed in this work has a longer life
expectancy than a regular lead acid battery.

The cells composed of composite foams have a larger
specific  electrical ~ discharge  capacity  than
conventional Pb grids. The composite foam electrodes
developed in this work have improved galvanostatic
polarization, cyclic voltammetry, specific discharge
capacity as well as lower weight when compared to
the Pb alloys used in conventional LAB. These
characteristics are related to the composite foam's
structure, which includes fine cells (pores) with a large
surface area and Ni-coated fly ash microballoons.
These findings suggest that the lead acid battery with
electrodes made of composite foams developed in this
work could be a feasible alternative to the traditional
lead acid battery.
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