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Antimony in lead/antimony alloys is known to have a beneficial influence on the capacity and cycle
life of lead—acid battery positive plates. The present work shows that Sb303~ ions formed on oxi-
dation of PbSb alloys improve the capacity of the Pb/PbO, electrode, whilst SbOSO; ions have an
adverse effect and passivate this electrode. A mechanism of the influence of these ions is proposed
based on the gel-crystal concept for the structure of PbO,. The paper also discusses the effect of
PbSO,4 formed at the grid/PAM interface on the capacity. It has been established that the major part
of the PbSOy crystals are oxidized to PbO, within a few cycles. There still remain a certain number of
PbSO, crystals which border narrow pores and are oxidized at a very slow rate, thus preserving their
influence even after 10 discharge—charge cycles. It has also been found that the higher the density of
PAM the stronger the adverse effect of PbSO, in the grid/PAM interface on the capacity. All these

phenomena are related to the PCL effect and methods to suppress them are proposed.

1. Introduction

The interface Pb grid/PbO, active mass (PAM) con-
sists of two sublayers: the corrosion layer (CL) and
the active mass collecting layer (AMCL) [1]. The CL
is formed during curing and formation of the plates.
This layer grows during battery operation. The
AMCL is a thin layer of PAM whose function is to
distribute uniformly throughout the active mass the
electron flows from the grids during discharge and to
collect the current from the PAM and conduct it
towards the CL and grid during charge. The above
two layers also have a second function, that of a
mechanical connection between the grid and PAM
capable of dissipating the mechanical stresses that
appear on pulsation of the plates during battery
cycling. The mechanical and electrical properties of
these two sublayers often limit the capacity of the
battery and may lead to the so called premature
capacity loss (PCL).

The electrical resistance of the grid/PAM interface
can be generally represented by Ohm’s second law as
follows:
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where pcp and pamcr are the specific resistance of
the CL and the AMCL, respectively. / is the thickness
of the sublayers and S is the area of crosssection of
the solid phases in the interface through which the
electronic current flows. S is determined from the
expression

Sx = Sgrid - Scracks - Spores - SPbOz/PbSO4 (2)
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S, is the cross-section area through which the elec-
tronic current flows at a distance x from the metal
surface. Sgiq 15 the grid surface area. Scracks 18 the
effective surface area of the cracks in the CL [2]. Spores
is the surface area of the pores at the interface CL/
AMCL. The latter depends on the density of PAM.
The PAM is built up of PbO, agglomerates inter-
connected into a continuous skeleton and a system of
pores formed between the agglomerates of the ske-
leton. During discharge, part of the PbO, at the in-
terface (CL+AMCL) is reduced to PbSO,. The cross-
section of the agglomerates in PAM decreases.
Spbo,/Pbso, accounts for this decrease.

Figure 1 presents the dependence of S, on the
distance from the grid. The smallest cross-section
(S.r) through which electrons pass in both directions
is that of the interface CL/AMCL that is, the current
density in this zone is highest. This interface is the
most critical zone in the positive plate. The specific
conductivity and the cross-section area of this zone
depend strongly on grid alloying additives used, grid
and plate design, paste density, current profile on
charge and discharge, etc. It is responsible for the
PCL effect [1].

Direct investigation of the S, interface, for ex-
ample by using a probe to get direct access to this
layer, has proved experimentally difficult. Our efforts
to reliably incorporate a microsensor into the S,
layer to monitor the changes in its parameters also
failed. Thus we used an indirect method to examine
the properties of the S, layer. The positive active
mass (PAM) was ground to powder (agglomerates).
This PAM powder was filled into tubes with lead
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Fig. 1. Scheme of the changes in cross-sectional area parallel to the
current collector surface through which current passes with the
distance from the current collector (hatched region).

spines in the centre. The spines were covered with CL
by anodic oxidation prior to the investigations. Thus
a model lead dioxide electrode was fabricated in-
corporating all parts of a positive plate. When this
electrode is subjected to cycling, first the bond CL-
AMCL is formed and then the skeleton of PAM. The
capacity of this electrode is a measure of the elec-
tronic connection between the CL and PAM powder
(at the beginning of cycling) as well as between the
individual particles in PAM (after 10-15 cycles). In
this way the electrode capacity serves as an indirect
parameter for the electrical properties of the interface
and for the processes of formation of the PAM ske-
leton. Actually, this is the reverse process to the dis-
integration of PAM on cycling, which very often
limits plate life, but we can assume that these two
reverse processes are influenced in a similar way by a
given parameter.
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The first aim of the present investigation was to
study the effect of various antimony ions on the
properties of the corrosion layer. This effect had been
elucidated earlier for tubular PbO, powder electrodes
[3, 4]. In this investigation the object of interest was
the CL. A comparison between the results obtained in
this work with those reported in [4] allow for as-
sessment of the influence of the active mass on the
properties of the interface.

Equation 2 contains the terms Sppo,/pbso,.- The
second aim of the present work was to establish how
the PbSO, formed at the interface affects the capacity
of tubular powder electrodes and hence the current
generation processes in the electrodes.

2. Experimental details
2.1. Electrode preparation

Figure 2 shows schematically the construction of the
electrodes designed for the investigations with no
PAM (Fig. 2a) and with PAM powder (Fig. 2b). The
flat electrodes of the type presented in Fig. 2a were
used to investigate the corrosion layer. These elec-
trodes were subjected to cycling.

The model tubular powder electrode had the fol-
lowing construction. A lead or lead alloy spine
threaded at both ends was inserted into a woven
polyester tube which was filled with PAM powder.
The polyester tube was plugged at both ends by
polyethylene stoppers with threaded apertures in the
centre. Through screwing the two stoppers up and
down the spine, a definite volume of the tubes was
achieved. This volume was filled with PAM powder.
Thus, precise control was possible on the density of
PAM in the tubular electrode, and, as demonstrated
in [3], the PAM density exerts a strong influence on
the capacity of the electrode.
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Fig. 2. Working electrodes: (a) used for corrosion layer investigations; (b) tubular powder electrode.
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PbO, powder preparation: positive and negative
plates were produced with pure lead grids. The pastes
were prepared at 30-50°C using 6% H,SOg/leady
oxide ratio. SLI grids were pasted. The plates were
subjected to formation in H,SO4 with specific gravity
(s.g.) 1.15. Cells were assembled and subjected to five
charge—discharge cycles at 100% DOD. The positive
active mass was removed from the grids, washed with
water and dried at 60°C for 2 h. Then it was ground
to powder. This PAM powder was filled into the
above described tubular electrodes.

2.2. Cell design

Cells were assembled with two negative plates with
pure lead grids and one tubular or flat lead electrode
and one Hg/Hg,SO, reference electrode. The elec-
trolyte used was 4.5 M H,SOy solution. The cells with
the tubular electrodes were set to cycling at 15 mA
cm 2. The latter current density is often used in lead-
acid batteries. The discharge was carried down to 0 V
vs the Hg/Hg,SO, reference electrode i.e., the elec-
trodes were fully discharged. The electrodes without
PAM were cycled at i = 4.5 mA cm™2. The discharge
was conducted until the electrode potential reached 0
V (vs Hg/HgS O, reference electrode). The quantity of
electricity passing through the electrode during the
subsequent charge was 20% higher than the capacity
during the preceding discharge. On completion of the
tests the electrodes were taken out of the cells and
subjected to XRD and SEM examinations.

2.3. Preparation of antimony ion solution

The influence of antimony ions on the properties of
the CL was investigated. The solution of antimony

1500

ions in 4.5 M H,SO,4 was prepared through dissolving
1.5 g of metal antimony in 200 ml of concentrated
H,SO,4 on boiling. After cooling of the solution the
latter was diluted with water to give a concentration
of 1.28 s.g. at 25°C. The oversaturated solution was
left for 24 h and then filtered. The obtained filtrate
was left for another 24 h and then filtered again. This
procedure was repeated until stable and clear solution
was obtained. In this way an antimony concentration
of 1.30 g dm™ was achieved in the H,SO, solution
with s.g. 1.28. Antimony was present in the form of
SbOSOj; ions in this solution [5].

3. Results

3.1. Influence of SbOSOy ions in the solution on the
properties of the CL

3.1.1. Lead electrodes. Investigations were performed
using solutions with three different antimony con-
centrations: 107>, 2x 107> and 1072 M in H,SO, s.g.
1.28. For comparison, experiments with H>SOy s.g.
1.28 containing no antimony ions were carried out as
well. Figure 3 illustrates the changes in capacity of the
CL formed on lead electrodes as a function of the
number of cycles. The Pb electrodes were cycled
under the conditions described in Section 2.2. first in
H,SO, solution s.g. 1.28 (five charge-discharge cycles)
to allow formation of corrosion layer on their
surface. Then the H,SO, solution in three of the four
cells under investigation was replaced with H,SOy s.g.
1.28 containing SbOSO; ions in the above three
concentrations and cycling was continued. The cells
were subjected to four discharge—charge cycles daily
and then left on charge during the night.
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Fig. 3. Dependence of the capacity of the CL formed on lead electrodes on the number of cycles. Antimony ions (SbOSO; ) are added in
different concentrations to the 4.5 M H,SO, solution during the 5th cycle. The uppermost curve refers to a lead electrode cycled in H,SO4
solution containing no antimony ions. Key: (0)0 M Sb>*; (@)107 M Sb>*; ((0)2x 1072 M Sb>*; (M)107> M Sb*".
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Figure 3 shows that all electrodes exhibit similar
capacities up to the 5th cycle. On addition of anti-
mony ions the capacities decreased immediately. The
higher the Sb concentration the greater the capacity
decrease. This indicates that SbOSO} ions passivate
the lead dioxide electrodes.

On completion of cycling, the electrodes were ta-
ken out of the cells and X-rayed without washing the
H,SO, solution away. The diffraction patterns were
recorded with filtered copper radiation. Figure 4
presents the dependence of the intensities of the
characteristic diffraction lines for o and -PbO, on
the concentration of antimony ions in the solution.

It can be seen from the figure that SbOSO} ions,
even in concentrations of 10 M, cause a significant
decrease in intensity of the characteristic diffraction
lines, that is, lead to amorphization of the PbO,
particles in the CL. This effect of antimony ions has
also been observed on immersing PAM in H,SO,4
solution containing SbOSOy ions [6].

3.1.2. Lead-antimony electrodes. Electrodes produced
with lead—antimony spines containing 0.1, 0.8, 2 or
9% Sb in the alloy were also subjected to cycling
under the conditions described in Section 2.2. Figure
5 gives the capacities measured after 1, 5, 15 and 17
cycles for the four types of lead—antimony electrodes
and for a pure Pb one in H,SO, solution.

During the first discharge, apart from the 0.1 Sb
electrode whose capacity decreased, a slight increase
in capacity was observed in the other electrodes with
PDbSb spines. The electrode capacity increased further
with cycling. The higher the Sb content in the alloy
the greater the capacity increase. It can be assumed
that antimony accelerates the anodic oxidation of
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Fig. 4. Intensity of the characteristic diffraction lines for (J)
o-PbO; (d = 0.312 nm) and (@ and O) -PbO, (d = 0.350 nm and
d = 0.279 nm respectively) in the CL against concentration of
antimony ions in the H,SO, solution.

lead and facilitates the formation of a thick anodic
layer. There is a good electronic and mechanical
connection between the particles in the CL, which
ensures high electrode capacity.

On comparing the data in Figs 3 and 5 it can be
seen that the antimony ions formed on oxidation of
the PbSb alloys have the opposite effect to that of
SbOSO; ions. It has been established that oxidation
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Fig. 5. Capacity of the corrosion layer formed on Pb and PbSb electrodes on cycling in H,SO, solution in dependence of the Sb content in

the spine alloy.
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Fig. 6. SEM micrographs of the corrosion layer formed on: (a) Pb—0.1% Sb electrodes; (b) Pb—9% Sb electrodes.

of PbSb alloys in H,SO4 solution results in the for-
mation of antimony complexes of the type Sb303’
[7]. In contrast to SbOSO; ions their Sb;03~ coun-
terparts exert a beneficial effect on the capacity of the
electrodes.

Figure 6 presents SEM micrographs of the CL
formed on Pb-0.1%Sb and Pb-9% Sb electrodes on
completion of cycling.

The CL is built of interconnected agglomerates.
The latter consist of smaller hardly differentiated
‘particles’ or zones. In the CL formed on Pb-0.1% Sb
electrodes (Fig. 6(a)), edges and walls can be dis-
tinguished. The ‘particles’ building the agglomerates
in the CL on Pb-9%Sb electrodes have rounded gel-
like surfaces. The XRD pattern of this CL indicates a
highly amorphous structure as compared to the CL
formed on Pb—0.1%Sb electrodes.

TEM micrographs of the CL formed on Pb-
0.1%Sb and Pb—9%Sb electrodes are shown in Fig. 7.

It can be seen clearly that the CL comprises zones
(particles) with different densities. The dark zones

(a) "y

have o or -PbO, structure (determined through mi-
croelectron diffraction). The light zones and surface
layers are amorphous and release water on heating in
the TEM microscope. This indicates that they are
hydrated. A comparison between the TEM micro-
graphs of particles from the two types of electrodes
shows that the CL formed on Pb-9%Sb electrodes
has a higher degree of hydration. A similar phe-
nomenon has been observed and described in [8].

3.1.3. Lead-antimony electrodes cycled in H,SO,
solution containing antimony ions. Electrodes pro-
duced using the four types of PbSb alloys mentioned
in Section 1.2. were subjected to cycling in H,SOy4
solutions containing antimony ions in the concentra-
tions given in paragraph 1.1. These ions were
introduced to the solutions after nine cycles and then
cycling was continued. Figure 8 presents the capacity
curves obtained.

Addition of SbOSO; ions to the H,SO, solution
leads always to a decrease in electrode capacity

Fig. 7. TEM micrographs of the corrosion layer formed on: (a) Pb—0.1% Sb electrodes; (b) Pb—9% Sb electrodes. Magnification: 150 000 x.



ANTIMONY IONS IN LEAD-ACID BATTERY PLATES

725

1soo @
<
o 0750F B
]
- II day
1

2.250

1500

0-3c/ah

0790

{h)

2.250

1.500

103G/ AR

0750

(1d}

|_i day

1V day
|

1

Cycles

15

Fig. 8. Capacity against number of cycles curves for the corrosion layers obtained on cycling of PbSb electrodes with different Sb content in

the spine alloy immersed in H,SO, solutions containing SbOSO, ions in different concentrations. Key: (
Sb>*: (———) 2x10 2 M Sb>* ; (——)1 x 1072 M Sb** for (a) Pb—0.1% Sb, (b) Pb-0.8% Sb, (c) Pb—2% Sb and (d) Pb-9% Sb.

YH,SO04; (— — ) 1x10 * M



726

D. PAVLOV, A. DAKHOUCHE, AND T. ROGACHEV

irrespective of the antimony content in the alloy. On
comparing the results from Figs 5 and 8 it becomes
evident that the beneficial effect of the Sb;O3~ ions
formed on oxidation of antimony in the alloy is
suppressed by the passivating influence of the
SbOSO; ions in the solution.

When the Pb-2%Sb and Pb—9%Sb electrodes were
cycled in pure H,SOy, solution, no shedding of the CL
was observed up to the 15th cycle. On adding of
SbOSO; ions, however, the CL layer began to shed
after several cycles. This means that SbOSOj ions
impair the mechanical connection between the PbO,
particles formed on cycling in the CL.

3.2. Effect of state-of-charge of the CL on the
processes of formation of PAM structure

It has been established that, on cycling of batteries
with Pb—Ca grids, the concentration of PbSOy, crys-
tals near the positive grid increases and the life of the
batteries is shortened [9]. Other authors have found
that during float service of batteries, a high con-
centration of PbSO, is observed around the grid,
when the latter is made of PbCa alloys. This phe-
nomenon is not evidenced in PbSnCa and PbSb grids
[10]. It has also been established that PbSOy, crystals
are formed only in those parts of the corrosion layer
which are in contact with PAM [11]. The effect of
PbSO, crystals at the interface CL/PAM on the ca-
pacity and the evolution of this effect on cycling of
the plates has not yet been completely elucidated.
This effect can be assessed using tubular powder
electrodes.

3.2.1. Pb and PbSb electrodes. The investigations were
performed using electrodes with Pb—6%Sb, Pb—2%Sb
and pure Pb spines. Nine electrodes of each type were
set to cycling. All electrodes were cycled for nine
cycles first to allow formation of corrosion layer.
During the last cycle, three electrodes were dis-
charged to 50% of their capacity during the previous
discharge. Another three electrodes were discharged
fully (100%). And the last three electrodes remained
with their corrosion layer fully charged. The spines
were taken out of the cells, washed and dried. Then
they were used for the manufacture of tubular
electrodes with PAM density 4.15 g cm™>. These
tubular electrodes were subjected to cycling in H,SOy4
solution. The first discharge was conducted with no
preliminary charge.

The dependences of the specific capacity (in Ah g™'
PAM) against the number of cycles for tubular elec-
trodes with 0%, 50% and 100% state-of-charge of the
CL are presented in Fig. 9. Each point reflects a mean
arithmetic value of the measurements for the three
electrodes.

During the first cycle, the electrodes with fully
discharged CL exhibit the smallest capacity. Pure Pb
electrodes (Fig. 9(a)) ‘remember’ the state-of-charge
of the CL for more than 10 cycles. In electrodes with
Pb-2%Sb spines (Fig. 9(b)) the state-of-charge of the

CL influences their capacity for about five cycles.
After that the difference in capacity diminishes.
Moreover electrodes with fully discharged CL have
slightly higher capacity than those with CL dis-
charged to 50% state-of-charge. A similar behaviour
is also observed in electrodes with Pb—6%Sb spines
(Fig. 9(b),(¢)).

During discharge the structure of the CL changes.
Most probably the bonds between the individual
particles in the CL become shorter and the particles
decrease in size. The data presented in Fig. 9(a)-(c)
indicate that these changes influence the capacity of
the electrodes. This influence is less pronounced in
lead—antimony electrodes. Figure 9(d)—(f) (which of-
fers another way of presenting the results from Fig.
9(a)—(c)) illustrates this relation most clearly by
comparing the capacity/number of cycle curves for Pb
and PbSb electrodes with the same state-of-charge of
the CL. The pure lead electrodes exhibit low capacity
which increases but very slowly. The capacity of PbSb
electrodes (irrespective of the state-of-charge of the
CL) increases rapidly on cycling, which indicates that
the structures of both the AMCL and of PAM are
formed very quickly. Within 10 cycles, the specific
capacity of tubular electrodes reaches values close to
those of the SLI plates from which the PAM powder
was produced, irrespective of the state-of-charge of
the CL. Obviously, Sb creates conditions for the
phenomena proceeding at the interface to become
reversible and facilities the oxidation of PbSO, and
the formation and growth of the AMCL and PAM
skeletons.

3.2.2. Effect of PAM density. On discharge of the CL
its structure changes (i.e., size of agglomerates, cross-
section area through the links between them, thick-
ness of the CL, depth of penetration of the H,SO,4
solution into the CL etc.). It is of interest to elucidate
the impact of PAM density on the structure of the
interface layers and, consequently, on the capacity of
tubular electrodes. To study this effect we investi-
gated tubular electrodes with different states-of-
charge of the CL and different PAM densities (3.80
and 4.15 g cm™). Figure 10 shows results for
electrodes with Pb-2% Sb spines.

The greatest difference in capacity between elec-
trodes with charged and discharged CL is observed
during the first four cycles. Then this difference di-
minishes abruptly. However, the effect of the state-of-
charge of the CL on the capacity is still noticeable
until the 10th cycle. Another interesting finding is
that the difference in capacity between the tubular
electrodes with fully charged CL and their counter-
parts with partially or fully discharged CL is more
significant for electrodes with PAM density of 4.15 g
cm™ than for those with 3.80 g cm™ PAM density.
This is due to the ability of the PAM porous system
to allow H,SO, and H,O flow. The flow in dense
PAM is impeded and the reduction of PbSO, in the
CL proceeds at a slower rate, that is, PbSO4 remains
longer in the CL.



ANTIMONY IONS IN LEAD-ACID BATTERY PLATES

727

- (a)

010

=

N=50%

¥/Ah gt

o] INSU I R B B
2 4 B 8 10
Cycles
() q:SD'yo
010/
o |
£
£ t
= |
0.05
ol v 1
L 6 8 10
L ) =502/
0112 n=v e
010
':n
-
<T
-
005
i
[ | | | | |

2 4 6 8 10

On comparing the specific capacities of electrodes
with the two PAM densities it is evident that the
density of PAM exerts a stronger influence on the
specific capacity than does the PbSO,4 content in the
CL.

4. Discussion

4.1. Influence of antimony ions on the properties
of the CL

It has been shown that the PbO, anodic layer and
PAM tend to adsorb water, as a result of which hy-
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Fig. 9. Changes in specific capacity on cycling of tubular powder electrodes with spines of (a) Pb, (b) Pb—2%Sb and (c) Pb—6%Sb alloys, and

(d) 0, (e) 50 and (f) 100% state-of-discharge of the CL. = 50% means 50% of the theoretically calculated specific capacity. Key for (a,b,c):
(®)0% charged, ((0)50% charged and (O)100% charged. Key for (d,e.f): (O)Pb, ()Pb-2%Sb and (@®)Pb-6%Sb.

drated zones are formed on the surface of the ag-
glomerates [12-14]. It has been quantitatively
determined that PbO, in the corrosion layer is about
10% hydrated (PbO(OH),) when formed on Pb elec-
trodes [8] and contains up to 25% hydrated
PbO(OH), zones when PbSb electrodes are anodi-
cally oxidized [15]. The TEM micrographs presented
in Fig. 7 show that not only is the surface of the
agglomerates hydrated, but there are also hydrated
zones in their bulk. It was assumed that PbO, is built
of short polymer linear chains [16] and the hydrated
zones and layers comprise short hydrated linear
polymer chains of the type [17]:
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These chains have both electronic and protonic
conductivity. The electronic connection between the
crystal zones is realized through jumping of electrons
from one polymer chain to the other. The hydrated (gel)
layers and zones, and the crystal zones in the CL are in
equilibrium which can be expressed as follows [6, 17]:

crystal zone
PbO, + H,0 == PbO(OH), == H,PbO; (3)

[ [

A K
where A~ and K™ are anions and cations in the so-
lution. The ion exchange between the hydrated zones
and the solution makes the lead dioxide system an
open system [6].

The data presented in Fig. 4 indicate that when the
CL is formed in H,SO4 solution containing SbOSO;
ions, its crystallinity decreases significantly, that is,
the CL is strongly hydrated. SbOSOj; ions are in-
corporated into the gel zones and cause a shift to the
right of the equilibrium (Reaction 3). Figure 3 shows
that a decrease in capacity of the CL is observed in
the above case. Based on the gel-crystal structure of
the CL the above experimental finding may be ex-
plained as follows. Ton exchange of part of the OH™
ions in the polymer chains of the gel zones with
SbOSO; ions from the solution proceeds. Conse-
quently, the SbOSO; ions are incorporated into the
gel zones of the solid phase and affect the electrical
and mechanical properties of the gel zones and layers.
As these ions have considerable volume, when in-
corporated into the chains they increase the distances
between them and hence the transfer of electrons
from one polymer chain to another is impeded. The
electrical resistance of the gel zones increases. As
many of the particles formed in the CL on cycling are
interconnected through their gel zones, the increased

amorphous Zzones

electrical resistance of the gel layers limits the number
of particles that take part in the current generation
processes, that is, the capacity of the CL decreases.
Figure 5 shows just the opposite tendency, namely
when antimony is introduced into the spine alloy the
capacity of the CL increases.

The anodic oxidation of PbSb alloys in H,SOy,
solution leads to the formation of Sb303~ ions [7].
Antimony is in the form of a five-valent ion in this
complex. In this case, too, the effect of the Sb303’
ions can be explained on the basis of the gel-crystal
structure of the CL. Each of the above multivalent
complex ions is bound to more than one polymer
chain. Thus, a polymer network is formed. Electrons
do not have to jump from one polymer chain to the
other, but move along the polymer network. In this
way the conductivity of the gel zones and layers is
improved. The electronic contacts between the sur-
face gel layers of the particles are also improved.
Consequently, more particles are involved in the
current generation process. Thus Sb;O3~ ions play
the role of a binding element and hence improve the
capacity of the CL.

Figure 8 shows that irrespective of the Sb content
in the alloy, the capacity of the CL declines on in-
creasing the concentration of SbOSO; ions in the
solution. The effect of Sb;03~ ions on the CL for-
mation is weaker than that of SbOSO;. Probably
SbOSOj; ions exchange more readily with OH™ ions in
the hydrated polymer chains and have higher affinity
towards them than the Sb;O3~ ions. This explains
why the adverse effect of SbOSO; ions on the capa-
city of the CL dominates.

The SbOSOj ions incorporated into the gel zones
of the CL increase the degree of hydration of these
zones, i.e. reduce the concentration of polymer chains
in them. Thus, the mechanical bond between the
particles in the CL is weakened and they shed easily
on oxygen evolution.

Figure 11 presents the specific capacity (at the 20th
cycle) of tubular powder electrodes with PbSb spines
on cycling in H,SO4 solution containing SbOSOj
ions in the concentrations mentioned in paragraph
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Fig. 11. Specific capacity of PbSb tubular electrodes at the 20th
cycle in dependence of the concentration of antimony ions in the
4.5M H,SO4 solution. PAM density, d = 4.15 g cm™>. Key:
(O)Pb-6% Sb, (O)Pb-9% Sb, (M)Pb-0.8% Sb and (@®)Pb-1% Sb;
lower curve (@)Pb.

1.3 above. These results were obtained in an earlier
investigation [4]. Figure 11 shows that SbOSOy ions
exert the strongest adverse effect only in the case of
tubular electrodes with Pb-0.1%Sb spines. In Pb-
0.8%Sb electrodes this influence is far less pro-
nounced and in Pb—6%Sb electrodes the adverse effect
of SbOSO; ions is suppressed by the beneficial in-
fluence of Sb;O3~ ions.

Penetration of SbOSO; ions into the pores in
PAM is somewhat limited by the diffusion rate. On
the other hand, Sb;O3~ ions are generated at the in-
terface CL/AMCL and enter the pores of the inter-
face and the PAM. Their movement along the pores
is also diffusion limited, as a result of which their
concentration in the pores is high. This concentration
depends on the Sb content in the spine alloy. In
electrodes with higher Sb content, the beneficial effect
of Sb3OS‘ ions on the structure and properties of the
gel zones, manifested in the formation of polymer
networks, dominates.

Thus, antimony ions have their specific effect on
the formation and structure of the CL, AMCL and
PAM. Only certain types of antimony ions (in this
case Sb;O37) gave beneficial influence on the re-
storation of the structure of the positive plates and,
hence, on battery cycle life.

4.2. Effect of PAM density on the electrochemical
processes at the CLIPAM interface

The role of the PbO,/PbSO, reaction at the CL/PAM
interface on the capacity of the plate can be examined
by introducing PbSO, into the CL prior to manu-
facture of the tubular powder electrode. Thus,
through discharge of the CL, PbSOy crystals are in-
jected only into the CL/PAM interface and the PAM
remains charged. The following electrochemical re-
action proceeds during charge:

PbSO4 + 2H,0 = PbO, + H,SO4 + 2¢~ + 2H"  (4)

For this reaction to proceed the following pre-
requisites are needed: (i) Good electronic con-
ductivity of the CL and of the AMCL to allow
electrons evolved during Reaction 4 to pass from the
interface into the grid (spine). For this to happen, the
Scr (Fig. 1) should have high electronic conductivity.
High PAM density should be used to ensure good
electronic contact between the solid phases in the CL
and the AMCL. (i1) Good ionic conductivity of the
PAM to allow free movement of water and H,SO,
ions. This is achieved through a well developed pore
system in the PAM. Thus the H,SO, ions and water
can move freely between the interior of the PAM and
the bulk solution. Hence a low density of PAM is
recommended.

Obviously the above two conditions are in con-
tradiction, hence a reasonable compromise must be
sought to obtain optimum capacity.

When the density of PAM is low (e.g., 3.80 g cm™,
Fig. 10(a)), a relatively smaller number of lead di-
oxide particles contact the CL through the gel zones
in PAM and the CL particles. These zones, however,
have higher electronic resistance than crystal zones.
Hence the resistance of the interface is higher and,
consequently, the capacity of the tubular electrode is
lower (Fig. 10(a)).

When the electrodes have high PAM density (e.g.,
4.15 g em™, Fig. 10(b)), a greater number of PbO,
particles are in contact with the CL. The PAM par-
ticles contact their neighbours and the CL through
their crystal zones or through very dense gel zones.
The gel zones with smaller density are pushed away
from the contact area. Thus, the electronic con-
ductivity of the interface is improved and the capacity
of the tubular electrode during the initial cycles is
high. The pore volume in the CL and the AMCL is
reduced and the porous system features pores with
smaller radii, which decrease the ionic conductivity of
the CL. Figure 10 (b) shows that despite the reduced
pore volume the capacity of electrodes with PAM
density 4.15 g cm™ is higher than that of their
counterpart with PAM density 3.80 g cm™>. This in-
dicates that the electronic conductivity during the
initial cycles plays a more important role than the
ionic transport in the porous system.

Figure 10(a) and (b) shows that the difference in
capacity between tubular electrodes with or without
PbSO, in the CL/PAM interface almost disappears
within 4-5 cycles. However, even during the 10th
cycle part of the PbSO4 remains unoxidized to PbO,.
Probably these PbSO, crystals are in contact with
pores of smaller radii and the diffusion hindrances on
the ionic flow, seriously limit the rate of oxidation of
the PbSO4 crystals. Thus, the effect of Spyo,poso,
(Equation 2) is preserved and the electrodes have a
slightly lower capacity. In contrast PbSO,4 crystals
bordering large-sized pores are oxidized for 4-5
cycles and the capacity difference between electrodes
with or without PbSQOy in the interface diminishes.
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Table 1. Relative changes in the specific capacity caused by PbSOy in
the CLIPAM interface during the first cycle*

Vr 1%

State-of-discharge of

the CL

1% 3.80 g em™ 4.15 g em™
50 29 29

100 86 51

* Data source: Fig. 10 (a) and (b).

4.3. Influence of PAM density on the reactions of
formation and oxidation of PbSOy in the S, zone of
the CLIPAM interface

The influence of PAM density on PbSO, forma-
tion and oxidation can be determined from the re-
lative changes in specific capacity (y,) of electrodes
with 50% and 100% discharged CL (ygiscn) as com-
pared to the fully charged CL (y):

_ ¥~ Vdisch
Y

Table 1 summarizes the first capacity values ob-
tained for tubular electrodes. The data indicate that
PbSO, in the interface CL/AMCL has a more pro-
nounced adverse effect on the specific capacity of
electrodes with lower PAM density than on their
counterparts with higher PAM density. To avoid this
capacity decline the PAM density in the AMCL
should be kept high. Thus, the terms Sppo,pbso, and
Spores in Equation 2 are small and the value of S is
greater. This leads to higher electronic conductivity
of the S.;. The high density of PAM in the interface
suppresses the phenomena causing PCL.

It is known from battery practice, however, that in
order to achieve high PAM utilization coefficient, the
PAM pores should have a volume of 0.12-0.14
cm’g”' PAM. The latter ensures free movement of
H,0 and H,SO, along the pores in the plate volume
on the one hand and on the other hand the increase in
volume of the solid phase resulting from the con-
version of PbO, to PbSOy is absorbed and does not
cause cracking of the PAM skeleton and of the CL.
Hence the ideal positive plate should have highly
porous PAM and a dense AMCL layer over the grid.

On cycling of the positive plate the volume of
PAM pulsates, expanding during discharge and
shrinking during charge. These pulsations are not
completely reversible. Consequently, the plate swells
and the density of PAM is reduced on cycling. In this

Vr

process the density of the AMCL may reach such
values that the role of PbSO,4 becomes crucial. The
latter is formed in considerable quantities and hence
the term Spyo,ppso, reaches high values. Spores also
increases. As a result of this the term S, (Equation 2)
diminishes. The electronic resistance of the interface
S, (CLIAMCL) increases, which leads to a decrease
in capacity of the plate while the PAM is not com-
pletely discharged. The life of the battery depends on
the rate of the above processes.

To suppress these phenomena, the amplitude of
pulsation of the positive plate should be restricted.
This may be achieved through (a) confining the vo-
lume of PAM (e.g. tubular electrodes); (b) applying
pressure to pasted plates during assembly into bat-
teries and (c) formation of a strong PAM skeleton
and a well developed pore system to absorb the me-
chanical stresses resulting from the conversion of
PbO, to PbSOy4 leaving the PAM density unchanged
on cycling. Following the above recommendations in
positive plate design and manufacture the phenom-
ena leading to PCL would be suppressed thus en-
suring longer battery life.
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