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Abstract

The electrodeposition of lead from very alkaline media has been studied by cyclic voltammetry, chronoamperometry under stationary
and convective conditions. Experimental parameters like lead concentration and temperature have been varied. From NaOH 6 M the metal
deposition takes place at abou0.90V versus SCE far from the hydrogen evolution reaction (HER) which is seeti.80V, but both
processes are favoured by the lead content increase and the NaOH concentration decrease. The analyses of the chronoamperometric respon:
support the view of a 3D growth and suggest a substantial influence of lead concentration on the type of nucleation. Progressive nucleation
is observed for the deposition from solutions with low content in lead but as this concentration increases a tendency towards instantaneous
nucleation is revealed. The voltammetry with the rotating platinum disc electrode has confirmed that the lead electrodeposition is a mass
transfer controlled process, and also allowed the estimation of diffusion coefficients.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction PbCL2~ are found and chlorine evolution can occur as a com-
petitive reaction10,14] In spite of most acid electrolytes
Lead electrodeposition has been subject of interest in being considered toxic and alkaline solutions assumed as
several investigations due to its potential application in more appropriate from an environmental standpfif}, the
relevant technologies, such as the production of high purity |iterature is poor in reports related to alkaline media. To our
active material for acid batteryl], for semiconductors  knowledge, the most recent study on lead electrodeposition
[2,3] and the fabrication of electrochromic devicigs-6]. from this medium was performed using copper as substrate
On the other hand, lead long-term toxicity is considered a in alkaline glycerol medig16]. The authors consider that
very relevant environmental problem and thus other works the reduction of lead occurs entirely through the complex
have been dedicated to the study of lead electrochemicalspecies [Pb(OH)%~ and not PB*, describe the formation
deposition either for the direct detection of the m¢7a8] of lead deposits presenting potential use in the production of
or for its recycling[9-11]. high purity lead, and study the viability of glycerol as addi-
For the research on lead electrodeposition, the most usedijve. Steel 1010 has also been used as cathode material in
electrolytes are acid and based on chlof#j#2,13] bromide  the production of lead powder and for waste treatment, in
[14], iodide[14], nitrate[6] and fluoboratgl5]. Inthese solu-  particular lead-acid batterigd1,17] Other investigations,
tions lead is mainly present as#bbut lead(ll)-halide com-  carried out in alkaline media give emphasis to lead elec-
pIexeS canalsobe formed, asin hlgh concentration of Ch|0l’idetrowinning for metal recovery without any detailed kinetic
solutions where soluble complexes, e.g., Ph€bCk~ and approacH18-21]
In metal electrodeposition, a convenient method to
* Corresponding author. Tel.: +351 217500890; fax: +351 217500088. investigate the nUCIeatlon. and ng)Wth mechanism I§ by
E-mail address: luisa.abrantes@fc.ul.pt (L.M. Abrantes). chronoamperometry applying the literature well described
1 |SE member. models: Harrison et al. developdd: theoretical relations
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for two-dimensional (2D) growth by instantaneous and Generator (model VSG 83) and Goerz recorder (Servogor
progressive nucleationfi22] and three-dimensional (3D) 790) whereas the influence of temperature (:GPand con-
growth is considered in the known Scharifker—Hills (SH) vection (<6051) on the reduction processes, studied by lin-
model, which also describes both types of nucleation, assum-ear voltammetry, were performed with a Radiometer Poten-

ing diffusion-controlled growth12]. The SH model has
been applied in several electrodeposition stud&3-28]
including the case of legd®,29].

Lead electrodeposition on zinc oxide, from 50 mM Pb
(NO3)2 in aqueous KN@, has been reported as a 3D growth
with instantaneous nucleati¢h?]. The same type of assign-
ment for the lead nucleation and growth, on indium—tin oxide
from similar electrolyte solutions has recently been reported
[5], as well as on germanium from more acidic medium,
5mMPb(CIQ), + 0.1 MNaCIQ, + 10 MM HCIO [3]. Some

nucleation studies consider the presence of halides and state Accordingly with

tiostat (DEA 332 Digital Electrochemical Analyser, IMT
102 Electrochemical Interface), equipped with a Voltamaster
2 program (version X9824-2.01, number 903V201/INT) for
data acquisition. A Thermomix thermostat (UB, B. Braun)
was used for temperature control and convection provided by
an EG&G rotating disk electrode (PARC model 616 RDE).

3. Results and discussion

literature, both Pb(OH)Y and

that mass transport to growing nuclei seems not to be affectedPb(OH)2~ species could be considered under the present

by the formation of soluble lead—halides complexes due to
similar diffusion coefficient values, about ¥110-6 cm? s~1
[14]. Equivalent values for the diffusion coefficiefit3,30]

conditions (48.3 mM Pb(ll) in NaOH 6 M). From the reported
information for Pb(OH)2~/Pb[17,31]the formal potential of
lead electrodeposition has been worked outand the agreement

are also reported in studies concerning lead electrodepositiorwith the observed value provides support for the assumption

from neutral and acid media.
Since the mechanism of lead electrodeposition from very

of Pb(OH)? as the most abundant lead species.
The cyclic voltammograms obtained at Pt, betwedn8

alkaline media has been disregarded to date, it seemed to band 1.0V, is shown ifrig. 1 Starting from the open circuit

interesting to study the formation of the new metallic phase

potential (ocp),—0.15V, towards the negative direction,

on platinum and on stainless steel. The results obtained byat aboutE=—-0.90V it can be observed a peak (R1) that

voltammetry and by chronoamperometry from NaOH 6 M

solution are here presented and the current transients analysed

under the light of the SH model.

2. Experimental

Lead electrodeposition was carried out on Pt and stain-
less steel AISI 316 (SS316) from agqueous solutions of PbO
(2.41-48.3 mM Phb(Il)) in NaOH (3—6 M). All solutions were
prepared using analytical grade reagents and Millipore water
(18 M2 cm). Before each experiment the electrolyte solu-
tions were de-aerated by bubbling high pureftr 15 min.

Electrodeposition was performed in a conventional
three-electrode electrochemical cell with a saturated calomel

electrode (SCE) as reference and a Pt foil counter electrode.

The Ptand the SS316 working electrodes, discs of 0.196 cm
and a Pt rotating disc electrode (RDE) of 0.385cmere
polished with alumina suspension of 1.0 and 03 to a
mirror bright finishing, before each experiment.

The lead reduction and oxidation processes were
investigated by cyclic voltammetry withir1.8 and 1.0V
potential domain, at 50 mV$; a smaller potential window
(—1.2 to —0.7 V) was also explored at several sweep rates
(1-300 mV s'1). The nucleation and growth mechanism was
studied for 24.1 and 48.3 mM Pb(Il) in NaOH 6 M aqueous
solutions, through the treatment of chronoamperograms
obtained with potential pulses from the open circuit poten-
tial to different final potentialsf; =—0.875 to—0.905 V.
Stationary experiments were carried out using a Amel Instru-
ments potentiostat (model 2055), with Wenking Voltage Scan
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Fig. 1. Cyclic voltammetric responses of Ptin 48.3 mM Pb(ll) + NaOH 6 M:
(—) firstand (- - -) second cycle, starting from the oef(15 V) and sweep-
ing the potential in the negative directians 50 mV st
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Fig. 2. Cyclic voltammograms for SS316 in 24.1mM Pb(Il) + NaOH 6 M, at different potential sweep rates (from 1 to 308)navid respective data
treatment.

corresponds to the lead deposition, and the hydrogenpp(OHY?~ — PbO, + 2H,0 + 2e

evolution reaction (HER) at1.40V. In the reverse positive ,

direction the lead dissolution is denoted by the stripping (Ee = +0.008Vversus SCE) ®3)
peak O1 occurring at0.78 V, followed by a relatively small

oxidation peak O’lat —0.59 V. By the analysis of the equi- 3Pb(OH}?~ — P04+ 4H,0 + 40H™ +2e

librium reactions involving this lead(Il)-hydroxide complex ;o

reported in literaturg31], it is possible to assign the redox (Ee = +0.043Vversus SCE) )
couple R1/0O1 to reactiofil) which equilibrium potential Reversing again the potential sweep, the current crossover
E, = —0.910V versus SCE was estimated considering the at about 0.40V supports the occurrence of the lead oxides

experimental conditions used in this work: deposition (Eqs(3) and (4). The subsequent cycle shows a
5 broad peak R2 just before the lead deposition area, and the
Pb(OH)"™ +2e < Pb + 40H" (1) Pt surface modification is clearly responsible for the higher

o ) o overpotential for the HER. Starting from ocp and sweeping
At more positive potentials, 0.46V, the oxidation peak O2 o hotentialin the positive direction the behaviour is identical
shall denote_the formquon of lead o>§|des and/or lead(lV) except for the peak R2 which is observed on the 1st of cycle,
soluble species according to the reacti(@)s-(4) suggesting that it is the counterpart of the oxidation denoted
2 _ 2 by the peak O2.
PO(OH)™" +20H" — Pb(OH}™ +2e The cyclic voltammograms obtained for SS316 in aque-
(Ed = +0.019V versus SCE) (2) ous solution containing 24.1 mM Pb(ll) in 6 M NaOH are
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Fig. 3. Linear voltammograms obtained for Pt and SS316 electrodes in (A) 48.3mM Pb(Il) + NaOH 3, 4, 5, 6 M, and (B) 4.83, 12.1, 24.1, 36.2, 48.3, 60.3 and
72.4mM Pb(ll) in 6M NaOHpy=20mV s,

illustrated inFig. 2 On this substrate a slightly higher over-  likely Pb(OH)%~. It can be seen that the electrodeposition
potential is required for the lead electrodeposition. The data occurs at less negative potential values as NaOH concentra-
(inlets ofFig. 2) points to a quasi-reversible syst¢82—34] tion becomes smaller and lead content increases, being the
since the anodic to cathodic current peaks réid;, obtained effect more noticeable when SS316 is used; on these substrate
at several sweep rates, is higher than unity and decreases the HER is also favoured.

with the increase in, I andlc values are directly propor- Fig. 4 depicts the linear voltammograms recorded at dif-
tional to thev2andAE =80 mV, below 40 mV s?;thepeak  ferent temperatures under convective conditions. Although a
separation increases witf>40mV s L. Similar character-  quantitative analysis of the data from RDE voltammetry will
istics were observed in the voltammograms recorded with Ptbe presented later, it is worthwhile to point some features of

electrode. the current responses. On Pid. 4A—C) the lead deposition
The influence of lead and NaOH concentration, onthe lead potential is not relevantly altered by the temperature modifi-
deposition process on Pt and on SS316 is showfign 3. cation or by the electrode rotation up to 5-sngular velocity,

These results suggest that as the ratio [Pb]/[NaOH] increasesy, but the potential at which the HER occurs is significantly
the metal deposition involves other present species, veryshifted towards less negative values; the same behaviour is
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Fig. 4. Linear voltammograms recorded in 48.3 mM Pb(Il) + NaOH 6 M at{AB00, 313 and 323K, (B»=0, 1.67, 3.33 and 5.008, (C) 7=313K,w =0,
1.67, 3.33, 5.00 and 6.6750n Pt and on SS316 (D) under the same conditions a€20 mv s,
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Fig.5. Currenttransients for potentiostatic Pb deposition on Ptfrom (A) 24.1
and (B) 48.3mM Phb(Il) in NaOH 6 M, witl& = —0.875,—0.880,—0.885,
—0.890,—895,—0.900 and-0.905 V.

t /s
od ! 2
T+ 0.885V
y=-1.9058x + 1.4144
R =0.9941
a -1
=]
©
<«
E 2
~
L)
34 -0.890 V
v =-5.5689x +2.337
R?=09914
-4
(A)
172, 12
t /s
0 1 2 3
0 n ! ;
-0.880 V
y =-2.1319x + 1.5849)
2 R?=0.9927
a
E -0.885 V
< 4 y=-3.5373x +2.2764
g R? = 0.9959
— -0.890 V
y =-7.3929x + 3.69
-67 R? =0.9943
-0.895V
y =-12.164x +2.4491
(B) -8- R’ = 0.9887

623

observed for stainless ste€lg. 4D). As expected, the use of
forced convection increases the rate of the metal deposition
process but higly also contributes to close by the competitive
HER.

A detailed chronoamperometric study was carried out
to investigate the early stages of lead phase formation on
Pt, i.e., the electrocrystallization and kinetic features. The
widely known theory treated by Scharifker and HJll®] has
been used. For different applied potentials, frei.875 to
—0.905V, the collected current transients are presented in
Fig. 5

For pulses higher thar-0.880, curves show a typical
response of a three-dimensional (3D) multiple nucleation
with diffusion controlled growtH12], with a steep current
increase to a maximundy), in a periodty,. Accordingly, the
rising current is either due to the growth of the new phase
and/or to an increase of the number nuclei; during this stage
of deposited lead growth, the nuclei develop diffusion zones
which may overlap changing the hemispherical into a linear
mass-transfer and resulting in an effectively planar surface,
the current then falls to the limiting diffusion current for the
deposition process.

The early stages of the deposition (rising portion of
the transient) was analyzed considering no overlapping of
growing nuclei, i.e., only isolated growing nuclei present
on the surface. The plots dfversuss/2 and I versuss3/2
for instantaneous and progressive nucleation, respectively,
Fig. 6, indicate the occurrence of instantaneous nucleation
in the case of the higher lead concentration (a good linearity
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Fig. 6. Plots off vs.732 and! vs. /2 for Pb deposition onto Pt, from (A) 24.1 and (B) 48.3 mM Pb(ll) in NaOH 6 M (data fFégn 5).
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Fig. 7. Theoretical and experimental non-dimensional pliis)2 vs. i/1m, for Pb deposition onto Pt, from (A) 24.1 and (B) 48.3mM Pb(ll) in NaOH 6 M
(data fromFig. 5).

from the most diluted used solution and closer to an instan-
taneous process when 48.3 mM Pb(ll) is employed.

A more detailed analysis, based on normalized current ~ For the progressive nucleation case (lead deposition from
data, as function ofy, andm, for instantaneous and pro- 24.1mM Pb(l)), the analysis of the transients also allows
gressive growth, concerning the 3D multiple nucleation with the evaluation of the combined nucleation parametéée
diffusion controlled growtli12] was performed asiillustrated (A is the nucleation rate constant and No the density of active
by Fig. 7. Indeed, in the case of metal deposition on Pt from Sites) providing 6.k 10* and 6.0x 10° s~ cm~2 for elec-
24.1mM Ph(ll) solution Fig. 7A), the experimental data  trodeposition at-0.885 and-0.890V, respectively.
is clearly close to the theoretical curve representing a pro- RDE voltammetry was used to analyse the influence of
gressive nucleation whereas in what concerns the 48.3 mmlead concentration on diffusion limiting step of the electrode-
Pb(ll) solution Fig. 7B), the data lies between the theoretical Position. The technique also allowed the diffusion coefficient
curves of each type of nucleation, pointing to an instanta- €stimation for a wide range of lead concentratiofig. 9
neous nucleation when high lead concentrations are used. Ishows a series of voltammograms in the hydrodynamic
is worth to mention that the fitting uses almost the whole cur- mode for NaOH 6M solutions containing different lead
renttransient, in particular at the smallest lead concentration;concentrations. All the curves present a well-defined limiting
the studied system shall present 3D multiple nucleation with current plateauli, over a large potential range especially
diffusion controlled growth and thus the type of nucleation in the case of the smaller lead concentration used. The
appears dependent on the solution Composition showing ten.potential window at which the current is limited by diffusion
dency to instantaneous at high values of lead concentration.decreased as the lead content in solution increased, due

Further evidence for the nucleation type has been obtainedto the promotion of HER at less negative potential values.
from I,%tm expressiorf5,12] assuming that its value is inde- ~ This competitive reaction occurs beyond 1.30V without
pendent of the nucleation and growth rate, i.e., at a given electrode rotation, but witl =34.54 s for the series of
bulk concentration of electrodepositing speci&s;, should ~ curves obtained for Pt-RDE in 48.3mM Pb(ll) and NaOH
not vary with the overpotential for sufficiently high poten- 6 M the HER starts at1.03 V. This behaviour suggests that
tials pulses. The theoretical value was determined uBing
estimated from the Cottrell equatioRi¢. 8), applied to the 2
decaying portion of the current transient recorded with the 0 ! 1’5 5
highest overpotential, and compared with the experimental
one shown irFig. 5. As it can be seen ifiable 1 the 12 2
values confirm the progressive nucleation for the deposition

is obtained for versus/2); for the case of 24.1 mM Pb(ll),
the results appear to point to a progressive process.

-1/2

y =-4.109x
R’ = 0.9968

Table 1
Itm experimental and theoretical values for instantaneous and progressive 84

nucleation

+ 241 mM Pb

<& 483 mM Pb

—— 101 y = -8.3545x
[Pb] (mM) D (cmPs™Y) 12 R = 0.0986

Experimental Instantaneous Progressive -le

-6 5 6 5
igé gggﬁ 18‘6 igi igs gggi ig_s é?gz igs Fig. 8. Cottrell plots for the chronoamperogramsFag. 5 (—0.900 and
: . ; . ; —0.905V for 24.1 and 48.3 mM Pb(ll), respectively).
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Fig. 9. Linear voltammograms obtained for Pt-RDE in (A) 24.1 and (B) 48.3mM Pb(Il) in NaOH 6 M, at difierert 10mV s,

w1512 2 M solution (4.0x 10-8 cnm? s~1) likely due to the relatively

o z 4 6 8 smaller pH value used. From neutral and acid medium it has

N S e 22 0 been reporteflL3] D~ 10 x 10-%cn? s 1in the presence of
o 10-20mM Pb(Il) and pointed out a tendency to smalber
E B i values as lead concentration is increased.

£ -6

E -8 — yi-(l.‘)i]zx

10} >$( 145mM P oo 4. Conclusions

o 483 mMPb| ¥ =-1.9098x

-12 R = 09991
The electrodeposition of lead from very alkaline media
Fig. 10. Levich plots for linear voltammograms obtained with electrode takes place at abowt0.90 V versus SCE being the HER less
rotation ) in NaOH 6 M solutions with 2.41, 14.5, 24.1 and 48.3mM competitive since it only occurs at1.30 V. The deposition
PB(D process and the HER are favoured by the increase of lead con-

th ted hanism for the hvd luti " tent and the decrease of NaOH concentration. Once the metal
€ accepted mechanism for the hydrogen evolution reaction; deposited, scanning the potential anodically, lead oxides
on Pb in acid media (proton discharge-rate determining

. 2_
followed by electrodic desorption) is not prevalent in alkaline formation, most probably Phind PRO,, and Pb(OH)

dia. H ticularly active lead d i ‘ is observed.
media. MOWEVET, on a particuiarly active lead deposit, arale — poqiqeg the expected effect upon the quantity of deposited
determining diffusion of molecular hydrogen away from the

lectrod : iaht lain th t elect talvii metal (increases) and on the potential of HER (decreases),
electrode surface mignt explain the apparent elec rocaay'Ctemperatures high as 8C and forced convection up to
activity for water reductionKig. 9B).

N : =60s1 do notinfluence the potential at which deposition
The limiting current density dependence on the Pt-RDE @ P P

: -~ starts.
rotation rate, (_:haracterlstlc ofa ma;s-transfer controlled pro- The analysis of the chronoamperometric responses reveals
cess, was verified applying the Levich equafi@8B-37] The

] d at {4 point of the plat lotted . ta 3D growth and a relevant influence of lead concentration
Lll(zm_easure atamid pont ot the pla eaus) plotted aganst  , o type of nucleation: in the presence of 24.1 mM Pb(ll)
™' is presented irFig. 10 the obtained linear relation

f h 0 ¢ irol and all hest the results point to a progressive nucleation and as the lead
confirms the mass transter control and atiows Ihesti- concentration increases a tendency towards instantaneous
mation for each concentration usethble 2 which are in

X nucleation shall be expected.
good agreement with the values evaluated from chronoam-

tric dataTabl q " K infl Under the studied conditions, the lead electrodeposi-
perommetric dataTea € ) and suggest a weak INfUence ., is 3 mass transfer controlled process as revealed by
of the lead concentration, since a very small increase is

b d with the | . f lead rati Th RDE voltammetry. The data also allows to estimate the
observed wi € lowering ot lead concentralion. TheSe i \qion coefficients which present a small increase from
values are lower than the knowh1] for lead in a NaOH

D=2.65x10%cm?s 1 to D=2.80x 10 cnm?s? as the
lead concentration is decremented from 48.3 down to

Table 2 2.41mM
Limiting current densities and diffusion coefficients obtained from data = )

shown inFig. 9

[Pb] (mM) I (w=25.1251) (mAcm2) D (x108%cm?s1)
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