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Introduction 

The demand for maintenance-free lead/acid batteries continues to grow 
following the establishment of practical ‘sealed’ technology based on the 
gas-recombination principle [l, 21. In order to perfect this maintenance-free 
technology, it is necessary to gain a more complete understanding of the 
microstructure of the positive plate and its accompanying electrochemical 
behaviour [3]. Two models have been advanced for the microstructure of the 
positive-plate active material, namely, the ‘a-PbO, network structure’ [4,5] 
and the ‘coralloid structure’ [6,7]. Both models assert that the presence of 
antimony is essential for the particular structure to become well developed. 
Simon and Caulder [6,7] proposed that ‘amorphous PbO,’ and ‘inactive PbOz’ 
are factors that control the electrochemical activity of PbO,. According to 
Caulder: “The electrochemical activity of PbO, is controlled by the amount 
of hydrogen species which has made its way into the crystal latttice.” During 
charge/discharge cycling, hydrogen atoms are lost from the crystal structure 
of PbO, and its electrochemical activity decreases. This is known as the 
‘hydrogen-loss’ model, and Caulder further argues that: “The deviation from 
the stoichiometric ratio of PbO, (Pb:O = 1:2) is determined by the amount of 
H which makes its way into the PbO, crystal lattice.” In this respect, the 
hydrogen-loss model may be regarded as basically the same as the 
PbO,_d(zH,O) model formulated by Pohl and Rickert [8]. Pavlov et al. [9] 
have proposed a proton+lectron mechanism for the PbO,/PbSO, electrode 
reaction, and have reported that the hydrated layer of the PbOz crystal 
surface controls the electrochemical activity of host material. On the other 
hand, Hill et al. [ 10 - 121 have found that the amount of H making its way into 
the crystal lattice bears no direct relationship to the loss in PbO, capacity. 

Experimental 

Method for making test cell 
Positive-plate paste was prepared by mixing 1 kg of Shimaxu-mill leady 

oxide (72% PbO, 28% Pb) with 200 ml of 1.180 sp. gr. H,SO,. The paste was 

03787753/90/$3.50 0 Elsevier Sequoia/Printed in The Netherlands 



14 

cured for 24 h at 35 “C! and a relative humidity > 90%. Plate formation was 
carried out at 40 “C in 1.100 sp. gr. H,SO, and at 13.8 A kg-l of paste. Nega- 
tive-plate paste was prepared in a similar fashion. The plates were 58 mm in 
height and 33 mm in width. Flooded cells were constructed by combining one 
positive plate and two negative plates with conventional glass-mat separators 
under conditions of no stacking pressure, and immersing the assembly in 
100 ml of 1.300 sp. gr. H,SO,. A Pb-&Owt.%Sb alloy was used to fabricate the 
positive grids for the control cells; grids in the remaining cells were made 
from Pb-O.OSwt.%Ca-O5wt.%Sn alloy. All the negative grids consisted of 
Pb-O.O3wt.%Ca-O5wt.%Sn alloy. Sealed cells were made by combining two 
positive plates and three negative plates with microfine glass-fibre mat 
separators under approximately 20 kg dm-’ stacking pressure, and immersing 
them in 40 ml of 1.300 sp. gr. H.#O,. The positive and negative grids were all 
made from Pb-O.03wt.%Ca-0.5wt.%Sn alloy. 

Charge/discharge cycle testing 
Testing of flooded and sealed lead/acid cells involved repeated charging 

and discharging at 40 “C to a discharge depth of 50%. After a given number 
of cycles, the positive plates were removed from the cell, washed with water, 
and dried at 55 “C. The morphology of the positive-plate active material was 
then examined by scanning electron microscopy using JEOL Model JSM-U3 
and Model T-200 instruments. The specific surface area was measured with a 
Quantasorb specific surface-area analyzer (Quantachrome Corp.). The sample 
of active material was also separated from the grid and ground in an agate 
mortar to give particles of less than 10 pm in size. This powder was then 
subjected to X-ray diffraction (XRD) analysis using a Geiger-flex Rad-HA 
diffractometer (Rigaku Denki, Ltd.). The small amounts of PbO and PbSO, in 
the ground material were dissolved and removed in a solution of acetic acid 
and saturated ammonium sulphate at 50 “C. After this, the thermal decompo- 
sition characteristics of the PbOz were investigated with a Thermoflex 3035A 
instrument (Rigaku Denki, Ltd.). The distribution of PbSO, in the corrosion 
film surrounding the positive grid was investigated using a JSM-U3 and the 
EPMA method, as well as by optical examination with a metallurgical 
microscope (Olympus PMG-II). 

Results and discussion 

Deterioration mechanism of flooded lead/acid batteries 

Microstructure of positive active material and PbO, morphology 
The principal constituents of the positive-plate paste after curing were 

found to be tribasic lead sulphate (3PbO*PbSO,*H,O = 3BS) and monobasic 
lead sulphate (PbO*PbSO, = ZBS); no free lead sulphate was detected. The 
3BS was present in the form of large crystals of length approximately 
1.4 - 3.0 ,um (Fig. l(a)). The morphology of PbO, in a formed positive plate is 
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Fig. 1. Microstructure of (a) positive cured plate; (b) formed positive plate. 

shown in Fig. l(b). The average crystal size of /I-PbOz, as calculated from 
XRD data, was about 0.023 pm. The particle size calculated from the specific 
surface area of the material was about the same as that observed with a 
scanning electron microscope. Flooded cells using Pb-CaSn and Pb- 
4.Owt.%Sb positive plates failed on the 14th and 63th cycles, respectively. The 
decline in capacity of the antimonial cells was due to the softening and 
shedding of the positive active material. Figure 2(a) and (b) shows the PbO, 
morphology in the failed plates in the two types of cell. Examination by 
scanning electron microscopy revealed that at the smallest size, PbOs had 
grown into prism-like crystals with lengths of about 0.3 and 0.8 pm in 
Pb-CaSn and Pb4.Owt.%Sb plates, respectively. By contrast, the corre- 
sponding average crystal sizes of &PbO,, calculated from XRD data, were 
-0.035 and -0.04 pm. 

(4 04 

Fig. 2. Morphology of positive active material in failed flooded battery. (a) Pb-Ca-Sn positive 
plate before 15th discharge; (b) Pb--d.Owt.%Sb positive plate before 70th discharge. 
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Electrochemical behaviour of the grid corrosion film in Pb-Ca-Sn 
positive plates 
Repeated charge/discharge cycling causes oxidation of the positive grid 

and the formation of a corrosion film. The positive active material is con- 
nected (or combined) with the grid metal by way of the corrosion film. The 
corrosion film on Pb-CaSn alloy is less porous and has a finer microstruc- 
ture than the film on a PM.Owt.%Sb alloy, but because the film is not 
electrochemically inert, the charge/discharge reaction of the positive active 
material causes oxidation-reduction reactions within the corrosion zone. 
Figure 3 shows the PbSO, distribution, in a cross-sectional direction, in 
positive plates taken from flooded Pb-Ca-Sn batteries immediately before 
failure. After completion of the 14th discharge, the S Ka lines were 2 - 3 times 
stronger in the corrosion film than in the active material (Fig. 3(a)). This is 
considered to be the result of preferential PbSO, formation in the corrosion 
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Fig. 3. PbSO, (S Kor radiation) distribution throughout cross section of positive active material 
and grid in flooded Pb-Ca-Sn battery. (a) At fully-discharged state in 14th cycle; (b) at 
fully-charged state in 15th cycle. 



17 

film during the process of discharging, so that when the active material 
discharges from PbO, to PbSO, the current is prevented from entering the 
grid metal of the collector. With further charging, the PbSO, layer formed on 
the corrosion film disappears and is almost completely restored to its former 
PbO, (Fig. 3(b)). Thus, in addition to the drastic softening and shedding of 
positive active material, the nature of the corrosion film with regard to its 
behaviour as a PbSO, barrier layer must be considered as a cause for the 
premature capacity loss of flooded Pb-CaSn batteries when subjected to 
deep-discharge cycling service. 

Deterioration mechanism of sealed lead/acid batteries 

Microstructure of failed positive plates 

Sealed lead/acid batteries use less electrolyte than flooded batteries, 
and the positive active material does not shed, even if it softens. This is 
because the batteries employ a smaller amount of electrolyte and have 
microfine glass-fibre mat separators. Figure 4(a) shows the morphology of 
positive active material from a sealed battery that failed after 710 cycles. 
It is considered that the PbO, has a morphology very much like that of 
the coralloid structure proposed by Caulder et al. [13]. According to 
Caulder, antimony is needed for the coralloid structure to become well 
developed. If it is assumed that such a structure results because antimony 
suppresses the softening and shedding of positive active material, then it is 
not unreasonable to conclude that a structure similar to a coralloid struc- 
ture would also develop in the positive plates of sealed batteries. Figure 4(b) 
gives a magnified view of PbO, crystals with a coralloid structure. X-ray 
diffraction analysis showed that the positive active material consists of 
almost 100% /?-PbO,, with virtually no a-PbO, nor PbSO, being present. The 
average /?-PbO, crystal particle size (calculated from the XRD peak) was 
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Fig. 4. Microstructure of positive active material in flooded sealed battery before 710th dis- 
charge. (a) Microstructure similar to a ‘coralloid structure’; (b) morphology of PbO, crystals 
which constitute a coralloid-like structure (a). (White lines correspond to: (a) 100 pm. (b) 1 pm.) 



Fig. 5. Large crystals of jLPb0, in positive active material in failed sealed battery. (a) /T?-PbO, 
crystals in positive plate before 1050th discharge; (b) jI-PbOz with a twin crystal morphology. 
(White lines correspond to 1 pm.) 

about 0.16pm. With a scanning electron microscope, however, it was ob- 
served that crystals were, in fact, much larger and exceeded 2 pm in size; 
included within these crystals were some with a twin crystal morphology. 
Within present experimental limits, it has not been possible to observe PbO, 
crystals with a similar morphology in the positive plates of flooded cells 
(Figs. 4 and 5). 

Thermal decomposition characteristics of PbO, in failed positive plates 
The principal constituent of positive active material, jl-PbO,, forms 

crystals during repeated charge/discharge cycling. At failure, the particle 
size of /3-PbO, is about 1.25 - 1.49 times, and about 5.7 times, the initial size in 
flooded cells and in sealed cells, respectively. On the other hand, the crystal 
growth rate, as observed with a scanning electron microscope, is consider- 
ably faster than that measured by XRD analysis, with the PbOz crystals in 
failed sealed cells having grown to 10 - 20 times the initial size. According to 
Caulder and Simon [ 141, Pavlov et al. [9], and Hill and Madsen [Xl, such 
PbO, crystal growth changes both the physical and the chemical properties 
of the material. Figure 6 shows the thermal decomposition patterns of PbOZ 
in positive plates taken from failed flooded cells and sealed cells. As pointed 
out by Caulder and Simon [14], failed PbOZ decomposes thermally into 
tet-PbO through almost the same process as chemically produced PbO,, i.e., 

462 “C 

,!I-Pb02 338 a-PbO, - Pb,O, z tet PbO 

Since the number of cycles required before failure differs appreciably 
between flooded cells and sealed cells, there is a considerable difference in 
the crystal particle sizes of the /?-PbO,. In spite of this, the PbO, thermal 
decomposition curves are almost the same. This suggests that the decomposi- 
tion curve is little influenced by the increase in crystal particle size per se but 
more by changes in the PbO, crystal surface state, and the internal crystal 
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Fig. 6. DTA and TG curves of PbO, in failed positive active material at fully-charged state. 
(Reference sample: a-Al,O,, heating rate: 5 “C mix’, atmosphere: air.) (1) PbO, in flooded 
Pb-Ca-Sn battery before 16th discharge. (2) PM), in flooded Pb-kO%Sb battery before 70th 
discharge. (3) PbO, in sealed battery before 558th discharge. 

construction occurring in conjunction with crystal growth. There is still no 
adequate explanation, however, of why, when repeating a fixed number of 
charge/discharge cycles, the PbO, thermal decomposition curve shows a 
tendency to converge to almost the same pattern as failed PbO,. 

Relationship between PbO, crystal growth and diminishing capacity 
Pavlov and Bashtavelova [16] have proposed that the mechanism of 

positive-plate deterioration in flooded cells consists of PbO, agglomerate 
structures changing into crystalline structures, and that this change causes 
the softening and shedding of positive active material. In sealed cells, 
however, the positive and negative plates are structured in such a way that 
they are subjected to about 20 kg dn-’ pressure in a cross-sectional direction 
so that the active material will not shed, even if it softens or swells. Thus, 
electrical contact is maintained physically between the PbO, particles of the 
positive active material, and PbO, crystal growth can continue for a longer 
period than in flooded batteries. Also, because the separators are pressed 
against the plates and because their pores are extremely small, oxygen gas 
evolving in the latter stage of charging moves primarily in a cross-sectional 
direction. Since, in sealed cells, the resistance toward the passage of oxygen 
gas through the interior of the positive active material is greater than that in 
flooded cells, the gas pressure is high. This situation is advantageous to the 
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formation of macropores in the interior of the positive active material and 
results in a well-developed coralloid structure. The mechanism by which the 
PbO, crystals themselves become large may be equated with the sintering 
process for ceramic materials, in which innumerable crystals of small particle 
size combine and grow into large crystals. The solubility of PbSO, in 
sulphuric acid is extremely low, being at best between 2 x 10M5 and 4 x 1O-6 
mol I-‘, so the rate at which the crystal boundary is lost is almost certainly 
very slow. If the mechanism by which the crystal boundary is lost proceeds 
by way of a dissolution-precipitation reaction through the medium of the 
solution, instead of a solid-state reaction, then H,O will be taken into the 
crystal interior. On the other hand, though the enlargement of PbO, crystals 
is a matter of course, this reduces the specific surface area. As this reduces 
the free energy on the surfaces of PbO, crystals, it effects a corresponding 
reduction in the dissolution rate of Pb4+ ions. Conversely, the surfaces of the 
enlarged PbO, crystals are much smoother, and the degree of crystallization 
much greater, than in the early stage of the charge/discharge cycle. It is 
concluded, therefore, that these constitute major causes for the lowering of 
the electrochemical activity of PbO,, ultimately leading to a decrease in 
positive-plate capacity. 

Conclusions 

The following conclusions can be drawn from the research results 
presented here: 

(i) the decrease of positive-plate capacity in sealed lead/acid batteries, 
in which there is no shedding of positive active material, is due to advancing 
deactivation of the PbO, crystals themselves; 

(ii) the decrease in the degree of PbO, electrochemical activity is 
closely related to changes in the surface state of the PbO, crystals, which are 
caused by crystal enlargement during charge/discharge cycling. 
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