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Summary 

The electrochemistry of the porous lead electrode, both theory and 
practice, is reviewed and the influence of additives on the performance and 
behaviour of the electrode is discussed. Important aspects such as life under 
different cycling regimes and low temperature performance are also exam- 
ined. 

The review contains 149 references. 
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Introduction 

In 1971, Burbank et al. [l] reviewed some aspects of research into the 
electrochemistry of the lead-acid battery. In 1977, Ruetschi [2] discussed 
the history, development, and science of the system, and this was followed 
in 1979 [3] by a critical analysis of the future role of the cell in the con- 
text of other systems under development. An account of the technological 
aspects of the battery was published in 1977 [4], which complemented 
Vinal’s classic, Stomge Batteries [ 51. 

In the lead-acid battery, electrical energy is produced from the reac- 
tion: 

Pb + PbOs + 2HsS04 -+ 2PbSOl + 2HsO (1) 

The reaction occurs at porous, active masses supported on lead alloy grids; 
the grids act as current collectors and the cell contains sulphuric acid in 
excess of the requirements of reaction (1). The positive and negative elec- 
trodes are normally separated by microporous sheets which prevent short- 
circuiting, and shedding of active material from the electrodes. 

*Present address: Chloride Alcad Ltd., Redditch, Worcs., England. 



102 

The equation for the negative electrode may be written as 

Pb + S042- z 
\ PbS04 + 2e. 

The charge/discharge cycle at the negative electrode involves a considerable 
redistribution of the active material during the dissolution, nucleation, and 
growth of the solid phases. In the electrolyte, uncharged species can be 
transported by diffusion and convection, whereas ions can also move by 
migration in an electric field. The occurrence of one or all of these modes of 
transport depends on electrode properties such as geometry, porosity, con- 
ductivities of the solid and liquid phases, and the current/voltage charac- 
teristics of the electron transfer reaction. Modelling of the negative electrode 
is further complicated owing to the change in electrode volume that occurs 
on cycling; the lower density of PbS04 effects a decrease of cell porosity 
on discharge. 

Because of the highly complex behaviour of the negative electrode, 
attempts to improve battery performance have taken a rather empirical 
approach, which has proved costly and time-consuming. With so many 
factors interacting to determine the overall electrode behaviour, a highly 
detailed knowledge of the electrode is required to achieve an optimum com- 
bination of all the possible variables. Steps have been taken to achieve this 
through the development of theories explaining the behaviour of porous 
electrodes. 

1. Porous electrode theory 

Industrial electrodes are normally porous because it is necessary to 
carry out electrode reactions at significantly high current densities. The 
specific surface area of porous lead electrodes has been determined as - 0.3 - 
0.46 m2 g-l [6,7] , although the effective surface area is quoted as - 0.04 - 
0.05 m2 g-l [ 8,9] . Because of the large surface area of the porous electrode, 
the driving force for the reaction, the overvoltage, is smaller. However, the 
current distribution in the practical porous electrode is non-uniform because 
of the mass&msfer and ohmic hindrances. The capacity/performance of the 
porous lead electrode is determined by the following factors [lo] : 

(a) the amount of active material in the electrode; 
(b) the thickness of the electrode; 
(c) the rate of discharge; 
(d) the temperature; 
(e) the quantity and concentration of the electrolyte; 
(f) the porosity; 
(g) the design of the electrode; 
(h) the previous history of the electrode. 
The task of modelling the electrode to account realistically for all these 

factors is daunting, and porous electrode theory has to be developed in con- 
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cert. with experimental observations. The porous electrode model is, at best, 
a simplified mathematical expression for the transport and kinetic phenom- 
ena occurring at the electrode. Various assumptions have to be made, and 
each one involves its own limitations. The goal of porous electrode modelling 
is the provision of design criteria for the perfectly optimised electrode. The 
model has to be based on analyses of actual elementary processes occurring 
within the electrode matrix, such as transport and charge transfer kinetics. 
Theoretical aspects of electrode modelling have evolved considerably, from 
the simple picture of Daniel’-Bek [ 111, using invariant reaction kinetics and 
fixed geometry, to the comprehensive models of today. 

Work on mathematical modelling has been well reviewed by a number 
of authors [ 12 - 151. The majority of models use a one-dimensional repre- 
sentation, where the pore geometry is ignored. This approach is valid when 
the distances over which there is significant variation in concentration and 
potential are large compared with the characteristic dimensions of the pore 
system. The models of flooded porous electrodes may be divided into three 
categories [lo] : (a) The pore model: represented by parallel cylindrical 
pores of constant radius, perpendicular to the outer surface [ 161. (b) The 
analogue model: makes use of equivalent circuits, with the resistance of 
carrier materials and electrolytes in conjunction with polarisation resistance 
[ 17, 181. (c) The macrohomogeneous model: views the electrode on a 
macroscopic scale and disregards the geometric detail of its structure. The 
whole electrode-electrolyte system is described as the superposition of two 
continua: the electrode matrix, and the electrolyte which fills the voids with- 
in the matrix. Variables in the two phases, such as potential and current, are 
regarded as continuous functions of time and space [ 191. There are certain 
drawbacks to models (a) and (b). The pore model is difficult to apply to 
electrodes which must be considered as two-dimensional, because questions 
would arise concerning the direction of the pores. In the case of the analogue 
model, non-linear resistances must be used when the overvoltage does not 
vary linearly with the current density, and the influence of diffusion cannot 
be satisfactorily modelled. 

These difficulties are eliminated in the case of the macrohomogeneous 
model, where variables such as matrix and electrolyte conductivities, phys- 
ical structure and electrolyte conductivity, can be averaged into continuous- 
ly varying functions in time and space. The model is, therefore, based on 
equations describing mass transfer, ionic and electronic currents, electrode 
kinetics, conservation equations for each dissolved species, and, more recent- 
ly, structural changes of the electrode occurring during cycling. However, the 
pore model uses equations which are essentially identical [ 12], yielding com- 
plementary results in some cases, and will be discussed in more detail. 

(i) The pore model 
Work on the pore model up to 1966 has been.well reviewed by de 

Levie [12] and it is sufficient here to report some of the conclusions. The 
porous electrode is considered as a single pore of uniform cross-section, 



104 

homogeneously filled with electrolyte, with a negligible matrix resistance. 
The curvature of the pore is considered unimportant, and the pore is 
represented by an RC transmission line. Assuming mass transport is not 
rate-limiting, but the electrode is reaction-controlled, then the pore behaves 
like a resistance where 

f = (22’)1’2 cotanh $1 (3) 

hence, the current in the porous electrode is inversely proportional to 
(22’)1’2, and p’ = (2/2’)1’2. In contrast, the current at a flat electrode is 
inversely proportional to 2’; experimental verification of these predictions 
will be reported in Section 4. 

Austin [ 201 also considered the case where the porous electrode might 
be controlled by solution resistance and/or diffusion. Considering a redox 
system with soluble reactants at inert electrodes, a dimensionless quantity 
was derived 

an2F2CD 
G= 

KRT ’ 
(4) 

Austin [ 201 concluded that if @ > 5, electrode processes are resistance-con- 
trolled; if @ < 0.5, electrode processes are diffusion-controlled. Using eqn. 
(4) Bode [4] calculated a value of I$ = 0.7 for a charged lead-acid battery. 
This value decreases with discharge and indicates that the performance of 
the lead-acid battery may be influenced by the diffusion of acid in the 
porous matrix; this result will be discussed in Section 4. 

Another important concept to arise from porous electrode theory is 
the penetration depth, l/p’, which characterises the distance to which a 
reaction can penetrate a porous electrode [16, 211 (see eqn. (1)). This 
length indicates the optimum thickness for a porous electrode and has, 
therefore, considerable significance, because electrodes much thinner than 
the penetration depth behave like planar electrodes of enhanced surface, 
while electrodes much thicker than the penetration depth are inefficient. 
If electrodes could be manufactured at a thickness corresponding to a 
calculated penetration depth, a battery of improved efficiency could be 
achieved; this has considerable importance for the lead-acid batterywhere 
weight is such an important criterion. Unfortunately, as de Levie [ 121 has 
shown, this characteristic length varies with the mechanism of current 
control. For a reaction-controlled porous electrode [ 211 

RT~K ‘I2 
UP’ = Gli- 

[ 1 0 
(5) 

and for diffusion control, Bode [4] has derived 

CDnF 
l/p’= - . 

i(1 -e) 
(f-3 



From eqn. (5), Bode [4] calculated a value for the penetration depth of 
1 mm for the lead-acid battery. From eqn. (6), the penetration depth varies 
with reactant concentration, and, hence, the rate of discharge. For low 
discharge rates, the penetration depth was 3 - 5 mm, and for high discharge 
rates was 0.12 mm. These values indicate the undesirability of high rate 
discharges of the lead-acid battery in diffusion-limiting situations, but are 
only applicable to steady-state regimes. 

The measurement of the double-layer capacity of the porous electrode 
has considerable significance because it directly reflects the amount of 
surface area available for electrochemical reaction, and is, therefore, a 
valuable non-destructive method of electrode characterisation. Ksenzhek 
and Stender [22, 231 were the first to consider the time-dependent re- 
sponse of a porous electrode to a current-step function. For a practical 
porous electrode, however, de Levie [ 121 has shown that constant-current 
conditions cannot be achieved because of the variations in pore size of the 
electrode. A potential-step technique is more readily applicable, and for 
a potential-step of amplitude E, the charging current is [ 24,251, 

i = E(C’/nZt)112 . (7) 

Therefore, the double-layer charging response of a porous electrode to a 
potential-step is a current-time transient which decays as l/d t. By con- 
trast, for a planar electrode, the current decays linearly with time. 

Because the pore model is more restrictive than the macrohomoge- 
neous model, analytical solutions can be found to non-steady-state situations. 
Even so, compared with the theoretical investigations of the steady state, 
information on the transient response of flooded porous electrodes is 
scarce. Early contributions were made by Ksenzhek [26 - 281, Guruvich 
and Bagotskii [29, 301 and Grens and Tobias [31], and, more latterly, 
by Rangarajan [32] and Kunimatsu [33]. Winsel [ 161 looked at transient 
response under constant-potential and constant-current conditions to model 
the discharge conditions in storage batteries. Dunning and Bennion [ 341 
used a more sophisticated approach to examine the effects of varying solu- 
tion properties on the discharge of porous electrodes with sparingly soluble 
reactants; this is analogous to the porous lead electrode, where PbS04 is 
the sparingly soluble reactant. These authors used a single pore model and 
a pseudo steady-state approach to examine the effect of varying solution 
conditions on the mass transfer between salt crystallites and the metal 
surface, and found pore blockage to be a significant cause of capacity 
limitation. Szpak et al. [35] also used the pore model to predict reaction 
profiles for the charging of porous silver electrodes in 1N KCl, and com- 
pared the theoretical results with experimental observations on an idealised 
porous electrode. This work may or may not be relevant to the porous Pb 
electrode, as the model assumed a solution-diffusion step for the Ag/AgCl 
system, which approach for this system is valid, but for the porous Pb elec- 
trode this is still a controversial issue. 
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Winsel et al. [ 361 developed a simple pore model of the positive and 
negative electrodes to investigate the behaviour of the electrodes at high 
rate, low temperature discharges. Based on the solution/precipitation model 
of Vetter [ 371, and assuming that pore plugging was the capacity limiting 
process, then the capacity of the negative electrode was found to be 
proportional to the square of the surface area. At - 18 OC, and low elec- 
trolyte concentration, calculations showed that pore plugging could be 
due to the formation of ice crystals as well as to PbS04. 

Because of the geometric complexity of practical industrial porous 
electrodes, the results obtained with the pore model are treated with some 
caution. However, it is impossible to consider quantitatively the behaviour 
of the porous lead electrode unless a model with a high degree of uni- 
formity is used to simplify the mathematics defining overall performance 
parameters, such as mass transfer, and potential and current distributions. 
The work of Newman and Tobias [ 191 showed that using the macrohomo- 
geneous approach, the need for detailed uniformity of the porous matrix 
was dispensed with, whilst still retaining a realistic representation of the 
porous electrode. 

(ii) The macrohomogeneous model 
At a given time, there will be a large range of reaction rates within the 

pores, the distribution of which will be determined by physical structure, 
conductivities of electrode and electrolyte, and by parameters that charac- 
terise the rate of reaction. This rate distribution directly influences the net 
power available from a battery and changes during the course of charge 
or discharge. These microscopic variations are averaged, over the dimensions 
of the porous electrode, into continuously varying functions. The parallel 
plate configuration, together with the high conductivity current collectors 
in most batteries, means that the electrode can be considered uniform over 
its face. This means that quantities such as potentials, current densities, 
and concentrations vary only with depth into the electrode, and the 
problem becomes one-dimensional. These variables can be inter-related 
by several equations to describe the behaviour of the porous electrode. 
The structural changes occurring during discharge of porous electrodes 
(such as the lead electrode) need to be considered. One of the first con- 
tributions in this field was made by Alkire et al. [ 381, who investigated 
flooded porous metal electrodes undergoing structural change by anodic 
dissolution. Alkire and Place [39] later used the steady-state approach again 
to examine the transient behaviour of porous electrodes during depletion 
of a limited quantity of solid reactant. 

One of the most comprehensive models has been described by Bennion 
and coworkers [40, 411 for porous electrodes with sparingly soluble re- 
actants (as in the porous lead electrode). The model is based on the solution 
of a set of coupled partial differential equations representing the various 
applicable laws of transport and conservation. The authors allowed for non- 
uniform current distributions, and also for significant changes in the relative 
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distribution of reactants and products, but not for the effect of pore- 
plugging. This model was further refined in 1976 [42] to model specifically 
the Ag/AgCl electrode, and included allowances for electrode tortuosity. 
Gidaspow and Baker [43] characterised the structural changes that occur 
during discharge or charge of storage batteries and emphasised the signifi- 
cance of pore-plugging in capacity limitation. 

Specific applications of the macrohomogeneous model to the lead-acid 
cell have been made by Micka and Rousar [ 44 - 461, Simonsson [ lo,47 - 
501, and others [ 51- 541, using the steady-state approach to predict current 
distributions, discharge profiles, and acid depletion profiles. 

Micka and Rousar followed the earlier work of Stein [ 54, 551 in assum- 
ing reversible electrode kinetics but included allowances for the effects of 
volume changes on the porosity of the electrode. These authors examined 
the positive plate [ 451, the negative plate [ 441, and the complete lead-acid 
cell [46] . For the positive plate, they obtained 22 ordinary differential equa- 
tions, which were solved using a digital computer. Diffusion coefficients, 
activity coefficients, and equilibrium potentials were allowed to vary with 
concentration, but the effect of activation polarisation was ignored. It was 
found that capacity limitation of the positive plate was largely due to acid 
depletion at the pore mouth [45] . Modelling of the negative electrode was 
carried out in an identical manner [44], but in the later paper on the 
modelling of the whole cell [ 461, the effect of activation polarisation was 
considered. It was concluded that the theoretical capacity of the cell is nor- 
mally limited by the positive plate, and that a certain optimum plate dis- 
tance exists which gives maximum cell capacity. However, Micka and Rousar 
[46] neglected the effect of electrolyte concentration gradients between the 
plates, assuming efficient mixing by convection. Turner [ 531 considered this 
unlikely in view of the presence of separators between the plates, and inves- 
tigated the effects of inter-plate concentration gradients. It was shown that 
inefficient mass transport limited the capacity of the cell at high discharge 
rates, and optimisation of plate areas and porosities could lead to an im- 
provement in performance. 

The comprehensive work of Simonsson [47 - 501 concentrated on the 
discharge behaviour of the positive plate, and has been well summarised by 
the author [lo] . It was concluded that the capacity of the positive electrode 
is mainly determined by the combined effects of structural and mass transfer 
hindrances; this was confirmed by electron microprobe analysis of PbS04 in 
the positive plate [ 501. The confirmation of theoretical predictions by direct 
observations has developed into a necessary and fruitful area of research 
into porous electrode theory. This aspect deserves separate consideration 
from indirect observations on the porous lead electrode. 

(iii) Experimental verification of porous electrode theory 
Experimental verification of the predicted current and potential distri- 

butions in the porous electrode has progressed along two paths: those deal- 
ing with idealised single pores [ 56 - 601 and those treating idealised porous 
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electrodes [ 35, 38,61- 67) . In single pore studies the pore is considered 
to represent a real electrode made up of multiple aggregates of this pore. 
However, this technique is rather unrealistic because practical porous elec- 
trodes often have smaller pores than can be made artificially, and in real 
porous electrodes, the pores are interconnected and tortuous. Model elec- 
trodes having some resemblance to real electrodes have been studied with 
varying degrees of success in understanding the prevailing reaction modes 
and distributions. Generally, electrodes are sectioned after charging or 
discharging and the current distribution inferred from chemical changes. 
Electron microprobe analysis has proved particularly useful [ 471, but sur- 
face morphology investigations have also been used [63,64] . 

Experimental verification of the modelling of porous electrodes using 
model or real electrodes, as opposed to single pores, is obviously more rele- 
vant to the industrial situation. The experimental studies or the developed 
mathematical representations can be used separately, but together they 
provide the most valuable means for optimising electrode performance. Ex- 
perimental verification of porous electrode theory using the positive and 
negative plates of the lead-acid cell has tended to use standard industrial 
electrodes which were analysed for PbS04 after discharging to different 
levels at varying rates. 

Formerly, this analysis was carried out by the autoradiographic tech- 
nique using 35S-labelled H2S04 168 - 731, but this has been superseded by 
the improved resolution of the electron microprobe analyser [ 47,74 - 761. 
Yantschenko and Selitsky [ 771 used a sectioned electrode and measured the 
current in each section; this technique has been used for other electrodes 
[61,62], but it again suffers from poor resolution. Simonsson and his co- 
workers [ 501 used conductivity measurements to investigate the effect of 
structural changes on the conductivity of the pore electrolyte and found 
extensive pore plugging of the positive electrode at low discharge rates. 
These authors reproduced the classical forced-flow experiments of Liebnow 
[ 781 to demonstrate that the high rate discharge capacity of the positive 
electrode suffered from mass transfer limitations; similar results were re- 
ported by Haebler et al. [76] . 

Studies on the porous electrodes of the lead-acid battery generally con- 
firm the predictions of mathematical modelling; at high discharge rates, the 
reaction is largely confined to the front of the electrode, but at low dis- 
charge rates there.is a more even distribution of the product PbS04. Major 
difficulties arise in attempting to transform the theoretically derived opti- 
misations into real electrodes because of the intransigence of the present 
methods of electrode manufacture. 

Winsel [78a] has shown that for the lead electrode the pore model and 
the macrohomogeneous model are completely equivalent. ,Whilst the Winsel 
pore model has the advantage that it uses only measurable quantities, it is 
difficult to construct properly in terms of the actual morphology of a porous 
lead surface and at present it is not as useful as the macrohomogeneous 
model. The pore model is, however, to be preferred if it can be set up. 
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2. The manufacture of the porous lead electrode 

The lead electrode most commonly associated with the lead-acid bat- 
tery is the pasted plate configuration introduced by FaurC in 1881 [79]. 
This is manufactured by applying a paste, made of incompletely oxidised 
lead powder and sulphuric acid, to a cast lead-alloy grid structure. The elec- 
trode is then “cured”, followed by reducing (charging) in dilute sulphuric 
acid, to form sponge lead. The manufacture of the porous lead electrode has 
been comprehensively treated [ 4, 5 ] and the materials and mechanisms of 
the lead-acid battery have been recently reviewed [ 801. It is sufficient here 
to review briefly the pasting, curing, and forming processes. 

(i) Pasting 
The grid which forms the basis of the porous lead electrode acts as a 

current collector to the active material, which is also held in place by the 
mesh of the grids. Numerous grid geometries have been used [ 51 and 
alloying additions are made to improve the functioning of the grid, which 
has to withstand electrochemical corrosion and act as a load-bearer for 
the active material. Grids are normally cast, and to achieve optimal 
castability, corrosion performance, and load-bearing characteristics, most 
grids are manufactured from Pb-Sb or Pb-Ca. Antimony is typically 
alloyed in amounts ranging from 4 to 18% Sb, and commercial Pb-Sb 
alloys typically include small amounts of As, Cu, and Sn [80]. Batteries 
manufactured using Pb-Sb alloys have self-discharge problems, and this 
is overcome in certain applications by the use of Pb-Ca alloys; these alloys 
typically contain 0.07% Ca and 1% Sn. For a detailed discussion of grid 
materials, the reader is referred to the review of Perkins [ 801. 

The initial paste is manufactured by mixing PbO, sulphuric acid, 
water, and certain additives. The oxide is formed by air oxidation of lead 
dust and is normally < 50 pm particle size. Three groups of additives are 
added to the negative paste, alone or in combination, to improve performance 

(a) Inorganic additives, mainly BaSO* -typically 0.1 - 0.3 wt.%. 
(b) Organic additives such as lignin or its derivatives - typically 0.1 - 

0.3 wt.%. 
(c) Lampblack (soot) -typically 0.1 - 0.3 wt.%. 

These additives are designated as expanders [4] and their influence on 
battery performance~will be discussed in Section 4. Lignin-type compounds 
are obtained from purified and dried wood flour, and a typical lignin 
structure, suggested by Adler [ 811, is shown in Fig. 1. Lignin molecules are 
formed from three primary precursors: p-coumaryl alcohol, coniferyl alcohol 
and sinapyl alcohol [ 821; the proportions of these precursors vary with the 
origin of the lignin [83, 841 and may have some significance for battery 
performance. 

When the partially oxidised lead powder is mixed with water and 
H2S04, complex chemical reactions give rise to a paste composed of Pb, 



Fig. 1. Schematic formula for a section of spruce lignin, according to Adler [81]. 

PbO, PbS04, PbO*PbS04 and 3PbO.PbS04-Hz0 [80,85,86]. The exact 
composition depends on factors such as starting mixture, rate of mixing, 
and temperature. At equilibrium, the major compounds are PbO and 3PbO- 
PbS04*H,0 [ 851. After mixing, the paste is applied to the electrode grid 
and cured. 

(ii) Curing 
The plates are generally cured over a period of days in a humid atmo- 

sphere. Three main effects are observed [ 851 : 
(a) paste hardening; 
(b) a reduction of free lead content by conversion to PbO; 
(c) a corrosive attack on the metal grid, which promotes bonding of 

the active material. 
The residual moisture content is important in determining the rate of 

oxidation of the remaining free lead [ 871, probably because of the dissolved 
oxygen [ 881. The type and proportion of the basic sulphates occurring in 
the cured paste depend on the curing conditions. At temperatures and 
humidities around normal, a cured paste contains mainly PbO*PbSO1 and 
3PbO*PbS04, but at curing temperatures > 70 “C and higher humidities, 
tetrabasic lead sulphate 4PbO.PbSO* predominates [ 5,89,90]. Schlotter 
and Fleischmann [ 91, 921 have demonstrated that the pore volume of the 
cured paste varies linearly with dry paste density, and the gradient of the 
line varies with curing conditions. It was also demonstrated that pore vol- 
umes were highest in the pastes which contained the greater amounts of 
tetrabasic lead sulphate; this observation is significant for the optimisation 
of plate capacity (see Section 4). 
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(iii) Forming 
Commercial battery plates are usually galvanostatically formed in dilute 

HzS04, but during the early stages of formation the interior of the plate 
remains alkaline, allowing more efficient reduction [ 851. Earlier work dem- 
onstrated that the formation of sponge lead occurred by an electrodeposi- 
tion process [6, 931, and the nature of the deposit depended on the forming 
conditions [94 - 961. These observations have been confirmed in a com- 
prehensive investigation of the formation process by Pavlov and his co- 
workers [ 86, 971. Electron microprobe analysis, X-ray analysis, and micro- 
scopy were used to look at the formation process [ 861 under normal gal- 
vanostatic conditions, and two stages were observed. During the first stage, 
some of the PbO (free or bound to 3Pb0.PbS04*H,0) was reduced to Pb, 
while another part was transformed into PbS04. This initially formed Pb 
provides a network for the deposition of the lead subsequently formed in 
the second stage when PbSO* is reduced to Pb. During formation the pore 
radii and the active mass increase. The advance of these processes across the 
plate shows that the reaction is initiated at the grid bars [ 86, 93,97,99] . 
A zone consisting of Pb and PbSO, crystals is formed which advances along 
the plate surface, and then penetrates into the interior of the plate. The first 
stage ends when the paste is totally converted to Pb-PbS04, and the forma- 
tion of the plate ends when the PbS04 is reduced to Pb. 

3. Physical characterisation of the porous lead electrode 

The morphology of the charged porous lead electrode approaches the 
ideal configuration for a porous lead electrode [ 11. The structure of the 
formed electrode has been microscopically studied by a number of workers 
[93,98 - 1021 and lead crystals with rough porous surfaces have been ob- 
served. This structure gives a high surface area and an unimpeded circulation 
of electrolyte through the matrix. It also possesses good material strength 
and electronic conduction properties [l] . 

Simon and Jones [93] demonstrated that electrode morphology de- 
pended on forming conditions such as current density, temperature, and 
electrolyte concentration. The major influence was found to be electrolyte 
concentration; as the concentration increased, the surface area/porosity of 
the electrode decreased. The major influences on electrode structure are 
generally considered to be the expander additions [ 1,4] (these will be con- 
sidered further in Section 4). In the presence of lignin, smaller, more uni- 
form, rough-surfaced and porous particles of lead are observed in the charged 
lead electrode. Therefore, the presence of lignin effects a greater surface 
area/porosity [ 101 - 1061, and improved cycling capabilities [ 104, 107 - 
1101. At high cycle numbers, the specific surface area decreases with cycle 
number [ 81 as the lead crystals agglomerate into large particles which are 
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difficult to discharge [ 1061. The number of lead nucleation centres was 
found to increase with cycle number over’the first 10 or 15 cycles for a 
porous lead micro-electrode containing lignin 11031. It was concluded that 
the surface area/porosity of the lignin-containing electrode increased over 
the first few cycles. This conclusion confirmed other measurements of 
specific surface area [4, 81 and end-of-charge voltage [4,101] . 

Values for the specific and effective surface area of the porous lead 
electrode have already been given in Section 1 which show an order of 
magnitude difference. This is probably reflected in the relatively low values 
of double layer capacitance of 10 - 11 PF cmm2, based on B.&T. surface 
[ 7,111,112]. Micka et al. [ 1131 have recently investigated the structural 
characteristics of the positive and negative electrodes. The formed active 
mass of the lead electrode was found to have a mean composition of 76.8% 
Pb; 3.3% PbSO,; and 19.9% PbO (tetragonal). The mean porosity after 
formation was 0.55 and this value fell linearly with the charge passed during 
discharge. The apparent density (including voids) on formation was 4.70 g, 
cme3, and comparison with the density of Pb (11.34 g cme3) indicates the 
effect of porosity. These authors also found that the negative electrode had 
a more regular structure than the positive, which gave better transport prop- 
erties and a correspondingly lower value for the tortuosity factor. The mean 
pore radius was found to be an order of magnitude greater for the negative 
electrode, while the specific surface area was an order of magnitude lower. 
After charging, the tortuosity factor may be higher owing to entrapped hy- 
drogen bubbles in the matrix [ 1141, but this value decreases as the bubbles 
are removed by capillary action. This phenomenon also affects measure- 
ments of inter-electrode solution conductivity [ 1121. 

Bode [4] examined the variation of porosity during the formation pro- 
cess and in subsequent cycling. A volume decrease in the solid mass of the 
lead electrode was observed during formation, and this was accompanied by 
an increase in pore volume. The author quoted a mean pore diameter of 
4 - 5 pm, with a narrow pore spectrum, for the formed negative. A pore vol- 
ume of 0.25 cm3 g-l was also quoted, which is in close agreement with the 
0.215 cm3 g-l measured by Winsel et al. [36]. The specific surface area 
(0.5 X lo4 cm2 g-l) and pore diameter of the electrode were found to 
remain constant,during subsequent cycling, but the porosity increased from 
0.69 for the formed mass to 0.80 at the 50th cycle. These physical charac- 
teristics of the porous lead electrode: surface area, pore dimensions, and 
porosity, govern its response in electrochemical investigations. 

4. The electrochemistry of the porous lead electrode in HsSO4 

(i) The function of expanders 
In Section 2(i), the use of expanders in the active material of the porous 

lead electrodes was described, and their effect on morphology was described 
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in Section 3. The high rate, low temperature performance of the lead-acid 
battery is limited by the negative electrode [l] (see below), and this is im- 
proved by expander additions [ 104,106,107,115]. Many effects have been 
ascribed to lignin and its derivatives. These compounds have been found to 
adsorb on the surface of metallic lead [106,116 - 1181, and Simon [119] 
suggested that lignins had to be first oxidised in solution before adsorption 
could take place. Many authors have suggested that lignins beneficially affect 
the lead structure formed on charge, and, hence, the surface area [ 101- 106, 
1201, presumably because lignin adsorption lowers the surface energy of the 
lead, making the formation of smaller and more loosely packed lead crystals 
more favourable [ 41. Lignins are also claimed to influence the formation of 
PbSO,, making the crystals smaller, the film more porous, and easier to 
reduce [ 104,107, 121 - 1231. The onset of passivation is also said to be 
delayed by lignins [ 106,118,124], while Le Mehaute observed the effect of 
lignins before and after passivation [ 1251. Recent work in this laboratory 
has demonstrated that lignin has no direct electrochemical effect on the dis- 
charge process [ 1031, but the larger surface area probably makes the more 
widely dispersed PbS04 film thinner and easier to reduce. Lignin also im- 
proves the cycling behaviour of the electrode by reducing the rate and extent 
of capacity loss [ 101,106] . Mahato [ 1061 also investigated the influence of 
different lignosulphonate salt cations on the charge and discharge processes 
and found that the sodium salt gave the best performance. 

The function of the other two expander additions in the negative elec- 
trode is more easily defined. Lampblack has no electrochemical effect on 
battery performance and is added to increase electrode conductivity during 
formation. BaSO, acts synergistically with lignin to give an even greater 
effective surface area/porosity, and, hence, capacity [ 101,105,107]. This 
is because BaS04 provides nucleation centres for PbS04, with which it is 
isomorphous [lOl, 103,107]. Hence, BaS04 influences the size of PbS04 
crystals [ 1081, and probably makes discharge more efficient, and the re- 
sultant PbS04 film easier to reduce. The formation of PbSO* from Pb - the 
oxidation or discharge process, is the critical capacity-determining process 
at the porous lead electrode. 

(ii) The discharge of the porous lead electrode 
In the battery industry, the performance of the lead electrode is gen- 

erally assessed galvanostatically. The electrode is discharged at constant-cur- 
rent, and the resultant potential-time behaviour of the electrode is recorded. 
Features of this E-t plot include: (a) resistance of solution and materials, (b) 
double layer capacity, (c) supersaturation, nucleation, and crystallisation 
phenomena, (d) the discharge of Pb to PbS04, and (e) rapid polarisation 
owing to acid depletion and pore plugging [ 21. The performance (capacity) 
of the electrode is assessed by the time taken, ta, to reach phase (e) at dif- 
ferent discharge currents. 

The performance characteristics of the lead-acid battery are complex 
and numerous, and battery developers have been content to assess perfor- 
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mance in terms of empirical relationships such as the Peukert equation 
[1261 

r”t, = K 

where x and K are constants determined from discharge data. For interme- 
diate currents, x = 1.3 - 1.4, but tends to 2 at high current and 1 at low cur- 
rent, and the equation is therefore only valid at intermediate currents [ 41. 

Equation (8) simply expresses experimental observations that capacity 
decreases with increasing load (discharge rate) [ 127 - 1311; where discharge 
is limited by the formation of PbS04 and concentration changes at the elec- 
trode surface [9,100,131]. PbS04 crystal size is found to decrease with in- 
creasing discharge rate [ 100,128,132] , and this makes the passivation of 
the lead active surface more effective. 

A number of workers have suggested that the discharge (and charge) 
processes at the negative electrode involve a dissolution-precipitation mech- 
anism [ 2, 37,127,133] , The discharge and charge of lead electrodes may 
then be considered as anodic dissolution, and cathodic deposition, of a 
soluble lead species. S.e.m. evidence has been used to support this hypothesis 
[ 134, 1351, and a soluble lead species has been detected using a flat lead 
electrode at small overpotentials [ 136 - 1421. 

As the temperature is decreased below 0 OC, the capacity of the porous 
lead electrode decreases [ 127,143], as does the size of the PbS04 crystals 
formed [ 1321. Berndt [ 1271 showed that at 40 ‘C, -35 - 60% of the theo- 
retical capacity could be discharged, depending on discharge rate, but at 
-30 “C this fell -10 - 30%. The author also observed variations in the con- 
stants, x and K, of the Peukert equation (8). As the temperature decreased, 
x increased and K decreased, and the author concluded that these constants 
reflected the complex nature of the interactions involved. Winsel et al. [ 361 
examined the high rate discharge of the porous lead electrode at -18 “C and 
found that the capacity varied linearly with the square of the surface area. 
Mahato [ 1061 observed a linear relationship between capacity and surface 
area under similar conditions, but the results showed a lot of scatter. Winsel 
et al. [ 361 predicted, and observed “ice passivation” of the porous lead elec- 
trode at -18 “C. In this laboratory, the capacity behaviour of the flat lead 
electrode at - 22 “C and -30 “C was found to be similar [ 128,130,144]. 
At -22 ‘C, discharge rate had little effect on the observed capacity of a 
porous microelectrode [ 128, 1301. However, a significant effect was ob- 
served at -30 “C [ 1431, and it was concluded that high rate discharge capac- 
ity limitation at -30 “C involved “ice passivation” of the porous lead elec- 
trode [ 1431. 

The potentiostatic technique has been little used for the study of 
the porous lead electrode. In this laboratory, we have confirmed the pre- 
diction of eqn. (7) that the response of a porous lead electrode to double- 
layer charging is a current which decays as l/dt [ 1301. The predictions of 
eqn. (3) were also confirmed. At short times, the transient response of a 
solid lead electrode to a potential oxidation step was a current that rose 
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linearly with time. On the porous electrode, the current rose as the square- 
root of time [ 1301. It was concluded that the nucreation and growth of 
PbS04 at solid and porous lead electrodes followed an instantaneous nuclea- 
tion and two-dimensional growth process, controlled by crystallisation 
processes. It was also demonstrated that two competing processes occur on 
discharge to limit the capacity of the electrode. At low discharge rates the 
conversion of all available Pb to PbS04 predominates, but at high discharge 
rates the effect of pore plugging by PbS04 becomes more significant [ 1301. 
At -30 “C and high discharge rates “ice passivation” also becomes a signifi- 
cant capacity-limiting process [ 1431. 

The introduction of mark/space motor controllers in electric vehicles 
has necessitated the investigation of the lead-acid battery under pulsed cur- 
rent discharge. Jayne [ 1451 has investigated the behaviour of lead-acid cells 
under continuous discharge, interrupted discharge, and pulsed discharge con- 
ditions. The constant current discharge behaviour of the cell was found to 
provide a conservative estimate of the available capacity from pulsed and 
interrupted discharge, provided a mean value of discharge current was used. 
The improvement in performance was attributed to a recovery phenomenon 
which occurs during current interruption. Turner [ 1461 explained this 
phenomenon in terms of the relaxation of concentration depletion. Alter- 
natively, the pulse time durations are so short compared with the total dis- 
charge time, that the average current and electrolyte depletions will look 
the same as in the continuous case. Berndt’s work on the porous lead elec- 
trode [ 1271 confirms these observations somewhat, where electrodes fully 
discharged at various rates and temperatures could be further discharged 
at 25 “C. 

(iii) The charge of the porous lead electrode 
Data on the reduction (charge) of the porous lead electrode are scarce. 

Peters et al. [ 1471 showed that the high-rate charging efficiency of 91% at 
40 “C was reduced to 70% at 0 “C. Willihnganz [ 1321 observed that porous 
lead electrodes tested at -40 “C accepted charge at a rate proportional to 
the degree of previous discharge. Bode [4] found that the charge rate was 
significantly reduced below 0 ‘C, and, at -50 ‘C, charging became impossible. 
Willihnganz [ 1321 observed that the charge rate increased as the size of the 
PbS04 crystals formed on discharge decreased, and crystal size decreased 
with decreasing discharge temperature and increasing discharge rate. 

The reduction of sulphated solid lead electrodes has been studied in this 
laboratory in order to examine the effect of organics on the electrocrystallisa- 
tion of Pb from PbSOl [ 1481. It was concluded that the process conformed 
to an instantaneous nucleation and two-dimensional growth process at a flat 
electrode. More recent work showed that sulphated (solid and porous) elec- 
trodes behaved as true porous electrodes on reduction (see eqn. (3)). The 
current in the transient resulting from a potential reduction step rose as 
the square root of time [ 1491, in a similar manner to the oxidation of the 
porous lead electrode [ 1301. Reduction of PbS04 to Pb, therefore, proceeds 
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by an instantaneous nucleation and two-dimensional growth process, but 
both solid and porous electrodes behave as porous electrodes. The current 
decay rate in the reduction transient was found to vary with the degree of 
prior galvanostatic discharge [ 1491, and the expander additions to the active 
material [ 1031. It was concluded that the decay rate reflected the surface 
area/porosity of the electrode. 

The reduction of the sulphated solid electrodes at -30 “C did not show 
the same behaviour as the porous electrode. On the solid electrode, only a 
falling transient, indicative of a diffusion-limited process, was observed 
[ 1441. The current response of a porous lead electrode to a potential- 
reduction step at -30 ‘C, was a rising and falling transient [ 1431. This 
transient was obscured by the hydrogen evolution reaction, because the 
over-potential for lead formation at the porous lead electrode was greater 
at -30 “C than at -22 “C. 
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List of symbols 

C 
C’ 
D 
E 
F 
i 

i0 

I 
K 

n 

R 
2’ 

td 
T 

concentration at pore mouth 
capacitance 
diffusion coefficient 
potential 
Faraday constant 
current entering pore 
exchange current density 
discharge current (galvanostatic) 
constant in Peukert equation 
pore length 
number of electrons transferred 
pore radius 
gas constant 
charge transfer resistance 
time 
time to galvanostatic discharge 
temperature 
constant in Peukert equation 
solution (or electrode) resistance 
transfer coefficient 
solution conductivity 
overpotential 
porosity 
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