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This study explores the innovative integration of a lead-carbon battery with an electrode-electrolyte assembly
inspired by Proton Exchange Membrane Fuel Cell (PEM-FC) architecture. The lead-carbon material, synthesized
with a 40 % mass ratio using the Flash Joule Heating Method, exhibits predominant Pb® and PbO phases, as
observed in lattice parameter fringes, with additional detection of the PbO, phase. The resulting Carbon-Lead
Acid Battery (CLAB) demonstrates a specific capacity of 11.2 mAh g~!. The incorporation of carbon enhances

nanoparticle stability, yielding a highly stable battery performance over 100 cycles, with discharge potential
variations of <2 %. This innovative CLAB assembly not only showcases stable performance and also introduces
the potential for constructing flexible lead batteries, expanding technological applications. The study provides
comprehensive insights into the synthesis, performance, and prospects of this novel lead-carbon battery archi-
tecture, emphasizing its significance in the realm of energy storage solutions.

1. Introduction

The lead-acid battery (LAB) technology, although originating in the
second half of the 19th century, continues to play an important role in
the global rechargeable battery market, widely applied in the automo-
tive and industrial sectors due to its characteristics of low cost, mature
manufacturing processes, and sustainable recycling [1,2]. However, for
new applications requiring a high-rate partial state of charge, such as in
hybrid vehicles and specific grid energy storage applications, the per-
formance and lifespan of the lead-acid battery are significantly limited
due to negative plate sulfation [3,4].

The thickness of electrodes in commercial LAB batteries is typically
in the order of millimeters, which can constrain battery performance
due to poor mass transfer within the electrode [1]. The charge transfer
reaction in a lead-acid battery is expressed as follows:

Pb(s) + PbOxz(s) + 4H* (aq) + 2S04>~ (aq) <> 2PbSOa(s) + 2Hz0(1) )

The efficiency of active material utilization is easily limited by mass
transfer and electrode electrical conductivity due to the non-
conductivity and insolubility of the discharge product (PbSO4) and the
insufficient hydrogen sulfate anions from the electrolyte in the electrode
[2,5]. Key requirements for modern batteries include high power and
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charge capacities, long lifespan, weight reduction and security.
Currently, most efforts to improve LAB involve replacing heavy lead
grids with lighter alternatives, such as those based on steel, copper, ti-
tanium, and aluminum [6,7], and decrease the H; liberation [8]. Recent
studies are now focusing on replacing metal alloys with lead-carbon
composites [9-11].

This battery technology is commonly referred to as carbon-lead acid
battery (CLAB) and is currently the only viable, mass-produced tech-
nology available for start-stop systems and basic micro-hybrid vehicles.
It is expected that CLAB technology will play a significant role in grid
energy storage applications in the future [1,4,12].

The use of nano-Pb/C composite materials demonstrates higher
conductivity and lower ion transfer resistance [10]. Lead-carbon ma-
terials for CLAB exhibit electrochemical characteristics similar to
metallic lead in the same potential ranges as lead-acid batteries. More-
over, it has been shown that carbon does not participate in the elec-
trochemical process but enhances the corrosion and stability of lead,
inhibiting the formation of species that deteriorate the discharge char-
acteristics of the positive electrode, such as large clusters of lead sulfate
[4,9].

According to Yolshina [9], a promising solution to creating a new
generation of lead-acid batteries would be to obtain radically new
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nanocomposites and lead alloys with a high carbon content. Another
electrochemical device that could contribute to this new generation of
lead batteries is the proton exchange membrane fuel cell [13]. In these
devices, the active metal is deposited in a layer of a few micrometers,
laid upon a backbone of carbon cloth, where lead nanoparticles can be
deposited, increasing stability and reducing weight. The thin layers of
active material from the anodic and cathodic electrons are then sepa-
rated by a proton-exchange membrane, which facilitates the transport of
H' and plays an essential role in efficiently transporting this proton
through a solid medium, thus avoiding gas evolution. This electrode
structure with a polymeric electrolyte enables the production of a flex-
ible device, giving engineers the possibility to construct or accommo-
date it in various types of spaces. In this context, in this work, the
construction of a CLAB using the architecture of a fuel cell has been
studied.

2. Experimental

A Pb/C material with a composition of 40 % was synthesized using
the Flash Joule Heating Method (FJHM) developed in our laboratory. In
this process, appropriate quantities of the metal precursor PbO (Aldrich)
and HNO3 (0.1 mol Lfl) were mixed in a 40:60 (m/m) ratio of metal
precursor to Vulcan XC 72 carbon support within a graphite crucible.
The crucible was then sealed and exposed to 50 discharge cycles at 100 C
per discharge, at 65 V, for a total duration of 60 s. Following this, the
resulting FJHM-Pb/C material underwent subsequent characterization.

The obtained material was characterized through X-ray diffraction
(XRD) using a Rigaku Miniflex II diffractometer equipped with a Cu Ka
source (A = 1.54056 10\) at a 20 range spanning from 20° to 90°,
employing a step size of 0.02° and a scan duration of 2.0 s per step.
Transmission Electron Microscopy (TEM) analysis was carried out
employing a JEOL electron microscope model JEM-2100.

Cyclic voltammetry measurements were conducted at a temperature
of 25 °C, employing an Autolab PGSTAT 302 potentiostat/galvanostat.
The working electrode comprised a carbon vitreous material with a
deposited porous ultrathin layer [14]. The reference electrode used was
the Ag/AgCl (3.0 mol L! KCl), while the counter electrode took the
form of a platinum (Pt) plate. These electrochemical analyses were
performed within 0.5 mol L~! H,S0, solutions saturated with nitrogen
(N2).

Battery cell experiments were carried out using a Pb/C-nafion-Pb/C
electrode setup. Pb/C electrodes were prepared with 5 mg of Pb/C per
cm? on electrodes with a 5.0 cm? area (Fig. 1a). The material was mixed
with 5 % by mass of Nafion 520 and 5 pL of isopropyl alcohol, which was
sonicated for 15 min. Subsequently, this ink was applied to a treated
carbon cloth backbone, and the separator and electrolyte were applied
using the Nafion® 115 membrane, and pressed at 125 °C for 2.0 min at
125 kgF ecm 2 (Fig. 1b).

The membrane electrode assembly (MEA) was carefully packed and
positioned within a solution containing 0.5 mol L™! sulfuric acid
(Fig. 1c-d), serving as both the cathode and anode environments. Sub-
sequently, following assembly, the experimental cells underwent an
activation process characterized by the application of a voltage of 2.0 V
for a duration of 2 h. Galvanostatic charge and discharge tests were then
conducted utilizing a PARSTAT3000A potentiostat, employing varying
rates of 0.5, 1, 5,and 10 C g’l, with a potential span ranging from 0.0 to
2.0 V. Each rate was subjected to 5 cycles, and capacity rate tests were
carried out in duplicate. Furthermore, cyclic stability testing, executed
at a charge of 10 C g~!, was performed at room temperature, spanning
between the battery’s open circuit voltage and 0.0 V, over a span of 100
cycles in duplicate.

3. Results and discussion

In the TEM images depicted in Fig. 1, it is evident that lead particles
assume an elongated and slender morphology, with highlighted
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Fig. 1. a) Pb/C electrode, b) Membrane electrode assemble (MEA), c-d) Flex-
ible device.

agglomerated regions (Fig. 2a). The distinct corners observed in the Pb/
C nanoparticles can be attributed to a rapid and forced reduction process
induced by the electron cascade resulting from discharges during syn-
thesis. In the corresponding histogram (Fig. 2b), an average length size
of approximately 46 nm for the nanoparticles was observed. In Fig. 2c,
the lattice fringe of the lead crystal is clearly visible at high magnifica-
tion, with fringe sizes of 0.285 nm and 0.400 nm observed. These
measurements correspond closely to the data provided by JCPDS 04-
0686 and 05-561 for Pb and PbO, respectively, indicating the presence
of these two phases within the same nanoparticle. The existence of these
two phases is confirmed by X-ray diffraction (XRD) analysis in Fig. 2d.

The X-ray diffraction (XRD) analysis of FJHM-Pb/C revealed distinct
patterns, with peaks at 20 = 22° and 38° corresponding to characteristic
structures of amorphous carbon with low crystallinity [15]. Addition-
ally, three phases associated with lead and its oxides were discerned.
The diffraction patterns exhibited prominent peaks at 20 angles around
31.3°, 36.4°, 52.4°, 62.2°, and 67°, corresponding to Pb (JCPDS 04-
0686). Peaks at 28.7°, 32°, 42°, 44.8°, 45.3°, 48.6°, 54.8°, and 60°
were attributed to PbO (JCPDS 05-561). Furthermore, peaks at 25.3°
and 49.2° were assigned to PbOy (JCPDS 41-1492). This suggests that
the reduction process was not complete. It is noteworthy that in high-
resolution transmission electron microscopy (HRTEM), no planes
related to the PbO, phase were observed, only the lattice fringes of Pb
and PbO. According to Li and co-workers [16], the presence of lead in
the form of nanoparticles enhances the stability and lifespan of the
battery, primarily by preventing the irreversible growth of crystals on
the redox surface of the electrode.

In Fig. 3, the cyclic voltammogram of 40 % Pb/C is depicted,
revealing a combination of the typical carbon profile with distinctive
lead peaks marked by the PbSO4/PbO; redox couple at 1.1 and 0.9 V.
The transition from PbSO4 to PbO;, aligns closely with the oxygen evo-
lution, as described by Visscher [17].

Fig. 4a illustrates the cell potential of the CLAB cell versus discharge
current using Nafion as a separator and polymer electrolyte membranes.
In this curve, the open circuit voltage of the cell is approximately 2.0 V,
reaching the proton diffusion limit at around 0.3 V with a current of 2.5
mA mgpp at room temperature. The maximum power density achieved
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Fig. 2. a) Transmission electron microscopy, b) Histogram with particle size distribution, c) Lattice fringe of the lead PbO crystal, and d) XRD pattern of FJHM-Pb/C.
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Fig. 3. Cyclic voltammetry in H,SO4 0.5 mol L™! v = 10 m s~! for Pb/C with a
40 % mass ratio.

by this cell was 1.7 mW mgpg.

At a charge and discharge rate of 10 mA mg ™}, the typical discharge
profile [13] is presented in Fig. 4b, where the termination voltage is
1.83 V. The discharge specific capacity of the RHPC battery is 11.2 mAh
gL, A rate capability test (RCT) was conducted (Fig. 4c), revealing ca-
pacities ranging from 13.5 to 18.0 mAh g !, demonstrating a difference
of <35 % for the highest battery drain, indicating the device’s
robustness.

To assess the performance of the CLAB cell in a deeply charge/
discharge process, the formed cells and cells after deep charge/discharge
for 100 cycles were analyzed at a discharge rate of 10 mA g~ * (Fig. 5),
demonstrating good stability throughout the entire experiment. It is
noteworthy that the capacity remains quite stable at ~13.8 mAh g~ .
Additionally, no hydrogen evolution was observed during the
experiment.

The cycle performance of the 2.1 V carbon lead-acid cell is illustrated
in Fig. 4 through high-rate partial-state-of-charge (HRPSoC) testing,
showcasing a discharge cut-off voltage of 2.03 V with approximately 1 %
variation over 100 cycles. This suggests that the formation of PbSOy is
not being favored. According to Zhong and co-workers [10], the incor-
poration of nano-lead in the composite material enhances reactivity,
increases the affinity between lead and carbon, and establishes a
conductive connection among active material particles. This improve-
ment contributes to enhanced conductivity and electrochemical activity
in the electrode while also suppressing the formation of large PbSO4
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crystals [18].

The effect of adding carbon materials to LABs has also been reported
by Pavlov et al. [19], indicating that the additive is available to reduce
the average pore size of the negative active material, potentially
inhibiting the roughness of PbSO4 particles. In the present case, since we
are dealing with lead nanoparticles rather than macroscopic plates, the
pores, if present, are much smaller in size compared to Pavlov’s work,
thus inhibiting the fixation of PbSO4. Additionally, nanoparticles offer
the possibility of non-planar diffusion, further complicating the
anchoring of PbSO4. Furthermore, with high conductivity, carbon can
enhance the electrode’s conductivity and further drive the entire cycle
process, hence providing greater stability [20].

4. Conclusion

The construction of a Lead-Carbon battery using the MEA architec-
ture of a PEM-FC has demonstrated significant promise and stability.
Utilizing Pb/C with a 40 % mass ratio, synthesized through the Flash
Joule Heating Method, revealed predominant Pb0 and PbO phases,
evident in the lattice parameter fringes, along with the detection of the
PbO; phase. The Carbon-Lead Acid Battery exhibited a specific capacity
of 11.2 mAh g~ 1. The incorporation of carbon into the lead structure not
only enhanced the stability of the nanoparticles, however also resulted
in a highly stable battery performance over 100 cycles, with discharge
potential variations of <2 %. Moreover, this CLAB assembly provides the
potential for constructing flexible lead batteries, thereby expanding the
scope of technological applications. The successful integration of PEM-
FC architecture into CLAB technology opens avenues for innovative
and flexible energy storage solutions.
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