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Summary 
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An investigation is made of changes in the structure of the active mass 
of the negative electrodes of lead/acid batteries during charging. It is shown 
that, in the initial period of charge, reduction of lead sulphate proceeds 
mainly in the contact region of lead, lead sulphate and electrolyte. A method 
based on impedance measurements is suggested for determining the porosity 
of the active mass. By comparison of results from impedance and standard 
porosimetry methods, it is found that a considerable part of the negative 
electrode does not participate in the electrochemical process. 

Resume 

Le changement de la structure de la masse active de l'electrode negative 
de l'accumulateur de plomb est etudie. nest demontre que la periode initiale 
du processus de charge se deroule en premier lieu au contact des trois phases: 
plomb, sulphate de plomb et !'electrolyte. Une methode permettant d'obtenir 
la porosite de la masse active Ii partir des mesures d'impedance est proposee. 
La combinaison des methodes d'impedance et de porosymetrie a permis de 
demontrer qu'une partie considerable de la mass active de l'electrode nega­
tive de l'accumulateur de plomb ne participe pas au processus electro­
chimique. 

Introduction 

Pasted plates in lead/acid batteries are typical porous electrochemical 
systems and their behaviour is mainly determined by the parameters of the 
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porous structure of the active mass, i.e., surface area and the character of 
the porosity. The dependence of the available capacity on the structural 
parameters of the active mass has been clearly shown [1] for the negative 
electrode. In particular, a linear relationship has been established between 
the capacity and the square of the surface area. 

Various characteristics of the negative electrode (e.g., capacity and 
charge acceptance) are determined by features of the active-mass structure, 
especially by the contribution of lead and lead sulphate crystals in the 
electrode surface area. For example, it has been found [2] that the charging 
current of the lead electrode is influenced appreciably by the size of the lead 
sulphate crystals, i.e., by the value of their surface area. At the same time, 
it must be emphasized that measurements of electrode surface-area usually 
relate to the total area, and that the latter is determined by both lead 
sulphate and lead. 

The objectives of the work reported here are to investigate changes in 
the porous structure of the negative active mass during charging and to 
isolate the respective contributions of lead and lead sulphate to the total 
surface area. An attempt has also been made to evaluate the fraction of the 
porous material taking part in the electrochemical reaction. 

Experimental 

Studies were conducted on pasted lead electrodes of dimensions: 20 X 
10 X 2 mm. The active mass was prepared from lead dust (68% oxidized) 
containing 0.4 wt.% BaS04 , 0.2 wt.% soot and 0.9 wt.% expander based on a 
synthetic tanning agent. Mter a 24-h period of curing, the electrodes were 
formed in a 1.08 sp. gr. sulphuric acid and then subjected to a conditioning 
charge in a working solution (1.28 sp. gr. sulphuric acid) in which all mea­
surements were performed. Before undertaking impedance and structural 
investigations of the active mass, the electrodes were cycled (for four C/5 
discharge cycles) and then discharged at the C/20 rate in order to obtain a 
uniform distribution of lead sulphate in the bulk of the active mass. The 
electrode potential was measured against a Hg/Hg2S04 reference electrode 
in the same working solution. 

Special electrodes were constructed for conducting impedance measure­
ments of the active mass; details of the design have been reported previously 
[3]. The active mass composition and electrode treatment for impedance 
measurements were the same as those described above. Measurements of 
impedance components were performed with an X-2071 automated im­
pedance instrument. All investigations were made at 25°C. 

Before examination of structural features, the electrodes were washed 
repeatedly in acetone and then dried in vacuum at ambient temperature. The 
distribution of pore radius was determined by a porosimetry method [4] 
that avoided the problem of lead amalgamation normally encountered with 
the more common mercury-based technique. 



The specific surface area of the active mass, and its changes during 
charging, were determined by the BET method using a Micrometrics 
Flowsorb 112300 unit. The specific area so determined is expressed gen· 
erally in m 2 per g of active mass. The weight of the electrode changes, how· 
ever, during the transformation of lead into lead sulphate, and vice versa. 
This causes difficulties in the comparison of data corresponding to different 
states-of-charge of the active mass. Therefore, all the data were recalculated 
per g of lead in the fully charged lead electrode. 

Results and discussion 

The value of the specific surface area determined by the BET method 
includes the surface of both the lead and the lead sulphate crystals in the 
active mass. In order to understand the mechanism of processes occurring in 
the active mass, however, it , interesting to determine the individual con· 
tributions of lead and lead sulphate crystals to the electrode surface area. 
The direct experimental determination of these two components of the total 
surface area appears impossible, but a simple model approach enables them 
to be evaluated rather easily. 

Generally, the surface area of the active mass can be described by the 
expression: 

(1) 

where: STOT is the total surface area obtained by the BET method; SPb is the 
specific surface area of the lead crystals; SPbSO. is the specific surface area of 
the lead sulphate crystals; SPb () PbSO. is the surface area of contacts between. 
the lead and the lead sulphate crystals; x is the degree of discharge. 

The SPbSO value can be obtained experimentally. The active mass is • treated in a mixture of nitric acid and hydrogen peroxide in order to remove 
completely the lead. The lead sulphate remaining is washed in acetone and 
dried, and then the SPbSO is determined by the BET method. 

For SPb calculation;, a simple model describing the lead crystal struc· 
ture is used. It is based on two simplifications: a spherical shape is assumed 
for the lead crystals and their quantity is assumed to remain constant during 
discharge of the active mass. According to this model, the surface area of 
lead crystals can be calculated from: 

(2) 
where: SPb 0 is the specific surface area of the fully charged active mass 
(determined by the BET method). 

From relationships (1) and (2), the surface of contacts between lead 
and lead sulphate crystals can be obtained readily, i.e., 

(3) 
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The total surface area of the active mass as a function of its state-of­
charge is presented in Fig. 1. It can be seen that the area increases at the 
beginning of the charging process and then remains virtually constant up to 
the end of charging. The initial increase in STOT is obviously due not only to 
the growth of lead crystals but also to an 'opening' of lead and lead sulphate 
crystals as a result of a decrease in the contact between them. The latter can 
explain the unreasonable, at first sight, increase in the surface area of the 
lead sulphate (Fig. 1) while its quantity in the active mass falls. The decrease 
in the surface of contact between lead and lead sulphate crystals at the start 
of charging (Fig. 2) indicates that the lead sulphate reduction in this case 
takes place mainly at the sites of three-phase (lead, lead sulphate, elec­
trolyte) contacts. This can explain the high value of the initial charging 
current that is usually observed during potentiostatic reduction of the active 
mass. 

The specific pore volumes of the fully charged and fully discharged 
active mass as a function of the logarithm of the pore radius are presented in 
Fig. 3. The curves clearly illustrate an increase in the electrode porosity 
during charging. From these data, the specific surface area of the active mass 
can be calculated using the well-known equation connecting the pore vol­
ume, V, and its surface area, S: 

v 
S = 2 J r-1 dV (4) 

o 

The specific surface area of the electrode increases almost two-fold during 
charging (Fig. 4). Comparison of data presented in Figs. 1 and 4 demon­
strates that there is a good agreement between the values of specific surface 
area detennined by standard porosimetry and BET methods. 

During charging of a discharged active mass, the reduction of lead 
sulphate to metallic lead results in changes in both the solid and liquid 
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Fig. 1. Specific surface area aa a function of degree of charge: (1) totallurface area; (2) 
lurface area of lead crystals; (3) surface area of lead sulphate crystals, 

Fig. 2, Surface of contact between lead and lead lulphate cryltals aa a fUDctioD of degree 
of charge. 
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Fie. 3. Specific pore volume of active m&88 u a function of logarithm of pore radiUl, ro 
is equal to 1 JJlD: (1) fully charged electrode; (2) fully discharged electrode. 
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Fie. 4. Specific lurface area of active m&88 u a function of logarithm of pore radiUl: (1) 
fully charged electrode; (2) fully discharged electrode. 

phases and hence in the porosity of the active mass. Variations in the porous 
structure of the electrode during its operation can be detected by the im­
pedance method. 

It follows from the impedance plots given in Fig. 5, which are close to 
semicircles, that the surface impedance can be represented by a parallel 
connection of double-layer capacity, Cd, and the electrochemical resistance, 
RF [5]. In this case, the impedance of the porous electrode, Ze, in the low­
frequency region (where the depth of penetration of the alternative current 
is many times in excess of the pore length) is given by [6]: 

Re(Z.)" I + _1_ Im(Z.) (5) 
8nk"r CdRr W 

where: I and r are the length and the radius of pores, respectively; k is the 
electrolyte conductivity, n is the amount of pores. 

Substitution of the pore volume, Vp = mrr21, into eqn. (5) gives: 
12 1 Im(Z.) 

Re(Z.} .. -- + - (8) 
SkVp CdRr W 
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Fig. 6. A plot of real impedance component against imaginary component divided by 
angular frequency. Plota for electrode conditioDi given in Fia. 5. 

The experimental data (Fig. 6) confirm the validity of eqn. (6) for 
analysis of the impedance of the active mass for different states-of-charge of 
the negative electrode of the lead/acid battery. The value of Ro = 12/3kVp for 
different states-of-charge can be obtained by extrapolation of the linear 
sections of the curves in Fig. 6. These Ro values themselves do not allow the 
separate determination of pore length, and therefore volume Vp , but analysis 
of Ro as a function of state-of-charge overcomes this problem. 

The dependence of the pore volume, V p , on the quantity of electricity, 
q, required for reduction of the active mass is given by: 

~V v: .. v: 0 + - q (7) 
p p 2F 
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where: Vpo is the pore volume in the discharged electrode; a v is the molar­
volume change during the transfonnation of lead sulphate to lead in the 
active mass. Substitution of eqn. (7) in the expression for Ro allows Vpo 
and I to be obtained directly from the impedance data, i.e., 
1 3kV 0 3kaV 

Ro = + + 2Fl2 q (8) 

The value of I was detennined from the slope of the plot given in 
Fig. 7. From the same data, the pore volume and hence the porosity of 
active mass (since the geometry of the electrode is known) can also be 
obtained. The porosity of the active mass as a function of its state-of­
charge is shown in Fig. 8. The observed increase in the active-mass porosity 
during charging is well known [7]. The main feature of the information 
given in Fig. 8 is that it is detennined directly during charging of the elec­
trode. These results illustrate the scope of the impedance method to describe 
the behaviour of the active mass during electrode operation. 
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The porosity values obtained by the impedance method are approxi­
mately half those determined by the standard porosimetry method. The 
porosity of fully charged and fully discharged electrodes obtained by the 
latter method is 82% and 45%, respectively. It must also be emphasized 
that the impedance method measures only that part of the pore volume 
that is reached by the alternative current. Those parts of the active mass 
where the alternative current is for some reason impeded (e.g., by plugging 
either by gas bubbles or lead sulphate crystals) do not take part in the 
measurements. Therefore, the impedance method must report lower values 
of the porosity than other (non-electric) methods. Furthermore, the results 
indicate that a substantial part of the active mass of the negative electrode 
of the lead/acid battery does not participate in the electrochemical process_ 
This, in term, explains the much lower values of the specific surface area of 
the active mass obtained by the impedance method (by comparison of the 
differential double-layer capacity of smooth-lead and pasted-lead electrodes 
[3]) with respect to the values determined by the BET and porosimetry 
methods. The porosity obtained by the impedance method reflects those 
changes in the electrode structure that are interesting from the point of view 
of its electrochemical properties. A comparison of the results of investiga­
tions of the active-mass structure performed by the impedance method and 
by an independent one (e.g., standard porosimetry) provides additional in­
formation on the electrode properties. 

References 

1 A. Winzel, U. Hullmeine and E. Vo .. , J. Power Source" Z (1977/1978) 369. 
2 E. Willihnganz, in D. H. Collins (ed.), Power Source, 6, Academic Pre .. , London, 

1975, p. 43. 
3 L. A. Beketaeva and K. V. Rybalka, Elektrokhimiya, ZZ (1986) 374. 
4 Yu. M. Volfkovitch, V. E. Sossenkin, E. M. Shkolnikov and V. S. Baiotaky, Dolt'-

Akad. Nauk SSSR, 232 (1977) 603. 
5 J. H. Sluytera, RecL Trav. Chim. Pays-BaI, 79 (1960) 1092. 
6 K. V. Rybalka and L. A. Beketaeva, Elektrokhimiya, 23 (1987) 419. 
7 H. Bode, Lead-Acid Batteries, Wiley, New York, 1977. 




