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Summary. The electrochemical behaviour of lead in NaOH solution was studied by potentio-
dynamic and cyclic voltammetric techniques in combination with X-ray diffraction analysis. The
active dissolution of lead involves a small shoulder A’ followed by a peak A1l prior to a passive
region. The shoulder Al’ is assigned to the electroformation of a Pb(OH), film, whereas peak A1l is
due to the formation of PbO. Beyond the passive region, the current density increases again, forming
a small shoulder A2’ and a peak A2 prior to the oxygen evolution potential. The shoulder A2’ and the
peak A2 are correlated to the electrooxidation of PbO to Pb3;04 and PbO,, respectively. The intensity
of the anodic peaks increases with increasing alkali concentration, temperature and scan rate. In
cyclic voltammetry, the reverse scan shows two cathodic peaks C! and C2 which are corrrelated to
the electroreduction of PbO and PbO; respectively, to Pb.
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Potentiodynamisches und cyclovoltammetrisches Verhalten einer Bleielektrode in NaOH-
Losung

Zusammenfassung. Das elektrochemische Verhalten von Blei in NaOH wurde mittels potentio-
dynamischer und cyclovoltammetrischer Techniken unter Zuhilfenahme der Réntgenbeugungsana-
lyse untersucht. Die aktive Auflésung von Blei verliuft {iber eine Schulter AZ’, die von einem einer
passiven Region vorgelagerten Peak Al gefolgt wird. Die Schulter AI’ wird der elektrochemischen
Bildung eines Pb(OH),-Films, der Peak AI der Bildung von PbO zugeschrieben. Jenseits der pas-
siven Region steigt die Stromdichte wieder an, und vor Erreichen des Sauerstoffpotentials treten eine
kleine Schulter A2’ und ein Peak A2 auf, die mit der Elektrooxidation von PbO zu Pb3;O, und PbO,
korrelieren. Analog dazu beobachtet man in der cyclischen Voltammetrie zwei kathodische Peaks C1
und C2, die der Elektroreduktion von PbO und PbO, zu Pb entsprechen. Die Intensitit der ano-
dischen Peaks steigt mit steigender Alkalikonzentration, Temperatur und Scangeschwindigkeit.

Introduction

The electrochemical behaviour of lead in alkaline media has attracted the attention
of several authors [1-10]. A review of the literature shows that the anodization of
lead in alkaline electrolytes is a complex process, and the results contain a number
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of contradictions. Early research work done under galvanostatic conditions reveal-
ed that at low current densities lead can be dissolved to form Pb** ions [1] or
HPO; ions [2], whereas at higher current densities a PbO, film is expected to form
at the electrode surface. More recent work [3—5] indicated that both PbO and PbO,
films are formed on the lead surface. Tourkey et al. [6] have demonstrated that the
galvanostatic anodic polarization curves show three arrests corresponding to the
oxidation of Pb to Pb(OH),, Pb to PbO, and PbO to PbO, in NaOH solutions. On
the other hand, Abd El Aal [7] reported that the galvanostatic potential vs. time
curves of Pb in NaOH solutions exhibit two oxidation arrests before the potential
reaches the value of oxygen evolution. These two plateaus are related to the for-
mation of PbO and PbO,, respectively.

Ptitsyn et al. [8] have studied the behaviour of Pb in alkaline solutions using
potentiostatic and potentiodynamic techniques. The authors pointed out that the
initial stage of anodic dissolution of Pb involves the formation of Pb(OH), and
PbO. The same results have been obtained by Birss and Shevalier [9, 10] using the
potentiostatic method. The first step in the potential range of active dissolution of
Pb involves the formation of a PbOH surface intermediate, followed by the deposi-
tion of a Pb(OH), film on the anode surface. A major portion of this film dissolves,
whereas the remaining part dehydrates to form a PbO film. At more positive
potentials, further PbO film growth occurs.

The present work was carried out to investigate the anodic dissolution and film
formation processes occurring on a Pb electrode surface over a potential range up
to oxygen evolution potential under the influence of alkali concentration, tempe-
rature, scan rate, and successive cycling using potentiodynamic and cyclic voltam-
metric techniques.

Results and Discussion

Typical E vs. i curves of a Pb electrode in NaOH solutions of various concentra-
tions (0.05-1.5 M) at 25°C are shown in Fig. 1. The curves were swept from —2000
mV to 2000 mV at 100 mVs~!. Hydrogen evolution commences at the starting
potential. During the positive scan, the cathodic current decreases gradually and
changes its sign at E;_o. However, the anodic excursion exhibits a complex feature
characterized by the contribution of two main anodic peaks Al (in the potential
region from —600 to —250 mV) and A2 (600 to 800 mV) prior to oxygen evolution
potential. In addition, two small shoulders AI’ and A2’ can also be seen on the
cathodic sides of the peaks Al and A2 respectively. The shoulder A1’ is tentatively
related to the formation of a thin film of Pb(OH), on the electrode surface accord-
ing to the following two step mechanism (for further details, see Refs. [10, 11]):

Pb + OH™ = PbOH,q, + ¢~
PbOH,q; + OH™ = Pb(OH), + ¢

Most of the formed Pb(OH), film dissolves chemically and yields Pb(OH); ions,
whereas the remaining Pb(OH), undergoes dehydration and transforms into PbO.
At a more positive potential than that required for the formation of Pb(OH),, the
PbO film forms directly on the anode surface by nucleation and a growth mech-
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Fig, 1. Potentiodynamic polarization curves of Pb at 25°C and 100 mVs~! at various NaOH
concentrations; 1: 0.05, 2: 0.1, 3: 0.5, 4: 1.0; 5: 1.2, 6: 1.5 M NaOH

anism according to the reaction given below [10, 11]:

Pb(OH),,, + OH™ = PbO, + H,0

PbO,,;, = PbO + e~

ads

ads

The potential recorded practically coincides with the calculated value for a Pb/PbO
electrode (=530 mV at pH = 14). The formed PbO film may undergo dissolution
forming the soluble species HPbO,

PbO + OH™ = HPbO;

When the electrode surface is completely covered with a PbO layer, the anodic
current density drops to a small ip,g (22 35 mA in 1.0 M NaOH) denoting the onset
of passivation. The passivity region extends over a potential range of about 500 mV
in 1.0 M NaOH (scan rate: 100 mVs~!). Within the passive region, the values of
ipass 1S nearly constant and to some extent independent on the applied potential.
This current is mainly consumed for growing of the passive layer. XRD analysis of
the passive layers formed on the potentiodynamically polarized electrode surface
in 1.0 M NaOH solutions starting from —2000 mV up to 400 mV at 100 mVs~!
showed that the films consist of PbO. However, on still increasing the applied
potential ip,s increases sharply [2] at about 550 mV in 0.5 M NaOH forming
the shoulder A2’ and then the peak A2 prior to oxygen evolution potential. The
shoulder A2’ may be related to the electrooxidation of PbO to Pb30, according to
the following reaction equilibrium potential of the system PbO/Pb3O4: 498 mV
vs. SCE; [12, 13]:

3PbO 4 20H™ = Pb304 + H,0 + 2e™
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However, this shoulder is apparently absent in dilute solutions (< 0.5 M NaOH).
The anodic peak can be correlated to the electrooxidation of PbO to PbO,, since
the threshold potential of this peak lies close to the equilibrium potential of the
PbO/PbO; electrode in alkaline solution (E =592 mV in 0.1 NAOH; [12]).
Therefore, it may be suggested that the reaction leading to the formation of PbO; is

PbO 4+ 40H™ = PbO, + H,0O + 2¢e~
in addition to the electrooxidation of Pb3QO, to PbO,:
Pb304 + 40H™ = 3Pb02 + 2H20 + de”

The XRD pattern of the lead electrode potentiodynamically polarized from —2000
up to oxygen evolution potential with a scan rate of 100 mVs~! in 1.0 M NaOH at
25°C confirmed the existence of PbO and PbO,.

Inspection of the data of Fig. 1 reveals that an increase in the concentration of
NaOH increases the peak current densities i4; and is; of peaks Al and A2, respect-
ively, and shifts their corresponding peak potentials E4; and E4, to more negative
values. The heights of the shoulders A’ and A2’ and the value of iy, also increase
with increasing alkali concentration. These results could be explained on the
premise that the solubilities of lead oxides increase with increasing alkali concen-
tration. In alkaline solutions, HPbO, and PbO3~ are expected to form by a
chemical dissolution of PbO and PbO,, respectively [14]. The relations between iy;
and isy vs. log Cnaon are given in Fig. 2.

The effect of the scan rate v (20-400 mVs~!) on the potentiodynamic polar-
ization curves of the stationary Pb electrode in 1.0 M NaOH at 25°C was also
investigated (Fig. 3). It is obvious that the intensities of iy; and i4, increase and
their peak potentials E4; and Ej» shift to more positive values with increasing
scan rate. The plots of i4; and is, against the square root of the scan rate are
straight lines with positive intercepts indicating the amount of surface coverage
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(Fig. 4). The results of Figs 1 and 3 may be considered as an indication that the
formation of PbO (peak A7) and PbO, (peak A2) is controlled by diffusion trans-
port of OH™ ions through the surface films from the bulk of the electrolyte.
Figure 5 shows the influence of the temperature (25°C-64°C) on the E vs. i
curve of a Pb electrode in 1.0 M NaOH at 100 mVs~. The general shape of the
curve remains practically unaffected by changing the temperature. Increasing the
temperature enhances the heights of the anodic peaks, particularly between 25°C
and 40°C, and shifts their corresponding peak potentials to more negative values.
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Fig. 5. Potentiodynamic polarization curves of Pb in 1.0 M NaOH at 100 mVs~! and different
temperatures; 1: 25, 2: 35, 3: 53, 4. 64°C
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Ipass als0 increases with increasing temperature. These results could be interpreted
in terms of increasing solubilities of lead oxides with rising temperature. In add-
ition, an increase in temperature accelerates the transport of OH™ ions and reaction
products to and from the electrode. Arrhenius plots of log is; and log isy vs. T~! are
given in Fig. 6. From the slopes of the straight lines, apparent activation energy
values of 1.685 KJ for A/ and 3.093 KIJ for A2 are obtained.

Figure 7 shows cyclic voltammograms of a Pb electrode in 1.0 M NaOH at
25°C and 100 mVs~!. The voltammograms started from —2000 mV and were
reversed at various anodic potential limits. Inspection of the data reveals that if the
anodic potential is reversed within the potential range of the shoulder A1’ (at —700
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mV), the reverse scan retraces itself and does not display cathodic peaks. This
result suggests that most of the Pb(OH), film dissolves in the potential range of this
shoulder. On the other hand, if the anodic potential is reversed at more positive
potentials (at —650 mV), the reverse scan retraces only part of the forward scan
and then yields a cathodic peak CI. Furthermore, when the reversal potential
exceeds the potential of peak Al (> —420 mV), a hysteresis between the forward
and the reverse scan is observed within the potential region of A7. This hysteresis
could be taken as indicative for the electrode surface becoming completely covered
by a resistive film at potentials greater than E,;. However, stepwise increasing the
reversal potential limit within the peak A7 and the passive region yields only the
cathodic peak CI upon reverse scanning. Therefore, one can conclude that the
cathodic peak CI is due to the electroreduction of PbO to Pb. It is worth men-
tioning that the peak current density ic; increases and its peak potential Ec; moves
to more negative values as the potential limit becomes more positive. However, the
voltammograms exhibit two cathodic peaks CI and C2 if the anodic potential is
reversed at values more positive than that of peak A2. The appearance of the more
negative cathodic peak C2 may be correlated to the electroreduction of PbO, to Pb
[10, 15]. Briss and Shevelier [10] observed the reduction peak C2, whereas Cen-
teno et al. [15] did not, perhaps due to the slower scan rate used (0.5 mVs™!). The
electroreduction of PbO at a potential more positive than that for the electro-
reduction occurs first at the metal/inner film (PbO region) interface and then moves
towards the outer film/solution interface PbO, region [10]. It is interesting to note
that the appearance of the cathodic peak C2 is associated with a decrease in the
charge consumed at the cathodic peak CI. Moreover, the charge consumed at C2
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Fig. 7. Cyclic voltammograms of Pb in 1.0 M NaOH at 25°C and 100 mVs~! starting from 2000
mV and reversed at various anodic potentials
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increases, whereas that consumed at CI decreases with further increasing the
potential reversal limit. This result indicates that PbO, is formed by electrooxida-
tion of PbO and/or Pb3;O,4 to PbO, and not by direct oxidation of Pb to PbO,.

Figure 8 represents typical cyclic voltammograms of a lead electrode in 1.0 M
NaOH at 25°C and 100 mVs~! under the influence of successive cycling between
—2000 mV and —250 mV (the end of peak A7) without withdrawing the electrode
or changing the solution. The data reveal that the anodic charge Q4; consumed at
Al and the cathodic charge Q¢; consumed at its conjugate peak CI (as represented
by the area of each peak) are similar. Nevertheless, the ratio Q¢;/Qa; exceeds unity
by a small amount (Qc¢;/Q4; = 1.013), indicating that the extent of reduction is
greater than that of oxidation. The deviation of this ratio from unity could be due to
the electroreduction of some soluble species, likely a concurrent reaction beside
electroreduction of the PbO surface film. The data show that Q4; and Qc; increase,
but their ratios remain nearly constant with the number of cycles. This activation
may be due to progressive increase in the surface area of the electrode with
repetitive cycling, presumably as a result of increasing surface roughness. In ad-
dition, it is probable that soluble Pb(Il)-species (e.g. Pb(OH); and HPbO;), gener-
ated in the preceding sweeps, are reduced. It can be seen that the peak potential
difference AE; (i.e., E4; — E¢1) is about 400 mV, indicating an irreversible nature
of the processes. Moreover, the peak potential E4; shifts to more positive values,
whereas Ec; moves in a more negative direction and consequently AE; increases
with increasing number of cycles. This change in AE; with cycling may also be
due to effects of changes in the surface roughness [16].

The cycling voltammograms plotted in Fig. 9 represent anodic and cathodic
contributions occurring on the Pb surface between hydrogen and oxygen evolution
potentials under the influence of successive cycling in 1.0 M NaOH at 25°C and
100 mVs~!. It is obvious that the peak currents of the anodic and cathodic peaks
enhance with increasing number of cycles. The peak potential difference AE; (i.e.,
E4» — E¢») also increases with successive cycling. Furthermore, the multiplicity of
the two cathodic peaks CI and C2 decreases gradually with increasing number of
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Fig. 9. Successive cycling voltammograms of Pb in 1.0 A NaOH at 25°C and 100 mVs~! between
—2000 and 1400 mV (ten cycles)

cycles, and after the seventh cycle, the two cathodic peaks coalesce with each other
and appear as one cathodic peak.

Experimental

The working Pb electrodes consisted of discs (area 0.5 cm?) cut from a rod supplied by Koch-Light
(99.99% purity) and fixed in an araldite holder. These electrodes were pretreated by polishing with
different grade emery papers (60 and 180) and by rinsing with distilled water, acetone, and doubly
distilled water before immersion in the working solution. The counter electrode was a platinum wire
(0.02 cm diameter, 0.5 cm length). The reference electrode was a saturated calomel electrode (SCE).
In order to avoid contamination, the reference electrode was separated by an electrolyte bridge with a
Luggin capillary tip filled with test solution. All solutions were freshly prepared using doubly
distilled water and analytical grade chemicals.

Potentiodynamic and cyclic voltammetric measurements were carried out using an EG & G
Potentiostat/Galvanostat Model 273. The E vs. i graphs were recorded with a series 2000 Omino-
graphic X-Y recorder. The required temperature was adjusted within +0.5°C by the help of an air
thermostat.

X-ray diffraction (XRD) analysis of the passive films was carried out using a Philips diffracto-
meter (30 KV, 20 mA) with a Fe filter and Co-K,, radiation.
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