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The technique of  open-circuit potential relaxation from a prior prepolarized state has been employed 
to study the kinetics of  the Pb/PbSO4 electrode in 4.8 M sulphuric acid. The significant features 
governing the relaxation have been quantitatively analysed to obtain a correlation between state- 
of-charge of  the electrode and its potent ia l - recovery time constant. The effect of  immobilizing the 
electrolyte has also been included due to its relevance in making sealed maintenance-free batteries. 
The study provides a method for estimating the variation of  exchange current density of  the Pb/ 
PbSO4 and hydrogen evolution reactions at various states-of-charge with and without added gelling 
agents. 

1. Introduction 

Measurement and analysis of the relaxation of open- 
circuit potential provides useful information regard- 
ing the interfacial characteristics of electrochemical 
reactions [1-6]. Specifically, this includes capacitance 
behaviour of the electrode-solution interface [3-7], 
kinetic and mechanistic behaviour of the electrode 
reactions [8-10] and potential-dependent adsorption 
pseudo-capacitance associated with the coverage 
variation of chemisorbed species etc. This technique 
is especially important when steady state measure- 
ments are difficult due to the time dependence of 
overpotential or the variation of coverage by 
adsorbed species with potential and time. This diffi- 
culty is often realized in several experimental systems 
such as corroding battery electrodes, other film- 
covered interfaces and electrodes with attached gas 
bubbles. 

The open-circuit potential (o.c.p.) relaxation tech- 
nique has been employed successfully for the past 
two decades for various battery electrodes such as 
PbO2 [8], NiOOH [6, 7, 9], Mg [10], Fe [11] and Zn 
[12]. A similar understanding of the mechanism 
governing the transients of the Pb/PbSO4 electrode 
in sulphuric acid electrolyte is both of theoretical 
and practical interest. Although the technique of the 
o.c.p.-time transient has been employed for the 
Pb/PbSO4 electrode in sulphuric acid by Pavlov [13], 
the objective was to analyse the mechanism of passi- 
vation along with the alkalisation of solution in the 
pores subsequent to the formation of PbO and basic 
PbSO4. The transients were found to be governed 
by processes associated with the disappearance of 
alkalization in the pores. A fundamental analysis of 

* This paper is dedicated to the memory of  the late Professor S. Sathyanarayana. 
:~ To whom all correspondence should be addressed. 

electrode kinetics of the Pb/PbSO4 system was not 
attempted. 

As the modern trend to develop sealed main- 
tenance-free lead-acid batteries with gelled or 
adsorbed electrolytes continues, it is of practical im- 
portance to analyse the effect of gelling on the elec- 
trode kinetics of the Pb/PbSO4 electrode. 
Furthermore, this analysis of o.c.p, decay with or 
without gel can provide a correlation between the 
parameters of self-discharge kinetics and the 
observed potential-recovery time constants. The 
latter aspect will be useful for improving the shelf life 
of maintenance-free batteries and also in designing 
cells for special purposes like pulsed discharge [14, 15]. 

In this work an analysis of the open-circuit 
potential-time transients of Pb/PbSO4 electrodes 
was attempted at various states-of-charge (s.o.c.); 
the effect of immobilizing the electrolyte using 
sodium silicate gel on the kinetics of Pb/PbSO4 elec- 
trode was also investigated. In addition, the study 
provides a means to estimate self discharge rate 
from the slope of such o.c.p.-time transients. 

2. Experimental details 

Positive and negative lead-acid plates were obtained 
in cured and formed condition from the production 
line at UB-MEC Batteries Ltd, India. All the elec- 
trodes were made using the same grid materials 
namely, with Pb-Ca(0.08%)-Sn(0.5%), to exclude 
possible effects of interaction by corrosion products. 
Negative limited test cells with excess sulphuric acid 
(4.8 M) electrolyte were assembled with two positive 
counter electrodes arranged on either side of the 
working electrode. 
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The potential of the working electrode was 
measured against a Hg/Hg2SO4, H2SO4 (4.8 M) refer- 
ence electrode. The reference electrode was connected 
to the test cell with a capillary bridge filled with sul- 
phuric acid (4.8M) and provided with a closed 
ungreased stopcock. The bridge terminated in a 
luggin type capillary tip aligned close to the centre 
of the working electrode. All potentials are reported 
relative to this reference electrode. The electrode 
potentials were measured, correct to +0.1mV, by 
connecting a buffer amplifier with unit gain and sub- 
stantially high input impedance (1013 ft) between the 
working and reference electrodes [16]. 

The electrodes were given an initial soaking of 10 h 
in 4.8 M sulphuric acid and then the cell was subse- 
quently subjected to galvanostatic charging and dis- 
charging (C/10 rate) for five cycles to stabilize the 
capacity. The discharge and charge cutoff points for 
these cycles were -0.85 and -1 .2V,  respectively. 
The s.o.c, was calculated on the basis of the stabilized 
capacity at the end of the fifth cycle. At the end of the 
sixth charge, the cells were then given the same 
amount of overcharge (20%), kept at o.c.p, for 
30min and then discharged at the C/IO rate. At the 
end of discharge potential-time data were collected 
at room temperature (25 + 1 ° C). The experiments 
were repeated at each s.o.c, values with immobilized 
electrolyte prepared by using sodium silicate 
(5 g dm -3) as the gelling agent [17]. 

potential varies slowly with time, approaching the 
equilibrium values asymptotically. The physico- 
chemical processes governing this relaxation are inde- 
pendent of s.o.c, as the attainment of equilibrium is 
fairly fast and is complete within 15 s. This is in con- 
trast to the PbO2 electrode in which the relaxation 
time constant, as well as the equilibrium potential 
varies with s.o.c. [8]. Moreover, the variation over 
longer times is much faster for the case with immobi- 
lized electrolyte, indicating the increased hindrance to 
mass transfer. This is more pronounced at, lower s.o.c. 
values. For example, in the case of ungelled electrolyte 
95% of the relaxation is complete within 20 s, even at 
an s.o.c, of 0.05, but requires several minutes for the 
gelled electrolyte case. 

Figures 3 and 4 show the o.c.p.-time transients for 
the ungelled and gelled electrolytes subsequent to the 
interruption of the cathodic current. The main 
features are simlar to those for the anodic case, sug- 
gesting that a similar reaction, the reduction of 
PbSO4 to Pb, controls the relaxation kinetics. How- 
ever, in the case of all s.o.c, values, except:perhaps 
the case of the lowest one (0.2), the possibility of 
simultaneous hydrogen evolution and PbSO4 reduc- 
tion contributing to the relaxation is more likely. 
Although these transient patterns progressively 
change with s.o.c, the immobilization has very little 
effect at high s.o.c, values on the cathodic recovery 
curves, unlike the cases represented in Figs 1 and 2. 

3. Results and discussion 3.1. Theoretical analysis of o.c.p, transients 

Figures 1 and 2 show data for the o.c.p, recovery of 
the Pb/PbSO4 electrode following the interruption of 
a prior anodic polarization in ungelled and gelled elec- 
trolyte, respectively, at various state-of-charge (s.o.c.) 
values. The instantaneous variation in the electrode 
potential caused by the ohmic drop makes the transi- 
ent very steep at the onset. This recovery appears to be 
faster in the case of ungelled electrolyte at all s.o.c. 
values. Subsequent to this initial steep drop the 

Several electrochemical reactions can possibly occur 
on a Pb/PbSO4 electrode under open-circuit condi- 
tions [18]. Among these the important potential- 
determining reactions are as follow: 

PbSO4 ÷ 2e- , Pb + SO42- E ° = -0.9716 (1) 

2H + + 2e- > H2 E ° = -0.6186 (2) 

O2 + 4H + + 4e- ~ 2H20 E ° = 0.6116 (3) 
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Fig. 1. Open-circuit potential-time transients fol- 
lowing the interruption of a prior anodic polariz- 
ation of the Pb/PbSO4 electrode in 4.8 M sulphuric 
acid at various s.o.c, values: ( , )  0.995, (Q) 0.8, 
( 0 )  0.5, (A) 0.2 and ([2]) 0.05. 
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The Pb/PbSO4, H2SO 4 electrode under open-circuit 
is in a steady state when current flows between the Pb/ 
PbSO4 and ½Hz/H + electrodes. That  is, the observed 
potential is a corrosion potential (mixed potential) 
having a contribution from anodic lead dissolution 
and cathodic hydrogen evolution. This is especially 
significant at higher s.o.c, values, where the concen- 
tration of  PbSO4 is small compared to that of lead. 
The potential relaxation from a steady state value dur- 
ing polarization to such a mixed potential foUowing 
the interruption of  the current in a galvanostatic 
mode can be expressed by the mutual compensation 
of faradaic and nonfaradaic currents. That  is 

-C(drl/dt) + Z/faradaic = 0 (4) 

where C is the double layer capacity, Ifaradaic is the 
potential dependent current for various faradaic 
processes such as Reactions 1, 2 and 3 and ~/is the 
overpotential undergoing relaxation. The value of  
also determines the magnitude of  the open-circuit 
self discharge current. The resistance polarization 

Fig. 2. Open-circuit potential-time transients 
following the interruption of a prior anodic 
polarization of the Pb/PbSO4 electrode in 4.8 M 
gelled sulphuric acid at various s.o.c, values: 
(O) 0.8, (A) 0.5, (C]) 0.2 and (©) 0.05. 

can be considered to be absent as the net current is 
zero. Under these circumstances the relaxation of 
the o.c.p, following current interruption can be 
analysed with the help of  electrochemical Reactions 
l, 2 and 3 by using Equation 4. 

-C(dfl/dt) + I0,Pb [exp (--apbf~/pb) -- exp (flpbf~/pb)] 

+I0,H[exp ( - -aHf~n)  -- exp (flHf~/n)] 

+I0,o[exp (--aofrlo) -- exp (/3of~7o)] = 0 (5) 

where I0,eb, I0,H and I0,o are the exchange currents for 
Reactions 1, 2 and 3, respectively. Similarly a and/3 
are the apparent cathodic and anodic energy transfer 
coefficients; ~/Pb, r/i4 and r] o are the overpotentials 
defined as E - EBb, E - E~ and E - El9, respectively 
and f i s  defined as nF/RT where n is the number of 
electrons involved in the respective reactions and F, 
R and T have their usual significance. 

Equation 5 is valid only if mass transfer polariz- 
ation is negligible for all the faradaic reactions. A 
high concentration of sulphuric acid (4.8 M) 
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Fig. 3. Open-circuit potential-time transients 
following the interruption of a prior cathodic 
polarization of the Pb/PbSO4 electrode in 
4.8M sulphuric acid at various s.o.c, values: 
([~) 1, (A) 0.8, (O) 0.5 and (0) 0.2. 
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Fig. 4. Open-circuit potential-t ime transients 
following the interruption of  a prior cathodic 
polarization of the Pb/PbSO4 electrode in 4.8 M 
gelled sulphuric acid at various s.o.c, values: 
(©) 1, (Vq) 0.8, (V) 0.5 and (0) 0.2. 

employed in the experiment and invariance of the 
observed o.c.p, decay patterns with stirring suggest 
the absence of mass transfer control. 

As a first approximation, one may avoid the third 
term in Equation 5 because of kinetic reasons*. 
Oxygen mass transfer is a relatively slow process; in 
addition, the electrolyte is likely to be saturated with 
hydrogen initially at least at high s.o.c, values, 
due to corrosion of the lead electrodes. Hence, the 
oxygen reduction may be neglected and Equation 5 
becomes 

-C(dn /d t )  + I0,eb[exp (--apbfr/Vb) -- exp (flPbf~/Pb)] 

+I0,H[exp (--aHfnH) -- exp (flHfnH)] = 0 (6) 

An examination of the observed o.c.p.-time transi- 
ents indicates that the hydrogen evolution reaction is 
in the Tafel domain in the potential ranges under con- 
sideration [~H >> RT/nF], hence the above equation 
can be modified to 

-C(d~l/dt) + I0,vb[exp (--~vbfzlVb) -- exp (3vbf~b)] 

+I0,n[exp (--aH/~/H)] = 0 (7) 

This expression is the governing equation for o.c.p. 
transients of the Pb/PbSO4 electrode in sulphuric acid 
at various s.o.c, values. It includes the charge transfer 
polarization of the reversible Pb/PbSO4 system and 
the irreversible cathodic hydrogen evolution reaction 
(h.e.r.), compensated by the nonfaradaic component 
expressed by the first term. This expression can 
be used for the analysis of o.c.p.-time transients 
subsequent to cathodic as well as anodic interruption 
as follows. 

During the relaxation from a prior anodic polariz- 
ation the lead electrode (unless its s.o.c, is near zero) 
attains a mixed or corrosion potential, Ecor, with 
lead dissolution occurring with hydrogen evolution. 
The measured potential approaches Eco r as (d~/dt) 

* Although the possibility of oxygen reduction cannot be strictly 
ruled out in a maintenance-free battery with glass fibre separator 
or in a stirred cell with oxygen evolution from PbO2 electrodes its 
relative contribution is negligible as Io,vb/lo, o >~ 10 4 [19]. 

approaches zero. At high s.o.c, values as little PbSO4 
is present in the electrode, the PbSO4 reduction can be 
neglected in comparison with dissolution of lead dur- 
ing the relaxation from anodic polarization. Hence 
Equation 7 becomes 

- C(dB/dt) - I0,pb [exp )flPbf~71,b)] 

+I0,H[exp (--C~Hf~TH)] = 0 (8) 

and, consequently, the corrosion current is 

/ or = I0,vb[exp ( 3 p b f ( E  - -  

--- Io,H [exp (--aHf(E c°r -- Eh)] (9) 

where the overpotential for the lead dissolution and 
hydrogen evolution are substituted by the respective 
shift from their reversible values. 

Substituting I0,vb and I0,n into Equation 8 and 
simplifying 

-C(d~/d t )  - Icor{exp [~vbf(E -- Eeor)]} 

+Icor{exp [ - - a H f ( E -  Ecor)]} = 0 (10) 

In the potential domain where [E-Ecorl << 1If  
Equation 10 can be linearized to obtain 

(d~//dt) = --[Icor(aH + 3pb)f/C]E 

+ [Icor(an + pb)f/C]E or = 0 (11) 

Thus a plot of (d~//dt) against E will be straight line 
with a slope of Icorf(aH +3pb)/C. Furthermore, 
this slope and intercept can be used to calculate the 
double layer capacitance and corrosion current with 
a prior knowledge of aH and 3Pb values. 

For the case of lower s.o.c, values, although the 
h.e.r, is thermodynamically possible, the presence of 
a large amount of PbSO4 demands Pb 2+ reduction 
as the major potential determining reaction. This is 
further supported by the fact that exchange currents 
are much larger for Pb 2+ reduction in comparison 
with that for h.e.r., i.e. iO,Pb/iO, H > 10 3 [19]. Also, 
experimentally, the h.e.r, is not observed during 
the decay except perhaps at s.o.c, equal to unity. 
Under these circumstances Equation 7 can be 
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wr i t ten as 

-C(&ffd t )  + I0,vb [exp (--O~pbfTlVb) ] 

--I0,vb[exp (flvbf?Ivb)] = 0 (12) 

Assuming apb =/3Vb = a the above expression can be 
written as 

-C(drl/dt) + 210,Vb sinh (af~Tvb) = 0 (13) 

The solution of this differential equation is 

In [tanh (afT1pb/2)] = --(2Io,vbf/C)t + constant 

(14) 

Hence by plotting In [tanh (afrlpb/2)] against t, the 
exchange current density for the Pb/PbSO4 system 
can be calculated from the slope. Furthermore, any 
change in the slope due to immobilization can be 
attributed to the variation of  I0,vb, assuming that C 
does not vary appreciably with immobilization. 

Alternatively, if r/is very small compared to 1 / a f  
Equation 12 can be linearized to obtain 

-C(d??/dt) - Io,Pbfr/eb = 0 (15) 

- 9 8 0  Fig. 5. (d~/dt) against E plots using the data 
from Fig. 1 at various s.o.c, values: (O) 
0.995 and (/k) 0.8. 

with the additional assumption (apb + flPb) equal to 
unity. This gives, 

In r /=  --(Io,Pbf)/C × t + constant (16) 

Hence a plot of ln  r} against t will be straight line with a 
slope of  --Io,ebf/C, during relaxation over longer 
times. 

For  the case of  o.c.p.-t ime transients subsequent to 
a prior cathodic polarization at various s.o.c, values 
the analysis is more complicated due to the variation 
of  coverage of absorbed hydrogen with potential. 
However, for the special case of  s.o.c, of unity 
(relaxation from prolonged overcharging) the cover- 
age variations can be neglected and the rate of the 
Pb/PbSO4 reaction is practically zero compared to 
the rate of  hydrogen evolution. Moreover, mass 
transfer polarization can be neglected for hydrogen 
evolution in acid media as limiting currents are 
very high. In this situation Equation 7 can be 
approximated as 

-C(dTl/dt ) + Io,ia exp (--OLsfrlH) = 0 (17) 
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-974  Fig. 6. (dr//dt) against E plots in gelled elec- 
trolyte using the data from Fig. 2 at various 
s.o.c, values: (O) 0.8 and (IS]) 0.5. 
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literature [19]), are 1 .5x  10-TAcm -2 and 0.4 × 
10-7Acm -2 for ungelled and gelled electrolyte, 
respectively. This decrease in corrosion rate is an 
added advantage in designing maintenance-free 
batteries using immobilized electrolyte. The devia- 
tion from linearity over the larger potential range is 
more prominent at low s.o.c, values, as the reverse 
reaction, namely reduction of  PbSO4 to Pb, may 
also contribute; this was neglected during the deriva- 
tion of Equation 11. 

However, at low s.o.c, values Equation 14 must be 
used and plots of  In [tanh (afrIpb/2)] against t are 
shown in Figs 7 and 8 for free and gelled electro- 
lytes, respectively. The range of  linearity is larger for 
the case of  lower s.o.c, values which substantiates 
the validity of  Equation 14. Furthermore,  as the 
slope of these lines are independent of  the area of  
the porous electrode, the variation of  slope with 
s.o.c, can be attributed to the variation of electro- 
chemical reaction rate at different s.o.c, values. 

Typical values of  I0,Pb, calculated on the basis of  

Time/s 

Solution of  this equation gives 

exp (aHfT/H) = (aHflo,H/C)t + constant (18) 

Hence a plot o fexp  (aHf~TH) against time should be a 
straight line with a slope of (aHflo,H)/C, for the 
special case of  s.o.c, equal to unity. 

For  other s.o.c, values, the cathodic case is similar 
to that of  the anodic and a similar treatment will 
give a linear relation between ln~/ and time, whose 
slope and intercept can be used to calculate the 
kinetic parameters. 

3.2. Comparison of theory with experimental data 

Figures 5 and 6 show plots of  d~/dt against E at high 
s.o.c, values using the data from Figs 1 and 2, respec- 
tively. The linearity shown in the case of  s.o.c. 0.995 
and 0.8 are in good agreement with the analysis 
expressed in Equation 11. In addition Icor, calculated 
on the basis of  these slopes and apparent  geometrical 
area (with the values of  C, oL H and/3pb taken from 
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Fig. 8. Ln [tanh (cef~Tpb/2)] against t plots of 
o.c.p, relaxation from a prior anodic polariz- 
ation of the Pb/PbSO4 electrode in 4.8M 
gelled sulphuric acid using the data from 
Fig. 2 at various s.o.c, values: (O) 0.05, (Vq) 
0.2 and (/k) 0.5. 
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these plots and the apparent geometrical area (by 
taking the values of C, a n  and fleb from the literature 
[19]) are 5.1 x 10-8 Acm -2 and 1.2 x 10-8 Acm -2 for 
ungelled and gelled electrolytes, respectively. 
Although the magnitude of these values are small in 
comparison with reported values [14, 19] it is reason- 
able to expect this on the basis of enhanced actual area 
due to porosity. This decrease in the exchange current 
density and extent of linearity change at a particular 
s.o.c, value can be attributed to the effect of gelling 
agents like silicate ions on interfacial charge trans- 
fer. This, of course, assumes that the double layer 
capacitance is not changed by the addition of gelling 
agents, which is not necessarily true. The same con- 
clusions can be obtained by plotting In ~ against t as 
implied by Equation 16. 

Figure 9 shows plots of exp ( a n f ~ n )  against t 
for o.c.p.-relaxation from a prior cathodic polariz- 
ation at unit s.o.c, using the data from Figs 3 and 4. 
The excellent linearity over a large time domain sup- 
ports the assumptions involved in the treatment. 
The Io,H values calculated from the slopes are 

Fig. 9. Exp(aHf~/H ) against t plots at unit 
s.o.c, using the data from Figs 3 and 4; (0) 
and (E]) represent ungelled and gelled elec- 
trolyte, respectively. 

2.2 x 10-9Acm -2 and 1.5 x 10-9Acm -2 for 
ungelled and gelled electrolyte, respectively. The 
slope change due to gelling is insignificant, indicating 
the absence of any electrocatalytic effects on h.e.r, by 
sodium silicate. 

Plots of In ~ against t for o.c.p.-relaxation from a 
prior cathodic polarization at various s.o.c, values 
for Pb/PbSO4 electrode in free and gelled electrolyte 
are shown in Figs 10 and 11, respectively. The large 
initial deviation from linearity, as predicted by 
Equation 16, may be attributed to the preference of 
lead dissolution over hydrogen evolution. The possi- 
bility of interference from mass transfer cannot be 
ruled out completely as Pb 2+ deposition may occur 
under diffusion limited conditions, which are not 
involved in the theoretical analysis. The viscosity 
effects due to immobilization of the electrolyte may 
also be important. The extent of deviation is less for 
the gelled electrolyte as there is increased hindrance 
for mass transfer especially at lower s.o.c, values. 
The slope and intercept of these plots can also be 
used to calculate the kinetic parameters, with a prior 
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Fig. 10. Ln ~ against t plots for o.c.p, relaxation 
from a prior cathodic polarization using the 
data from Fig. 3 at various s.o.c, values: ([])  
0.8, (A) 0.5 and (©) 0.2. 
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knowledge of double layer capacitance and apparent 
transfer coefficients. 

4. Conclusion 

A quantitative analysis of o.c.p.-time transients of the 
Pb/PbSO4 electrode in gelled and non-gelled sulphuric 
acid shows that there is a substantial change in the 
self-discharge kinetics of the Pb/PbSO4 electrode as 
a result of immobilization. This change in the rate of 
both Pb/PbSO4 and hydrogen electrode reactions 
will be especially useful in designing maintenance- 
free lead-acid batteries with gelled electrolytes. 
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