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Summary 

The electrochemical behavlour of a pure lead electrode m sulphurrc 
acid-perchlonc acid electrolyte mixtures has been exammed by cychc 
voltammetry. The characteristics in the lead/lead sulphate potential range, 
and m the lead sulphate/lead dioxide region, have been observed for con- 
centrations of perchlonc acid from 1 to 200mM m 0.5M sulphunc acid. 

In the lead/lead sulphate region, the perchlorate ion promotes surface 
attack on the lead by drsplacmg the passivating sulphate ion. The effect m- 
creases with perchlorate concentration, reaching a maximum at about 50mM 
concentration, followed by a ‘self-stifling’ effect at higher perchlorate levels. 

The mechanism m the lead sulphate/lead dioxide region possibly m- 
volves a reduction m the thickness of the passivatmg layer by the perchlorate 
anion. 

Introduction 

The method of producing lead dioxide electrodes by a process m which 
the surface of the lead is corroded (Plant4 process), is relatively crude. How- 
ever, the maJon@ of the standby batteries used m the U.K are produced 
with the aid of such a process. We have discussed the use of different forma- 
tion agents [l] and although the nitrate ion m certam concentrations may 
offer an advantage [ 21, the perchlorate ion is undoubtedly unrivalled as the 
preferred aggressive ion. 

The chemistry of the Plant4 formation process, although occupymg an 
important place in classical battery technology, has not received a great deal 
of attention in the scientific press. Indeed, mformation on the mechanism of 
the formation is generally madequate. 



Recently however, Azun and co-workers [3 - 51 have reported galvano- 
static and potentlostatlc measurements on lead systems III whrch the per- 
chlorate-assisted oxldatlon was studied. These workers have identified the 
pittmg corrosion process as the mechanrsm of the aggressive ion attack and 
have described the general features of the process m terms of the possrble 
displacement of sulphate by perchlorate. This explanation is along the gen- 
eral hnes for the theory of pit growth [6]. 

An mterestmg and important aspect of the electrochemistry of the lead 
sulphate/perchlorate system is the behavrour on cyclmg, smce one cycle of 
charge and discharge takes place during Plante plate production [ 71. Addi- 
tronally, the exammation of the cychc behavlour can give a greater mslght 
mto the mechanism of the P1ar-G process The cychc voltammetry of lead m 
sulphuric/perchlonc acid has therefore been examined, and this paper records 
the results. 

Experunental 

Electrodes 
The workmg electrode was a drsc made from pure lead rods (99.99%) 

supphed by Koch-Light. The lead was cut and machmed to a surface area of 
0 071 cm2 and set m a hollow Teflon holder. A spring soldered at the back 
of the disc ensured good contact with the &unless steel rod to which the 
holder was fitted A wire, dipped into a well filled with mercury at the top 
end of the &unless steel rod, formed the termmal for the workmg electrode. 
This arrangement also allowed the system to be used as a rotatmg drsc 
electrode. 

The electrodes were pretreated by pohshmg on roughened glass, usmg 
tri-dlstrlled water as a lubncant. Immediately pnor to an experunent, the 
electrode was etched (60 s; HNOs 1.58M) and thoroughly washed with tn- 
d&Red water before immersing it, still wet, m the electrolyte solution. The 
workmg electrode occupied the centre compartment of a 3-hmb cell. 

The reference electrode used was Hg/HgsSOd, connected to the working 
electrode UM a Luggin cap&u-y and ground-glass Joint. Potentials are referred 
to the Hg-Hg,SO1 reference electrode in HaSO* of the same molanty as the 
workmg solution (EE = 0.668 V). 

The counter electrode was a lead corl of large surface area occupymg 
the third compartment of the cell. 

Electrolytes 
The workmg electrolyte solution was 0.5M HsS04, prepared from 

AnalaR grade reagents. The solutrons containmg perchlorate ions were pre- 
pared usmg AnalaR grade perchlonc acid in O.SM sulphunc acid. Tn-drstllled 
water was used throughout and the concentrations examined were. lmM, 
lOmM, 54mM, lOOmM, 200mM. All experiments were camed out at room 
temperature (22 - 23 “C), in the presence of the atmosphere. 
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Instrumentation 
All experunents were carrled out usmg a potentlostat (Kemltron type 

P50). Linear sweep voltammetry expenments were monitored on an X-Y 
recorder (Bryans Serves 26000) Potentlostatic experiments were monitored 
on a Y-t recorder (Bryans Series 27000). 

Lmear sweep voltammetry 
Lmear sweep voltammetry (L.S.V.) expenments m the lead sulphate 

and lead dioxide regron were carried out usmg various concentrations of 
perchlonc acid. 

Lead-lead sulphate regron 
For the experunents m the electrode potential region of lead sulphate 

formation, the electrode was held at a cathodic potentral close to the poten- 
tial requved for the onset of hydrogen evolution for one hour to muumise 
the chances of the development of any sulphate film. Cyclmg was then 
carned out at vanous sweep rates between the limits of -1260 mV and 
-450 mV. 

Lead sulphate-lead droxlde region 
The experiments in the lead dioxide regron consisted of cychng to a 

constant response (approx. 1 h), by sweepmg between 400 and 1500 mV. 
The electrode was momentarily brought up to 2000 mV at the start of the 
expenment to “imtlate” the reactron m order to produce the lead droxlde 
1% 91 

Sweep rates used for both types of expenments were usually m the 
range 200 - 3 mV/s, startmg with high sweep rates and cycling to a constant 
response before movmg to a lower sweep rate. 

Steady state expenmen ts 
Steady state polansatlon expenments were also carried out at 100 mV 

mtervals from the hydrogen regron to the oxygen reDon m order to obtam 
the potentials at which the pnncipal electrochemical reaction occurs. This 
was done for the senes of concentrations mentroned above. 

Results and discussion 

Polansatron of lead in sulphuric acid over a very extensive range of 
potentials, from that of hydrogen evolution to the potential of oxygen evo- 
lution, shows two regrons connected with the electrochemistry of lead. The 
first represents the Pb -, PbSOI reaction and occurs at about -900 mV, 
whrle the second occurs at a much more posltlve potential and represents the 
oxidatron of PbS04 + Pb&. This is shown clearly m Fig. 1 which rs the 
first sweep in a slow L.S.V. experiment on lead in O.SM H&Or. 

Figure 2 shows the results for a sweep in 0.5M HzSOd containing 
1OOmM Clod-. We can see that the potentiodynamlc curve is srgmficantly 
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Fig 1 L S V curve, lead m pure sulphurlc acid, sweep rate 50 mV s-l, 23 “C 

affected; specifically, the peak for the oxidation of Pb to PbS04 is enhanced 
around the trarlmg edge and, mdeed, a subsidiary peak is observed at approx. 
-700 mV. This peak indicates further oxidative attack of the lead surface at 
potentials more positive than the PbSOJPb equlllbnum potential under the 
mfluence of the perchlorate ion. It seems likely that the electrode mitially 
passivates (at - -900 mV) at the lead sulphate potential, and at a somewhat 
more positive potential the sulphate film is penetrated aggressively by the 
C104- ion and a further quasi active region is observed. Alternatively, the 
current falls, but relatively slowly over a large potential range, mdlcatmg a 
plttmg attack (pitting corrosion). No discrete peak for PbOz formation 
appears due to the oxygen evolution reaction mtrudmg mto the PbOz forma- 
tion reaction 
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Fig 2 L S V curve for lead, 1OOmM HClOd m 0 5M HzSO,, -1800 mV to +1800 mV, 
sweep rate 50 mV s-l, 23 “C 



On increasing the positive limit of the sweep, PbOx is produced, as 
shown by the occurrence of a reduction peak m the reverse sweep from the 
positive limit. This peak IS at - 900 mV However, as soon as the discharge 
IS completed, there is evidence for the active dissolution of the underlymg 
base Pb, as shown by the anodic current at - 600 mV. The explanation for 
this IS that the discharge of PbO, produces a PbS04 layer which is not per- 
fect enough to render the surface completely unmune from the aggressive 
attack, and so the lead surface is attacked This anodic current was quite 
large m early experiments (e g , the first cycle) but was reduced m subsequent 
cycling. The peak for the reduction of PbS04 to Pb appears to be normal. It 
1s to be concluded that the perchlorate ion has affected both the Pb to 
PbSO, reaction and also the PbSOd to PbOs oxidation, the significant effect 
is, however, the penetration of the PbS04 layer by the perchlorate ion 

Lead-lead sulphate, - -900 m V 
This potential region was investigated under the conditions which might 

be expected for Plant&! formation Electrodes were subjected to cychc 
voltammetry at a series of sweep rates. 

Figure 3 shows stabllised cychc voltammograms for a system free from 
perchlorate ions. The trace IS smular to many which appear m the literature 
and consists of a peak 111 the positive-going direction representmg the oxida- 
tion of Pb to PbSOl, followed by a cathodic peak m the reverse sweep. 

The effect of mcrease m the sweep speed is to amplify the current 
However, there was a simple correlation between peak height and rate of 
potential change m the oxidation peak. 

It is clear from Fig. 4 that I,, the current maximum in the anodic 
going sweep, is proportional to u1j2, where v is the sweep rate. However, 

r 

Fig 3 L S V curve, lead-lead sulphate reglon Lead In pure sulphunc acid, sweep rate 
50 mV 8-l ,23 “C 
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Fig 4 (left) Lead/lead sulphate region I,, us sweep rate u112 for L S V curves of different 
C104- Ion concentration A, OmM HClO4, n , 1mM HClOd. A, 1OmM HClO4,., 54mM 
HCIO4,~,1OOmM HClO4,0,200mM HCl04 

Fig 5 (nght) gP us sweep rate, Y, for L S V curves of different ClO4- Ion concentration 
(Code as for Fig 4 ) 

aside from the perchlorate-free system, all the lmes had a positive intercept 
on the current axis. The currents m these sweeping experiments were found 
to be mdependent of electrode rotation speed and confirm that the reaction 
is mdependent of diffusion of Pb(I1) products in solution. We are therefore 
forced to conclude that the reaction must be a sohd state one. The square 
root sweep rate-peak current relation could represent a controlhng diffusion 
process m the solid state, possibly &ffusion through a porous PbS04 layer. 

If the products of the reaction remam at the electrode as a film of 
PbS04 of constant thickness, then it might be expected that the peak current 
would be a linear function of the sweep rate. Figure 5 shows that this is not 
so, and the passivatmg PbS04 film contains a variable amount of charge, de- 
pending on the sweep rate. Moreover, the curvature of this plot (away from 
the axis) indicates thinner films at higher sweep speed. This might well be 
expected, for, at high sweep rates (higher currents -higher reaction rates), 
the crystals produced will be smaller as they would not have tune to grow. 
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Consequently, complete blockmg of the lead surface would be achieved 
more efficiently than at lower speeds 

The addltlon of HCIOl amphfled the current up to a maxunum at 54 
mM, which thereafter decreased. Once more, the current IS sweep rate depen- 
dent m exactly the same way as m the absence of perchlorate ions This 1s 
shown by the cychc voltammogram m Fig 6. 

The concept that the presence of aggressive anions m solution is the 
cause of the breakdown of passive films 1s well known. Accordmg to Russum 
workers, the adsorptive displacement of passlvatmg species from the surface 
occurs when the anlon concentration has attamed a cntlcal value. The anions 
cause mtense destruction of the underlymg metal by the formation of com- 
plexes v&h the metal surface species passmg mto solution. The locahsed 
nature of the process depends on non-uruform current dlstrlbutlon and also 
on structural non-uruformlty 

In the general picture, an unportant step IS the transport and mtercon- 
version of ions ~thm the pit formed m the locahsed attack, formmg what 
might be thought of as a feed-back process. The pnnclple 1s that, at the 
surface, sulphate Ions are displaced by Clod- so that PbC104- complexes can 
move off mto the double layer. However, once outslde the double layer 
re@on preclpltatlon occurs. Lead sulphate IS formed and perchlorate Ion 1s 
regenerated to displace further sulphate ions at the lead surface. As per- 
chlorate 1s mtroduced into the system, the process of displacement and pre- 
clpltatlon 1s mcreased. This 16 shown by the curves of Fig 5, where currents 
are amphfled at the higher concentrations. 

As the perchlorate Ion concentration ~6 still further increased, the 
amount of current in the stablllsed potentlodynamlc curve goes through a 
maxunum, somewhere m the reDon of 54mM in 0.5M H,SOI Further addl- 
tion caused reduced currents at all the sweep rates and potent&s. This 1s an 
lnterestmg observation for it suggests that at bulk concentrations m excess of 
c 54mM, there 1s msufficlent sulphate Ion m the advancmg pits to preclpltate 
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Fig 6 L S V etabhed curves for lead III 0 SM H2SO4 contammg 54mM HCIO, Sweep 
rates, 1, 200,2, 100,3, 50.4, 20 and 5, 5 mV s-l, 23 “C 



Fig 7 Stabhsed cychc voltammogram (200 mV s-l) for lead, 2OOmM HClOd m 0 5M 
H2S04, 23 “C 

completely all the lead perchlorate, and lead sulphate IS formed nearer the 
pore entry, causing early passlvatlon by pluggmg up the pore. This effect 1s 
enhanced at hgher perchlorate ion concentration and the current m the 
oxidation peak decreases. It should be emphasmd, however, that we are only 
observmg the electrochem&ry of the “avculable” electroactlve material. 
Further PbS04 may be present on the electrode, but isolated from the elec- 
tnc current Figure 7 shows the stablllsed cychc voltammogram for a 
200mM HC104 solution. An mterestmg feature of this Figure is that on the 
reverse sweep, the potentiodynamlc curve shows an active anodlc reDon m 
the cathodic direction. This indicates that the film undergoes aggressive 
attack by the perchlorate ion and the normally passive sulphate f&n 1s broken 
down. 

It should be noted that the snnple theory that PbS04 films are perme- 
able to Clod- ions [lo] and that lead dusolves anodlcally m the form of 
Pb(C10,)2 cannot be correct m view of the appearance of the maxunum at 
54mM 

The lead sulphate-lead dloxrde region 
In this region, which 1s near the oxygen evolution potential, the pres- 

ence of oxygen gas m the solution was of no consequence and unavoidable m 
any case. Figure 8 shows a typical cycle-stablllsed potentiodynamlc curve for 
lead sulphate/lead dioxide m 0.5M H2S04. A small, well-defined peak at 
- 1000 mV observed in early expenments, developed to a maxunum 
after about 2 h cyclmg at 50 mV s-l and then reduced to a vu%ual plateau. 
This 1s mterestmg and different from the observations [8] m 5M H2S04 and 
1s possibly the development of significant amounts of a-Pb02 under the 
higher pH conditions formed m the more dilute solution With prolonged 
cychng of a stablllsmg structure this a-component 1s evidently transformed 
to P 
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Fig 8 Stabdlsed cychc voltammogram of the lead sulphate/lead dloxlde region for pure 
lead In 0 5M HzS04, sweep rate 50 mV s-l, 23 ‘C 

Figure 9 shows a typical cycle-stabrhsed L.&V curve for 0 5M HsS04 
contammg 54mM Clod-. Companson wrth Fig. 8 shows important dlffer- 
ences. Surpnsmgly, the current m the reduction “loop” of the curve IS less 
than the correspondmg one m the perchlorate free system. There 1s no sign 
whatever of the small peak at -1000 mV The nse of oxygen evolution and 
Pb02 formatron 1s enhanced. The peak potential of the reduction process IS 
shifted to more negative potentials by the perchlorate ions However, the 
redox reactions commence at about the same potent& 

Above - 54mM Clod- rt was not possrble to get a steady response at 
potentials greater than 400 mV The unsteadmess was apparently due to the 
evolution of oxygen from a surface whrch was not completely passive. Thus, 
a nse m current was followed by a rapid fall m current, presumably as the 
“quasi passive” film was broken down by the aggressive attack of the per- 
chlorate and then was healed by sulphate formatron at higher potential. This 
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Fig 9 Stabdlsed L S V curve for lead m 0 5M HzSOd contammg 54mM C104-, sweep 
rate 50 mV s-l, 23 “C 
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Fig 10 Lead sulphate/lead dloxlde region I,, us v for L S V curves of different C104- 
ion concentration A, OmM HCl04, l , 1mM HCIO4, A. 1OmM HC104,., 54mM HCl04 

behavlour has been observed by others [ 51 who described potential oscllla- 
tions occumng m galvanostatlc chargmg expenments camed out m H,SO,/- 
HC104 mixtures. Another feature of the curves was that the small polansable 
reDon between Pb02/02 formation and PbOz discharge (reduction) was 
elunmated by the C104- ion. 

For the reduction curve (negative gomg sweep) there was no satisfactory 
relationship between peak current and sweep speed (Fle;. 10). Addition of 
C104- decreases the peak current for the reduction of PbOz. This reduction 
1s progressive m the available experunental range. It E clear from the curves 
that the formation of PbOs 1s comphcated by the oxygen evolution reaction 

The reduction of the formed PbOB 1s clearly highly irreversible, as 
shown by the shifts m peak potential to lower values at the higher sweep 
rates. The fall m reduction current caused by C104- ions 1s clearly propor- 
tional to the quantity of PbOa which 1s avtulable for electrochemical reduc- 
tion, rather than revealmg the total oxidation which has occurred. We are 
forced to conclude that the effect IS therefore to cause a thmnmg of the 
formed and avdable PbOs layer. It must be recognised, however, that the 
total quantity of oxldlsed product mcreases mth C104- concentrat;lon as 
recorded m this laboratory [ 81 and by Azun and co-workers [ 51. Smce this 
reducible material must be in contact with the electrode, we are observing 
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the lead sulphate passive layer which has been oxidlsed to PbO*. This avail- 
able layer is apparently thmner, the more CIO, there is m the bulk, possibly 
through a poorer contact with the substrate. 

The present L.S.V. experiments have yielded only a hmited amount of 
mformation regarding the behavlour of the C104- ion on the cycled elec- 
trode. It will be necessary to study reactions m the two potential regions of 
mterest m order to describe the electrochemical reaction completely 

Conclusions 

(1) The C104- ion acts by displacing passivatmg Sod*- ion from the 
electrode. 

(2) The Clod- effect increases with concentration and may produce a 
‘self-stifhng’ behavlour d the ClO,- ion excludes sufficient Sod*- to mter- 
fere with the ‘feed-back’ reaction. 

(3) In the Pb02 region, the C104- ion reduces the thickness of the 
passivatmg layer If Clod- exceeds a limit, the system cannot be rendered 
completely passive 

(4) Cychc experiments are only of limited use m investigating the pro- 
cesses mvolved and further pulse experiments are m hand. 
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