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  Abstract : In this study, the mixing method of positive paste and mixing temperature to improve 
the capacity of the lead-acid batteries has been investigated. The results show that the initial 
current capacity of lead acid battery depend on the mixing temperature and mixing method of 
positive paste. In the results of the capacity cycle repetition tests for estimating the life cycle, the 
3BS showed the PCL. but the fine 4BS represented certain improved cycles compared to that of the 
coarse 4BS. It was considered that the fine 4BS showed higher bond strength between active 
materials than the coarse 4BS and represented large contact areas and that lead to prevent possible 
sulfation due to the suppression of insulating layers.
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1. Introduction

  Several studies on the production method of 
pastes, which form 4BS (4PbO•PbSO4) active 
materials, have been conducted in order to 
prevent the pre-mature capacity loss(PCL) of 
lead acid batteries[1-3]. The existing 
production process for forming the 4BS applies 
a curing process at high temperature more 
than 80℃ after completing the paste mixing at 
low temperature. This curing process produces 
lead sulfate (PbSO4) that is mutually bonded 
as a large scale through the reaction between 
small particle masses, such as PbO and Pb, 
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and H2SO4, H2O, and O2 and changes the 
shape, scale, and chemical component of the 
active materials sprayed on plates. 
  In the case of the tri-basic lead sulfate 
(3BS: 3PbO•PbSO4) in which the curing was 
applied at low temperature less than 50℃, it 
showed fine particles (about 5~10㎛) and 
represented excellent charge efficiency and 
initial performance. 
  However, it reduces the performance and life 
cycle of batteries due to the pre-mature 
capacity loss (PCL) caused by the lowering of 
the bond strength between grids and active 
materials [4]. Thus, the curing process is 
applied at relatively high temperature more 
than 80℃ and high humidity in recent years 
for changing the component of active materials 
from such 3BS to  tetra-basic  lead sulfate 



2   Soon-Wook Jeong                                                                           J. of Korean Oil Chemists' Soc.

- 569 -

(4BS: 4PbO•PbSO4), which shows a 
hexahedron shape [5-8]. The 4BS active 
materials cured at high temperature increase 
the bond strength with grids and improve the 
interfacial conductivity, and they will not 
present the pre-mature capacity loss (PCL) as 
shown in some reports. However, there are 
some problems in lacks of charge capacity, 
long charge time, unevenness of specific gravity 
between unit cells caused by the lowering of 
charge efficiency, and lowering of the initial 
performance according to the decrease in the 
initial charge efficiency caused by the coarse 
grain of active materials (50~100㎛). To solve 
the problem of the initial charge, studies on 
the addition of red lead, multi-step charge, 
size and amount of 4BS grains have been 
conducted [9-12].
  Thus, this study attempts to verify the 
factors that affect the charge efficiency by 
investigating the influences of the size and 
amount of 4BS grains on the initial 
performance and pre-mature capacity loss 
(PCL) of batteries after completing a charge 
process. In addition, the conventional 4BS 
formation method that has been generally used 
by applying a curing process at high 
temperature after completing a paste mixing 
process increases facilities, time, and costs 
according to the change in temperature and 
humidity in the curing process and progress of 
a long period of curing time. Thus, this study 
was performed to investigate the factors that 
affect the curing of 4BS pastes and PCL of 
lead acid batteries by generating the 4BS using 
the paste mixing at high temperature. 

2. Experiments

2.1. Fabrication of alloys and grids

  The alloys for grids used in this study were 
fabricated by adding Ca and Sn to Pb, which 
is known as excellent high temperature 
corrosion resistance and durability[13-14]. 
First, the Pb was melted at 500±30℃ in order 

to analyze the components of such melted 
lead. Then, its shortage components were 
added to a melting furnace using mater alloys. 
The mixture was stirred for 30 minutes and 
stabilized for an hour in order to obtain alloys 
with required components.

2.2. Fabrication of lead-oxide 

  The lead-oxide, the major component of 
active materials in which the component of Pb 
included by more than 99.97%, was grinded 
to maintain a proper particle size in order to 
produce PbO more than 74% by promoting 
oxidation reactions in a high temperature 
furnace [15-16]. 

2.3. Paste mixing and pasting

  Red lead was added to the lead-oxide 
produced by the mentioned method in order 
to produce pastes in which sulphuric acid and 
compounding agent for the positive and 
negative plates were mixed as a proper level. 
In the paste applied to the positive plates, the 
temperature of sulphuric acid and purified 
water increased to perform a mixing process 
by maintaining the paste temperature of one 
sample more than 90℃, and the temperature 
of another sample was controlled by less than 
60℃ using a cooling system[17-19]. 

2.4. Capacity test of batteries

  After completing the charge of the batteries 
assembled using sample plates, the 
temperatures of these batteries were maintained 
by 25℃ for an hour and the discharge 
capacities were measured as the voltage was 
approached to 1.75V with 25A. Also, after 
applying the first measurement of discharge 
capacities for each sample, the discharge 
capacities were repeatedly measured by 
charging it for nine hours with 10A (130% of 
the theoretical capacity). Then, samples were 
let for two hours after charging it to 150% of 
the capacity. The decrease rates of the 
capacity for each sample were measured 
through applying 20 repetitive cycles in which 
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(a)                                 (b)
Fig. 1. SEM images of 3BS and 4BS particles in the paste after mixing it at 

                (a) 60℃(3BS) and (b) 90℃(4BS).

Phase Pb α-PbO β-PbO Pb3O4 3BS 4BS PbSO4

at 60℃
before mixing 20.6 65.2 4.2 10 - - -
after mixing 3.6 14.8 1.1 9.4 44.1 12.8 2.8

at 90℃
before mixing 20.6 65.2 4.2 10 - - -
after mixing 3.3 14.8 0.3 3.8 6.8 63.9 1.6

Table 1. Quantitative analysis of lead pastes before and after mixing. (Unit: %)

a cycle was determined as a discharge level of 
1.75V with 25A. 

3. Results and discussion

3.1. Shapes and components of the 

     active materials after the paste 

     mixing

  Fig. 1 (a) and (b) show 5.00K SEM images 
for the pastes mixed at 60℃ and 90℃, 
respectively, in order to investigate the changes 
in active materials after completing the mixing. 
As shown in these images, the active materials 
mixed at 60℃ demonstrated the growth of 
grains with the width and length of 1~2㎛ 
and 2~5㎛ of 3BS, respectively, in which 
0.3~1.5㎛ of the lead oxides were reacted with 
sulphuric acid. In addition, the active materials 
mixed at 90℃ showed the grains generated by 
the length of 10~20 ㎛ of 4BS[20]. 
  Table 1 shows the results of the XRD 
analysis to examine the component of active 
materials after completing the mixing. The 
major components of the active materials 

mixed at 60℃ and 90℃ were the 3BS and 
4BS, respectively, in which the rate of the 4BS 
was about 63.9%. The 4BS generated by this 
process showed a very small level of about 
1/5 of the conventional 4BS, 50~100㎛, that 
were typically generated through a curing 
process. It can be estimated that the active 
materials were generated as small sizes due to 
the disturbance of the growth of grains from 
the mixing and grinding of the mixing process 
of the paste even though the nucleus of the 
4BS was to be formed at high temperature 
more than 90℃ and the grains of the 4BS 
should be continuously grown under the 
condition, which maintained the high 
temperature. 
                    
3.2. Shapes of the positive active 

     materials after the curing process

  Fig. 2 shows SEM images of the shape and 
condition of active materials according to the 
curing condition and the time for the positive 
active materials mixed at 60℃. In the case of 
the paste A, the grains showed no growth in 
its sizes even though the curing was applied at 
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 (a) 0hr                        (b) 2hr                      (c) 4hr
Paste A

  

(a) 0hr                      (b) 2hr                       (c) 4hr
Paste B

Fig. 2. SEM images of the positive active materials during different curing processes in the 

paste mixing at 60℃: paste A (40℃ curing), paste B (90℃ curing).

a low temperature condition of 45℃, and 
represented the generation of fine 3BS with 
3~5㎛. Also, there were no changes in its sizes 
according to the progress of a curing process 
because the generation of the 3BS was already 
completed. 
  In the case of the paste B cured at a high 
temperature condition of 90℃, it generated 
fine 3BS in the initial stage and was changed 
to 4BS grains by growing it up to 50~100㎛ 
after two hours from the curing process. In 
addition, the number of 4BS grains increased 
according to the progress of curing time. 
  Fig. 3 illustrates SEM images of the shape 
and the condition of the paste C according to 
the passage of time in which the positive 
active materials were mixed at 90℃ and also 
cured at 90℃. Although the 4BS with 10~20
㎛ generated after the mixing process showed 
no significant changes in its size according to 
the progress of the curing and the number of 
grains increased according to the passage of 
the curing time.

  The 3BS and 4BS were the major 
components that were cured at low and high 
temperatures, respectively. In addition, in the 
case of the active materials mixed at 60℃ for 
generating the 3BS at the initial stage, it 
generated 4BS with a large scale of 50~100㎛ 
due to the curing process performed at high 
temperature (paste B). However, the active 
materials mixed at 90℃ represented no 
significant changes in the sizes of 4BS, which 
were generated after completing the mixing 
process even though the number of grains 
increased due to the curing performed at high 
temperature (paste C). It can be considered 
that the 4BS generated after completing the 
mixing process showed no additional growth 
due to the completion of the growth, and the 
newly generated 4BS showed small sizes 
because the newly generated 4BS, which 
showed a stable state, disturbed the growth. 
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(a) 0hr                       (b) 2hr                      (c) 4hr
Paste C

    Fig. 3. SEM images of the positive active materials (mixing: 90℃) duricuring process; 

           Paste C(90℃ curing). 

3.3. Performance of batteries for the 

     mixing and curing conditions 

  Fig. 4 illustrates the results of the 
reservation capacity (RC) repetition tests for 
the plates fabricated according to the mixing 
and curing conditions in order to verify the 
durability and life cycle of the plates, which 
were charged with the same capacities. In the 
case of the paste in the initial stage, it showed 
the highest capacity due to the generation of 
3BS, but it represented a pre-mature capacity 
loss in the early stage due to the significant 
decrease in its width according to the progress 
of its cycle. 
  In the case of the paste B formed coarse 
4BS, it showed low capacities in the initial 
stage, but the decrease in its capacities 
represented an easy way compared to that of 
the paste A according to the repetitive cycle. 
In the case of the Paste C, it showed excellent 
initial capacities due to the generation of fine 
4BS and the lowest decrease in its capacities 
as the cycles were repeated. 
  In the case of fine 4BS, it was estimated 
that the reason that showed no decreases in 
the initial capacity for the cycle repetition was 
due to the increase in the bond strength 
between active materials by the small network 
structure of the 4BS and that increased the 
contact area between active materials to 
suppress the generation of insulation layers due 
to the small grain size of the 4BS. 

Fig. 4. Life cycle depending on mixing-Curing 
conditions.

4. Conclusions

  In the mixing process applied at low 
temperature (60℃), 3~5㎛ of 3BS were 
produced and 10~20㎛ of 4BS grains were 
formed at high temperature (90℃). It was 
considered that the growth of paste grains 
suppressed a certain unidirectional growth of 
grains due to the mixing and grinding applied 
by the mixing process. Then, it disturbed the 
growth of final grains and that formed 4BS 
grains, which showed some advantages in the 
performance of lead acid batteries. 
  In the results of the capacity cycle repetition 
tests for estimating the life cycle, the 3BS 
(paste A) showed the PCL, but the fine 4BS 
(paste C) represented certain improved cycles 
compared to that of the coarse 4BS (paste B). 
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It was considered that the fine 4BS showed 
higher bond strength between active materials 
than the coarse 4BS and represented large 
contact areas and that lead to prevent possible 
sulfation due to the suppression of insulating 
layers. In the results of the experiments 
applied in this study, it was possible to reduce 
the curing time in which the fine 4BS was 
formed by the mixing of the positive active 
materials of lead acid batteries applied at high 
temperature compared to that of the existing 
coarse 4BS and that represented some 
improvements in the life cycle performance. 
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