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bstract
The individual components of electrode pastes (4PbO·PbSO4, 3PbO·PbSO4·H2O, PbO·PbSO4) have been synthesized, their behavior has been
tudied during soaking and formation, and the characteristics of the active materials made of these monopastes have been determined. This approach
llows purposeful optimization of electrode paste composition to meet the requirement specified for batteries.
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. Introduction

Characteristics of active materials are determined by the com-
osition and structure of electrode pastes, which produce these
aterials during oxidation (formation) and are determined by

he conditions under which lead powder is mixed with acid,
ith subsequent soaking and electrolyte impregnation. At the

ime when formation starts the pastes consist of basic lead sul-
hates: 3PbO·PbSO4·H2O (3BS), PbO·PbSO4 (1BS); PbSO4;
ead monoxides (PbO) and metallic lead [1]. 4PbO·PbSO4 (4BS)
ormation is also possible under certain conditions [2–4]. Thus,
he active material characteristics will be determined largely by
he ratio of constituents in paste, and it is very important to
nderstand the effect of every constituent on the energy and
trength characteristics of the active material. In this connec-
ion, individual components of electrode pastes (4BS, 3BS, 1BS

onopastes) have been synthesized, their behavior has been
tudied during soaking and formation, and the characteristics
f the active materials made of these monopastes have been
etermined. This approach allows purposeful optimization of

lectrode paste composition to meet the requirement specified
or batteries.

E-mail address: lushina@mail.wplus.net.
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ormation

. Experiment results and their discussion

.1. Synthesis of basic lead sulphates and monopaste
haracteristics

Monobasic lead sulphate (1BS) was prepared by the fol-
owing technique. Distilled water and lead powder (degree of
xidation 70–72%) were placed in a thermally controlled mixer.
ulphuric acid having density 1.10 g cm−3. The mole ratio
bO/H2SO4 was 2:1. The process temperature was 25 ± 0.1 ◦C.
fter acid fill the slurry was further mixed during 4 h and then
ltered. The filtrate was allowed to dry at a temperature of
0–60 ◦C.

Tribasic lead sulphate (3BS) was prepared by using a similar
echnique where mole ratio PbO/H2SO4 was 4:1 and acid fill
ime was 90 min.

Tetrabasic lead sulphate (4BS) was prepared in a thermally
ontrolled mixer. Originally, orthorhombic lead oxide (�-PbO)
as thoroughly mixed with distilled water heated to 80–90 ◦C.
ulphuric acid having density 1.10 g cm−3. The mole ratio
bO/H2SO4 was 5:1. After acid fill the slurry was further mixed

uring 3–4 h, and then filtered and allowed to dry at 100 ◦C. This
echnique is actually similar to the one employed for prepar-
ng 4BS, which was proposed in [5,6]. The technique, however,
oes not allow preparation of pure 4BS. To do this, the dried
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ltrate was additionally heat-treated during 6 h at a temperature
f 650 ◦C.

The average crystal sizes of 1BS, 3BS, 4BS are (1 ÷ 2) × 0.2;
2 ÷ 4) × 0.4 and (20 ÷ 25) × 1.8 �m, respectively. Spatial
orosity of 1BS pastes was 86%, whereas that of 3BS paste
62% and 4BS paste – 57%. The resulting functions of pore-

adius distribution for the 3BS and 4BS pastes show that they
ave well-defined peaks determining average pore radius 2000
nd 5700 Å, respectively. The findings agree with the results of
2,3,8].

.2. Sulphation (soaking) of basic lead sulphates

To study the sulphation process, use was made of basic lead
ulpfates (n-BS) powders and plates covered with the pastes
ade of the same salts. The maximum size of powder particles
as 40 �m, whereas the plate size was 60 × 45 × 3 mm. The n-
S reactivity was determined by the following technique. The
-BS powder was poured into acid solution being thoroughly
ixed. In certain time periods the slurry was rapidly placed on

he filter and washed with distilled water. The resulting sediment
as analyzed for PbSO4. Powder testing made it possible to

void the effect of structural characteristics of pasted plates.
he sulphation process was studied by keeping the plates in
thermally controlled cell that was filled with water and by

nalyzing the pastes for sulphate content. Furthermore, the paste
hase composition was determined by using the X-ray phase

echnique, whereas the paste structure was determined with the
se of electron microscope. The sulphation process was studied
ver the temperature ranges of 20–50 ◦C, with 1.05–1.25 g cm−3

cid density and 0–8 h stand time.

a
s
fi
c

ig. 1. Relationship for compositional variations in the 3BS (a–c) and 4BS (d–f) pas
.25 (c and f); 4BS ( ), 3BS (�), 1BS (�), PbSO4 (©).
urces 159 (2006) 1440–1449 1441

In general, the sulphation process can be represented by dia-
ram [7]:

(1)

Fig. 1 shows variations in the phase compositions of 3BS and
BS pastes during sulphation as based on X-ray phase analysis.
imilar methods were used in [7–9]. Similar results may not be
btained for 1BS pastes because of their rapid shedding from
he grids in filling the plate pores with acid. It has been shown
hat, in soaking, only PbSO4 occurred on the plate surface,
hich corresponds to diagram (1). At the same time, internal
aste layers contained during sulphation not only PbSO4, but
lso 1BS (soaking of 3BS) and 3BS, 1BS (soaking of 4BS)
he quantity of which initially increased and then decreased.
t is apparent that the mechanism of sulphation in accordance
ith diagram (1) can be implemented only where there is

urplus acid. Under real plate soaking conditions, however, the
eaction zone becomes acid-depleted and a stoichiometric cor-
espondence between Pb2+ concentration (stage a) and SO4

2−
oncentration (stage c) is violated in this zone. Such depletion
ay be due to both sulphation reactions proper and formation

n the surface of n-BS crystals of PbSO4 layer preventing the

cid from being transferred to reaction zones. Fig. 2 clearly
hows formation on 3BS and 4BS surface of the primary PbSO4
ne-grained layer that densely covers the large n-BS prismatic
rystals. Sulphation reactions under SO4

2− deficiency will

tes during acid soaking at a density of (g cm−3): 1.05 (a and d), 1.10 (b and e),
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Fig. 2. Surface structure of plates made of 3BS (a–c) and 4BS (d–f) pastes prior to formation (a and d), subsequent to soaking (b and e), and at the end of formation
(

p
w
p
a

c and f). Magnification: 10,000×.

roceed not until PbSO4 formation, but until n-BS formation,
ith n-BS having lower basic capacity than the original sul-
hate. For 3BS, the real sulphation diagram can then be written
s:

(2)
(3)
For 4BS, sulphation diagrams can be written as:

(4)
(5)
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(6)

In the further soaking and acid diffusion, the newly formed
-BS undergo further sulphation with a decrease in their basic
apacity, as demonstrated by the paste analysis results that are
hown in Fig. 1. But even after prolonged soaking the n-BS
till remain under the dense layer of PbSO4, which determines
argely the pre-formation paste structure.

The analysis of soaking time-dependent variations in the
ulphation degree of 1BS, 3BS, 4BS powders shows that the
ulphation degree ratio of 1BS/3BS/4BS powders was approxi-
ately 4.5/3.5/1. With a knowledge of the average sizes of salt

rystals and their density [10], it is possible to determine the ratio
f n-BS-specific area surfaces which is ∼4.5/4.0/1. Thus, it is
lear that the n-BS sulphation degree is primarily determined by
heir specific surface area.

In soaking the plates made of the 3BS and 4BS pastes, their
ulphation degree ratio is ∼3/1. It can be shown that here the
ulphation degree is determined by the surface of pastes in the
late. It has been found that the pore radius distribution function
or the 3BS and 4BS pastes has a distinct maximum, which
llows the porous plate model to be viewed as the model of
apillary pores having a constant radius. The internal surface of
lates (S) can then be written as:

= 2πNrβδ, (7)

here N is a number of pore orifices per unit surface, r an average
ore radius, β the pore twisting, and δ is the plate thickness. It
s not feasible to determine experimentally N and β. But since
he volume porosity (γ) of the model being studied is

= πNr2β,

hen

β = γ

πNr2

e have

= 2γδ

r
(8)

here the parameters can all be readily determined from experi-
ents. Substituting the known values into Eq. (8) shows that

3BS/S4BS = 3.2, which corresponds to the sulphation degree
atio for the salts being studied.

It has been found that, in the extreme case, the n-BS sul-
hation degree depends on acid density and has a maximum
round 1.05–1.40 g cm−3. This is because, on the one hand, an
ncrease in acid concentration increases the rate of sulphation

eaction in accordance with the law of chemical kinetics, but, on
he other hand, it impedes the reaction as a result of formation
f dense sulphate sediments. It is significant that at the initial
oaking time, when the sulphate layer has not been formed, the

I
O

urces 159 (2006) 1440–1449 1443

ulphation rate continuously increases with an increase in acid
oncentration.

The sulphation rate increases with an increase in temperature,
hich is due to its effect on the rate of chemical processes,
decrease in acid viscosity and fuller acid fill of plate pores.
urthermore, an increase in temperature leads to the formation of
larger coarse-grained layer of PbSO4 having a higher porosity.

.3. Formation of basic lead sulphates

A general reaction for n-BS formation can be represented as:

nPbO · PbSO4 + γ1H2O = γ2Pb2+ + γ3OH− + SO2−
4 (a)

γ5Pb2+ + 2γ5H2O = γ5PbO2 + 4γ5H+(b)

(γ2 − γ5)Pb2+ + (γ2 − γ5)SO4
2− = (γ2 − γ5)PbSO4(c)

(9)

here n = 0, 1, 3, 4 is basic capacity of salt; γ i is stoichiometric
oefficient.

The active material formation current can be described by the
inetic equation:

AM = kΘ1aPb(Π) exp

(
− Wa

RT

)
(10)

here aPb(�) is activity of Рb2+ ions, Θ1 the surface on which
rocess (b) is implemented, k the rate constant and Wa is process
ctivation energy.

The activity of lead ions in Eq. (10) is determined, on the one
and, by the heterogeneous dissolution of n-BS (a), and, on the
ther hand, by the rate of sulphation reaction (c) which proceeds
o form difficult-to-solve PbSO4 salt. Then:

1 + Θ2 + Θ3 = 1 (11)

daPb(Π)

dτ
= kpΘ2 + kppΘ3 − k0aSO4aPb(Π) (12)

here kp, kpp, Θ2, Θ3 and kp, kpp, Θ2, Θ3 are specific rates of
olution and surfaces for nPbO·PbSO4 and PbSO4, respectively;
0 the constant of PbSO4 formation rate and aSO4 is the activ-
ty of sulphates of ions. It is apparent that Θ1,Θ2, Θ3, aSO4 are
ime-dependent. In the initial period of formation, the Θ1 value
s equal to the current tap surface and increases as PbO2 forms.
he Θ2 value decreases during formation because the n-BS salt
urface is replaced by the PbSO4 (Θ3) surface as a result of sul-
hation reaction. The activity of sulphate ions is determined by
he rate relationship of electrochemical and chemical reactions,
nd by the diffusion conditions concerning structural transfor-
ations in the paste. The solution of differential Eq. (10) under

he initial condition τ = 0, aPb(�) = 0, is an equation of the form:

Pb(Π) = exp

⎛
⎝−k0

τ∫
0

aSO4 dτ

⎞
⎠

⎡
τ∫ ⎛

τ∫ ⎞ ⎤

× ⎣

o

(kPΘ2 + kppΘ3) exp ⎝k0

o

aSO4 dτ⎠ dτ⎦ (13)

ntroducing additional conditions we may simplify Eq. (13).
bviously, in the initial period it is possible to assume that
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Table 1
Output of current vs. oxidation potential

Monopaste Output of current (%)

E = 1100 mV E = 1200 mV E = 1300 mV E = 1400 mV E = 1500 mV
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BS 87.1 97.0
BS 83.9 99.2

2 + Θ3 � Θ1, and then Θ3 = 1 − Θ2. Variations in Θ3 over
ime can be described by a power series. Restricting ourselves
o the first three terms and considering that (Θ3)τ=0 = 0 we get

3 = n1τ + n2τ
2 (14)

fter performing the relevant operations we may transform Eq.
13) to the form:

Pb(Π) = kpp − kp

k0aSO4 (τ)
(n2τ

2 − k0aSO4 (τ)τ) (15)

here aSO4 (τ) is an aSO4 value at an instant of time in the (0,
) interval and n2 is the coefficient of power series (Eq. (14)).
t follows from Eq. (15) that the activity of lead ions decreases
ith τ increasing. Physically, the resulting solution means that a
ecrease in Pb2+ activity is due to the replacement during forma-
ion of the surface of easy-to-solve n-BS salts by the surface of
ifficult-to-solve PbSO4. This implies an important recommen-
ation that formation has to be carried out under conditions of
inimum rate of plate sulphation, which will allow acceleration

f paste oxidation.
The n-BS paste formation was examined under the condi-

ions of controlled potential and galvanostatic polarization in
rder to study the mechanism of paste oxidation and optimize
he process variables. The controlled potential study shows that
he beginning of paste oxidation, which is shown by the (I − τ)ϕ
urrent–time curves and determined by a current increase, cor-
esponds to the 1100 mV potential (here, and in what follows,
otentials are given in terms of Hg/Hg2SO4 of reference elec-
rode). With this potential, the external corrosion layer at the
urrent grid/paste boundary, which consists of PbSO4 (an equi-
ibrium potential of PbSO4 ↔ PbO2 process is ∼1100 mV) oxi-
izes into the conducting PbO2, which ensures an electrical
ontact between the paste and the grid. It is significant that the
I − τ)ϕ=1100 curves exhibit a small current peak preceding the
urrent increase which is absent on the curves taken for poten-
ials below 1100 mV where there is no current increase due to
aste oxidation. Given below is the relationship between the
aste formation output of current (%) and potential (E) for 3BS
nd 4BS (Table 1), which was determined as a ratio of the amount
f electricity used to form PbO2 and calculated by the paste anal-
sis result for the PbO2 content to the total amount of electricity
hat had passed during the formation process.

The maximum output of current corresponds to the 1200 mV
xidation potential. An increase in the potential increases the

ate of water decomposition, which leads to a reduction in the
ormation output of current.

Fig. 3 shows the (I − τ)ϕ curves taken for 3BS and 4BS with
100–1600 mV potentials. A wide maximum of current can be

t
w
t
c

75.0 62.1 42.8
75.2 36.5 22.6

een on these curves. The initial current increase involves: (1) an
ncrease in the PbO2 (Θ1) surface and formation development
hroughout the plates; (2) a high concentration of aSO4 due to
high concentration of aPb(�); (3) a decrease in the aSO4 con-

entration due to sulphation reactions; (4) formation of PbO2
aving a smaller specific volume than PbSO4 and facilitation
f acid access to the n-BS that are blocked by PbSO4 crystals.
ncreasing the peak height with an increase in the oxidation
otential is determined by an increase in the oxidation rate of
ead ions. According to the authors [11–13], the current drop
n the (I − τ)ϕ curves is due to a decrease in the quantity of
nformed pastes. This paper, however, shows that the PbO2 con-
ent at the current peak for the 3BS and 4BS plates is 10–11 and
–5%, respectively. The current drop may be thought of as being
ue to a reduction of the surface of easy-to-solve n-BS (Θ3) to
he surface of difficult-to-solve PbSO4 (Θ2), which, in accor-
ance with (21), reduces aPb(�) and the rate of paste oxidation.
he current peak on the (I − τ)ϕ curves for 4BS pastes is nar-

ower than that for 3BS. Obviously, the coarse-grained structure
f 4BS pastes has a smaller surface than 3BS and reduces the
ime required for replacement of Θ3 by Θ2. From Fig. 3 it can be
een that the formation rate of 3BS is significantly higher than
hat of 4BS, which is also due to the inequality, Θ3 < Θ2. An
ncrease in current for the 4BS pastes occurs after the peak. Its
ccurrence is due to water oxidation because of an increase in
he reaction surface (PbO2). The absence of the second increase
n the current for 3BS is due to the fact that the current increase
nvolved in water decomposition may not offset the current drop
nvolved in a decrease of the 3BS oxidation rate. After a certain
ontrolled potential polarization period the magnitude of current
ecomes stabilized and corresponds to the water oxidation rate
nder the conditions of constant potential and reaction surface
PbO2).

From the above discussion, it follows that chemical reactions
f sulphation have a profound effect on the rate of paste oxi-
ation. Fig. 4 shows that oxidation current decreases with an
ncrease in pre-formation soaking time under controlled poten-
ial polarization. There is also a decrease in the peak value of
urrent on dynamic potential cathode curves involved in the
eduction of PbO2 formed during anode polarization, which also
ndicates that the efficiency of paste oxidation decreases with an
ncrease in soaking time.

To optimize the parameters of paste formation, 3BS and 4BS
lates were manufactured. The plate size was 60 × 40 × 3 mm.
he plates were placed in thermostatically controlled cells with
wo negative plates and galvanostatically formed. The process
as conducted over the following ranges of process variables:

emperature of 20–50 ◦C, H2SO4 density of 1.05–1.25 g cm−3,
urrent density of 0.25–2.00 A dm−2, soaking time of 0–8 h. In
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ig. 3. Curves (i − τ)ϕ taken at constant potentials, V: 1.10 (1), 1.20 (2), 1.30 (

ormation, the PbO2, PbSO4 content in the plates being formed,
hase composition and structure were determined in 1, 3, 5,
0 and 15 h. Experimental results are shown in Fig. 5. From
ig. 5 it can be seen that: (1) most curves PbO2 = f(τ) have two
egions — the region of rapid PbO2 accumulation, the slope
f which depends on formation conditions, and the region of
low PbO2 accumulation, the slope of which is hardly depen-
ent on formation conditions; (2) the rate of plate formation is
he lowest one under most favorable conditions for sulphation
rocesses (under these conditions a degeneracy is observed in
he first region of curves PbO2 = f(τ)); (3) the rate of 4BS paste
ormation is initially higher than that of 3BS pastes, although
BS oxidation was more rapid at a later time. These patterns
an all be explained from the formation mechanism described
y diagram (9) and equations [14,15]. It is apparent that the
rst region of curves PbO2 = f(τ) captures the oxidation process
nder conditions of high Pb(�) concentration because of high
-BS dissolution rate, (Θ2 > Θ3), which depends on formation

onditions. In the second region, where Θ2 = 0, the Pb(�) con-
entration is determined by PbSO4 solubility which is low and
ittle dependent on formation conditions. It can be seen from the
urves PbSO4 = f(τ) that durations of paste sulphation for the

t
b
c
a

0 (4), 1.50 (5) and 1.60 (6) for plates made of 3BS (a) and 4BS (b) pates.

rst region PbO2 = f(τ) are also the same and are about 5 h. Thus,
ompletion of plate sulphation leads to a considerable reduction
n the rate of paste oxidation. This idea is most clearly illustrated
y Fig. 5 h, h′. From this figure it can be seen that the longer is the
reliminary sulphation duration, the smaller is the slope of curve
bO2 = f(τ), and for 8 h soaking time the slope of this curve cor-
esponds to that of curve PbSO4 = f(τ) from the very beginning of
xidation.

From the above discussion it follows that, to accelerate the
ormation process, it has to be conducted under conditions of
owest sulphation rate and minimum time of preliminary soak-
ng.

Fig. 2 shows structural variations in the electrode pastes made
f 3BS and 4BS during their formation. From this figure it can
lso be seen that the coarse-grained structure of 4BS is retained
y the active material structure (metasomatic effect), whereas
he prismatic structure of 3BS is transformed into a spherical
tructure. Thus, the 4BS active materials are characterized by

he presence of the space framework formed by PbO2 prismatic
locks, and we may expect an improvement in its strength during
ycling and an increase in the life of batteries having such an
ctive material [14–17].
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Fig. 4. Controlled potential anode curves obtained at 1.30 V potential and dynamic potential cathode curves taken after 1 h polarization at 1.30 V for plates made
of 3BS (a) and 4BS (d) pastes. Soaking time duration (h): 0 (©), 1 (�), 3 (�), 8 ( ). Current at the end of 1 h polarization with potentials, V: 1.20 (©), 1.30 (�),
1.40 (�) for 3BS (e) and 4BS (b) vs. preliminary acid soaking time. Amount of cathode peak on i − τ curves subsequent to controlled potential polarization with
potentials, V: 1.20 (©), 1.30 (�), 1.40 (�) for plates made of 3BS (f) and 4BS (c) pastes vs. preliminary acid soaking time.

Fig. 5. Variations in the PbO2(I) and PbSO4(II) content during formation of 3BS (a–i) and 4BS (a′–i′) pastes. Formation conditions: a, b, a′, b′ — current density
1.0 A dm−2, electrolyte density 1.10 g cm−3; soaking time 0 h; temperature (◦C): 20 (©), 30 (�), 40 (�) and 50 ( ); c, d, c′, d′ — current density 1.0 A dm−2;
soaking time 0 h; temperature of 30 ◦C, electrolyte density (g cm−3): 1.05 (�), 1.10 (�), 1.15 (�) and 1.25 ( ); e, f, e′, f′ — soaking time 0 h; temperature of 30 ◦C,
electrolyte density 1.10 g cm−3, current density (A dm−2): 0.25 (©), 0.5 (�), 1.0 (�) and 2.0 ( ); h, i, h′, I′ — current density 1.0 A dm−2; temperature of 30 ◦C,
electrolyte density 1.05 g cm−3; soaking time (h): 0 (©), 1 (�), 3 (�) and 8 ( ).



Yu. Kamenev / Journal of Power Sources 159 (2006) 1440–1449 1447

F q) vs
—

2
m

r
s
T
a
m
a
p
a
A
c
t

f
n
w
t
a
h
i
4
A
e

ig. 6. Actual capacity (Q) and capacity related to unit weight of lead in paste (
e, f; 50 h duty — h, i.

.4. Electrical and life characteristics of test active
aterials

To estimate electrical and life characteristics of active mate-
ials made of 3BS and 4BS, the 12 V and 140 Ah batteries with
uch active materials were manufactured and tested. Fig. 6 and
able 2 show the test results for batteries with test and series
ctive materials. It follows from the table that the active materials
ade of 3BS (AM3BS) had specific electrical characteristics and

ctive material utilization factors (AMUF) superior to similar
arameters of series (AMS) active materials and 4BS (AM4BS)

ctive materials. In this case, however, the life of batteries with
M3BS was very short. The AM4BS batteries had lower electrical

haracteristics than series batteries, but their life was 1.8 or 2.0
imes longer [3,16,17]. These patterns are related to structural

t

1

. number of cycles. Discharge duty: 1 h duty — a, b; 5 h duty — c, d; 10 h duty

eatures of active materials. On the one hand, the coarse-grained
ature of AM4BS structure favors formation of strong frame-
ork that ensures a longer service life, while on the other hand,

heir small specific surface area reduces specific capacity char-
cteristics. Conversely, the developed AM3BS surface ensures
igh specific characteristics but has no service life because of
ts sagging. The results we have obtained show that 3BS and
BS active materials have good prospects. Large-size crystals
M4BS in such active materials will form a space framework to

nsure a stable operation of high-capacity AM3BS.
The active materials (AM3BS + AM4BS) can be produced by
hree techniques:

. mechanical mixing of separately synthesized 3BS and 4BS
and their formation (AM1);
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Table 2
Test results for batteries with test active materials

Discharge duty (h) Paste for preparing active materials

Series 3BS 4BS

Specific capacity (Ah g−1) AMUF (%) Specific capacity (Ah g−1) AMUF (%) Specific capacity (Ah g−1) AMUF (%)

1

2
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n
h
a
b

1 0.08 30.7 0.142
0 0.151 57.8 0.187

. direct synthesis of 3BS and 4BS in reactor and their formation
(AM2);

. high temperature treatment of series pastes and their forma-
tion (AM3).

The last technique is based on the fact that, when heated, 3BS
s decomposed into a mixture of 4BS and 1BS [6]. In this work,
he series pastes made of 3BS, 1BS and �-PbO were heated.
ig. 7 shows a temperature–time region for stable 4BS forma-

ion. In this region, the pastes consisted mainly of 4BS, �-PbO,
-PbO. The material obtained was mechanically comminuted
nd mixed with water to obtain the required viscosity for mak-
ng the paste.

The 12 V and 140 Ah batteries with AM1, AM2 and AM3
est pastes were manufactured. The alloy Pb–2.5% Sb–1.2% Sn
as used for making grids. The AM1 paste was prepared by

orming the mechanical 90% 3BS and 10% 4BS mixture; the
M2 paste was prepared by forming the paste synthesized at a

emperature of 80 ◦C by mixing PbO and H2SO4 and containing
BS, 4BS and 1BS; the AM3 paste was prepared by forming
he series paste (post-treatment composition of 4BS, �-PbO)
ubjected to 2 h heat treatment at 650 ◦C. Further additives were

ot introduced into the positively active mass.

The cycling results (Fig. 7) show that the AM1 batteries
ave characteristics that are similar to those of AM3BS batteries,
hich indicates that the mechanical n-BS mixture containing

ig. 7. Temperature–time region of 4BS formation. Pastes containing 4BS (�)
nd containing no 4BS (©).
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small quantity of 4BS is inefficient. The strengthening effect
as achieved with the 4BS 50–60% content, although specific

lectrical characteristics were not high. Thus, the mechanical
ixture is unable to create the strengthening framework during

ormation to allow the efficient utilization of AM3BS capacity.
n the other hand, even a small quantity of 4BS in the paste
roduced by the second technique makes it possible to produce
igh-strength and energy-intensive active materials having the
ervice life at the AM4BS level. Finally, the AM3 batteries exhibit
he best energy and life characteristics.

. Conclusions

This work has identified the mechanism of n-BS sulphation
nd shown the effect of basic process variables on the kinetics
f this process.

The mechanism of paste formation has been studied and a sig-
ificant effect of chemical reactions of sulphation on its kinetics
as been first shown. Based on the developed formation mech-
nism, the principle for its organization has been provided and
asic process variables have been optimized.

Discharge characteristics of active materials made of indi-
idual electrode paste constituents have been studied. The role
f each constituent has been shown and recommendations have
een given for the paste composition to ensure, along with high-
nergy characteristics, an increase in the service life of battery
.8 or 2.0 times. The use of such active materials makes it pos-
ible to avoid the utilization of polymer strengthening additives
hose application is extremely undesirable in sealed batteries

nd will ensure prolonged service life.
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