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Abstract: This study involved the preparation of lead oxide paste for use in the production of lead-acid batteries. The paste was
applied to the positive plates, and its performance effects were tested on the battery. Morphological and surface area analyses were
conducted using SEM and BET, respectively, after the performance tests. Two mixtures of lead oxide ratios, 25%Pb-75%PbO (sample
A) and 30% Pb-70% PbO (sample B), were used. The dough was applied to positive grids and passed through the curing process. SEM
images revealed that tribasic sulfate (3BS) structures had a higher charge acceptance rate than tetrabasic sulfate (4BS) structures. BET
analyses showed that the surface area of the samples with A ratio was higher than that of B. Electrical tests were conducted in the
laboratory, and the A sample was found to be 12% more effective in the first charging efficiency than the B sample. Sample A was also
found to be 67% more efficient in charge acceptance tests and 6.5% more efficient in cycle tests. The study also showed that increasing
the %Pb ratio in the product decreases the initial charge efficiency, charge acceptance, and cycle life. Finally, the response surface
method was used to examine the 2D picture of the relationship between lead percentage and yield, and it was found that the highest
yield was obtained at 26% lead yield, with the yield being inversely proportional to the increase in lead percentage, likely due to the
effect of particle size and surface area.
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1. Introduction design.

A battery is a device that transforms chemical energy
directly into electrical energy through an electrochemical

e [tis easily available in the market.
1.2. Disadvantages

oxidation-reduction reaction, which can be reversed in e Low cycle compared to other accumulators
rechargeable systems. This reaction involves the transfer (Approximately 500 deep discharge-charge cycles).

of electrons between materials through an electrical * Low energy density (30-40 Wh/kg)

circuit. Unlike non-electrochemical redox reactions, e Sulfation problem occurs when there is no long-
where only heat is affected, batteries offer high energy term use.

conversion. There are several types of batteries classified ¢ Flooded batteries

according to the metal types used, such as lead-acid,
nickel-cadmium, nickel-iron, nickel-metal hydride,
lithium-ion, and silver-zinc batteries. Lead-acid batteries
are the most commonly used due to their durability, low
cost, well-understood electrochemistry, and high
recyclability. These batteries can be classified as dry or
wet. The advantages and disadvantages of the lead acid
battery are as follows; Gutiérrez et al. (2018); Bode
(1979); Bode (1977); Eydemir (2019); (Picakc et al.
2021).

1.1. Advantages

e Jtislow cost.

e Itiseasy torecycle.

e Itcan be produced easily in high quantities.

e Recharge efficiency is high (>70%)

e Various sizes and capacity production are easy to

Starter batteries, also known as SLI (defined by the
words starting, lighting, and ignition) batteries, are the
most commonly used battery types. Automobiles, trucks,
tractors etc. used in the fields Garche (1990); Pavlov
(2011).

1.3. Dry batteries (VRLA)

The technological infrastructure of dry batteries differs
from that of wet batteries, as dry batteries are classified
into two categories: AGM (Absorbent Glass Mat) and gel
batteries. Unlike wet batteries, dry batteries do not
contain liquid electrolytes. As a result, they eliminate the
risk of electrolyte leakage and overflow, which is often a
Additionally, dry
batteries produce significantly less gas than their wet
counterparts, which leads to a longer shelf life and
enhanced safety (Mitchell et al.,, 2009; Lu et al., 2022).
The scientific literature contains numerous studies

concern with flooded batteries.
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investigating the effects of various additives on the
properties of positive and negative electrodes in lead
acid batteries, with the goal of enhancing battery
performance. In these studies, morphological analyses
using SEM and BET were conducted to examine the
impact of these additives on the positive plate dough,
revealing notable structural changes (Wang et al,, 1995;
Lachetal, 2019; Jiaetal, 2020).

The initial investigation of lead acid batteries by Mayer
and Rand highlighted the crucial role of increasing the
electrochemical reactivity of the active mass, which is
one of many factors that can significantly impact battery
performance. As researchers have noted, the production
of lead oxide through mixing, hardening, and forming
processes is a critical part of battery design and
performance. The battery industry currently employs
two primary methods for lead oxide production: the ball
mill and Barton-pot processes. While both methods have
their own unique advantages, it remains difficult to
determine which yields the best lead oxide. Nevertheless,
studies have emphasized that both the ball mill and
Barton-pot products are effective in the production of
automotive batteries. This study explores the current
procedures for lead oxide production, the desirable
properties of lead oxide, and the effect of this substance
on battery performance (Mayer and Rand, 1996).

In a lead acid battery discharge lead sulfate is produced
and it is also known that large PbSO4 crystals dissolve
more slowly, thus causing the battery to fail. Little is
known about the use of chemically prepared PbSO4as the
active ingredient in lead acid batteries.

Zhang et al. In their study, it is seen that they are working
on the preparation of PbSO4 by chemically precipitating
aqueous lead acetate with sodium sulfate and its use as a
positive active material. In this study, it has been shown
that PbSO4 alone is not sufficient for this, at different
mixing ratios with Pb304 at 5, 10, 20 and 30%, at a
current density of 100 mA g -1, 78.2, 92.9, 88.0 and 91.5
It seems that the performance of mAh g-1 has been
reached. In addition, there is information that it remains
at a capacity of 150 with 10% Pb304, and 93% at 100%
battery charge (Zhang et al.,, 2016).

Zhang et al. In their study, the effects of expanded
graphite, carbon fiber, needle odor and polyacene as
positive electrode additives on the PbO: electrode
behavior of lead/acid batteries were investigated. It has
been found that all additives can significantly increase
the utilization coefficient of the positive active material
during the first phase of the charge and discharge cycle
(Zhang et al,, 2017).

According to Liu et al. In their study, they investigated
the effect and mechanism of iron-doped lead oxide on
lead acid battery. Iron doped lead oxide has been found
to significantly reduce battery capacity and cycle life, as
well as promote the release of hydrogen and oxygen,
resulting in poor performance of the iron “redox-
diffusion” process. They seem to have concluded that
PbS04 formation causes poor performances (Liu et al.,

2011).

Bao et al. In their study, the mechanism of SiO2+PbO2
powder as a positive electrode additive for lead-carbon
batteries was investigated in detail. Silica and its
compounds were tested for their electrochemical
stability and strong electrolyte storage capacity in
sulfuric acid solution. Since SiO2+PbO> has a high specific
surface area and porous structure, it is seen that it gives
good electrochemical performance at the anode. After
these powders were added to the lead-carbon battery,
this additive was found to increase ionic diffusion,
creating extraordinary ion transfer channels within the
positive active material (Bao etal., 2021).

According to Arun et al. In their study, it is seen that
using standard production processes, lead acid batteries
are formed on negative and positive plates containing
two different carbon additives. They investigated the
effects of morphological, porosity, BET surface area and
battery performance in the dough plastered on the plates
prepared with this additive. In the study conducted with
carbon additives, it is seen that the effect on the
discharge performance is positive. In addition, it was
emphasized that the high surface area carbon additive
increased the and brought
disadvantages when adding it to the negative electrode
(Arun et al,, 2020).

Yin et al. conducted a study on lead-carbon anodes and
proposed a novel approach using a carbon/lead (C/Pb)
composite with electroless coating. The composite was
found to reduce the hydrogen formation rate of the
anode, protect its porous structure, and enhance the
connection between the carbon and lead components.
Additionally, the C/Pb composite was found to suppress
hydrogen formation and incorporate carbon additives.
The researchers highlighted the
reinforcing the connection between the components and
the sponge lead material in their investigation (Yin et al.
2019).

Wang et al. In their study, they prepared new lead oxides

water loss some

importance of

with different particle sizes by the pyrolysis of lead
citrate in a rotary kiln and investigated the mechanism of
how the particle size affects the phase transition path of
the new lead oxides during the wetting process. PbO with
larger particle size (D50 diameter = 22.4 pm) converts to
3Pb0O-PbS0O4, 3Pb0O-PbSO4 is then partially converted to
PbO-PbSOs+ while PbO-PbSO4 is gradually converted to
PbSO4. Smaller particle size PbO (D50 diameter = 8.3 um)
is directly converted to PbSO4, and 3Pb0O-PbSO4 has been
reported to be partially converted to PbO-PbSO4. Since
PbO: is the oxidation product of PbSO4 in the subsequent
formation process, the phase compositions after soaking
determined the PbO2 content in the positive plates. The
particle size of leaded oxides determines the initial
capacity of the test cells by affecting the wetting process,
and it is stated that a linear correlation is obtained
between the initial capacity in the positive plates and the
PbO: content (Wang et al.,, 2020).

Chen et al. (2013) emphasized that the microstructure
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and surface morphology of lead dioxide (PbO2), as the
positive active substance of the lead-acid battery, have a
strong effect on the overall performance of the lead-acid
battery. In this study, it is seen that a series of PbOz thin
films are produced on the pure Pb surface via Pb
electrochemical oxidation. Its morphological effect and
electrochemical properties were investigated. At the end
of the study, it was found that the PbO: layer formed had
a high surface area, relatively small size, and especially
higher discharge capacity and better cycling performance
than other PbO: layers. It is seen that micro/nano
structured PbO2 materials improve their electrochemical
performance (Chen etal,, 2013; Yang et al,, 2013).

(2006) conducted a study aimed at
enhancing the performance of lead-acid cells by
improving their cycle life. In their research, they
examined the use of sodium sulfate as an effective, low-

Karimi et al.

cost additive for the negative paste in lead-acid batteries.
The inclusion of sodium sulfate led to improvements in
battery capacity, cold-start performance, and cycle life.
The team carried out several practical production
experiments using paste series with 0-4% of the new
additive added to the negative active substances. Results
showed that pastes containing sodium sulfate had
significantly  higher  capacity, better cold-start
performance, and longer cycle life than those without the
additive.

According to Karimi et al. (2006) investigated the effect
of sodium sulfate on the performance of sealed lead acid
cells by using sodium sulfate at the positive electrode. It
has found that the 4BS crystal size can be reduced in
cured positive plates, thus providing a larger surface area
that helps the user have better performance at high
temperatures.

Kwiecien et al. (2018) in their study, they emphasized
that sulphation affects the active surface area in the aging
mechanisms of lead acid batteries. For this reason, it
describes the accumulation of sulfate crystals on the
surface of the electrodes in the reaction where corrosion
resistance is also increased and spills occur. The low
conductivity of the crystals results in local immobility
with portions of inaccessible capacity as a result. The
sulfate crystals are the product of the discharge reaction
at both electrodes and are dissolved during the
recharging process. It has been emphasized that the
negative electrode is more exposed to sulfation due to its
smaller surface area compared to the positive electrode.
The response surface method is the experimental design
method proposed by Kwiecien et. al. (2018) in 1951. It is
used to perform experiments and regressions on
representative points available. It also determines the
relationship between factors and outcomes in general
terms (Dayton and Edwards, 2000). In the response
surface method, it generates a regression that matches
the equation of the process to be analyzed and estimates
the value corresponding to each factor level by plotting
the contour map. Response values of experimental
conditions are determined separately for each factor.

Finally, a variable surface model is established through
experiments to evaluate the factors affecting the results
and their interactions.

Compared with traditional optimization methods, more
accurate experimental results are obtained (Tong et al,
2015). In addition, it is necessary to apply various test
methods in order to verify the created models. ANOVA
analysis and the quality of fit of the results with the
model equations were expressed using the coefficient of
convergence (R?) (Zhang et al,, 2017; Zhang et al., 2022).
Researchers use the (R2) value to measure the accuracy
of a model. The R? adj value of the model is the modified
version of the R? coefficient. Adding factors that are
known to have no effect on the model reduces the R? adj
value (Draper and Pukelsheim, 1996; Jensen, 2017). The
response surface method can generally be divided into
two stages. The first stage can be called the response
surface design stage and the second stage can be called
the response surface optimization stage. If there are
many factors to be examined in the response surface
design stage, screening experiments are performed to
determine the importance of each factor and finally the
factor with the greatest impact is selected for further
investigation. Screening experiments include partial
factorial design experiments. The main goal of the first
phase is to examine the relationship between the current
experimental conditions and the response surface. When
test conditions are far from optimal, a first-order
approximation model should be applied to the optimal
location of the response surface (Sagbas, 2022; Elkelawy
etal, 2022; Kocakulak et al,, 2023). The response surface
method develops an appropriate experimental design
that integrates all the independent variables and uses the
data input from the experiment to find a set of equations
that can eventually give the theoretical value of an
output. Outputs are obtained by well-designed regression
experiments and results from the mathematical model
(Shangetal, 2021; Xie et al.,, 2022; Zhang et al,, 2022).

In this study, considering the values specified in the
Turkish Ball mill production standard (TS EN 13086
2008) as PbO content (mass fraction) 65-82%, Free Pb
content (mass fraction) 18-35%, in this study, PbO (Lead
monoxide) was produced in two different metallic lead
ratios and its effects on the battery were investigated. In
the literature, these ratios are not clearly stated, and it
has been observed that the optimum values have
changed by considering the raw material and energy
losses in production. In the experiments, 25-30% free
lead, which is within the standards specified in TS EN
13086 2008, was used.

25% to 30% lead oxide paste was prepared and plastered
on the positive plate. Performance experimental studies
of the dough on the positive plate were carried out. After
the plastering process on the plate, the curing process
was performed and SEM and BET analyzes were
examined. Capacity, starting, cycle and charge acceptance
tests were carried out in the electrical test laboratory,
taking into account the TS EN 50342-1 standard. In
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addition, by using the response surface method, it was
determined that the high efficiency was obtained with
26% lead in the relationship between the lead
percentage and the yield, and the yield was inversely
proportional with the increase in the lead percentage. It
is thought that this situation is due to the effect of
particle size and therefore the effect of changing surface
area on yield.

2. Materials and Methods

In this study, lead monoxide was melted and formed into
balls using pure lead with a purity of 99.996%. The balls
were then processed in a ball mill to produce two
different ratios of lead oxide: 25% Pb-75% PbO (A) and
30% Pb-70% PbO (B). The analysis was performed using
the test method specified in the TS EN 13086 standard
for lead and lead alloys-lead oxide. The batteries
manufactured from the lead monoxide were charged
under identical conditions and were subjected to various
tests, including capacity, starting, cycle, and charge
acceptance tests, as specified in the (TS EN 50342-1
Standard Technical Board, 2016).

2.1. Materials Used in Material Synthesis

In this study, the effects of lead oxide produced in lead
acid batteries on the battery were investigated. The
performance effects of A oxide production and B mixed

oxide production on battery quality were investigated.
Plate dough was prepared from 2 different lead
monoxide with ratio A and B. Plastering was done on the
positive plate from the prepared dough. These plates
were subjected to the curing process under the same
conditions and their moisture was removed. 10 batteries
(5 A, 5 B batteries) of L2 Type 60 Ah 540 A EN type were
made from the plates on the assembly line. The batteries
produced on the assembly line were filled with 1.10
gr/cm3 concentrated sulfuric acid (H2SO4). The batteries
made were charged in the same charging program in the
laboratory. After charging, the acid in the batteries was
discharged and a new acid with a density of 1.36 gr/cm3
was added. The batteries were kept for 1 day and
capacity tests, starting tests and cycle tests were
performed according to the Lead acid accumulators
general rules and test methods standard (Chemistry
Specialization Group, 2008).

2.2, Tests Applied in Material Synthesis

2.2.1. Free lead test in the product after lead oxide
production

This test was prepared with reference to the TS EN
13086 standard. 5 g of the oxide sample was weighed
and ground in a mortar. After the grinded sample was
weighed, it was taken into a flask (Figure 1).

Figure 1. Oxide sample preparation.

Then, 50mL of 20% acetic acid solution was added on it
(Figure 2).

Figure 2. Adding solution to the prepared sample.

It was agitated on the heater every 20 seconds until the
free lead in the sample precipitated out. 2-3 drops of
ascorbic acid were added (Figure 3).

The sample on the blotter was washed first with distilled
water and then again with acetone (Figure 4-5).

The sample was placed in an oven with blotting paper
and left for 15 minutes. At the end of 15 minutes, the
sample was removed from the oven and weighed on a
precision balance.

Figure 4. Filtration after dissolution.
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S£
Figure 5. Washing process after filtration.
2.2.2. Weighing process after drying
The % Pb amount was calculated (Equation 1).
_ (4-B)
Pb% = o100 €8]

A= Weight of sediment with blotting pape
B= Blotting paper tare
C= Oxide sample weight.

2.3. Capacity Test (Ce)

During the whole experiment, the accumulator was kept
in a water bath at 25 °C = 2 °C. The amount of water in
the water bath must be above the battery by a minimum
of 15 mm and a maximum of 25 mm. Even if there are
multiple batteries, the distance between them should be
at least 25 mm and the batteries should be soaked in a
water bath for at least 4 hours.

The accumulator must be discharged until the voltage
drops to 10.50 V £+ 0.05 V, keeping the current In at = 1%
of its nominal value. The t(h) recorded during the
discharge time constitutes the capacity time of the
battery. The beginning of the discharge should be rested
for a period of 1 hour to 5 hours until the end of the
charge.

Nominal capacity (Cn) = C20 (20 hours -capacity,
electrical load that can be supplied with current; Ah)
shown in the form Equation 1-2.

_Cn

In=—
20

(2)

From this formula, the test continues until the final
voltage value of the battery is 10.5 V.

Ce = It is the maximum Ah (capacity) value that the
battery gives when discharging until it drops to 10.5 V.
The calculated value should be equal to or greater than
the declared capacity.

The condition must be Equation 3

Ce>Cn (3)

2.4, Starting Test

The charged accumulator should be placed in a
circulating cooling chamber at -18 °C + 1 °C until the
medium cell temperature reaches -18 °C + 1 °C. It is
considered to have reached this temperature after
approximately 24 hours.

The accumulator must be discharged with a starting

current (Icc) current within 2 minutes after cooling.
During discharge, this current should be kept constant
within + 0.5%.

Icc = Starting current (CCA)

After 10 s of discharge, the voltage Uf between the
terminals should be recorded and the current should be
cut off. Uf value should not be less than 7.50 V.

The test should be continued after resting for 10 sec + 1
sec.

The battery should then be re-discharged with a current
of 0.6 Icc. During discharge, the current should be kept
constant within + 0.5%. Discharge should be terminated
when the battery voltage reaches 6 volts. The discharge
time between 0.6 Icc and 6 V is accepted as (t'6V) and
this time is recorded in seconds. t6V is defined as the sum
of the duration of the second stage (t'6V) and the
equivalent duration of the first discharge stage (Equation
4)

t6v:t’6v+£:t'6v+17sec 4)

Condition shown in the form Equation 4-5.
t6v>90sec (5)

2.5.Cycle Test

The accumulators were connected to a series test circuit
and cycled. Each cycle consists of the following two steps:
The 1st step battery was discharged for 2 hours with a
constant current at I = 5 x In. The criterion for breaking
this test during testing is the voltage at discharge. If it
drops below 10.5 V, the test is terminated. In this case,
the battery is discharged with 15 Amps for 2 hours. Thus,
30 Ah hours are discharged from the battery (Equation 6-
7-8).

In= >0 (6)
60

In= 20 (7)

In=34 (8)

As a second step, the accumulator is recharged with a
constant voltage and a fixed-limited 5xIn current for a
maximum of 5 hours. The recharge capacity value is
recorded throughout the charge and if it reaches
CR=1.08, the charge is terminated.

Nominal capacity (Cn) = C20 (20 hours capacity, current-
suppliable electric charge; Ah) (Equation 9).

2Crch
R = 9
o 9)

Crch = recharge capacity.
If the charging rate CR is lower than 1.08, the battery is
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charged with constant current until the CR value in the
table is reached, or it is continued until the maximum
time reaches 1 hour. In this study, when the determined
60 Ah battery is calculated (Equation10-11),

2Crch

1.08 = 10
08 =5 (10)
Crch = 32.4Ah 11
is charged.

After completing step 1 and step 2, this loop represents a
cycle. In cycle batteries, these steps are repeated until the
voltage limit during discharge is reached or the number
of cycles defined in Table 1 is reached. If one of these two
conditions is met, the cycle test is completed.

Table 1. Cycle classes

Requirement level Number of cycles
E1l 80

E2 150

E3 230

E4 360

2.6. Charge Acceptance Test
The accumulator must be discharged at a temperature of
25°C £ 2 °Cfor 5 hours with a current [0 (Equation 12),

Ce
= — 12
Io 10 (12)

Ce= It is the maximum Ah (capacity) value that the
battery gives when discharging until it drops to 10.5 V.
Within a maximum period of 10 minutes after discharge,
the accumulator should be placed in a cooling chamber
and cooled until the temperature of its middle cells is 0
°C + 1 °C. This period should be at least 15 hours.

At this temperature the accumulator is operated with a
constant voltage of 14.40 V = 0.05 V and Imax = 50 A for
batteries with dimensions defined in EN 50342-2 and
Imax = 100 A for batteries with dimensions defined in EN
50342-4 must be charged. According to these conditions,
the battery we used in the thesis is classified as Imax=50
A.

After 10 minutes the charging current Ica should be
recorded (Equation 13) as a condition.

Ica = 1lo (13)

2.7.Response Surface Method (RSM)

Experimental data were evaluated using the Surface
Response Method (RSM). This method was used in order
to obtain maximum efficiency with a minimum of
experimental work Uslu and Celik (2020). In this study,
when the 2D picture (Figure 6) of the relationship
between lead percentage and yield is examined, it is seen
that the highest yield is obtained at 26% lead yield and

the yield is inversely proportional with the increase in
lead percentage.

- Yield %

Pb %

Test number

Figure 6. Lead percentage and yield graph.

When the 3D Picture (Figure 7-8) is examined, the
correctness of the thought behavior is seen. It is seen that
the maximum efficiency is in the region containing 26%
lead. It is thought that this situation may be due to the
effect of particle size and therefore the effect of changing
surface area on yield.

Figure 7. Evaluation of experimental data in 3D.

When the normal distribution graph of the residual
points is examined, it is seen that there is not much
deviation from the linear line. This means that the model
is compatible. When the estimated values and the actual
value table are examined, deviations from linearity are
observed to be negligible. This situation can be
interpreted as the result of systematic errors in
experimental studies. In addition, the evaluations
according to the optimization results are shown in Figure
9.

When the graphs between "Desired" and "Efficiency" are
examined, some differences can be seen in the "Desired"
graph. These differences are thought to be due to
systematic errors (Vahedi et al., 2020).
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Figure 8. Compatibility of experimental data and model results.

Pb%

Desirability

Pb (%)

Test number

Figure 9. Evaluations according to the optimization results.

Here, a high R? value indicates that the results are
successful (Table 2).

Table 2. Statistical analysis results

Std. Dev.
Mean
CV.%

1.05
86.75
1.22

R? 0.9601
Adjusted R? 0.9317

The model equation found as given in Equation 14,

Test number

Yield (%) = -275.66575 + 2.83062-No
+28.45210-Pb (%) -0.088889No * Pb (%) -
0.033086N0? - 0.555200Pb (%)2

(14)

With this obtained equation, it is possible to achieve the
desired efficiency when the work is repeated.

When statistical modeling is done, it is seen from the
results given in the table above that the Quadratic model
is more effective than other models and therefore it is
recommended (Table 3).
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As can be seen in the analysis table for the Anova
Quadratik model, when the model is examined with the
95% confidence interval and the P value of 0.05 as a
reference, it is seen that the parameters that are effective

Table 3. Statistical evaluation

in the specified model are B and B2 It is understood that
other parameters are not very effective in the specified
conditions (Table 4).

Source Sum of Squares df Mean Square F-value P value

Mean vs Total 97823.64 1 97823.64

Linear vs Mean 165.52 2 82.76 27.76 <0.0001

2Fl vs Linear 1.0000 1 1.0000 0.3124 0.5899

Quadratic vs 2FI 21.02 2 10.51 9.45 0.0103 Suggested
Cubic vs Quadratic 0.0585 2 0.0293 0.0189 0.9813 Aliased
Residual 7.73 5 1.55

Total 98018.97 13 7539.92

Table 4. ANOVA for Quadratic model

Source Sum of Squares df Mean Square F-value P value

Model 187.55 5 37.51 33.72 <0.0001 significant
A-No 0.0400 1 0.0400 0.0360 0.8550

B-Pb (%) 165.48 1 165.48 148.77 <0.0001

AB 1.0000 1 1.0000 0.8990 0.3746

A? 0.7807 1 0.7807 0.7018 0.4298

B? 20.94 1 20.94 18.83 0.0034

Residual 7.79 7 1.11

Lack of Fit 7.28 3 2.43 19.10 0.0078 significant
Pure Error 0.5080 4 0.1270

Cor Total 195.33 12

3. Results 3.2. Evaluation of Capacity Test Results

3.1. Pb% Test in Product after Lead Oxide Production
The products produced in the oxide line were made
according to the %Pb test instructions in the product
after the lead oxide production according to the TS EN
13086 standard, and results of 25% and 30% were
obtained from the results from 2 different production
lots. According to this result, batteries were made from
these oxides by following the batch.

95% 92%

opg | 85% -
8584 |
802 |
750 4
e -

%A %A %A

89%

%ad  %eA

Sample

0%
| go% 1%

%aB

The capacity test was carried out to calculate the initial
charging efficiency and the effective capacity of the
charged batteries. Capacity test was performed on the
batteries twice. When the first charge efficiency of the
batteries was evaluated according to the results of the 1st
capacity test, it was determined that as the amount of
free lead of the produced lead oxides decreased, the first
charge efficiency was between 88-92%, while the
samples with high free lead were between 79-81%
(Figure 10).
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Figure 10. Initial charge efficiency graph (25%Pb-75%Pb0 mix (sample A), 30% Pb-70% PbO (B sample).
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It is believed that the changes in plate morphology during
the curing process are the primary reason for this
phenomenon, as they affect the initial charge efficiency
and charge acceptance of the batteries. During the curing
process, the crystals in the dough bond to the plate
surface and to each other, resulting in larger crystal
structures. Prior to curing, the plate's moisture level was
measured at 9%, which decreased to 0.65% after curing.
The water particles on the plate surface evaporated
during curing, resulting in the formation of stronger
structures, including 3BS, 4BS, and PbO structures.

The 3BS structures have a fine particle structure, creating
a large surface area, which is an important factor
affecting the battery's starting power and charge
acceptance. On the other hand, the 4BS structures are
coarser and contribute to the battery's cycle life. Due to
the high free lead content of the plates undergoing
curing, the 4BS ratio was observed to be higher (as
shown in Figure 11). The SEM analysis visualized these
structures by reducing the size by 10.000 pm.

SEl  15kV x10,000 1pm

Figure 11.

70
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50
40
30

60.5

In this case, it is thought that the plates in the form of 4BS
on the right are structurally larger than the plates in the
form of 3BS, which increases the internal resistance in
the batteries during the charging process. Batteries with
high internal resistance can be seen from the maximum
temperature value during charging. Since the charge
acceptance rate of 3BS structures is higher than 4BS
structures, it has been observed that the current given in
the 4BS structured batteries increases the reaction
temperature without affecting the conversion in the
reaction. While the charging temperature of 3BS
batteries reaches a maximum of 60 °C (Figure 12). It has
found 66 °C in batteries with 4BS. It is also seen from the
test results in Figure 12 and Figure 13 that the charge
acceptance effect of 3BS structures is more efficient.

In the BET analyzes performed, it was seen that the BET
analysis of the A-ratio plate was 1.388 m2/g, while the B-
ratio BET analysis was 0.9260 m2/g. In this case, it was
observed that the surface area of the samples with A ratio
was more than B.

;;4

x10,000 1pm

Plate curing manufactured from A, SEM image of end of curing plate made from B SEM image of end.
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Figure 12. A Sample charge graph (25%Pb-75%Pb0 mix A sample mix).
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Figure 13. B Sample charge graph (30% Pb-70% PbO (B sample) mix.
3.3. Evaluation of Start Test Results batteries completed 165 cycles (Figure 15).
This test was carried out according to the test instruction 3.4. Evaluation of Charge Acceptance Test Results

specified in the TS EN 50342-1 standard. The purpose of This test was carried out according to the test instruction
this test is to determine the starting power of the specified in the TS EN 50342-1 standard. The purpose of

batteries. When the tests were performed according to this test is to measure the charging capability of the
the standard, no positive or negative effect of both batteries after deep discharge. Since the current value
conditions on the starting power was observed in the given to the fully discharged batteries is charged in the
results. It is seen that the effect is not much in the results constant current constant voltage method, the current
obtained (Figure 14). value will start to decrease when the voltage value

A test was conducted following the TS EN 50342-1 reaches the limit. When the current values taken after 10
standard to determine the cycle life of the batteries by minutes were compared during this period, it was seen

measuring the number of charge-discharge cycles. The that sample A received 18.45 A current, while sample B
impact of 3BS and 4BS structures on the battery received 11.04 A current. This indicated that the charge
performance was also investigated in this study while acceptance of sample A was higher (Figure 16). When the
examining the previous capacity test. It was anticipated result is evaluated according to the TS EN 50342-1
that 3BS structures with smaller particle size would have standard;

a shorter cycle life due to quicker spillage compared to 10=60/10

4BS structures with larger particles. However, if there is 10=6 Amper

no spillage, the battery with better charge acceptance is Conditions (Equation 15)

expected to perform more efficiently in the cycle. The

results of the test showed that batteries made from A- Ica = 2lo (15)

rated plates completed 180 cycles, while B-rated

130 — 129

%A %A %A %A %A %B %B %B %B %B
Sample

Figure 14. Starting performance test result t6 volt duration condition>90 seconds evaluation of cycle test
results(25%Pb-75%PbO0 mix (A sample) , 30% Pb-70% PbO (B sample) mix).

4. Discussion curing process, with smaller crystal structures in samples
This study aimed to investigate the impact of lead oxide =~ With low oxidized lead content. In terms of charge
production on lead acid battery quality. Specifically, the acceptance, it was observed that the batteries with 3BS
effects of two different ratios of lead oxide production structures had higher charge acceptance. The first charge
(25% Pb-75% PbO and 30% Pb-70% PbO) on battery efficiency of samples with high lead oxide content was
performance were evaluated. As the oxidized lead ratio around 90% on average, while those with low lead oxide
increased in the lead oxide production, it was observed content remained at 80%. Additionally, samples with
that the plates contained more 3BS structures after the higher charge acceptance cycled more.
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Figure 15. Cycle test result (25%Pb-75%Pb0O mix (A
sample), 30% Pb-70% PbO (B sample) mix.
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Figure 16. Charge acceptance test result (25%Pb-
75%Pb0 mix (A sample), 30% Pb-70% PbO (B sample)
mix.

Sample A was found to be 12% more effective in initial
charging efficiency than sample B, 67% more efficient in
charge acceptance tests, and 6.5% more efficient in cycle
tests. Furthermore, it was observed that the initial charge
efficiency, charge acceptance, and cycle life decreased as
the %Pb ratio in the lead oxide product increased. The
relationship between lead percentage and yield was
analyzed using the response surface method, revealing
that the highest yield was obtained at a 26% lead yield,
with the yield being inversely proportional to the
increase in lead percentage due to the effect of particle
size and changing surface area.
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