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Market trends 

World lead sales depend heavily upon the use of the metal m the 
manufacture of lead/acid battenes These batteries are widely employed to 
stpt internal-combustion-engmed vehicles, to provide standby power, to 
propel specmhst vehicles, and to operate portable appliances Potentially 
enormous new markets he m electric road vehicles, mains-electnclty load- 
levellmg faclhtles, and remote-area power-supply systems The increasing 
demand for better electrical output and longer service life, together with 
trends towards reduced weight and lower mamtenance, requires the deep- 
discharge performance of all types of lead/acid battenes to be lifted 

In pursuit of better electrical performance 

The basic parameters to consider here are energy density (1 e , W h kg-’ 
or W h 1-l) and power density (1 e , W kg-l or W 1-j). The energy density 1s the 
amount of electricity that can be generated per unit mass (or volume) of the 
battery, the power density 1s the rate at which this energy can be supphed 
per unit mass (or volume) 

Practical energy and power densities are less than thev theoretical (1 e , 

maximum) values on account of* (1) electrode-kmetlcs and reactant-supply 
restnctlons (z e , overpotential factors) that reduce the battery voltage on 
load, (u) the internal resistance of various cell components that also act to 
decrease the battery voltage, (in) the need for inactive construction/ 
operation materials (e g , grid current-collectors, inter-cell connectors, 
terminals, cover and contamer, separators, water m the electrolyte, etc ) that 
contribute to the battery’s weight (and volume) but are not involved m the 
electnclty-producmg reaction, (iv) the mfluence of various morpholo@cal, 
geometrical, distribution, and chemical (z e , lsolatlon and pasnvatlon) 
effects that prevent the full utlllzatlon of the electrode matenals durmg the 
cell reaction. Factors (11) - (iv) are the most important m hmltmg the 
performance of lead/acid batteries 
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Reducrng mternal resistance 
The internal resistance of cells and battenes can be reduced by* (1) 

developing thinner, lower resistance, separator matenals, (ii) decreasing plate 
thickness, (111) lmprovmg current-collection through the development of new 
@d designs, (iv) increasing grid conductlvlty through using lead composites, 
e g , copper-stretch-metal [ 11, (v) mmlmlzmg current pathways through 
mtroducmg mnovatlve cell designs, (vi) ensuring good inter-particle contact 
wlthm the plate materials through optlmlzmg phase chemistry and archltec- 
ture, addmg binders, dopants, etc 

Conventional lead/acid batteries employ a monopolar plate arrangement 
in which a number of negative plates are parallel-connected and then Joined 
m series to a similar (interleaved) group of posltlves (Fig 1) In the 
alternative bipolar arrangement, each intenor plate serves as the negative of a 
cell on one side and as the positive of the adJacent cell on the other (Fig 1) 
The bipolar plates are stacked parallel to each other so that cell-to-cell 
current flow 1s through the whole area of the electrode, and 1s transmitted 
only through its thickness The current pathway 1s considerably shorter than 
that of the monopolar type and, hence, resistance losses are reduced 
appreciably The practical realization of the bipolar battery has been delayed, 
however, by dlfflcultles m mamtammg the integrity of both the electrodes 
themselves and the seals they must make with the container 

BIPOLAR ARRANGEMENT 
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Fig 1 Plate arrangement m monopolar and bipolar cell designs 

The recently introduced Dunlop “Pulsar” automotive battery has a 
unique construction [2] The battery consists of alternate, side-by-side, 
positive and negative plates mounted on injection-moulded plastic frames 
To produce a 12 V battery, a frame contammg three posltlve and three 
negative plates 1s placed opposite a similar frame (urlth a separator frame m 
between) m such a manner that each plate m one frame faces another of 
opposite polanty in the adJacent frame The desired capacity 1s achieved by 
stacking a number of these frame pars m senes This arrangement eliminates 
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the need for “top lead” m Inter-plate and Inter-cell connectlons. Current 
collection is taken along the whole length of the vertical side of each plate, 
so that resistance losses are slgnlflcantly decreased and, subsequently, the 
power output is greatly increased 

Reducmg the weight of mert materials 
Clearly, the need to lessen the weight contnbutlon of inert materials is 

strongest m mobile and portable apphcatlons of battenes Engmeermg 
approaches are usually adopted to mmlmlze battery hardware, although 
some research opportumtles present themselves, e g , m the development of 
corrosion-reastant, low-density, lead-coated grid materials such as alummium, 
copper, glass, tltamum, etc The greatest weight savmgs are hkely to be 
achieved through mnovatlve cell designs. For example, Dunlop claim that 
the novel plate arrangement of the Pulsar automotive battery results m up 
to 50% reduction m weight over conventional systems 

Increasmg the utkzatlon of plate materials 
Plate matenals are not fully discharged durmg the cell reaction 

Utilization at the begmmng of service 1s a function of the delivered current 
density, the rate of electrolyte diffusion mto the plates, the total surface 
area of the plate materials, the degree of electncal contact both between the 
particles of material and the current collector (grid) and between the 
particles themselves, and the mtrmslc electrochemical activity of the 
particles. These factors are found to change both during a gven discharge 
cycle and between subsequent cycles, so that the battery 1s eventually unable 
to supply useful energy and/or power. 

Attempts to increase the utlhzatlon of plate materials have involved. 
(1) reduction m plate thickness, (11) changes m cell design, (m) forced 
circulation of electrolyte, (iv) increase m porosity and total surface area of 
the materials,, (v) changes m plate preparation procedures, and/or the 
addition of dopants. By the latter, it 1s hoped to modify both the chemical 
composltlon and the slze/shape/dlstrrbutlon of the posltlve-plate material 
particles to yield a reproducible system with optimum electrochemical 
actlvlty Although the engineering approaches of (1) - (IV) have led to 
improvements m both energy and power densities, they have also often 
resulted m premature battery failure. For example, reducing the thickness or 
increasing the porosity of plates has generally resulted m shorter cycle life 
through accelerated grid corrosion or material shedding, respectively. The 
flow-through cell developed by Johnson Controls, Inc m the U S A (Fig 2), 
whilst being capable of very high levels of material utlhzatlon (51% 
improvement), must use plates that contam no cracks or pmholes (both 
mltlally and throughout operation) and that also exhlblt good mechamcal 
mtegrlty under pumping pressures, both crltena present difficult 
technological challenges These problems serve to illustrate the age-old rule of 
battery development, namely, a basic compromise has to be made between 
electrical performance and service life 
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Fig 2 Electrolyte flow-through concept for lead/acid batteries [ 3 ] 

The crystal-chemwal approach 
In research crcles, increasing support 1s bemg grven to the view that the 

best approach to enhancing lead/acid battery performance is to shift the 
emphasis from engmeermg aspects towards efforts sumed at achieving a 
deeper understandmg of the subtle changes m both the phase chemistry and 
the individual crystal (z e , sohd-state) and total archltectural properties of 
plate materials that occur during battery manufacture and operation Such 
knowledge 1s consldered essential for industry to obtain, first, tighter 
control, and second, optlmlzatlon of the various plate-makmg stages, so that 
battery performance becomes both uniform and maximum It is considered 
that research campagns will benefit greatly from encouragmg the 
involvement of both the mvestlgatlve techmques and the skills of solid-state 
scientists m conJunctIon with those of electrochemlsts 

In pursuit of better manufacturmg control 

To obtain the goal of better manufacturmg control, a universal physlco- 
chemical technique 1s requved to relate quantltatlvely the effect of changes 
m the multltudmous process parameters on the chemistry and structure of 
the plate materials durmg therr successive preparation and utlhzatlon stages 
(those encountered with flat posltlves are shown m Fig. 3) Recent research 
in the CSIRO laboratones has shown that the technique of X-ray diffraction 
(XRD) phase analysis can make a valuable contrlbutlon 
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PROCESS CRYSTALLINE CHEMICAL COMPONENTS PROCESS/MATERIAL PARAMETERS 
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Fig 3 Crystalline chemical compounds and process parameters involved m the 
productlon of flat posltlve plates for lead/acid batteries 4BS = CPbO’PbSOa, 3BS = 
3Pb0*PbS04*H20, 1BS = PbO*PbSO‘,, OBS = PbS04, HC = Pb3(C03)2(OH)2 

To date, XRD phase analysis has been apphed to: (1) leady-oxide 
productlon, to achieve better quality and process control [4], (11) plate 
curmg, to remove varlatlops m the subsequent service lives of cells [ 5 ] ; (111) 
plate formation, to provide an optimum chemistry conducive to good cell 
performance [ 61, (iv) plate semce, to elucidate battery degradation processes 
[7]. In these studies, the phase-analysis technique has been used not only to 
determine the relative abundances of the various crystalline phases present m 
plate material, but also to dlstmgulsh between crystalline and “amorphous” 
material [6]. Since it 1s recognized that, m addition to the composition of 
the plates, battery service parameters also depend upon the effective surface 
area of the material particles and their size, shape, and spaclal relatlonshlps 
with each other, XRD phase analyses have been supplemented by 
independent measurements of total plate surface-area and pore-size 
dutnbutlons, and by electron and optical mlcroscoplc studies. Attention has 
been focused mltlally on flat plates, but 1s currently being extended to cover 
tubular types. 

In pursuit of better semce life 

Parameters that are considered important m determining the service life 
of lead/acid batteries include: 

(1) the chemical compowtlon and physlcal properties of leady oxide, 
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(11) the composltlon (mcludmg additives), density and method of 
apphcatlon of the paste; 

(111) chemical composltlon and structure of cured plates (flat type) or 
pickled plates (tubular type), 

(IV) chemical composltlon and structure of formed plates, 
(v) composltlon and casting condltlons of grids, 
(VI) composltlon (mcludmg additives) of electrolyte, 
(vu) choice of separator, 
(~1) cell design, 
(lx) storage time before use, 
(x) discharging and chargmg mode, 
(xi) temperature of operation, 
(xu) umformlty of concentration and maintenance of electrolyte 

Parameters (1) - (WI) depend upon the method of battery production and, 
hence, are known as “inner parameters” On the other hand, parameters 
(viii) - (xii) are determined by the condltlons of battery use, and are 
accordmgly referred to as “outer parameters” Any deleterious effect of the 
inner parameters on service hfe can be mimmlzed through control and 
optimization of the materials’ processmg stages, whilst any problems 
emanating from the outer parameters can be reduced by selecting the battery 
design and system features to match the operatmg requirements of the apph- 
cation Nevertheless, both types of parameters will act (to varying degrees) 
to brmg about the eventual demise of the battery via failure of either the 
positive plate, the negative plate, or the separator (e g , Fig 4) 

Morphology Change 

Mos 

Plate Growth 

Expander Degradation 

Sulphatlon Grid Corrosion 

Fig 4 Examples of failure modes commonly exhIbIted by flat-plate lead/acid batteries 
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The service life of a lead/acid battery 1s generally hmited by the 
performance of the positive plate, the capacity of which gradually declines on 
charge/discharge cychng, This loss of capacity has been attributed to a 
combination of the following failure mechanisms (refer Fig, 4): 

(1) loss of inter-particle contact and decrease m the total surface area of 
the material due to morphological changes, 

(ii) shedding of material from the plate due to grid corrosion and 
morphological changes, 

(iii) electrical isolation of parts of the material due to grid deterioration 
and growth, encapsulation by non-conductive lead sulphate, and formation 
of a barrier grid-corrosion film at the mterface with the plate material; 

(iv) plate sulphation due to acid stratification effects, 
(v) gradual conversion of material to an electrochemically inactive form. 

These phenomena decrease the discharge capability by reducing the amount 
of material available for reaction and by mtroducmg large resistance losses. 

Improvmg maternal stab&y 
The physical retention of positive material can be improved by 

enclosing flat plates m plastic or glass-hbre envelopes, or by using tubular 
electrodes clad with fabric gauntlets, The former is purely a band-aid 
approach, the latter introduces higher manufacturing costs, It is therefore 
important to understand more fully the changes m particle morphology that 
occur during the preparation and utilization stages of the positive material, 
with a view to obtammg more rigid structures that allow maximum reaction 
with the electrolyte, but at the same time withstand stresses caused by 
volume changes that accompany the chemical reactions during charging and 
discharging of the battery. 

Research has demonstrated the importance of getting the nght mix of 
chemistry at the plate-formation stage. Formed plates consist of a-Pb02 and 
/3-Pb02, and the mltial value of the a/P weight ratio has been found [7] to 
exert a marked effect on battery service life under deep-discharge conditions. 
A non-linear increase m service life occurs with increase m the mitral ar-Pb02 
content until an eventual maximum m performance is reached (at o/p m 0.8 
for positive-limited traction cells) The cr-PbO, consists of prismatic crystals 
which, it is argued, interlock to form a rigid structure and thereby impart 
great mechanical strength to the plate material. Further research should be 
directed towards mvestigatmg how manipulation of the chemistry of each 
mdividual stage of plate-making (by adlustmg process conditions) can 
establish a particle structure conducive to good performance m each 
succeeding stage. 

Reducmg grad corrosion 
Methods to combat grid corrosion have included: (1) careful selection of 

grid and plate designs, (11) use of alloymg additives in the grid metal; (in) 
adding dopants to the electrolyte; (iv) better control of charging conditions. 
Very recently, Tracer, Inc. m the U S.A. have announced [81 the 
development of an extrusion process for coating small diameter glass fibres 
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with lead The extruded pure lead surface is claimed to be dense and 
amorphous m appearance, and to have high resistance to cycling corrosion 
Grids made from lead/glass composite wires have been used m a limited 
number of 6 V and 12 V batteries The energy and power densities of these 
batteries are claimed to exceed those obtamed from conventional types. 

The corrosion of lead-antimomal grids, apart from resulting in eventual 
mechanical failure, also contributes to the self-discharge of the negative 
plate Durmg battery charge, antimony dissolves from the positive plate, 
diffuses through the electrolyte, and deposits on the negative plate This 
results in a reduction of the hydrogen overpotential at the negative plate, 
and leads to hydrogen evolution durmg battery charge and open-circuit 
stand Such behaviour increases water losses and, hence, maintenance 
requirements On the other hand, the presence of antimony m the positive 
plate does enhance the deep-discharge performance of batteries The 
detrimental gassmg effect of antimony can be reduced by using grids of 
lower antimony content or by employmg pure lead or lead-calcium 
substitutes Batteries with lead grids, however, are not able to withstand the 
vibration and mechamcal shocks experienced m some apphcations (e g , 
traction and portable power) Batteries using lead-calcmm grids are more 
robust, but they do not exhibit satisfactory deep-discharge service lives 
Thus, considerable research activity has been directed towards fmdmg an 
alternative for antimony that provides its cyclmg benefits but avoids its 
electrolyte maintenance problems Success here may come from adoptmg 
a crystal-chemical approach to study elements that form closely related 
crystal structures in common with antimony when combined with oxygen 
and/or sulphate 

Reducrng acid stratlflcatlon 
During cycling of lead/acid batteries, acid is either consumed (1 e , 

during dischargmg) or produced (z e , dunng charging) This results m high- 
density acid settling near the bottom of the plates and low-density acid near 
the top of the plates The development of a resultmg vertical concentration 
gradient of acid leads to non-uniform material utihzation and current 
distnbution. factors that shorten service hfe through the irreversible 
formation of lead sulphate, particularly on the negative plates Acid 
stratification can be removed through agitatmg the electrolyte either by 
gassing on overcharge or by cnulation with pumps (usually the au-lift type) 
The University of Alabama at Huntsville (U S A ) claims [9] to have obtained 
a 100% increase m the cycle life of golf-cart batteries when usmg a pulsed, 
electrolytedestratrfication system In general, the degree of success m 
eliminating stratification IS a function of the cell geometry, the design of the 
pump accessory system, and the cell operating procedure 

Huntmg hydrogen 
In addition to the above positive-plate failure modes, it has been 

suggested [ 101 that the dechne m plate capacity on charge/discharge cychng 
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1s due to the progressive loss of hydrogen species from the crystal structure 
of Pb02, together with a correspondmg increase m the degree of structural 
order This hydrogen-loss concept has stimulated a great deal of recent 
research activity Studies m the CSIRO laboratones have shown that the 
electrochemical activity of crystalline Pb02 does not change with battery 
service Ill-1 On the other hand, posltlve plates have been found to contam 
significant amounts of poorly crystalline (1 e , “amorphous”) matenal [6] 
It has yet to be determined whether this material (together with any 
hydrogen it may contam) plays an important role m determining the electro- 
chemical activity of posltlve-plate material. 

Summmg up 

The lead/acid battery continues to satisfy an Immense, worldwlde 
demand for mexpenslve and rehable electncal-energy storage Given the huge 
resources Invested m its productlon, the vltal dependence of lead markets on 
its welfare, and the ever-present threat of one of the alternative battery 
systems reaching commerclallzatlon, manufacturers and matenal suppliers 
will not allow lead/acid to rest on Its laurels 

Paradoxically, although lead/acid has a long and estabhshed record of 
commercial performance, the physlcochemlcal charactenstlcs of its 
preparation and operation continue to mystify and fascmate the enqulrmg 
research sclentlst and technolo@st ahke. The dnvmg force for research is the 
great scope for improvement offered by the battery, at present, the energy- 
storage capability 1s only a minor percentage of the theoretical value. 

The lead/acid battery is a mature product and therefore break-throughs 
are likely to be few and far between. The most recent, the Dunlop Pulsar 
battery, has been the result of lateral engmeenng thought The time 1s ripe 
for now exerclsmg lateral research thought. The first steps m this direction 
are being taken by those research groups who are drawing upon the skills 
and ideas of colleagues m sclentlflc dlsclphnes that, traditionally, have 
not been closely associated with the lead/acid system 
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