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Combined  vol tammetry and potentiostatic current transient techniques have been employed to study 
the electroreduction processes of  anodically formed lead sulphate layers on polycrystalline lead elec- 
trodes in concentrated sulphuric acid solutions in the 0 -50  ° C temperature range. Data  analysis using 
parametric identificiation procedures and nonlinear fit routines has demonstrated that the kinetics of  
the electroreduction processes of  the Pb(II)-containing surface species can be interpreted in terms of  
complex nucleation and growth mechanisms. The electroreduction of  the PbSO4 layer involves mainly 
an instantaneous nucleation and 3D growth mechanism under diffusion control. The activation energy 
of  the different reaction stages can be calculated from Arrhenius plots derived from the corresponding 
kinetic parameters. This contributes to a better understanding of  the whole cathodic reaction scheme 
as well as to the identification and characterization of  the various stages taking place in the electrore- 
duction processes. 

1. Introduction 

The lead-acid battery is one of the most successful 
electrochemical energy storage systems, but is open 
to new developments to improve its performance. 
Accordingly, many attempts have been made to 
study the anodic dissolution of lead in aqueous sul- 
phuric acid solutions and to establish the properties 
of passive layers [1, 2], particularly in order to deter- 
mine the composition and structure of the surface 
film which is formed on the negative electrode of 
lead-acid cells under anodic oxidation conditions 
[3-7]. The kinetics and mechanisms of the cathodic 
reactions taking place during the charge stages of 
lead (Pb) electrodes have received considerably less 
attention and, in general, conclusions are more diffi- 
cult to arrive at than the case of lead electrooxidation. 

The electroreduction o f  PbSO4 has been investi- 
gated by using the potential sweep method [8] with 
the corresponding kinetics assumed to be controlled 
by the diffusion of Pb 2+ ions to, the reaction sites 
located at the interface between the Pb and the 
PbSO4 crystals. The effects of crystal size, solubility, 
diffusion coefficient, and length of the diffusion path 
on the reduction of lead sulphate were examined 
within the frame of a microscopic reaction site model 
[8, 9]. On the other hand, the potentiostatic electrore- 
duction of P b S O  4 has recently been investigated at 
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25°C, and kinetic results have been interpreted 
mainly by an instantaneous nucleation and 3D 
growth mechanism under diffusion control [10]. 

It is worth noting that, in contrast to the large 
number of investigations concerning the electrochemi- 
cal behaviour of lead in H2SO 4 solutions at room tem- 
perature, there are comparatively few studies on the 
influence of temperature on the electrode kinetics. 
Nevertheless, from the effect of variable temperature 
on the performance of the lead-acid battery it has 
been concluded that failures at low temperature 
operation are due to either the irreversible sulphation 
of a few positive plates or the morphological changes 
in the active material of the positive electrode, 
whereas at high temperatures the positive plate com- 
position appears to be more uniform throughout the 
device and failures can be associated with negative 
plate deterioration and/or corrosion of positive grids 
[11, 12]. The beneficial effects of additives, usually 
known as expanders, have been studied to promote 
the oxidation of lead in HzSO 4 in order to enhance 
its performance at low temperature [13]. Otherwise, 
according to the activation energies and entropies of 
diffusion reported in a study of the oxidation kinetics 
of anodic films on lead in H2SO 4 in the -50 to 0 ° C 
temperature range, the desorption of water or dehy- 
dration of ions play an important role in the activa- 
tion process [14]. Several studies of temperature 
effects on the positive electrode behaviour have been 
reported [15-18]. It should be noted that the 
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standard Pb/PbSO4, H2SO4 electrode potential over 
the 20-240° C range has been described by a simple 
relationship, including a temperature coefficient 
of about -1.26mVK -1 [19], although a value of 
-1.015 mV K -l has also been reported [20]. 

The aim of this paper is to analyse the influence of 
temperature on the electroreduction of anodic layers 
formed on lead in H2SO 4 solution in order to postu- 
late an appropriate nucleation and growth mechan- 
ism to interpret the kinetics of data concerning this 
electrode reaction in the 0-50° C temperature range. 
This offers the possibility of evaluating to what extent 
kinetic models derived from single Pb(II)-containing 
films at room temperature can be applied to the elec- 
troreduction of composite lead sulphate-oxide passive 
layers, covering a wide temperature range. 

2. Experimental details 

The experimental setup was described in previous 
publications [2, 6, 10]. High purity polycrystalline 
lead ('Specpure', Johnson Matthey Chemicals Ltd, 
0.30cm 2 apparent area) in the form of discs 
embedded in PTFE holders were used as working elec- 
trodes in 5M H z S O  4. The electrolyte solution was pre- 
pared from analytical grade (p.a. Merck) reagents and 
triply distilled water. Potentials were measured and 
are referred to in the text against a Hg/Hg2SO4, 
K z S O  4 (sat.) reference electrode (0.680V on the 
NHE scale). 

Prior to the electrochemical experiments the work- 
ing electrodes were mechanically polished with a 600 
grade emery paper, thoroughly rinsed with triply dis- 
tilled water and cathodically polarized for To = 5 min 
at -1.30V, i.e., in the hydrogen evolution reaction 
potential range, to achieve a reproducible electrore- 
duced lead surface. Runs were performed under nitro- 
gen gas saturation at temperatures (T) in the 0-50 ° C 
range using the following potential programs: (i) sin- 
gle (STPS) or repetitive (RTPS) triangular potential 
sweeps which were applied at convenience between 
preset cathodic (Es,c) and anodic (Esa) switching 
potentials at a scan rate (v) in the 0.002Vs -1 ~<v~< 
0.200Vs -1 range; and (ii) STPS or RTPS combined 
with potential steps, usually two potential steps cover- 
ing different fixed potential regions. The first potential 
step (Ei = Es,a -- -1.00 V) was applied for a time 
~-= 3 min to modify the anodically formed passive 
layer in order to change the total amount of anodic sur- 
face products, whereas the second potential step (El) 
was set sufficiently negative to electroreduce the anodic 
layer, usually Ef < - 1.05 V, the corresponding current 
transients being systematically recorded. 

3. Results and discussion 

3.1. Voltammetric data 

The voltammograms of lead in 5M H2SO 4 at 
v=0 .02  V S  -1  r u n  between Es , c= - l . 30V and 
E,,, ---0.40 V at different temperatures are shown in 
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Fig. 1. V o l t a m m o g r a m s  o f  lead (Pb) run  at  v = 0 . 0 2 V s  -1 between 
Es,o = - 1 . 3 0 V  and  Es,, = 0 . 4 0 V  (a) or  Es,a = - 0 . 8 0 V  (b) in 
5M H2SO4. T: ( . . . )  0, ( . . . .  ) 10, ( ) 25, ( . . . .  ) 35 and  
( . . . . . . .  ) 45 ° C. 

Fig. l(a). The potentiodynamic response exhibits an 
anodic peak A1 attributed to the oxidation of Pb to 
Pb(II) species and two cathodic current contribu- 
tions, which can be associated with the electroreduc- 
tion of PbO (peak C2) and PbSO 4 (peak C1) layers, 
respectively. The cathodic charge density related to 
the electroreduction of PbO species strongly depends 
on Es,a, so that for Es,a ~< -0 .40 V [2] the current 
peak C2 practically disappears (see, for instance Fig. 
l(b) for Es,a =-0 .80V).  The influence of tempera- 
ture on the current density/potential ( j /E)  profiles 
can be clearly seen in the gradual change of the elec- 
trochemical response leading to a progressive deacti- 
vation of the electrooxidation and electroreduction 
processes as temperature is lowered, causing a 
decrease in the voltammetric charge density related 
to both peaks A1 and C1. 

From voltammograms run at constant v and differ- 
ent temperatures, linear logjp,cl against T -1 (Fig. 
2(a)) and logjp,cl T1/2 against T -1 (Fig. 2(b)) plots 
are obtained, the corresponding slopes being about 
-1.46 x 103 and -1.53 x 103K decade, respectively. 
From the former value it is possible to calculate an 
activation energy of about 28.1 kJmo1-1. However, 
the linear dependence found for data presented in 
Fig. 2(b) can be tentatively assigned to a process 
under diffusion control (see also the linear Jp,ca 
against v 1/2 relationship [21] discussed in Fig. 4(b) of 
[10] according to data obtained at room tempera- 
ture). Therefore, an activation enthalpy close to 
58.6kJmo1-1 can be estimated and, consequently, 
the experimental results obtained for the electrore- 
duction process of PbSO4 layers under potentio- 
dynamic conditions can be explained by taking into 
account a reaction mechanism controlled by diffu- 
sion of Pb(II) ions through the surface film [13]. 
This conclusion will be confirmed from the analysis 
of potentiostatic current transients. 

It is worth noting that the difference between the 
potentials of peaks A1 and C1, AEp = Ep,M - Ep,cl, 
increases as the temperature decreases. This fact 
might be due to the shift of Ep,cl to more negative 
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Data related to voltamrnograms shown in Fig. 1. Key: (@) 
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potentials, since Ep,A1 seems to be independent of tem- 
perature in the range studied. This increase in AEp, 
which can be related to an increasing irreversibility 
of the system, explains the dropping efficiency during 
the charge-discharge cycles of the Pb/PbSO4 elec- 
trode at low temperatures. Recently, X-ray data 
have revealed that electrochemically formed PbSO4 
remains partly on the lead electrode surface even at 
high negative potentials, i.e., -1 .5V [22]. Further- 
more, in situ i.r. spectroscopy results have pointed 
out that the i.r. band area, corresponding to the vibra- 
tional mode of the sulphate anion in the solid lead sul- 
phate, does not attain the expected zero value during 
hydrogen evolution [23]. Accordingly, it can be 
assumed that the amount of relatively more stable 
PbSO 4 species increases with decreasing tempera- 
ture, in agreement with the experimentally observed 
lesser amount of voltammetric charge involved in 
peak C1. 

On the other hand, it should be noted that voltam- 
mograms run at 45°C when Es, a is located at both 
0.40V (Fig. l(a)) and -0.80V (Fig. l(b)) exhibit, in 
the course of the reverse potential scan, a reactivation 
of the electrooxidation process at ca. -1.00V (i.e., at 
potentials more positive than Epic1). Nevertheless, 
this reactivation (anodic current) peak diminishes 
remarkably as temperature decreases and it appears 
ill-defined when T < 25 ° C. Likewise, the reactiva- 
tion of the anodic process observed at high tempera- 
ture can be explained by considering the surface film 
rupture generated by internal stress due to decreasing 
electrostiction pressure as the potential becomes more 
negative. Therefore, the inner part of the film loses 
contact at some points of the electrode surface. This 
promotes the formation of small cracks which lead 
to a reoxidation of the exposed lead at the bottom 

of fissures [24]. Local depassivation as a consequence 
of surface film breakdown during the cathodic 
charging of lead electrodes has been detected by in situ 
i.r. external reflection-adsorption spectroscopy 
[231. 

3.2. Electroreduction current transients 

Potentiostatic current transients corresponding to the 
electroreduction of PbSO4 layers formed on lead in 
H2SO 4 solutions at different temperatures by a linear 
potential scan between Esc = - 1 . 3 0 V  and Ei = g s a  

set in the peak A1 potential range at v = 0.02Vs :1 
were studied at values of Ef ranging from -1.06 to 
-1.20V. The electroreduction process at Ef was pre- 
ceded by a potential step during "r = 3 min at Ei = 
-1.00V, which is remarkably more negatively 
located than the potential region of PbO layer forma- 
tion. 

The experimental current transients can be satisfac- 
torily reproduced through the expression [10] 

j(t) = P1 t-1/2[ 1 - exp (-P2t)] + P3 t 1/2 (1) 

The first term in Equation (1) corresponds to an 
instantaneous nucleation and 3D growth process 
under diffusion control [25]. In this case, 

P1 = zFD)/2 Acj 7r-1/2 (2) 

and 

P2 = N0  Dj (3) 

where Ki denotes a proportionality constant, K / =  
(87rAcjMp-1) 1/2, D~ and Acj are the diffusion coeffi- 
cient and the concentration difference, respectively, 
of the diffusing j-species across the Nernst diffusion 
layer, No are the nuclei instantaneously formed, M 
is the molecular weight of PbSO4 and p is the density 
of the surface layer. 

The second term in Equation 1, which stands for the 
initial falling current transient corrected for the elec- 
trical double layer discharge, can be related to an 
instantaneous nucleation and 2D growth under diffu- 
sion control [26]. P3 is explicitly given by the following 
relationship 

P3 = zFDJ/2 Acfl r-l/2 (4) 

where D i and Aci are the diffusion coefficient and con- 
centration difference of the mobile species i inside the 
solution in pores of the surface film. 

The good agreement at different temperatures 
between the experimental results obtained at Ei = 
-1 .00V (~-=3min) and E f = - l . 0 8 5 V  and data 
calculated from Equation 1 is presented in Fig. 3. 
Although the shape of current transients is similar 
to that found in previous work at 25°C [10], with 
decreasing temperature a deactivation of the electro- 
reduction process can be clearly observed, whereas 
the value of the peaked current density JM diminishes 
and the time t M becomes longer. Furthermore, Fig. 3 
shows that at 0 ° C no current maximum is found in the 
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Fig. 3. Fitting of current transient data recorded at different tem- 
peratures and Ef = - 1 . 0 8 5 V  after a potential holding at Ei = 
-1.00 V during ~- = 3 min, according to Equation 1 (full traces). 

cathodic current transient at Ef = -1.085 V. Thus, in 
order to detect a well definedjg value it is necessary to 
set Ef more negatively as temperature decreases. This 
behaviour can be easily related to the shift of Ep,cl 
observed in the voltammograms (see, for instance 
Fig. 1). 

The set of adjusted parameters exhibits linear P1 
against Ef (Fig. 4(a)) and P2 against Ef (Fig. 4(b)) rela- 
tionships whose slopes increase with increasing 
temperature. The Ef value at which the electroreduc- 
tion of PbSO4 starts (from extrapolations of P1 -~ 0 
and P2-* 0) shifts to more negative potentials as 

6 

E 4 
< 
E2  

'7, 

(a) 

(b) 

-1.20 -1.15 -1.10 -1.05 -1.00 
EdV 

Fig. 4. Dependence of (a) P1 and (b) P2 on Ef for different tempera- 
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Fig. 5. Temperature influence on Ee~ o. Data related to P1 and P; 
parameter dependences with Ef shown in Fig. 4, and calculated 
values of Er from Equation 6. Key: (©) P1, (e) P2 and (v) values 
from Equation 6. 

the system temperature coeffÉcient approaches -1.1 
mVK -1. This value is very close to that reported in 
the literature [19, 20] taking into account that at fixed 
temperature Ep_~0 can be compared to the reversible 
potential of the electrode reaction according to a 
Nernst equation. Let us consider the following possi- 
ble consecutive reactions involved in the Pb(II)- 
sulphate layer electroreduction mechanism: 

PbSO4 + H3 O+ < ' Pb 2+ + HSO4 + H20 (5a) 

Pb 2+ + 2e- , ' Pb (5b) 

The set of reactions (5) implies a phase transition pro- 
cess, whose kinetics can be interpreted by a nucleation 
and 3D growth mechanism under diffusion control, so 
that H30+/HSO4 or Pb 2+ ions migrate alternately 
through the PbSO 4 layer. Therefore, taking into 
account that the reaction scheme includes a fast elec- 
tron transfer in the reaction step (5b), the concentra- 
tion of active ions at the Pb/PbSO 4 interface 
depends on El. Assuming that the activity of solid 
species (PbSO 4 and Pb) is unity, the local reversible 
potential which is established at the onset of the elec- 
troreduction current (Ee__,0) , can be expressed by 

R T  
Er = E ° + ~-ff-lnavb2+ (6a) 

Under equilibrium conditions, the concentration of 
Pb 2+ is determined by the solubility product (Ks) of 
PbSO 4 at fixed temperature, and accordingly 

Er = E ° + R T  In Ks (6b) 
2F aso I- 

Calculated values of E r at 0, 25, and 50 ° C based on 
data of E ° [20], Ks [27] and SO] ion concentration 
in 5M H2SO 4 measured by Raman spectroscopy [28], 
are shown in Fig. 5. Small discrepancies between 
experimental Ee---,o and calculated E r values can be 
justified, in principle, by the use of concentrations 
instead of the ion activities. The electroreduction 
mechanism given by Reactions 5(a) and (b) should 
be considered as an example to interpret the value 
expected for the temperature coefficient of Er. 
A further insight in the reaction pathway requires more 
information on the identity of diffusion-controlling 
species. It should be mentioned that in concentrated 
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sulphuric acid solutions several soluble Pb(II)-con- 
taining complexes, i.e., PbHSO +, besides Pb 2+ ions 
must be considered [29]. 

The linear dependence of P1 on Ef is not directly 
expected for a simple diffusion process, and it can be 
tentatively attributed to the dependence of Acj on Ef 
and, to a minor extent to changes of Dj according to 
El. The concentration difference 2xcj denotes the 
driving force of a mass transfer controlled process 
[25], which can be expressed as 2xcj = c b - c~ the dif- 
ference between bulk and surface concentrations, 
respectively. In such a case, if consecutive reaction 
steps (5a) and (5b) represent the reaction mechan- 
ism, c b can be assigned, in principle, to dissolving 
Pb 2+ ions generated in step (5a), whose concentration 
depends on the PbSO 4 solubility in the acid media 
although it is independent of potential, and c~ 
denotes the surface concentration of Pb 2+ ions which 
is electrode potential dependent following a Nernst 
equation. Thus, as Ef is set more negatively Acj 
should increase and P1 become greater. Likewise, 
with decreasing Ef the value of C~,b2+ in the vicinity 
of the lead surface diminishes and, accordingly, as 
cbb2+ is almost constant at each temperature, Acj 
increases. The fact that some electrochemically inert 
PbSO4 species still remains on the lead surface [22] 
gives support to a constant value of cbb2+ during the 
electroreduction process. 

Figure 6 presents log Pi(i= 1,2) against 1/T 
Arrhenius plots corresponding to data derived from 
measurements at Ef = -1.085 V and Ef = - 1 . 0 7 5  V. 
Assuming that the diffusion coefficient obeys the typi- 
cal relationship predicted from the theory of absolute 
reaction rate [30], then 

Dj = eA2(kT/h) exp (AS*/R) exp ( - A H * / R T )  

(7a) 
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Fig. 7. Dependence of P3 on temperature. Data related to current 
transients obtained at different temperatures and Ef within the 
PbSO 4 electroreduction potential range after a potential holding 
at Ei = -1.00 V during ~- = 3 rain. 

where e is the base of natural logarithms and A, the 
'jump distance', the distance between successive equi- 
librium positons, AS* and AH* are the molar activa- 
tion entropy and enthalpy, respectively. The other 
symbols have their usual meaning. To account for 
an Arrhenius relationship the preexponential factor 
can be neglected and Equation 7(a) becomes 

Dj = D o exp ( - A H * / R T )  (7b) 

Thus, from the slope of A log P1/O(1/T) plots (Fig. 6) 
and taking into account the general expressions given 
in Equations 2 and 7(b), it is possible to calculate an 
activation enthalpy for the diffusion coefficient Dj of 
about AH~j = 95.7 ±0.4kJmo1-1.  This value is in 
close agreement with that found by Valeriote et al. 
[14] during the oxidation of anodic films on lead in 
sulphuric acid solutions at low temperatures, where 
the rate-limiting diffusion of ions may be controlled 
by an activation process involving partial dehydra- 
tion of the diffusing ion and/or desorption of interra- 
cial water. Otherwise, the P2 parameter involves, in 
principle, two strongly temperature-dependent com- 
ponents, which are Dj and N 0. As in the case of No 
an Arrhenius behaviour is expected and AH~j is 
already known, from the slope 0 log P2/0( 1 / T), the 
activation enthalpy of the active sites can be estimated. 

The fitted P3 parameter is practically constant at 
each temperature in the whole Ef range covered in 
this work. Likewise, the corresponding Arrhenius 
plot reveals that a linear log P3 against l I T  relation- 
ship is clearly obtained (Fig. 7). From its slope, 
AH~i is close to 40.2kJmo1-1. This value, which 
was found to be larger than that expected for an ion 
diffusion process in solution [31], supports the conclu- 
sion of previous work that P3 in Equation 1 can be 
related to the diffusion controlled reversible electrore- 
duction of Pb(II) ions from the supersaturated solu- 
tion within the pores generated between the PbSO4 
crystals [10]. Therefore, the second term in Equation 
1 which corresponds mainly to the initial short range 
cathodic current decay can be associated with the elec- 
troreduction of Pb(II) ions whose concentration 
under critical supersaturation conditions [32], can 
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attain a value of about 1.4 x 10-6molcm -3 during 
the PbSO4 electroformation. This conclusion is con- 
sistent with the value Di ,-~ 10-6cm 2 s -1 calculated 
from P3 (Fig. 7) and the concentration of Pb(II) solu- 
ble species in the supersaturated solution in the pores 
at 25 ° C. The analysis of voltammetric results yields 
some information concerning the electroreduction of 
the PbSO4 layer but it is unable to provide data 
directly related to the small cathodic contribution 
due to the electroreduction of Pb(II) ions located in 
pores. 

Recently [6, 7], it has been shown that the PbSO4 
electroformation and subsequent passivation of the 
lead electrode can be described by a complex reaction 
model, which implies the formation of a thin iohicatly 
conducting film which assists the migration of Pb 2+ 
ions and blocks the access of SO 2- to the interfacial 
region. Thus, due to the fact that Pb 2+ ions are trans- 
ferred to this film, the concentration of hydrated Pb 2+ 
ions is increased, and highly crystalline PbSO4 preci- 
pitate passivates the electrode. 

4. Conclusions 

The kinetic data analysis suggests that the nucleation 
and growth mechanism developed earlier to interpret 
the electroreduction of PbSO 4 at room temperature, 
can be successfully used in the 0 to 45 ° C temperature 
range. 

The electroreduction processes of the primary 
PbSO4 layer involve mainly an instantaneous nuclea- 
tion and 3D growth mechanism under diffusion con- 
trol. The reaction proceeds via the dissolution of 
lead sulphate followed by the diffusion of Pb(II) 
ions to the electrode surface (the rate-determining 
step) and a fast electron-transfer step. The initial fall- 
ing current transient can be attributed to a mass trans- 
fer contribution due to the electroreduction of Pb(II) 
ions present as a supersaturated solution in the 
pores formed during the previous PbSO4 layer 
growth. 

The electroreduction process of the PbSO 4 layer 
becomes hindered as the temperature decreases. The 
dependence of this cathodic reaction on temperature 
is explained phenomenologically on the basis of the 
Arrhenius behaviour of the kinetic parameters 
involved in each reaction step. The activation energy 
estimated from the temperature dependence of the 
fitted parameters are in agreement with the diffusion 
processes involved in the reaction mechanism used 
to interpret the PbSO 4 electroreduction at 25 ° C. 
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