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For decades, lead-acid batteries have been supplying power to electrical systems through redox
reactions involving Pb and PbO,. However, the energy supply capacity is inherently constrained by
low energy density and challenges associated with charge/discharge cycles. Studies have indicated
that additions of C to the composition of the active mass improve the electrochemical properties of
batteries. This work aims to produce, characterize the microstructure and evaluate the electrochemical
properties of Pb-Carbon composites, comparing different types of C (graphite, graphene and xerogel).
The samples were produced through powder metallurgy, pressed at 550 MPa and sintered at 320°C-48 h.
The microstructure was characterized by XRD, SEM/EDS, and Vickers microhardness. Electrochemical
analyses were evaluated through OCP, polarization, and cyclic voltammetry (CV) measurements
in a solution of 4.91 molsL"" of H,SO,. Microstructural characterizations revealed dispersions of C
particles in the Pb matrix and an increase in the microhardness of the composites. Electrochemical
analyses showed an increase in polarization resistance and a reduction in the corrosion rate compared
to Pb. CV curves, demonstrated that C particles enhanced electrical conductivity for the formation
of PbSO, and PbO,, allowing greater absorption of electrical overpotentials when compared to Pb,

thereby improving charge/discharge cycles in positive grids.

Keywords: Powder Metallurgy, Pb Carbon Composites, Microstructural characterization,

Electrochemical characterization.

1. Introdution

The new generation of electronic systems seeks the
development of new energy storage systems. Lead-acid
batteries have been a low-cost alternative for storing energy
and promoting the functioning of electrical systems!'.

The first batteries were of the SLI (Start, Lightning and
Ignation) type, where, basically, energy is supplied only
to the starting, lighting and ignition systems, restricting
their use to other components. Currently, systems such as
“start-stop” disable greater performance in charge/discharge
processes, leading to the appearance of EFB (Enhanced
Flooded Battery) type batteries and later VRLA (Valve
Regulated Lead Acid) batteries*®.

The energy provided by batteries involves spontaneous
chemical oxidation-reduction reactions between the positive
(PbO, — PbSO,) and negative (Pb — PbSO,) plates, forming
PbSO, crystals on the surface of the positive and negative
plates, providing ~ 2V to electrical circuits. This theory is
known as the Double Sulfate Theory’.

*e-maill: caio.cossu@usp.br

The battery charging process occurs by inverting the
direction of the discharge redox half-reactions. The inversion
of the electrical current promotes the breakdown of the
PbSO, , layer at the electrode/electrolyte interface to form
Pb, and PbOz(S) on the surface of the grids. According
to Kitoronka® the lead-acid batteries had a useful life of
1500 charge/discharge cycles, reaching 80% of discharge depth,
with efficiency between cycles of 80% to 90%. According to
Lam et al.?, the formation of PbSO 4 CTYstals on the surface
of the metal grids, acts as an electrical insulator, preventing
the passage of electric current to reverse the direction of the
redox reactions described above, impairing the charging
process of the batteries. Bullock' stated that above 60°C,
the solubility of the PbSO . layer, after the discharge
process, decreases drastically, increasing the concentration
of H,S0,,,,- The increase in the concentration of sulfuric
acid, due to the diffusion of HSO;(aq_) ions, displaces the
reaction sites, creating an undesirable insulating barrier,
limiting the charge reactions, decreasing the useful life, and
consequently, battery loss.
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Yolshina et al."! presented a new proposal for the
development of new grids using molten salts for the
incorporation of carbon particles in the Pb matrix from
TiC(S). The carbon inclusions form new crystalline phases that
inhibit the growth of PbSO,  crystals on the surface of the
electrodes, improving the charging process of the batteries,
increasing the capacitive effect of the metallic grids, reducing
the evolution of H,, (negative plate) and Oz(g) (positive plate)
during the charging process. Yin et al.!? highlighted that
the carbon inclusions act as a toughener of the Pb matrix,
increasing the mechanical resistance of the metallic grids.

This work aims to produce Pb-Carbon composites using
the powder metallurgy route and evaluate the influence of
different carbon particles in the Pb matrix on the charging
and discharging processes and the morphology of the crystals
formed after electrochemical tests.

2. Experimental Procedures

2.1. Processing

Pb powder (CNPC Powder® PB300, 99.9% purity) and
graphene powder (2DM®, 99.9% purity), graphite (Nacional
de Grafite®, 99.99% purity) and xerogel were used. (DEQUI/
EEL-USP, 99.9%). The powder mixtures (~5 g) were
homogenized manually by maceration for 2 min, producing
mixtures containing 1 wt% graphite (Pb-ngmphite), 1 wt%
graphene (Pb-ngmphcnc) and 1 wt% xerogel (Pb-1CX) and
uniaxially compacted at 550 MPa producing bodies of test
cylindrical samples with ~12 mm in diameter and ~4 mm
in thickness. All samples were encapsulated under primary
vacuum (~0,01 mbar) and sintered at 320°C for 48 h.

2.2. Characterization

The crystalline phases of the sintered samples were
characterized by X-ray diffraction (XRD) in bulk form,
previously sanded, in the Panalytical® Empyrean equipment
operating with Cu—Ka (L = 1.5418 A) radiation from 20° to
80° and speed of 0.05°/s at room temperature. The crystalline
phases were identified by comparing the diffractograms with
the PDF4 database provided by the ICDD.

The morphology of the grains and the chemical composition
of the samples were carried out by SEM/EDS using the
Oxford® SwiftED3000 equipment coupled to the SEM
Hitachi® TM3000. Due to the low hardness of the material, the
samples were manually sanded with AL,O, sandpaper (P320,
P400 and P600), and chemically polished in a 1:5 solution
of glacial acetic acid and 30% hydrogen peroxide, for 60 s.
The chemical composition of the samples was obtained by
mapping three distinct regions for 300 s. The result of the
chemical composition of the Pb-Carbon composites was
based on the arithmetic mean of the chemical composition
of these regions.

2.3 Eletrochemical tests

The electrochemical tests were carried out on the
Solartron® SI 1287 potentiostat with a three-electrode
system: Reference Electrode (SCE), Counter-Electrode (Pt)
and Working Electrode (Pb or Pb-Carbon). The exposure
area for carrying out the electrochemical tests was
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~1.13 cm? (@, = 12 mm) in 4.91 mol-L-' solution of H,SO,,
simulating the operating conditions of VRLA type lead-acid
batteries at room temperature.

The samples were subjected to potentiostatic treatment,
applying a cathodic potential of -0.5 V (vs SEC) until current
stabilization (< + 200 pA<scm™) to remove the oxide layers
on the surface of the electrodes.

Thermodynamic stability was verified by OCP measurements
for 24 h. The identification of potentials for the formation
of Pb, PbSO,, PbO and PbO, were obtained by applying the
potentiodynamic polarization technique in4.91 moleL"' solution
of H,SO,, between potentials from -1.2 to +2.0 V (vs SEC) at
10 mVes™. The electrochemical parameters (j_ ., E_,R,and
Corrosion Rate) were obtained using the Tafel straight line
extrapolation method on potentiodynamic polarization curves
(ASTM G3-89)" using Scribner® CView v.3.5 software.

The battery operation process was simulated, using the
cyclic voltammetry technique to observe the formation of
new layers on the surface of the grids during the charge/
discharge processes of the positive and negative plates.
In the positive grids, the sweep potential varied from +1.1 to
+2.2 V (vs SEC) at 10 mVes-1 for 100 cycles.

3. Results and Discussions

3.1. Sample characterization

The low wettability and the large difference in specific
mass between C (~2.27 gecm™) and Pb (~11.34 gecm™) made
it unfeasible to produce samples using the casting route,
segregating the carbon particles in liquid Pb during casting.

As an alternative route, the samples were produced using
powder metallurgy, allowing the C particles to be dispersed
in the Pb matrix for the production of Pb-Carbon composites.

All samples were sintered close to the melting temperature,
due to the low sinterability of Pb. After sintering at 320°C
for 48 h, the samples produced showed a relative density
greater than 93%.

The results by X-ray diffractometry (XRD), presented
in Figure 1, identified the peaks of carbon particle (~55°) in
Pb matrix. Other peaks were identified (PbO) related to the
reactivity between Pb and residual O, during the sintering
process at 320°C for 48 h, forming PbO on the surface of
the samples'®.

SEM analyzes showed three distinct phases on the
surface of the samples after sintering, due to the color
contrast, characteristic of the chemical composition of the
phases. It was observed that chemical polishing promoted
oxidation (Pb — PbO) in the intergranular region, revealing
the morphology of the Pb grains and the distribution of
carbon particles in this region. Table 1 shows the chemical
composition of the surface of the composites, quantifying the
presence of carbon particles in the Pb matrix, corroborating
the XRD results and identified by SEM.

Yin et al.'> mentioned that dispersions of particles with
higher hardness than the matrix increase the mechanical
resistance of these alloys. Table 2 compares the Vickers
microhardness of Pb, the Pb Carbon composites produced
in this article and the alloys produced by other authors.

Luip, C.; Pilone, D'. observed the influence of Sb addition
on the microhardness and electrochemical behavior of Pb-Ag
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Figure 1. XRD and SEM of composites Pb-Carbon: (a) Pb-1C
320°C for 48 h.

(b) Pb-1C

‘graphene®

eraphite and (c) Pb-1CX sintered under primary vacuum at

Table 1. EDS analysis using the mapping technique for 300 s on the composites Pb-ngmphne, Pb-ngmPhe“e and Pb-1CX sintered under

primary vacuum at 320°C for 48 h.

Element
Samples
Carbon Lead Oxygen
Pb-1C, e 7.193 +£0.53 wt.% 68.365+ 1.18 wt.% 24442 +0.16 wt.%
Pb-1C,__ 7.187 £ 0.37 wt.% 68.384 £ 2.47 wt.% 24.428 £ 0.95 wt.%
gra ene
Pb-1CX 6.386 = 0.81 wt.% 71.109 + 1.81 wt.% 22.505 + 1.52 wt.%

and Pb-Ag-Sb system alloys. The addition of Sb promoted
an increase in microhardness where the Pb-0.2%Ag-0.2%Sb
alloy (6.3 HV) showed better results. El-Sayed et al.'® studied
the effect of additions of Sb, Zn, Cu and Ag in Pb—5%Sn
binary alloys (wt.%) produced by “melt—spinning” and cold
rolled. The cold-rolled Pb—5%Sn—0.5%Cu alloy (8.8 HV)
showed the best results.

In comparison, the Vickers microhardness of the Pb-
Carbon composites presented higher values than the Pb
sample (9.3 HV), varying between 10.4 HV (Pb-1CX) and
14.1 HV (Pb-1Cgraphene), showing that the carbon particles
promote an increase in the mechanical resistance of the alloys.

3.2 Electrochemical tests

It was observed that the dispersion of carbon particles
promotes the stabilization of the electrode at more positive
potentials when compared to the Pb sample after 5 h of
exposure in H,SO, solution in open circuit (OCP). According
Wolynec!” these measurements reveal two steps to identify
the thermodynamic stability potential of the electrodes:

(i) metallic dissolution at the electrode/electrolyte interface

(Pb — Pb*) until reaching the saturation limit of the
solution in the electrical double layer with Pb** ions;

(ii) the consumption of Pb*" ions leads to the formation of

the PbSO, passivating film on the electrode surface.
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Table 2. Comparison of Vickers microhardness values of samples produced from Pb and Pb-Carbon composites and alloys produced by

other authors.

Composition (wt.%) Microhardness Manufacturing process Reference
Pb-0.8Ag 5.8
As cast Lupi and Pilone®
Pb-0.05Ca 9.3
Pb-5Sn 6.5
Melt-spinning
Pb-5Sn-0.5Sb 6.2
Pb-5Sn-0.5Ag 7.8 El-Sayed et al.'®
Pb-5Sn-0.5Sb 8.7 Cold rolled
Pb-5Sn-0.5Cu 8.8
Pb 93+0.2
Pb'lcgmphne 13.0 £ 0.6 Uniaxial pressed at 550 MPa .
. o This work
Pb-1C ) 14.1 £ 0.4 and sintered at 320°C-48 h
sraphene
Pb-1CX 10.7 £ 0.5
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Figure 2. Potentiodynamic polarization curves of Pb and the composites P-1C

in 4.91 molsL"' H,SO, solution.

The stabilization at more positive potentials of Pb-
Carbon composites when compared to Pb suggests that
these composites are more noble, but not conclusive, using
this technique alone'®"

Figure 2 compares the potentiodynamic polarization
curves of the Pb and Pb-Carbon composites. The analysis
of polarization curves allowed the identification of the
active, passive and transpassive regions for the formation of
films (Pb, PbSO,, PbO/ PbO, on the surface of the samples.

It was observed that the dispersion of carbon particles
did not promote the displacement of the corrosion potential
in +0.53 V (vs SCE) for the formation of the PbSO, layer
(reaction R,) on the surface of the Pb-Carbon composites.
In the analyzed samples, the formation potentials of the
PbO/PbO, layer (reaction R, and R,) were close to +0.25 V
(vs SCE). The passivation region varied between +0.25 and
+2.0 V (vs SCE) in all samples. This result allowed us to
conclude that the inclusion of carbon particles in the Pb matrix
does not displace the electrical potentials for the formation

Pb-1C

graphite®

and Pb-1CX sintered at 320°C for 48 h

graphene

of passivating oxides. It was observed that carbon particles
improve the polarization resistance of the composites, causing
a decrease in the corrosion rate of the composites due to the
decrease in the corrosion current density (j_ ), as shown in the
results in Table 3, obtained by the methods of extrapolation of
the Tafel straight line in potentiodynamic polarization curves.

Above 2.0 V (vs SEC), the transpassivation region begins,
promoting the disruption of the passivating layers (PbO/PbO,),
releasing Pb** ions into the solution (R,), accelerating the
process of O, evolution in the positive plates (R,).

R, PbOZ(S)
R:2H O, — O, +4H"

27 2(g) (aq.)

+ - 2
+4H wn T 2¢-— Pb *(aq_) + HZO(])
+4e

D’Alkaine et al.*’, mentions that the evolution of O, is
undesirable, as the increase in the pH of the electrolyte
displaces the reaction sites for the formation of PbSO, during
the discharge process, causing sulfation of the positive plates.
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Yolshina et al."" mentions that the addition of carbon particles SEM analyzes showed that corrosion of the grids during
increases the capacitive effect of Pb-Carbon composites, ~ charge/discharge cycles occurred in the intergranular region.
The dispersions of carbon particles promoted an increase

reducing the O, evolution process. . . A o g
in electrical conductivity, intensifying the electric field for

3.3. Cyclic voltammetry the formation of PbSO, and PbO, layers and limiting the
bidirectional growth of these layers.
Figure 3 shows the cyclic voltammetry curves of the Pb- In the discharge direction (i), the formation peak of

Carbon composites and the SEM after 100 charge/discharge cycles. ~ PbSO, layer (PbO, — PbSO,) was observed on the surface of

Table 3. Parameter results applying the Tafel straight line extrapolation method in the potentiodynamic polarization curves and open
circuit potential after 5 h of exposure in a solution of 4.91 molsL"' H,SO,.

Samples Eocp [V] (vs SCE) Jeorr, [MA/cm?] Ecorr. [V] (vs SCE) Rp [Q] Corrosion rate [mmey™']
Pb -0.208 32.25 -0.52 8.33 217.97
Pb-1C,_ .. -0.198 12.04 -0.53 24.99 85.13
Pb-1C, .. -0.152 0.192 -0.54 182.93 13.79
Pb-1CX -0.194 1.325 -0.55 25.69 103.57

Current Density (mAfem?)
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Figure 3. Cyclic voltammetry curves and SEM of the Pb-Carbon composites after 100 cycles in a 4.91 molsL"' H,SO, solution: (a) Pb-
(b) Pb-1CX and (c) Pb-1C

graphne > graphene”
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Table 4. Comparison of current density in anodic/cathodic peaks and determination of the diffusion coefficient for the formation of PbSO,
and PbO, layers applying the Nernst equation comparing the Pb and Pb-Carbon sample.

Samples iy p [mAscm?] ic,p [mAscm?] DO(ia,p) [102" cm?s™'] DO(ic,p) [10% cm?es™]
Pb 25.90 46.31 3.76 12.03
Pb-1C_ . 33.33 66.15 6.23 24.56
graphite
Pb-1C_ 56.00 106.91 17.60 64.14
Pb-1CX 38.72 73.44 8.41 30.27
3 i oL
350 prs T re—— a solut.lon of 4.91 mol-L" H,SO, for 100 cycles between
300 g:]g" 100% cycle _ potentials of +1.1 and 2.2 V (vs SCE) by 10 mVes.
& — Pb.'lc::' o ] The cyclic voltammetry curves (Figure 4) and the results
g e [/ presented in Table 4 indicated that the C particles promoted
E 200 4 / / an increase in the diffusion of SO, ions in the adsorption/
> 150 / desorption processes for the formation of PbSO, layers
a o~ (discharge process) and PbO, layers (charge process), as
& /i evidenced by the enhancement of anodic/cathodic peaks.
] This suggests that the C particles enhance the reaction rate
'5! for the formation of new layers on the electrode surfaces.
ViR The electric potentials for the formation of PbSO, and
= \Y/ PbO, peaks in the Pb-Carbon composites shifted to the right
-100 / (~0.2 V vs SCE), improving the electrochemical properties
12 14 16 18 20 22 with a decrease in O, evolution at higher overpotentials.

Potencial vs SCE (V)

Figure 4. Comparison of the cyclic voltammetry curves of Pb and
Pb-Carbon composites after 100 cycles in a solution 0f4.91 molsL"!
H,SO, between potentials of +1.1 and +2.2'V (vs SCE) at 10 mVes™".

the grids at +1.4 V (vs SCE). By reversing the direction (ipia),
two anodic peaks were identified. The first peak, at +1.4 V
(vs SCE), comes from the oxidation of PbSO4 — a-PbO2,
and the second peak, at +1.9 V (vs SCE), from the formation
of the B-PbO, phase on the surface of the samples. At higher
potentials, the increase in current density characterizes the
disruption of the layer of passivating oxides, initiating the
O, evolution process, with a return at +2.2 V (vs SCE),
corroborating the results obtained by Flecther?'.

The CV curves of the Pb-Carbon composites also revealed
that the formation peaks of the PbSO, and a-PbO, layers
occur at the same potential, at +1.4 V (vs SCE), suggesting
that the charge/discharge process is reversible.

In reversible or almost reversible processes, the Nernst
equation (Equation 2) makes it possible to associate the
anodic/cathodic current peaks with the diffusion coefficient
for the formation of PbSO, and a-PbO, layers, as shown in
the Table 4.

ip:(2,69-108)~n3/2.A.C.D})/Z,v1/2 Bq.2

where: i = peak current [Ascm™]; n = number of electrons
in the reaction (n =2 ¢’); A = surface area (~1.13 cm?); C=
electrolyte concentration (~4.91 moleL"); D, = diffusion
coefficient [cm?es™']; v = scan rate (0.010 Ves™).

Figure 4 compares the cyclic voltammetry curves of Pb
and Pb-Carbon composites after the cyclic voltammetry in

The area under the CV curves (j_ . vs. potential) showed
that the Pb-Carbon composites exhibited enhanced electrical
charge transport, and consequently, the electrical conductivity
of the composite yielded superior results compared to pure
Pb, corroborating the results of other authors!?>%.

4. Conclusion

In the quest for alternative pathways in developing new
materials for manufacturing metal grids in lead-acid batteries,
the powder metallurgy approach demonstrated remarkable
effectiveness in producing advanced Pb-Carbon composites.

The dispersion of C particles in the Pb matrix was
identified, significantly enhancing both the mechanical and
electrochemical properties of the composites compared to
pure Pb. In contrast to various Pb alloys reported by several
authors, Pb-Carbon composites exhibited an approximately
10% higher Vickers hardness.

Electrochemical analyses revealed a constant corrosion
potential (E_ )at-0.53 V (vs SCE) and a lower corrosion rate
in Pb-Carbon composites compared to pure Pb, indicating
the role of carbon particles in increasing the polarization
resistance (R,) of the grids.

Notably, the CV curves, after 100 cycles, showed a
deviation of +0.2 V (vs SCE). This shift proved crucial
in enhancing the composites’ ability to absorb electrical
overpotentials, effectively mitigating high rates of O, evolution
and increasing the amplitude of anodic and cathodic peaks,
owing to the improved electrical conductivity and higher
electrochemical efficiency in forming PbSO, and PbO, layers
on the sample surfaces.

Comparing the different C particles, all samples exhibited
similar behavior, with the sample containing graphene
carbon particles standing out, demonstrating superior results
compared to graphite carbon and xerogel. However, the
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high cost associated with graphene particles may warrant
consideration for their substitution with other carbon variants
offering a more favorable cost-benefit ratio in Pb-Carbon
composite production.
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