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ABSTRACT

The cyclic voltammetry of lead and antimonial lead has been studied
in 1.25 S.C. H~ S0~ , at 25’~ to —40~~~, at sweep rates of 0.42 to 42 mV/s , be-
tween hydrogen and oxygen evolution and over narrower reg ions of potential.
The latter , coupled with systematic variation of the positive or negative
rever sal potential, has revealed peak shifting ond hysteresis effects which
give further insight into the nature of the reacticns of the lead—acid
battery. The significance of the results to the improve.nent of charge
acceptance at low temperatures is discussed.

RESUME

La coulométrie cyclique du plomb et de l’alliage plomb—antimoine a
été é tudlé e ~ uric densité d’H2S04+ de 1,25 entre 25°C et —40°C, avec des taux
de balayage .. var iant de 0,42 h 42 mV/ s, entre le dégagement d’hydrogène et

• d’oxygène et dans des zones de tension plus limltées. A cc dernier cas était
impost~c une v ar t a t  ton s v st é m at i q u e  de potential d’inversion positif ou
né gatif qui a révélé un décalage de pointe de charge et une trainee magné—
tique. Ccci nous permet donc de mieux comprendre la nature des reactions
qul se produisent dans un accumulateur plomb—acide . Le present rapport
traite de l ’importance des résultats pour l’amélioration de la charge admis-
sible ~ basse temperature .
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INTRODUCT ION

Several investigators have repor ted on the linear sweep cyclic
voltammetry of lead and antimonial lead in sulphuric acid solution at %25°C
(Panesar , 1971; Carr et al, 1971; Sharpe , 1975; Brennan et al , 1974). Our
purpose was to extend such studies to —40°C in the context of the poorer
charge acceptance of the lead—acid battery at low temperatures (Willihnganz ,
1975). Valeriote and Gallop (1975), in a study of the kinetics of the
positive electrode , have reported some limited cyclic voltammetry at as low
as —50°C. The present work is further to the latter; it reveals more detail
on the positive electrode and includes the region of the negative.

EXPERIMENTAL

The test electrode was a disc measuring 1.9 cm in diameter by
0.1 cm thick , exposed area 6.5 cm 2 . An attached neck , 0.5 cm wide and coated
with an epoxy resin mask, served as conductor and support. Electrodes of
pure lead (99.997+ % Pb) were cut from continuous cast sheet and those of
antimonial lead from rolled sheet. The composition of the latter (in weight

was 3.5% Sb , 0.5% As, 0.18% Sn , 0.04% Cd , a typical commercial grid alloy .
In each case the surface (as cast or as rolled) was prepared for electro-
lysis by degreasing with acetone , dipping for 1 minute in an ammonium
acetate — acetic acid stripping solution to remove the oxide film , then
rinsing with water and drying with acetone.

The test electrode was held in a vertical position between and
1 cm from two counter electrodes of pure lead (each 6 x 2 x 0.1 cm). The
electrolyte was 1.25 S.G. sulphuric acid (425 gm H2S0~./l), 65 ml. The glass
cell (4 cm in diameter by 10 cm long) also accommodated a gas lift for
gentle circulation (5 ml N2/min.), a sheathed thermocouple , and reference
electrode probe. The cell assembly was suspended from a glass tube , 24 cm
long by 18 mm OD, through which passed the elec trical leads and other
services, and on top of which was a small chamber for the reference electrode.
Connec t ion of the latter to the probe was by way of the same acid elec trolyte
in 35 cm of 4mm OD tubing. By this means the reference electrode could be
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2 UNCLASSIFIED

held at room temperature while the cell was immersed in a cold air bath. The
latter was a thermostated arrangement in a 8—litre stainless steel Dewar
flask using dry ice as coolant.

The linear potential sweep was provided by a Wenking TR—61
potentiostat with Wenking MP—64 motor potentiometer . Current and potential
Were recorded on an x—y recorder.

The reference electrode was the saturated calomel electrode (SCE).
All potentials are given on this scale.

RESULTS

CYCLIC VOLTANMETRY ON PURE LEAD AT 25°C

THE CYCLIC VOLTANMOGRAN BETWEEN HYDROGEN AND OXYGEN EVOLUTION

A typical cyclic voltammogram for pure lead is shown in Figure 1,
at a sweep ratio of 4.17 mV/s. It is similar in several respects to those
reported by Panesar (1971) and Carr et al (1971), at sweep rates of 0.5 and
58.3 mV/s , respectively . Thus, in the positive sweep from hydrogen evolution
(“c’ -l.3V) through to oxygen evolution (% 2.OV), the only anodic peak to be
seen is at —0 .SV (peak IX). Panesar (1971) reports the same result , as does
Feder (1971). Carr et al (1971) find this peak plus a very small one at
—O .35V. Reversing direc tion and returning on the negative sweep a complex
mixture of anodic and cathodic activity occurs at % 1.5V and major cathodic
peaks appear at —0.4 and —O.6V , each having a negative shoulder and the
latter also a large negative wing. Panesar ’s (1971) negative sweep is
similar though he finds less comp lexi ty at % 1.5V and no shoulders on the two
cathodic peaks. Sharpe (1975), in a study that examined the negative
voltammogram of the pre—anodized surface (up to 1 hour at various potentials)
reports activity in the 1.5—V region very similar to that observed here . His
sweep rate was 0.5 mV/s. Carr et al (1971) did not report a negative sweep .

The form of the cyclic voltanunograin is largely independent of
sweep rate , as also reported by Panesar (1971) and Feder (1971). However ,
it does depend on the number of cycles and on the amount of anodization pre-
ced ing the negative sweep, whether the latter is by holding at a given
current or potential , or by going to a higher positive reversal potential
(prp). Thus, as shown in Figure 2, the mixed act ivity in the 1.5—V reg ion
changes in form as anodization increases from a prp of l.9V to an anodizing
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Fig. 2. Cyclic voltammograms on 1~~ad , between hydrogen and oxygen evolution ,
at 25°C and 4.17 mV/s . showing effec~ of increasing anodization .
In (e) anodization was at 8 mA/cm 2 ter 1 miii prior to the negativ e
sweep.
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current of 8 mA/cm2 for 1 minute (“j 2.1V) : from anodic activity with a small
valley at 1.5V , to a cathodic peak at l.5V with anodic peaks before and after ,
to the cathodic peak at l .5V w i t h  anodic a c t i v i t y  only on the negative side .
The l a t te r  conf i gura t ion  is the one repor ted  by Panesar (1971). Further ,
the cathodic  peak at — 0 . 4 V , as indica ted  by the negat ive  shoulder , represents
two overlapp ing act ivi t ies, one at — 0 . 3 7  to — 0 . 4 0 V , b , and one at —0.42  to
— 0 .45V , a. Commencing wi th  a new surfa ce only h is observed during the fir st
few cycles. With f u r t h e r  cycl ing  a appears and as the amount of anodization
increases a becomes large relative to b .  E v e n t u a l l y  th i s  composite peak ,
peak V . may become larger than the one at — O . 6 V . Likewise , in the early
cycles on a new surface the peak at —O .6V can be seen as a composite of three
activities : at —0.6, —0 .85, and —l.1V (peaks VI , VII , and VIII, respectively).
With  f u r t h e r  cycling VI I I  disappears and V II  s h i f t s  positive .

Two addi tional features can be seen in the cyclic voltammograni of
Fi gure 3 , at 1.38 mV/s .  Shown on the expanded c u r r e n t  scale is a small anodic
peak at —O .5V in the negative sweep, and a small cathodic peak at —0.6V in
the following posi t ive sweep . The l a t t e r  is also seen at higher ra tes when
the electrode is new and the negat ive reversal  p o t e n t i a l  (nrp)  is greater
than —0.8V .

The reg ion of the pos i t ive  sweep between — 0 . 5  and l .5V is shown
in Figure 4 , at four  sweep ra tes  between 0 .42  and 41 .7 mV/s .  There is a low
level of activity in the form of several p lat eaus  of increas ing hei ght r a the r
than peaks . However , one of us ( E . M . L . V . )  in add i t ion  to f i n d i n g  a p la teau
s t r u c t u r e  of at least two sect ions (at  150 and 0.5 mV/s), has also o f t en
observed clear anodic peaks at O . l V , for  bo th  s t a t iona ry  and rapidly  r o t a t i n g
hor izon ta l  e lectrodes.  Perhaps geometry is a f a c t o r .

CYCLIC SWEEPING WITHIN SELECTED REGIONS

When the nega tive sweep is reversed above “~ OV two additional
anodic peaks appear in the pos itive swe ep: at % l.5V (peak I) and at ~ 1.8
(peak II). This is shown in Figure 5, for nrp of 0 .95V and cycles 1 through
10. With repeated cycling the two peaks become larger and undergo a small
sh i f t  in potent ia l , peak I becoming more posi t ive and peak II  more nega t ive .
At the same time their definition improves , although a large ove r l ap  be tween
peak II and oxygen evolution remains. With reduction in nrp to 0.lV
(Figure 6) both peaks shift positive , I more than TI. The negative sweep In
this region Is also changed: beyond the second cycle (Figure 5) the anodic
activity vanishes and cathodic peaks occur at l.45V (peak III) and % l.2V
(peak IV), the latter very small. Systematic variation of prp shows that
anodic peak II and cathodic peak III are related (Figure 7).

Cathod ic peak V , at “ —0 .4V , is af f ec ted by the potential at which
the positive sweep is reversed. Thus , for a prp less than ~ 1.0 peak V is
absent. Above ‘\~ l.OV it increases in magnitude and shifts negativ e with
increase in prp (Figure 8). Panesar (1971) also reports a c r i t i c a l  p o t e n t i a l
or the appearance of peak V , this peak a p p e a r i n g  o n l y  when the electrode was
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Fig. 3. Cyn ic voltaimnogram on lead , between hydrogen and oxygen evolution ,
at 2’~°C and 1 .38 mV/s.

INL I -\SS I F I H)

L _-_——--.-•—_—-----—_—- ---- -——- - - ——---------- -‘-—
~~ 

—



UNCLASSIFIED 7

-

I 

-

0.10 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Ely (ScE)

Fig. 4. Positive sweeps on lead , cycl ing be tween hydrogen and oxygen
evolut ion, at 25° C: (a) 41.7 mV/s. (b) 13.9 mV/s , (c) 1.39 mV/s ,
(d) 0.42 mV/s.
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Fig. 5. Cyclic voltammograms on lead , between 0.95V and oxygen evolution ,
at 25° C and 41 .7  mV/s , showing e f f e c t  of repeated c y c l i n g :
(a) 1st cycle , (h~ 2nd ycle . (c)  4 t h  cycle , ( d ) l O t h  c y c l e .
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Fig. 7. Cyclic voltaminograms on lead , between l.OV and 1.95 to l.65V , at
25 ° C and 4 . 17  mV/s . showing e f f e c t  of d e c r e a s i n g  prp on peak I I I .
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F i g .  8. Cyc l i c  voltanunograms on lead , be tween hydrogen evolution and 2 .1
to — 0 . 4 V , at 25 °C and 4 1 . 7  mV/ s , showing i f f e c t  I& reasing prp
on peak V.
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anodized at 0.2V for 16 hours . The d i f f e r e n c e  be tween  1.0 and O .2 V  is
evidently due to the time factor. Confirming this , one of us (E.M.L.V.) has
observed the appearance of peak V at a prp ~0.4V, for sweep rates of 0.5 to
2.0 mV/s (vs 41.7 in Figure 8). Moreover , Va and Vh appeared as distinctly
separa te  peaks when the potential was held at O.4V for 40 minutes .

Peak V appears  to be absent  when the  n e g a t i v e  sweep is preceded by
repea ted cycling above “~ 1.OV (the critical prp). This is shown in Figure 9.
With  resumption of c y cl ing between hy drogen and oxygen evolu t ion  i t  reappears .
I t is possible , however , that the a b se n ce is due to a s h i f t  to low po t en t i a l ,
though i t  would  p lace peak V n e g a t i v e  to  I X .  The evidence available does
not permi t a dec i s ion  to  he made .

The cathodic activit y at ~L —O . bk ( 1 e l k s  V I , V I I , and VIII) , on the
o the r  hand , vanishes only when  the prp falls below ~ -O .5V , i.e. when the
pos i t ive  sweep stops shor t  o f  forming anodic peak IX (Figure 8). The two
activities are clearl y related . Further information on this relationship
is given by cycling between a prp of ~ 1V (the upper part of the p lateau
region beyond peak IX) and a changing nrp . As shown in Figure 10, wI th
increase in nrp the length of the p lateau is shortened , and with relatively
little effect on peak IX until the nrp reaches ~ —O .75V. Beyond this point
peak IX begins to decrease more rap idly and shifts negative . This indicates
some type of relationship between the cathodic activity occurring in the
region of peak VIII and the anodic activity of the plateau (denoted X), and
points to peaks Vii and VI as the main counterpart of peak IX.

The negative shift of peak IX with increasing nrp is also shown
in Figure 11. In this case the sweep is to oxygen evolution which is also

• affected , the oxygen evolution potential increasing 0.2V as the nrp increases
from —0.9 to —O .65V.

HYSTERESIS

A common characteristic of cyclic sweeping is that the current , in
the early stage of a returning sweep , is often hi gher or lower than the trace
of the  preceding opposite sweep . Panesar (1971) reported this in the region
of oxygen evolution and the same result can be seen in Figure 1, 2, 3, and
11. Thus, when the positive sweep starts from hydrogen evolution the current
returning from oxygen evolution is always higher; starting from > ~ OV it is
usually lower (Figures 5 , 6 and 7). Examples in the region of —O.5V can be
seen in Fi gure 8, 10, and 11. Other examples will follow .
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Fig. 9. Consecutive negative sweeps on lead , cy clin g between hydroge n and
oxygen evolution (—1.4 to 2.IV), the  electrode having been cycled
between 1.0 and 2 .IV i mmedi ate l y prior to sweep (a), at 25°C and
41.7 mV/s.
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25° C and 13.9 mV/s, showing effect of increasing nrp on peak IX
and plateau region .
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CYCLIC V0LTA~ 4ETRY ON P1I~ E LEAD AT —40°C

The effect of lowering the temperature to —40° C is shown in the
cyclic voltammograms of Figure 12, at 25°, 0° , —20°, and —40°C, be tween
hydr ogen and oxygen evolution and between 1.OV and oxygen evolution . As the
temperature falls the peaks become smaller and they are shifted in potential ,
those of the positive sweep (except peak IX) in a positive direction and
those of the negative sweep in a negative direction .

The most striking result at —40°C is the form of the voltaminogram
in the region of oxygen evolution . When the posi t ive  sweep s t a r t s  f rom
hydrogen evolution the potential at which oxygen forms is ~ 3.4V , l.3V higher
than at 25°C , and upon reversing the sweep the current continues to rise until
the potential returns to “ 2.7V . However , if the positive sweep begins at
l.OV (i.e. if the nrp is l.OV) the potential for oxygen formation is only
‘
~ 2 .3V , 0.2V higher, and the initial current in the negative sweep , though
still grea ter , is close to the trace of the preceding positive sweep . As at
25°C, it is only the latter of the two positive sweeps (nrp � 0.5V at —40°C)
that gives rise to peaks I and II , and with reduction in nrp they shift to
hig her potential , I more than II. For the cyclic voltammogram starting from
hydr ogen evolution there is also a change in the negative sweep, the anod ic
a c t i v i t y  d i m i n i s h i n g  w i t h  decrease in temperature  u n t i l  near ly  absent  at
—40°C. However , if the electrode is anodized for a time (0.8 mA/cm 2 fo r  5
minutes) prior to commencing the negative sweep a substantial anodic peak
(XI) is found [Figure 12(d) , curve B].

At —40°C the position of peak II is 0.27V more positive than at 25°C.
Th is coupled with the positive shift of 0.2V for oxygen formation means that
the separation between these two processes has been reduced by “O.07V. This
can he seen in the  poorer definition of peak ii in Figure 12(d). Peak II is
also much smaller at —40°c, ‘~~ 1/500 it s size at 25° C. There is also a reduction
in the size ratio of peak II to peak I, from ~ lo/l at 25°C to c 1/~ at —40 C.
The ratio of peaks III to IV is similarl y reduced , f r om ‘

~-~ 20/1 to ‘
~-~ 2/1.

In t h e  region of — 0 . 5 V  the most no tab le  resu l t  is the  greater
impor t ance  of peak V and the  improved r e so lu t ion  of i t s  components .  As at
25° C , the appearance of peak V is governed by t he  prp . At - - O .4V (vs ~ 1 .OV
at 25 °C) peak V i s  a b sen t .  Beyond O .4V the f i r s t  to appear is Vh and as the
nrp increases it grows and shifts negative , from — 0 . 4 5  to —0.6V ~Fi gure 13).
As the  prp en t e r s  the  region of oxygen e v o l u t i o n  V a appears , a’ —O .45V , and
with increasing anodization it grows and becomes larger than Vh (FI gure 14).
It should he noted that the b component (the first to appear), though at thc
hi c~Iier potential at 25° C , is at t h e lower potentia I at  — 4 0 °C.

The other peaks in t h i s  reg i on are ill ec te d  as I ol lows by the r~~—
duet ion  i n  t e m p e r a t u r e  to  —40 ° C .  Peak V I I I  becomes sma I lt ’r and a imost di s—
appears  he low — 2 0 ° C. Peaks V I  and V I I  becom e sma l Ier  * t I n’ ratio VII /V I
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Fig. 14. Cyclic voltamtnograms on lead , be tween hydrogen and oxygen evolution
at —40°C and 41.7 mV/s, showing effect of increasing anodization on
peak V: (a) to 3.3V , (h) to 3 .5V , (c) 3.1 mA/cm2 for 1.5 mm , (c) 3.1
mA/cm 2 fo r  3 mm .

UN (’LASSIFI El) 

-- ~~~~~~~~ 
-~~~~~~~~~~~~~~~~~~~

—-- • -
~~~~~~



20 UNCLASSIFIED

increasing . By —10°C they have merged and by —30°C a peak can scar ely be
seen (Figure 12). With increase in anodization peak VII grows (Figure 14)
but , at —40°, it remains small compared to peak V.

Hysteresis is also observed at —40°. An in teresting example is
shown in Figure 15 on peak Vb . According as the negative sweep is reversed
on the negative or positive side of the peak the returning current is either
lowe r or higher , respec tively.

CYCLIC VOLTANNETRY ON ANTIMONIAL LEAD AT 25° TO —40°C

The cyclic voltammogram given by antimonial lead, be tween hydrogen
and oxygen evolution at 25°C , is shown in Figure 16(a). Comparison with pure
lead shows new activity at O.l2V in the positive sweep and at —O .22V in the
negative , anodic and cathodic , respec tively. Panesar (1971) and Brennan
et al (1974) report similar results. Another difference to be seen is an
increase of “. O.4V in the potential for hydrogen evolution (i.e., a decrease
in hydrogen overpotential). On a new electrode the size of these peaks
decreases markedly during the initial ~5 cycles , until a steady state is
reached . The reduction is “~8O% at O.l2V , “-‘ 50% at —0 .22V, and also “ 50%
at peak V. They shift slightly , the first positive , the latter two negative .
There is also a decrease in the potentials of hydrogen and oxygen evolution
of ~ 0.1 and % O.15V, respectively .

Inset in Figure 16(a) is a cyclic voltammogram between O.5V and a
decreasing nrp . On the expanded current scale two anodic peaks can now be
seen in the positive sweep, at 0.05 and O.l6V (I~ and II ~ ) and two cathodic
peaks in the negative sweep , at —0.2 and —O .4V (IV 5 and Vs). When cycling
is between —O .55V and an increasing prp , peak Vb appears between 1V5 and V~
as the prp increases beyond ‘\~ O.5V (vs “ l.OV for pure lead), and it grows
and shif ts negative eventually masking V5.

In other respects antitnonial lead is similar to pure lead , as shown
in Figure 17 and 18. The former is a parallel to Figure 7, and the latter
complementary to Figure 10. The former confirms that peaks II and III are
rela ted , and the latter that peaks TX and Vi + V1I are related .

With reduction in temperature to —40°C a third anodic peak , III ~~,
is seen in the positive sweep [Figure 16(c)]. It appears at O.35V , follow ing
I~ and I1s at 0.07 and O.2OV , respec tively , sl igh t ly more positive than at
25° . In the negative sweep TV 5 and V~ appear at —0.5 and —O .8V , hav ing
undergone a large negative shift. The size of these peaks is about 1/10
their size at 25°. The potential for hydrogen evolution remains \ 0.4V more
positive than for pure lead . As a result , peak V I I I  is f u lly masked and
peak VII becomes a shoulder on the hydrogen evolution curve (Figure 16).
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Fig. 16. Cyclic voltammograms on antimonial lead , be tween hydrogen and oxygen
evolut ion, at 41.7 mV/s , showing effec t of decreasing temperature :
(a) 25° C, (b) —10°C, (c) —40°C. Inset in (a) are cyclic voltammograms

between 0.0 to —O .55V and 0.SV , showing effect of decreasing nrp.

*Peak Va may contribute to 
TV 8; VII is masked by V~~.
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Fig. 18. C y clic voltanmiograms on antimonial lead , between hydrogen evolution
and 0.0 to —O.5V , at 25° C and 13.9 mV/s, show ing ef fec t of decre as ing
prp on peaks VI + VII.
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DISCUSS ION

IDENTIFICATION OF ELECTROC}iEMICAL REACTIONS

The voltammetry indicates that several redox systems are involved .
To some extent they can be identified. Thus , peak s I I I  and II c lear ly
represent the reduction and formation of tetravalent lead , and peaks VI + V ii
and IX the reduction and formation of divalent lead . Each is the major
system in its region . The results of Panesar (1971) and Carr et al (1971)
on the cyclic voltainmetry of ct— and ~—PbO2 surfaces indicate that peaks III
and II represent the ~—Pb02/PbS01. system. Peaks VI + VII and IX probably
represent the PbSOte/Pb system , al though the presence of two cathodic
activities suggests that it is not so simple. Carr et al (1971) attribute
t h i s  composite activity to the reduction of a duplex structure comprising
PbSO4 and underlying ~—PbO 2. However , VI + VI I  is a strong peak even wh en
the positive sweep is reversed well below the potential at which Pb02 could
form (Figure 8).

Other assignments are much less certain . Peak I may represent
i—Pb0 2 formation (Panesar , 1971) , and peak IV its reduction (Sharpe, 1975).
However , Panesar (1971) and Carr et al (1971), finding a relationship be-
tween o~—PbO2 and peak V , consider that the reduction of 

(~—PbO 2 is represented
by peak V , and that the reduction is directly to metallic lead (Carr et al ,
1971). Al ternatively, peak V may be the reduction of a basic divalent lead
compound formed by earlier reduction of ct—PbO2 . Or , it may be reduction of
basic divalent lead formed beneath PbSO~ in the region positive to ~“ 0.2\’,
the lower part giving rise to Vb, the upper to 

~
T
a~ 

The latter appears to be
at least a partial explanation for peak V. The fact that it has not been
seen negative to peak IX (at 25°) would seem to rule out PhS0~ as the com-
pound undergoing reduction . Peak V L I I  may be the reduction of basic
divale nt lead form ing below “-i 0.2V.

Valeriote and Gallop (1975) observed two anodic peaks at “-i 1.5V ,
at —10°C and —20°C , separa ted by 0.13 and O.O7V , respectively . On the basis
of Figure 12(c), which shows the separation between peaks I and II to he
“

~ 0.4V, a doublet at the position of peak I is indicated. [Under certain
conditions , not determined , a doublet has also been seen in the present work ,
both at peak I and at peak II , at 25°C. 1 These peaks were interpreted as a
two—stage oxidation of divalent lead . The first stage occurs in the leSS
acidic environment of the film interior and t h e  seco n d at  the interface with
the electrolyte. The first stage was described in terms of Ph SO~ o x i d a t i o n
in an alkal ine environment. However , further analysis and compari son with
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potential—step experimental results (Valeriote and Gallop , 1976) sugges ts
that basic suiphates and/or PbO are oxidized during this stage . At both
higher and lower temperatures only one peak was observed.

The interesting anodic peak occurring in the negative sweep at
—O.5V (Figure 3) may be related to an anodic excursion between Va and Vb that
one of us (E.M.L.V.) has observed on a rotating electrode , arid sometimes on
a stationary electrode that was rotating during the early part of the
positive sweep , at j5°C and a prp of � 0.6V. The latter is believed to re—
present reoxidation of metallic lead formed by reduc t ion of bas ic divalent

• lead at peak Vb, the volutiie contraction due to reduction creating pores and
exposing such lead to the electrolyte.

EFFECT OF SWEEP VARIABLES

In the positive sweep commencing at hydrogen evolution an anodic
peak representing Pb02 formation is invariably absent (Figures 1, 11, 12 , 13 ,
14). At the same time there is anodic activity in the returning negative
sweep where PbO 2 might have been expected to form . However , as repor ted by

• Panesar (1971) and here confirmed , such a peak can be seen when cycling at a
higher nrp , in his case 1.2V, and the negative sweep is now free of anodic

• activity . These results indicate that the overpotential for Pb02 formation
is high in the absence of residual PbO2 from a previous positive sweep, as
Simon and Caulder (1975) have suggested. Eviden tly Pb0 2 then forms con-
currently wi th the forma tion of oxygen , or immediately ahead of it (Carr and
l-lampson , 1972), and in the returning negative sweep the formation of Pb02,
thus facilitated , continues and gives rise to anodic activity , or a mixture
of anodic and cathodic activity, depend ing on the particular circumstances.
The larger part of the anodic activity is attributed to the reaction of
peak I , and each structure shown in Figure 1 and 2 can be seen as a combin-
at ion of this anodic peak and peak III. Peak IV is poss ibly responsible
for the small valley on its t~ gative side (Figure 3). The anodic activity
negative to this may be due to corrosion , the large volume change in re-
duction setting up mechanical stresses in the film and causing the substrate
to be exposed. Sharpe (1975) attributes the whole of the an’~dic activity to
the substrate corrosion .

The overpotential for PbO 2 formation in the PbO2— free film in-
creases with decrease in temperature (Figure 12). Relative to a film con—
tam ing residual PbO2 it increases from “~ O.7~’ at 25°C to 1.9V at —40°C. The
increasing anodic current that follows reversal of the positive sweep at
—4o°~ 

evidently represents oxygen forma tion on a su r fa ce of increasing Pb0 2
content , which indicates that the formation of Pb02 also facilitates the
fornation of oxygen .

Two forms of hysteresis are observed : on reversing the sweep the
retu rning current may be higher or lower. A higher current indicates that
the process involved has been facilitated or catalysed and the rate is higher
desp ite the less favourable potent ial. It has been observed only on the
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leading side of a peak , as in the onset of oxygen evolution and PbO ; formation
j i i  a PbO2— free film (Figures 1 , 2, 3, 12), and on peak Vh (Fi gure 15). When
the current is lower it may be simp ly because the driving force is lower; it
may be even lower if the process has advanced to the point o f  becoming -~e~~f —
inhibiting . This occurs on the trailing side of t h e  peak  in all cases. It
also occurs on the leading side of peak III (Figure 6), indicating that a
catalytic effect is not involved in PbO 2 r e d u c t i o n . When the current is t h e
same the process is nearly reversible , and this occurs on the leading side
of peaks II (Figure 7, 17) , IX (Figure 18), and VI (Figure 10). The be—
haviour on peak IX appears to be consistent with the mechanism for anodic
formation of PbSO + proposed by Archdale and Harrison (1972) and Weininge r
(1974): a fast dissolution process on the leading side , followed by pre-
cipitation of PbSO~+, and followed at still higher potentials by a solid state
nuclea tion and grow th process for PbSO4 formation . The latter would occur
on the trailing side of peak IX. A fast dissolution process may also be
operating on the leading side of peaks VI and 11.

A characteristic of the peak shifting that occurs with systematic
change of reversal potential is that the direction of shift is opposite t o
the  d i r e c t i o n  of p o t e n t i a l  change (Figures 6, 10 , 11, 13 , 17 , 18). I t  in-
dicate s that the overpotentlal of  the process decreases as the  ex t e n t  of
reversal decreases. The effect is very small for peaks VI and IX , consistent
l~-ith a reversible process on their leading side , and relatively large for
peaks Il arid Vb, consistent with the operation of a catalytic effect in the
formation of Pb02 and the product of 

~
‘i). The shift of the opposite sense

shown in Figure 11 , in which the potential for oxygen evolution increases
0.2V as the nrp approaches peak IX , suggests that a more perfect film of
I’hSO . iS forming and causing the overpot entia l for Ph0~ format ion to increase .

AN! I >ION IA!. LL\I)

This work has shown that at ~ 0. lV t h e r e  a re  thr t- t .inod i c ~li~

an d a t  ‘~ —0. 3V two cathodic peaks assignable to m t  i m o n y ,  r a t h e r  t h a n  t i t e  t~e
of each repor ted  b y Panesar  (1971)  and B r e n n a n  i t  m l  ( 1 7 4 ) .  l-! n~ -

~
-
~ r ,

n o t h i n g  f u r t h e r  can be sa id  as to  the  n a t ’~i r e  o f  t l t i  r e a c t  ions  ;~~ t~-~ u m a l - l v
• t h ey represent the oxidation m i t  ant imony of tn — and p r - n t  r i v a l  t n t  c on p t t i n d s

and t h e i r  r e d u c t i o n . The f a c t  t ha t  the  s i ze  of thi e o c Ut - Iks d e c r ea s e s  dor
the  f i r s t  few cyc les  i n d i c a t e s  a ne t  lo s s  of an t  i m o n v  re! t i~ f i l m , m u t t  i i

• a s t e ad y s t a t e  is  reached between i t s  d i f f u t - i o n  i n t o  t t n - hulk el t r o 1~ - t ~
and f u r t h e r  s u b s t r a t e  co r ros ion . T h e  t i  I oct  of - m l  i m o n v  in  I o n ~ r i c e , t i l e

hy d rogen  o v e r p o t e n t i a l  i s , of  cours e , well known , and it r n i m u i s  a L i t 1
e f f e c t  even to —40 ° .

I t  should  he remembered t h a t  unde r  c e r t a i n  c o n d i t i o n s  h a d
ox i d a t  ion peaks can also be se e n  i t t  () . 1V. The ri f o r e , i t  i s  pos s  i F  I t -  f i t  i n
th e presence of ant  imonv t i u t se o x i d a t i o n s  Ire c a t  •i lv st- d and t i n -  I t  t I v i t v  m t
“c 0. 1V r e p r e s e n t s  th e  ox i d at  ion of  ho t  1 a n t  i ti m n v  and lo a d .

N L ! A S S  I FT El)



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

28 UNCLASSIFIED

CONCLUSION

This work has provided further information on the cyclic volt—
ammetry of lead and antimonial lead in aqueous sulphuric acid , revealing bo th
more peaks and more information on their response to changes in sweep vari-
ables. Cycl ic sweep ing w ithin narrow regions , which gives rise to additional
peak shifting and hysteresis effects , has given further insigh t into the
nature of the reactions . The cond itions under which Pb02 forma tion can be
seen in the positive sweep have been determined and a catalytic effect has
been shown to operate in this process. The voltammetry has been extended to
— 4 0 ° C .

Several findings are of significance to the problem of poor charge
acceptance at low temperatures. The adverse effect of antimony on hydrogen
overpotential continues to —40°C but is of greater importance due to the
reduced separation between PbS0~ reduction (peak VII) and hydrogen evolution .
B etwe~~m i 25°C and —40°C there is a reduction of ~ O.07V in the separation be-
tween Pb02 formation and oxygen evolution , and the rate of Pb02 formation is
rLduced by a factor of ‘\.~ 500. The high rate factor (equivalent to an
activation energy of ~ 13 keal) together with the high overpo tential for
PbO formation on a Pb02—free surface suggests that the charging process is
activation controlled. If so , it may be possible to promote it in some way ,
just as Pb02 itself seems to do.
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