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ABSTRACT

This article investigates the effects of three commercial carbon compounds—graphite, carbon black (CB), and carbon nano-
tubes (d-CNT)—on positive active material (PAM) utilization, cycling performance, and water consumption (WC) in 2V
absorbent glass mat lead-acid batteries (LABs). After an initial screening of these materials based on their physicochemical
properties—such as surface area, porosity, degree of graphitization, conductivity, and contact angle (wettability)—the carbon
additives were incorporated into positive electrodes during manufacturing and tested in cells with a 1+/2— configuration.
Both C,, and cold cranking tests revealed a significant increase in the specific discharge capacity of LABs containing
d-CNT and graphite. Furthermore, LABs incorporating d-CNT or graphite exhibited an enhanced cyclability over other sam-
ples during the 50% depth-of-discharge test, also demonstrating a greater capacity to accept a larger charge during initial
recharge. WC analysis, conducted in accordance with EN 50 342-1:2016—11 protocol, revealed reduced water loss, particularly
in LABs with d-CNT, due to the increased recombination rate of hydrogen and oxygen resulting from electrolyte water elec-
trolysis. Postmortem physicochemical analysis of the positive plates confirms these results. The CB-containing PAM exhibited
the highest PbSO, content, with scanning electron microscopy revealing larger PbSO, crystallites on its surface. In contrast,
graphite- and d-CNT-based samples showed smaller PbSO, particles randomly distributed over the PAM surface, whereas in
the STD PAM, PbO, polymorphs covered larger PbSO, crystallites.

1 | Introduction process, and excellent safety features. LABs also boast the highest
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Lead-acid batteries (LABs) find applications across various indus- cell voltage among afl aqueous electrolyte systems, operate eflee

tries, from automotive to telecommunications. Moreover, LABs also
play a crucial role in power grids and uninterruptible power sup-
plies [1-3]. LAB technology remains a key player in the global

tively over a wide temperature range, achieve over 80% of energy
efficiency, and have a low self-discharge rate [4, 6, 7]. Furthermore,
LABs have a 99% recyclability rate in the US and Europe [7, 8].

energy storage market, often underestimated compared to the more
popular Li-based batteries, thanks to its unique features [4, 5].
Notably, LABs offer several advantages, including a high abun-
dance of lead in the Earth’s crust, a cost-effective manufacturing

Their market, valued at $39 billion in 2018, is projected to reach
$94 billion by 2027 [9]. However, significant advancements, partic-
ularly in cyclability and durability, are necessary for LABs to com-
pete effectively in the grid storage market [5].
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Over the years, considerable efforts have been made to extend the
life cycle of LABs by optimizing the utilization capacity of the
PAM, particularly at both low and high discharge rates, which
have previously limited their competitiveness [10]. Currently,
LABs can achieve only about 40% of their theoretical capacity,
in contrast with Li-ion batteries, which can attain 90% [11].
The low cyclability of LABs is closely linked to electrode degra-
dation, caused by the sulfation of the plates and the corrosion of
the grids [1, 12, 13]. Sulfation leads to the generation of an insu-
lating layer, composed of large nonconductive PbSO, crystallites,
on the surfaces of both positive and negative electrodes. This
hampers electrolyte permeation, thereby decreasing the accessi-
ble active mass and ultimately reducing the lifespan of LABs [5].
Conversely, anodic corrosion of the positive grid, driven by the
formation of PbOx (1 < x < 2) and PbSO, at the interface between
the lead grid and the PAM, increases electrical resistance and
induces mechanical stress, leading to the development of cracks
[12, 14, 15]. Both these issues are closely linked to water loss due
to electrolyte water electrolysis, especially during overcharging.
Furthermore, the efficiency of the charging-discharging process
is dependent on the electrode’s active mass, where limited con-
ductivity and mass transfer hamper effective charging and dis-
charging. During C-rate discharge operations, the electrolyte
often fails to reach the interior of the positive electrodes
promptly, causing an abrupt cutoff in the discharge process
[16]. This results in a utilization efficiency of the PAM of less
than 20% [10]. Additionally, throughout charge-discharge cycles,
PbO, repeatedly converts to PbSO, and back, a process involving
volume expansion and contraction, contributing to the structural
weakening of PAM [5, 12]. To tackle these challenges, carbon
compounds have proven effective as additives to enhance the per-
formance of LABs. Currently, various carbon materials, such as
activated carbons, carbon nanotubes (d-CNT), and graphite, are
used in the negative active material. These compounds improve
both capacity and conductivity, while certain crystalline carbon
phases enable high-energy density storage. Their incorporation
also reduces plate sulfation during discharge cycles, leading to
a longer cycle life for LABs without altering the fundamental
chemistry of the electrodes [1, 17, 18].

In contrast, research on the PAM is comparatively limited, likely
due to the oxidative potential of the plate. However, integrating
carbon additives in PAM has shown promising results, particu-
larly in enhancing grid corrosion resistance and improving mate-
rial utilization.

Shi et al. demonstrated that the addition of rice husk-based porous
carbon (RHPC) to positive electrodes improves both electrical con-
ductivity and electron transfer rate, promoting the utilization of
PAM. In fact, under 100% depth-of-discharge (DoD) discharge con-
ditions, an increase in discharge capacity by 16% and 23% at 0.05
and 1C was observed in the presence of RHPC [16]. Research by
Dada et al. demonstrates that graphene nanosheets, particularly
graphene oxide (GO), significantly enhance the capacity utiliza-
tion of PAM. This enhancement is attributed to increased electro-
lyte permeation resulting from a rise in preformation porosity.
Notably, at a rate of 0.2C, the presence of GO boosts PAM’s utili-
zation by nearly 42%, while also improving high-rate performance
due to greater reactivity at the graphene/PAM interface [10].
Furthermore, Zhang et al. examined the effects of a synthesized
layered Nafion-reduced graphene oxide/polyaniline (HNGP) addi-
tive in the PAM of 2V AGM LABs, focusing in particular on

discharge capacity and durability. After formation, an increased
a-PbO, content was observed in PAMs containing HNGP, which
may contribute to longer cell cycle life. In addition, a significant
enhancement in discharge capacity was obtained over the
0.05-0.2C rate range [19]. Kosachi et al. examined how expanded
and nonexpanded graphite additives influenced the utilization of
PAM. They found a direct correlation between total PAM pore
volume and utilization across various discharge rates, ranging
from 4C to Cy. Notably, nonexpanded graphite proved to be a
more effective additive than the expanded one in enhancing
PAM utilization [11].

The presented work investigated the effect of carbon nanotubes,
graphite, and carbon black (CB) on PAM utilization, water con-
sumption (WC), and cycle efficiency. A 2V AGM-LAB 1+/2—
prototype was used to perform the formation and the electrical
tests on the homemade carbon-modified positive electrodes.
Chemical analyses, including scanning electron microscopy
(SEM), X-ray diffraction (XRD), Brunauer—Emmett—Teller
(BET), and Hg-porosimetry, were performed postformation to
identify potential compositional and morphological differences
linked to the presence of carbon in the PAMs. Preliminary
electrical tests (C,o and CCA) were conducted to investigate
the effects of carbon compounds on PAM utilization.
Furthermore, 50% DoD cycle tests and WC analysis were done
in the same configuration to evaluate their impact on cycling per-
formance and electrolyte water electrolysis. Physical-chemical
analyses of the postmortem positive electrodes were performed,
along with XRD and surface SEM, to examine the sulfation
degree, the ratio of a- to §-PbO,, and the possible PAMS’ mor-
phology differences due to carbon compounds addition.

2 | Experimental Section

2.1 | Carbon Compounds and Their
Physicochemical Analyses

Among several carbon-based materials, three different commer-
cial carbon compounds were considered: graphite (Graphite,
Imerys), CB (Cabot Corp.), and d-CNT (Black Diamond).
These compounds were initially screened based on their physi-
cochemical properties, such as surface area, porosity, degree of
graphitization, conductivity, and contact angle (wettability).
The selection of these three carbon materials was made because
of their clearly distinct properties.

Surface area, pore dimensions, and size distribution were deter-
mined by N, physisorption (Asap 2020 Plus, Micromeritics).
The specific surface area of each sample was obtained by
BET analysis and by the quenched solid density functional the-
ory (QSDFT) model, which was shown to be more accurate than
the nonlocalized density functional theory method, although
limited to a pore dimension of 40 nm. The QSDFT model takes
into account the roughness of the surface area and heterogene-
ity, yielding a better fit to the experimental data, particularly for
disordered carbons. The pore size distribution was determined
by solving an integral equation in which the experimental data
were represented as a convolution of the QSDFT kernel of the
theoretical isotherm (calculated for slit, cylindrical, and spheri-
cal pores) [15]. The degree of graphitization of each material
was determined by Raman spectroscopy and subsequent
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deconvolution of each spectrum. All the Raman spectra were
recorded with a 532 nm laser (30 mW nominal) using a portable
device coupled with an optical fiber (BWS465-532H-I Raman
Plus, BWTEK-Metrohm Group Company). The electrical con-
ductivity at different compressions was measured by resistance
tests on a homemade setup. A PC-controlled press allowed the
application of the desired load and read out the resistance/con-
ductivity of the pressed material. The data acquisition system
was realized using NI LabVIEW. To evaluate the surface wet-
tability of each carbon, all the measurements were performed in
a goniometry configuration. Indeed, the angle was evaluated by
taking the tangent of the liquid drop on the surface as observed
in a high-resolution image. Table S1 resumes the values of the
different properties for each carbon additive.

2.2 | Positive Plate Production

Homemade positive electrodes were produced on a laboratory scale
using a procedure developed by FIAMM Energy Technology (FET).
The raw materials included lead oxide (PbO), minium (Pbs0,),
polyester fiber, sulfuric acid (H,SO,4, 50% vol. solution) and water
(H,0), or water with carbonaceous additives (H,O + C). For the
PAM additives, several commercial carbon compounds were
selected based on their physicochemical and electrochemical prop-
erties, including graphite, CB, and d-CNT. These carbon materials
were incorporated into the mixture at 0.04 wt.%ppo during the pos-
itive electrode production phase, whereas control standard electro-
des were prepared without any further carbon additives (STD) [15].
The paste was then manually spread on the lead grids made of
PbSnCa alloy. Each produced plate underwent a curing process
in a Memmert HCP50 climatic chamber to achieve a dry electrode,
under the procedure established by FET.

2.3 | Absorbent Glass Mat Lead-Acid Battery Cell
Prototype Assembly and Formation

A 2V PVC hermetic AGM prototype cell was assembled with one
positive plate and two commercial negative ones [20]. A glass mat
acts as the separator, while two polyvinylidene difluoride (PVDF)
connectors facilitate the externalization of the electrode termi-
nals. These connectors, crafted from a Pb-Sn alloy, were inde-
pendently welded to the plates. Electrolyte introduction
occurred under vacuum conditions to ensure complete adsorp-
tion by the glass mat separator [15]. The required electrolyte vol-
ume was determined based on the saturation target and the
recorded water loss during preliminary formation. A 10-step con-
stant current procedure was employed for the electrochemical
formation, following several preliminary tests on the same pro-
totype cell, with standard commercial electrodes. Each cell was
kept in a water bath to maintain a constant internal temperature
of 35°C-45°C throughout the formation process, which was per-
formed using a multichannel test system Digatron UBT-ME.
Open circuit potential (OCP) and internal resistance (IR) meas-
urements were performed at the end of each battery formation,
following a 72-hour rest period, using a Hioki battery tester.
Furthermore, the LABs’ weight variation observed during the
formation, as well as the degree of saturation of the AGM sep-
arators, was measured.

2.4 | Preliminary Electrical Tests (C,, and CCA)

The preliminary electrical tests were carried out on two other
batches of LABs, which were assembled with the same home-
made positive electrodes used for the chemical analysis and
formed following the same procedure. In the C,, tests, each cell
was discharged using an I, current, with a cutoff voltage (Vgop)
set at 1.75V, following the EN 50 342-1:2016—11 method. The
nominal capacity of the cell was previously determined based
on the dimensions of the plates and the average positive active
mass. After discharging, the cell was recharged with a constant
voltage of 2.67 V for 24 h, limiting the current to 5-I,, (IU charge
method). Both the discharge and recharge processes were per-
formed at a temperature of 25°C, utilizing the thermoregulated
bath Scientific SC150.

The Cold Cranking Amps (CCA) test was performed on each cell
according to the EN 50 342-1:2016—11 method. The cell had to be
maintained at —18°C for at least 18 h and then discharged using
an Icca current for 10 s. Subsequently, a rest period of 10 s antici-
pates a further discharge performed with 0.6-Icca current with a
Veop of 1V.

2.5 | Life Tests (Water Consumption Test and 50%
Depth-of-Discharge Test)

The WC test was conducted following the EN 50 342-1:2016—11
specification for the initial batch of LABs. The test only started
after successfully passing the preliminary discharges, which con-
sist of three C,, discharges and two CCA. After charging, each
battery was cleaned, dried, and weighed (W, weight before each
step) in grams. The cells were then placed in a thermal chamber,
Memmert 600, maintained at 60°C, and charged at 2.4V for 21
days. Following this overcharge period, each battery was cleaned
and dried. 24 h later, the OCP, IR, and weight (W,, weight after
each step) of each LAB were recorded. Subsequently, the cell
rested for 8 h at 60°C. The same sequence of operations was
repeated on the same LABs three more times for a total experi-
ment duration of 84 days. The weight loss (WL, g/Ah), due to the
electrolyte water electrolysis, was calculated after each period of
21 days (Equation (1)), where C?"* is the specific discharge
capacity of each cell.

W,-WwW
WL= W (1)

The 50% DoD cycle test was conducted on the second batch of
LABs that successfully passed a preliminary C,, discharge and
CCA tests, according to EN 50 342-1:2016—11. Each LAB under-
went a series of repeated discharges and recharges. Specifically,
the LABs were discharged at a 5-I, current for 2h to reach 50%
DoD, which means LABs were depleted to 50% of their nominal
specific capacity. Each discharge was followed by a recharge, dur-
ing which both the recharge time and the charging factor (CF)
were constrained. The CF is defined as the ratio of the specific
recharge capacity to the specific discharge capacity. The first
charge phase was performed at a voltage-controlled mode for
5h with a current limit of 5-I,,. If a CF of 1.08 was not reached
after 5h, a further charge phase at I, current control mode was
done up to reach the desired CF or for a maximum of 1 h. The dis-
charge-recharge cycles were repeated until the end-of-discharge
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voltage of the tested batteries fell below 1.75 V. The 50% DoD test
was carried out by placing each LAB in a water bath maintained
at 40°C.

2.6 | Postmortem Physicochemical Analysis of
Positive Active Materials after Lead-Acid Batteries’
Formation and Life Tests

After the formation process, each cell was dismantled for a chem-
ical analysis of its components. The positive electrodes were thor-
oughly washed with deionized water and then dried in a
convection oven at 60°C. Subsequently, the %PbO, content
was quantified to evaluate the formation efficiency with a back
titration after adding an excess of Na,C,0, in the dissolved sam-
ple according to the following reaction

5C,02- +2MnO; +16H* »2Mn?* +10CO, +8H,0 (2)

Titration was carried out using the Methrom 905 Titrando auto-
matic titrator. Before proceeding with titration, the sample was
dissolved in the attack solution. Furthermore, to investigate the
additives’ impacts on PAMs porosity, both the Hg-porosimetry
and BET analyses were performed on samples collected from
the various formed LABs. Specifically, the porosity percentage
and intrusion volume were measured using AutoPore IV
(9500) Hg-porosimeter, while physisorption isotherms to conduct
BET and pore distribution analysis were obtained via nitrogen
adsorption—desorption at 77 K using the Micromeritics TriStar
II 3020. The surface area was determined from the absorption
curve in a multipoint BET analysis (0.05 < p/po > 0.3).

Additionally, compositional and structural analyses of various
samples were performed through XRD measurements. These
analyses were conducted using a Rigaku Miniflex 600 diffractom-
eter equipped with a Cu anode X-ray tube (40kV, 15mA),
Bragg-Brentano optical module, monochromator, and D/teX
Ultra silicon strip detector. Diffraction patterns were collected
in the 26 = 0°-80° range, with 20 = 0.02° virtual step size, count-
ing an equivalent time of 100 s per step.

SEM analysis was performed using a Thermo-Fisher Phenom XL
SEM to investigate the impact of various carbon additives on the
structural and morphological properties of the specimens.

After the life tests, each LAB was disassembled for chemical anal-
ysis of its components. The positive electrodes were thoroughly
washed with deionized water and then dried in a convection

oven at 60°C. XRD analysis was employed for the structural
and compositional study of the different postmortem plates.
To prepare the samples, the active material was extracted diago-
nally from the plates, starting at the tab and extending to the
opposite lower corner, ensuring a representative sample. The
material was ground with a mortar and pestle until it became
a fine powder. The prepared samples were placed in a PMMA
sample holder and loaded into the X-ray diffractometer.
X-ray phase analysis was conducted using a Bruker AXS D8
ADVANCE Plus diffractometer fitted with a copper (Cu) source
(Aka1 = 1.5406 A, 40 mA, 40 kV). The scan range was set between
20° and 80° (20) with a step size of 0.03°. The resulting diffracto-
grams were examined using Bruker proprietary software (EVA
and TOPAS), alongside the crystallography open database and
the specified plate number databases. The phases a-PbO,,
p-PbO,, and PbSO, were identified and quantified through
Rietveld refinement. SEM analysis was performed on the
postmortem positive electrodes to investigate their nano- and
micromorphologies. To prepare the samples, a small piece of
active material was removed from the grid and mounted onto
a SEM sample holder using a strip of carbon tape. Images were
captured using a Zeiss Sigma HD FE-SEM, which is equipped
with an INCAx-act PentaFET Precision spectrometer (Oxford
Instruments). The primary beam acceleration voltages used for
imaging ranged from 10 to 20 kV.

3 | Results and Discussion

3.1 | Formation of Various Lead-Acid Batteries
With and Without Carbon Compounds

An initial batch of LABs, both with and without carbon compounds
in the PAM, was assembled and formed to examine the effects of
additives on the structural, morphological, and compositional prop-
erties of PAM. Furthermore, two additional batches of LABs, iden-
tical to those used for the PAM’s chemical analysis, were formed to
undergo preliminary electrical tests (C,, and CCA) and, later, one of
the two was employed for the WC analysis, while the other one to
50% DoD microcycles, respectively. Figure 1a illustrates the poten-
tial formation profiles of commercial and homemade standard
plates, including those modified with various carbon additives, of
LABs subjected to chemical analyses. No significant differences
in the shape of the formation profiles are observed between the
commercial and homemade electrodes. Only the curve for the cell
with CB displays slightly lower voltage during the early stages.

CIPY (b) 2.18 (©) 6.0
2.6 2164 7 5.5
S S
w 2.4 w 2.144 5.0
2.2 2124 4.5
2.0 2.10- 4.0
Time Q g © & Q P @ &
Y s
D
& &
FIGURE 1 | (a) Potential formation profiles for a standard plate, both commercial and homemade, and plates modified with different carbon

additives. (b) OCV values and (c) IR values of the different cells formed.
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However, the OCP and IR measurements are quite similar, as
shown in Figure 1b,c. Both parameters were averaged with
those from the cells formed for the 50% DoD and WC tests. As
regards each LAB’s weight variation associated with electrolyte
water electrolysis, the presence of graphite appears to result in a
smaller variation, as shown in Figure Sla. In terms of the AGM
separator’s degree of saturation, no significant differences were
observed among the different cells, as shown in Figure Slb.
Additionally, all samples display an electrolyte saturation level well
above 98%.

3.2 | Chemical Analysis of the Positive Plates
After Formation

After the formation resting period, each battery was dismantled
for a teardown analysis of the PAM. The amount of PbO, was
measured to evaluate the formation efficiency. PAM is consid-
ered underformed if the PbO, content falls below 80%, as sug-
gested by PENOX Gmbh [21]. All cells, except for the one
containing CB, displayed an acceptable PbO, content, exceeding
the threshold value while remaining very close to the reference
level, as shown in Figure S2. In the case of the CB cell, the PbO,

content was slightly lower than the reference. This discrepancy
has been attributed in the literature to a slightly higher amount of
PbO in the positive cured plate mixture after soaking [22]. During
the oxidation of this mixture, comprising PbSO,, 1BS (monobasic
lead sulfate, PbO-PbSO,), 3BS (tribasic lead sulfate,
PbO-PbSO,-H,0), Pb;0,, and PbO, the PbO is oxidized first, fol-
lowed by the basic lead sulfates. Consequently, a higher PbO con-
tent in that mixture results in a more negative potential for its
oxidation to PbO, [22]. Lower voltages were recorded during
the early stages of the formation step, where the oxidation of
PbO to PbO, takes place, for this specific cell, as illustrated in
its potential curve (Figure 1a). XRD measurements were con-
ducted to determine the crystal phase composition of the
PAM from various positive electrodes, as shown in Figure 2a.
The spectra revealed three distinct compounds: the a-PbO,
and f-PbO, phases, along with PbSO,. Well-defined peaks char-
acteristic of crystalline materials were observed, with no indica-
tions of amorphous phases. Each spectrum displayed four
primary peaks at 26° (1 1 0), 32° (1 0 1), 36° (2 0 0), and 50°
(2 1 1), which are associated with plattnerite (5-PbO,). A peak
corresponding to scrutinite (a-PbO,) appeared at 28° (1 1 1),
while the peaks for PbSO, were challenging to identify due to
their significantly lower intensities compared to those of the
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FIGURE2 | (a)XRD patterns of the post-formation positive electrodes, (b) a-PbO,/f-PbO, ratio, (c) PbSO, content of various PAMs, (d) porosity and
(e) surface area (BET) of the different postformation positive electrodes, SEM images of (f) a formed commercial positive plate without carbon additives

and of (g) a homemade formed positive plate with d-CNT in concentration 0.04%pro. XRD = X-ray diffraction; PAM = positive active material;

BET = Brunauer—Emmett—Teller; SEM = scanning electron microscopy.
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PbO,, as noted in the same figure. A Rietveld analysis was con-
ducted on each spectrum to determine the ratios of the alpha and
beta phases of PbO,, as well as the PbSO, content (see Figure 2b,c).
Figure 2b illustrates significant differences in the lead dioxide
composition between cells with commercial and homemade
plates. The a- to p-PbO, ratio may significantly influence
LABs’ performance. A higher value may lead to a longer cycle
life since a-PbO, has a lower utilization coefficient than
p-Pb0O,, which provides a more robust structural framework.
However, the extent of this advantage largely depends on the pro-
duction, curing, and formation processes of the plates themselves
[22-24]. No significant differences were noted between the
homemade PAMs, with any minor variations observed likely
attributed to tool inaccuracies, as shown in Table S2. In terms
of PbSO, content, the cell labeled CB shows the highest amount.
This is attributed to the lower quantity of PbO, generated during
its formation. Conversely, the PAM containing d-CNT exhibited
a PbSO, level similar to the STD sample (Figure 2c). However,
from a morphological perspective, the shapes and sizes of PbSO,
crystals generated in these samples differed, as shown in
Figure 2f,g. In the STD PAM, large sulfate crystallites covered
the surface nonhomogeneously. In contrast, the addition of
d-CNT results in the formation of uniformly distributed and sig-
nificantly smaller PbSO, particles. This is because carbon nano-
tubes create well-distributed networks that facilitate a uniform
current distribution throughout the plate, promoting the forma-
tion of the active material and favoring the nucleation of small
PbSO, crystals [23]. Regarding the two standard PAMs, both
samples exhibited similar structure, although the homemade
one was slightly less compact (see Figure S3a). The introduction
of graphite resulted in a greater open structure (see Figure S3b),
likely due to its oxidation during the formation process [22, 25].
Additionally, its presence promoted a more expanded structure
through intercalation into the PAM, as shown in Figure S3b [23].
Unlike the STD sample, large sulfate crystallites were absent in
both specimens containing graphite and CB (see Figure S3). Hg-
porosimetry measurements confirmed a significant increase in
PAM porosity with the incorporation of graphite, as shown in
Figure 2d. This figure also suggests that CB affected this property,
although its influence is not easily discernible from the SEM
image. The literature indicates that CB experiences a 60 % weight
loss due to oxidation during formation, contributing to the
increased PAM porosity and affecting its chemical, physical,
and electrical properties [23, 26, 27]. These findings suggest that
the presence of dense crystal packing within the plate results in
thinner pore structures compared to those observed when graph-
ite is added. Additionally, similar outcomes were obtained from
the BET analysis of the same samples. As shown in Figure 2e, the
PAM containing graphite has the highest surface area, yet all
homemade samples exhibit greater BET values than the STD
one. This indicates that the electrode’s manufacturing process
plays a key role in influencing this parameter, as suggested in
the literature [3].

3.3 | Preliminary Electrical Tests (C,, and Cold
Cranking Amps)

The preliminary electrical tests (C,, and CCA) were performed
on both batches of LABs, which were then subjected to life tests
to assess PAM utilization and to investigate the effect of various

additives on it. As regards the C,, each LAB was discharged at a
constant current I, until it reached a cutoff voltage of 1.75V.
Figure 3a illustrates the C,, curves of the LABs tested for WC.
In addition, Figure S4 displays the discharge curves of the second
and third C,, sequences performed on the same cells, alongside
those of the 50% DoD cycle test batteries. All the curves were
normalized to the end of the discharge time of the respective ref-
erence. The specific discharge capacity of each tested LAB was
then determined and normalized based on the specific discharge
capacity of the reference one from the same C,, sequence. For the
first Cy analysis, an average value is given, regardless of further
tests (see Figure 3b). The same figure shows that the presence of
carbon compounds, regardless of their nature, did not lead to
improvements in PAM utilization during the first C,, sequence.
Actually, the incorporation of CB even decreases it, although this
may be due to a lower content of PbO, generated during the for-
mation process. Conversely, as the cycles progress, a notable
enhancement in the utilization of PAM is observed in LABs con-
taining d-CNT and graphite. These results closely match the
greater electrical conductivity of d-CNT and graphite compared
to that of CB, as shown in Table S1. Consequently, both the com-
pounds, in addition to increasing the PAM’s electrical conductiv-
ity, promote a uniform charge distribution across the electrode
surface. This favors the nucleation of smaller PbSO, crystals, pre-
venting the accumulation of larger particles that are challenging
to reconvert back to PbO,. Moreover, large PbSO, crystallites can
generate a compact and insulating layer, which hinders the dif-
fusion of the electrolyte through the PAM, increases the Ohmic
resistance, and ultimately causes the cell to shut down [23, 25].
Notably, during both the second and third discharges, the highest
capacity was recorded by LABs containing d-CNT. This is attrib-
utable to the higher wettability of this compound compared with
the other two carbon allotropes (see Table S1) and, consequently,
to the greater permeation of electrolyte through the PAM.
Furthermore, the result obtained due to d-CNT incorporation
aligns with what has been observed in the literature [15].

After the initial C,o-recharge cycle, both batches of LABs under-
went a CCA test. The CCA curves for the LABs designated for
the WC analysis are shown in Figure 3c. An additional CCA was
conducted on these cells following the completion of the second
C,o-recharge cycle, unlike the batch intended for the 50% DoD
microcycles, which underwent only one CCA (Figure S5). Each
curve was normalized based on the CCA end time of the respec-
tive reference and can be divided into two sections (Figure 3c).
The first part displays the discharge behavior of each LAB,
resulting from the application of an Icca current for 10s, with
the cutoff voltage recorded. Ten seconds after the conclusion of
the first part of the test, a second discharge was performed, on
each battery, by applying a current of 0.6 Icca until reaching the
cutoff voltage of 1V (Figure 3c). Both aspects depend on the IR
of each cell. However, no significant differences in discharge
curve shapes or cutoff voltages were observed among the differ-
ent LABs. This further confirms that incorporating carbon com-
pounds into the PAM does not alter the IR of the electrode
materials during formation or subsequent electrical tests.
Figure 3d indicates that cells with the best performances in both
CCA tests contain d-CNT or graphite, further confirming the
positive impact of these additives on the utilization of the active
mass. Notably, the specific discharge capacity of the LAB con-
taining graphite was the highest across both CCA cycles.
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Moreover, its capacitive behavior remains consistent from one
cycle to the next. This likely results from increased PAM con-
ductivity in the presence of graphite, which has higher electrical
conductivity and a greater degree of graphitization than the
other two carbon allotropes, as shown in Table SI.
Additionally, its ability to act as an electro-osmotic pump pro-
motes the electrolyte’s permeation through the oxidation-
generated pores, leading to more efficient and uniform chemical
reactions [23, 25]. In contrast, cells with CB exhibited a specific
discharge capacity significantly lower than that of the reference
cell at the end of the first CCA. However, during the second
CCA, its capacity increased substantially, reaching levels com-
parable to the STD cell. This enhancement likely results from
the oxidation of CB to CO, during electrical testing, which
increases the porosity of the active material and improves elec-
tronic exchange between the PAM and the electrolyte [23, 27].
Nonetheless, its impact on the investigated parameter was
considerably less than that of the other two carbon materials.

3.4 | Life Tests (Water Consumption Test and 50%
Depth-of-Discharge Test)

After completing the preliminary electrical tests, the two
batches of LABs underwent life tests to evaluate the impact
of various carbon compounds on each battery’s lifespan.
During the initial electrical tests, LABs designated for the
50% DoD cycle test were subjected solely to a Cy, followed

by a CCA. In contrast, the cells used to assess WC underwent
three Cyo and two CCA tests, performed in an alternating
sequence. Regarding the life tests, LABs designated for the
50% DoD test were first discharged to 50% of their nominal
capacity. Subsequently, multiple discharge and recharge cycles
were conducted until the cells shut down. The test was termi-
nated if the cell’s voltage fell below the threshold potential of
1.75V. Figure 4a shows the life cycle curves of the different
LABs undergoing the 50% DoD test. It is evident from the same
figure that the cyclability of the STD LAB was lower than that
of carbon-based cells, except for the CB sample. Despite the
STD PAM containing the highest a-PbO, level (see Table S2),
which provides superior structural and mechanical properties
essential for preventing the softening and shedding of
active material from electrodes during cycling tests, its perfor-
mance was significantly inferior to both graphite and
d-CNT-incorporating LABs. Notably, the influence of the
d-CNTs on cycling performance is particularly pronounced.
Their high wettability (see Table S1), combined with their abil-
ity to self-organize within the PAM, creating uniform and well-
distributed local networks, results in an even distribution of
current, which enhances their electrical conductivity and
improves the efficiency of conversion reactions [1, 6, 23].
Furthermore, their presence promotes the generation of a com-
pact and well-defined corrosion layer around the grid-cross sec-
tion, which facilitates adhesion between the PAM and the grid,
thereby optimizing the current circulation [15, 28]. Regarding
graphite-containing cells, the enhanced cyclability observed is
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evaluation.

likely attributed to the increased PAM porosity (see Figure 2d.e)
and improved interconnections through small pores, thus
enabling better-conducting networks with the available PbO,
particles. Moreover, its role as an electro-osmotic pump aids
in the transport of electrolytes through the porous electrode, lim-
iting the concentration polarization and promoting more effec-
tive and uniform chemical reactions [23, 25]. In contrast, the
least-performing LAB was the one with the CB. Figure 4b illus-
trates the trend of the time for the second charge phase of the 50%
DoD test concerning the number of cycles. Both the curves for
the STD LAB and the one containing CB intersect the time axis
at higher values than the other two samples tested. The PAM that
includes graphite and the one that incorporates d-CNT can
accept a larger charge during the first recharge phase. This
can be attributed to a better, more uniform, and more effective
distribution of the current, as well as the formation of smaller
sulfates—which are easier to reconvert—resulting from the addi-
tion of these highly electrically conductive carbon compounds.
Furthermore, the duration of the second recharge, which follows
the first, is short enough to achieve the predetermined charge
factor. The slopes of these curves also vary significantly.
Notably, the curves for the STD cell and the one labeled
CB_50% DoD are nearly parallel and exhibit a considerably
steeper slope than the other two samples. A steeper slope indi-
cates a higher degradation rate for the PAM. Both of these cells
reach the cutoff potential after completing far fewer cycles than
the other two LABs tested. Regarding the LABs used for the WC
analysis, each cell was recharged with a constant voltage step for
21 days, while limiting the current to 5-I,,. After this period, the
WL of each cell was measured and normalized based on each
cell’s specific discharge capacity. The entire experiment,

conducted at a temperature of 60°C, spanned a total of 84 days
and involved four steps. Figure 4c illustrates the capacity
absorbed (Qwc) by each cell throughout the 84-day analysis
period. In the initial phase, the Qwc was quite similar across
all tested samples, indicating uniform WL for all LABs.
However, after 21 days, the trends of the different curves began
to diverge significantly. Notably, cells containing graphite or CB
exhibited a marked increase in the slope, demonstrating a signif-
icantly higher Qwc than the other cells throughout the entire
experiment. The impact of d-CNT on the investigated phenome-
non was similar to that of CB or graphite during the first half of
the test, resulting in a greater Qwc compared to the STD.
Subsequently, the curve for the same cell aligned closely with
the STD, increasing in slope during the final time interval, as
shown in Figure 4c. Figure 4d shows that the charge absorbed
during the first 21 days was similar across all cells.
Additionally, all LABs experienced minimal weight variation
due to electrolyte water electrolysis during this period, except
for the battery incorporating CB, which is visible by comparing
the very first points for each battery in Figure 4d. The figure
also indicates a direct proportional relationship between the
Qwc of each cell and the weight variation observed 42 days
after the test began. Both graphite-containing and CB-containing
LABs demonstrated the highest weight change and Q¢ after this
time. In contrast, while the presence of d-CNT resulted in a
greater Quwc throughout the entire experiment, it also yielded
a lower weight variation compared to the STD at each 21-day
interval. These findings may be attributed to the increased
recombination rate of hydrogen and oxygen resulting from
electrolyte water electrolysis, consistent with observations in
the literature [15].
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3.5 | X-Ray Diffractometry Analysis

Structural and compositional analyses of postmortem positive
plates were performed through XRD measurements. The XRD
patterns of different samples collected from each electrode after
the life tests are shown in Figure 5a, revealing the presence of
a-PbO,, f-Pb0O,, and PbSO, phases. These phases were quantified
through Rietveld refinement, and the ratio between the two PbO,
polymorphs was determined. Notably, the STD PAM exhibited
the highest ratio, as shown in Figure 5b. Even after formation,
the same sample contained the greatest amount of a-PbO, poly-
morph, along with a consistent content of PbSO, (see Figure 2b,c).
However, following the electrical tests, an approximate 8% reduc-
tion in this ratio was observed, significantly exceeding the varia-
tion seen in other samples. Throughout the life cycle of LABs, the
content of a-PbO, gradually diminishes while that of -PbO,
increases [2]. This transition affects the structural properties of
the PAM, as smaller 3-PbO, particles potentially may lead to soft-
ening and shedding of active material in the positive electrode
[13, 23]. As a result, during the 50% DoD test, the performance
of the STD LAB was notably poorer compared to both cells incor-
porating graphite and d-CNT, which exhibited less variation in
PbO, polymorph composition. Furthermore, a smaller variation
in this ratio may also correspond to a smaller change in the vol-
ume of the PAM during testing. This is likely due to the reduced
transformation between the two different polymorphic phases of
PbO,, which helps maintain greater structural integrity of the
PAM. Interestingly, although the LAB with the poorest
cyclability, i.e., the one with CB, shows a smaller variation in this
ratio compared to those with the other two carbon materials, it is
evident that this PAM has the highest amount of PbSO,, as
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shown in Figure 5c. The presence of a greater amount of
PbSO, crystallites already at the end of formation contributes
to the formation of a thick insulating layer. This layer reduces
the active surface area between PAM and electrolyte, adversely
affecting the structural and mechanical properties, and thus
decreasing the LAB’s life cycle [12, 29]. Nevertheless, it is also
interesting to note that the increase in sulfate content is similar
to that observed with the other two carbon additives and remains
significantly lower than in the STD.

This further supports the ability of nanocarbons, particularly
graphite and d-CNT, to inhibit excessive growth of PbSO, crystals
and mitigate “hard sulfation,” thereby increasing PAM porosity
and conductivity, due to their intrinsic properties (see Table S1),
which in turn improves overall LAB performance.

3.6 | Scanning Electron Microscopy Analysis

SEM analysis was performed on each sample after the life test to
examine its surface morphology, as shown in Figure 6. The char-
acteristic “needle-like” and tetragonal crystal structures associ-
ated with the a- and p-phases of PbO, are observed across all
samples [23, 28]. However, their content is notably higher in
STD, as shown in Figure 6a,a’, further supporting the observa-
tions from the XRD analysis. Additionally, both PbO, poly-
morphs uniformly cover the underlying PbSO, crystallites,
interconnected to form a compact structure similar to that
observed at the end of the formation process (Figure 2f).
Generally, “hard sulfation” mainly affects the negative active
mass because the particles have a lower specific surface
area (SSA of 0.5-1m?* g™') compared to the PAM (SSA of

o
)
)

o
N
)

a-PbO, / B-PbO,
o o
o -
w\ o

FIGURE 5 | (a) XRD patterns of the postformation positive electrodes; (b) a-PbO,/f-PbO, ratio, (c) PbSO, content of various PAMs. XRD = X-ray

diffraction; PAM = positive active material.
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FIGURE 6 | SEM images of a positive commercial standard (a,a’) and homemade electrodes modified with carbon additives: d-CNT (b,b’), graphite
(c,c’), and CB (d,d’). Right: magnified views of the images on the left. SEM = Scanning electron microscopy; CB = carbon black; d-CNT = carbon

nanotubes.

3.0-8.0m? g%) [4]. However, in batteries subjected to frequent
discharge/recharge cycles, such as the 50% DoD test, as well
as deep discharges and incomplete recharges, hard sulfation is
also evident in the PAM [14]. In fact, from Figure 6d, larger
PbSO, crystallites are visible, forming an insulating and dense
coating. This layer, made up of particles of different shapes
and sizes, uniformly covers the surface of the PAM. As a result,
electrolyte diffusion is hindered, reducing electronic exchange
and ultimately shortening the battery’s cycle life. Compared to
the STD sample, the one containing CB shows a higher PbSO,
content even at the end of its formation (see Figure 2c). As
the electrical tests progressed, the crystallization of PbSO, pro-
duced the thick layer shown in Figure 6d, originating from non-
solubilized crystallites. Moreover, unlike the STD sample, PbO,
particles are not evenly distributed across the entire PbSO, crys-
tallite surfaces, as shown in Figure 6d’. Conversely, in Figure 6c,
small PbSO, particles are distributed randomly on the PAM’s

surface. The oxidation process involving graphite during forma-
tion and electrical testing increases the porosity and surface area
of the active material (see Figure 2d,e), improving electrical
exchange due to enhanced electrolyte diffusion [23, 25]. This,
coupled with increased electrical conductivity from the presence
of graphite (see Table S1), promotes the formation of small PbSO,
crystals rather than large particles accumulating on the plates, as
seen in the CB sample. A similar outcome was observed when
adding d-CNT, as shown in Figure 6b. Although this sample
appears more sulfated than the one with graphite (see
Figure 6¢), XRD analysis suggests the opposite. It is also noted
that some PbSO, particles are covered by PbO, crystallites.
Additionally, in terms of size, the PbSO, crystals in both samples
are comparable, as shown in Figure 6b’,c’. The nucleation of
small PbSO, particles in the PAM is attributed to the presence
of d-CNT, which, due to its high wettability and electrical con-
ductivity (see Table S1), enhances electronic exchange between
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the PAM and the electrolyte, thereby promoting the conversion
reaction.

4 | Conclusion

This article investigates the impacts of three carbon compounds:
graphite, carbon black, and carbon nanotubes, on the perfor-
mance of 2V AGM LAB prototypes. The study specifically eval-
uates their effects on PAM utilization, cycling performance, and
WC when incorporated at a concentration of 0.04 wt.%ppo into
the positive electrodes. Preliminary electrical tests (Cy and
CCA) indicated a significant enhancement in the specific dis-
charge capacity of LABs containing d-CNT and graphite. This
improvement is linked to the higher porosity and larger surface
area of PAMs, as well as the reduced PbSO, crystallite size
formed on their surface, confirmed by chemical analysis of
PAMs after formation. Notably, the addition of carbon materials,
apart from CB, did not significantly alter the formation curves,
the OCP, or the IRs. In contrast, the cell containing CB recorded
lower voltages during the early stages of its formation, as illus-
trated in its potential curve. This is attributable to a higher PbO
content in the mixture after soaking, resulting in a more negative
potential for its oxidation to PbO,.

Regarding cyclability, LAB containing d-CNT demonstrated a
significant enhancement compared to the STD LAB during
the 50% DoD test. Additionally, the presence of the same com-
pound in LABs subjected to WL analysis resulted in a greater
Qwc throughout the experiment, while simultaneously reducing
WL compared to the STD at each 21-day interval. This may be
attributed to the increased recombination rate of hydrogen and
oxygen, produced in overcharging. Conversely, a direct propor-
tional relationship between the Qwc and the WL was noted in
other LABs, particularly 42 days after the test began.

The physical-chemical analysis of the postmortem positive elec-
trodes further supports these findings. Notably, XRD measure-
ments indicate an approximate 8% reduction in the ratio
between a- and f-PbO, of STD PAM subjected to the 50%
DoD test, significantly exceeding that observed in other samples.
This transition affects the structural properties of the PAM.
Consequently, this results in poorer cyclability for LABs com-
pared to those incorporating graphite and d-CNT, which exhib-
ited less variation in PbO, polymorph composition. Interestingly,
while the PAM collected from the LAB with the poorest cyclabil-
ity, containing CB, showed a smaller variation in the a- to f-PbO,
ratio compared to PAMs with the other two carbon additives, it
had the highest amount of PbSO,. Furthermore, the larger PbSO,4
particles detected in this sample by SEM analysis are challenging
to dissolve in the electrolyte and convert back to PbO, during the
LAB’s life span. In contrast, smaller PbSO, particles were found
dispersed randomly on the PAM surfaces in the samples contain-
ing graphite and d-CNT, unlike the STD PAM, where larger
PbSO, particles are covered by the PbO, polymorphs.
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