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Nucleation phenomena in the electrodeposition of lead
onto glassy carbon electrodes
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The electrodeposition of lead onto a glassy carbon electrode from 0-1 M HCl solution has been studied
mainly by potential step techniques. The early stages of metal deposition are shown to be controlled by
a three-dimensional nucleation followed by hemispherical growth. The deposit morphology has been
confirmed by scanning electron microscopy (SEM). Results obtained by linear sweep voltammetry are
also reported and qualitatively interpreted according to the above-mentioned nucleation mechanism.

1. Introduction

Vitreous carbon has recently found extensive
applications as an electrode material for analytical
purposes. In particular it has been used, with or
without a mercury film, for trace determination
of heavy metals by anodic stripping voltammetry
(ASV) and related techniques [1-3]. Recently
Torsi [4] has employed this material as the
crucible for in situ electrodeposition of heavy
metals prior to their analysis by flameless atomic
absorption spectrometry. In connection with all
these applications the investigation of the electro-
deposition mechanism of metals on vitreous
carbon is of interest.

The electrodeposition phenomena were widely
studied for various metals on different electrode
materials both from aqueous solutions [5~11]
and from molten salt systems [12-16].

In the present study a preliminary investi-
gation on the electrodeposition of lead onto
vitreous carbon from 0-1 M HCI solutions was
performed mainly by potential step (single pulse)
techniques. Results obtained by linear sweep
voltammetry (LSV) were also collected and their
abnormal features qualitatively explained in terms
of the type of nucleation process involved in the
electrodeposition reaction (see later).

The formation and growth of an electro-
deposited phase is a complex process and several
models have been proposed to describe the
cathodic deposition of metals especially when the
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substrate and the metal are the same (for a review
on this topic see [17]). In other cases it has been
shown that electrodeposition reactions are
associated with nucleation processes. In this
respect the application of the classical vapour
phase nucleation theory [18-20] to systems
involving electrochemical deposition is relatively
simple requiring a redefinition of the dimensionless
‘supersaturation parameter’, S in terms of the
overpotential n, i.e.

zF
§ = — 1

=TT M
The nucleation rate constant is now expressed by
the following relationship

J = Aexp|—B/n*] @)

where B contains several constant terms [20].
According to this equation a critical overpotential
(corresponding to a critical supersaturation for the
homogeneous phase theory) is observed before
the onset of the nucleation phenomena. The value
of the critical overpotential is strongly dependent
on the particular metal and substrate involved

and usually ranges between 10-100 mV. Further-
more when a nucleation process takes place three
different morphologies (one-dimensional, two-
dimensional and three-dimensional as in the case
of hemispherical growth) can be observed for the
growth of nuclei formed on suitable nucleation
sites. Whatever the growth morphology two dif-
ferent regimes can be established. For the first one
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the rate-determining step is represented by the
metal incorporation into the growth point; for
the second one the rate-determining step is the
mass transfer of the depositing metal ions towards
the surface of the growth nucleus. In this latter
case and the one relevant to the present study,
Astley, Harrison and Thirsk [5] have derived the
potentiostatic current-time transient for a dif-
fusion controlled three-dimensional nucleation
process. In terms of linear diffusion the current—
time relationship for the growth of Ny nuclei is
given for instantaneous nucleation by

8NozFM?C*D*? |,

p2 71'1/2

1(r) = €)

and for progressive nucleation by

16K..N, M2 3D3/2
Kn oZF 1/2C t3/2, (4)

1) = 3p%n
In these equations K, is the rate constant (s™1)
for the formation of nuclei, M and p are the
molecular weight and the density of the depositing
metal, D and C are the diffusion coefficient and
the concentration of the electrodepositing species,
t is the time and all the other terms have their
usual meaning in electrochemistry. Equations 3
and 4 have been modified by Hills ef al. [13] in
terms of spherical diffusion to the growth
nucleous surface. Equations 3 and 4 are now
respectively

zEN, 7.‘.1‘4'1/2 2D 3/2c3/2

) = TR S )
4zFK,NoM ' 2D¥>C*"?

1) = n °3p1,2 P2, (6)

As it can be seen the equations obtained assuming
planar or spherical diffusion differ from one
another mainly in terms of the concentration
dependence while the time dependence is the
same. Thus the analysis of the current-time
transient at controlled applied overpotential can
give consistent indications on the presence of the
above-mentioned nucleation process.

2. Experimental
For all the experiments a conventional three

electrode system was used. The working electrode
was prepared by fitting a vitreous carbon rod

(3mm in diameter) in a Teflon holder of 12 mm
in diameter. The exposed electrode surface was
polished to a mirror finish with alumina powder
(particles dimension 1 um). The counter electrode
was a platinum foil of about 3 cm?. All the
potentials reported in this paper are referred to a
saturated calomel reference electrode connected
through a Luggin capillary. Overpotential values
are calculated with respect to the potential of a
lead wire dipped in the test solution although the
equilibrium potential (relevant to the Pb/Pb?*
couple) calculated on the basis of the simple
Nernst equation applied to the bulk concentration
of Pb? ions was not experimentally verified. The
discrepancy is to be ascribed to the existence, in a
0-1 M HCI solution, of the PbCl* complex together
with the Pb* ions. As previously reported [21]
the concentrations of Pb?* and PbCl* are of the
same order of magnitude and the diffusion coef-
ficients of the two species are equal within about
5%. The Nemst equation becomes

Eeq = E° + RT/nFIn fpp+C )

where C'= Cpp2+ + Cppey+ and E°' is related to the
standard potential E° for the simple ion by the
relationship

E* = E® + RT/nFInK'/I+K'

where K’ = Kfpport /Cor fevfor » K is the
dissociation constant of PbCl* and f the activity
coefficient of the indicated species.

The voltammetric experiments were performed
by an AMEL ‘Electrochemolab’ equipped with a
Hewlett—Packard X--Y recorder. In some exper-
iments a PAR 174 Polarographic Analyzer was
used.

@)

3. Results and discussion
3.1. Linear sweep measurements

Typical voltammograms (recorded at different
potential scan rate) relevant to the electro-
deposition of lead at a glassy carbon electrode are
shown in Fig. 1 (curves a and b). In the same
figure a' and b’ represent the theoretical curves
[22-24] calculated for a simple diffusion
controlled process involving an insoluble product.
The diffusion coefficient used in the calculations
was obtained from potential step measurements
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Fig. 1. Theoretical and experimental peak voltammograms for the reduction of Pb?* in 0-1 M HCl solution at different

scan rates v. [Pb**] = 7-20 x 10~? M; electrode area 7-07 X 10°2 cm?. (a), (b) Experimental curves at 1 mVs~! and
50mV s~ respectively. (a'), (b") Theoretical peak curves for a reversible deposition of an insoluble product.
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Fig. 2. Plots of log (ip —I) versus the applied
overpotential i relevant to the peak voltam-
15 _20 .25 mogram a of Fig. 1. The experimental points
A . = are compared with the theoretical slope
OVERPOTENTIAL /mV (continuous line).
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Table 1. Experimental values of the peak
width (E, — Ep,,) for the reduction of
Pb**in 0-1 M HCI solution at vitreous
carbon electrode

Scan rate (Ep—Ep/Z)
(mVs!) 2
1 0-011
5 0-014
20 0-019
50 0-027

theoretical 0-010

(vide infra). An important feature is immediately
evident i.e. the experimental reduction peak is
shifted to negative potentials with respect to the
theoretical one, the shift depending, for a given
electrode material, on the scan rate and on the
Pb?* concentration.

A typical analysis log (i, — ) versus E relevant
to a reduction peak recorded at a slow scan rate
(up to 5mVs~!)is shown in Fig. 2. It can be seen
that the continuous line presenting [20] the slope
2-2nF/RT (which characterizes a reversible
process) overlaps the experimental points within
the range 0-75-0-95i,, and not within the range
0-5-0-9i,, as required by the theory. Furthermore,
on increasing the potential scan rate these plots
become more and more bent and, as shown in
Fig. 1 and Table 1, the peak width (E, —E,5)
becomes larger than the theoretical value {25]
(—0:77 RT/nF).

PEAK POTENTIAL/ (mV versus SCE)

LOG{[Pb**]/ mot 17"}

Fig. 3. Plot of the peak potential versus the logarithm of

Pb?* concentration for the reduction of lead in 0-1 M HCL

Peak voltammograms recorded at S0 mVs~!. Dotted line
represents the theoretical slope.

In Fig. 3 the peak potential is reported versus
the logarithm of lead concentration. A linear
dependence is observed but the slope is different
from that predicted by theory [25] for a
reversible metal deposition (dotted line) on the
basis of the relationship

E, = E® —0218/n+2-3RT/nFlogC (9)

where E° is the formal potential and the other
symbols have their usual meaning in electro-
chemistry.

These results suggest that the electrodeposition
of lead onto vitreous carbon proceeds irreversibly.
This is confirmed by the dependence of peak
potential and peak current on the scan rate v. A
typical plot of £, versus log v is reported in Fig. 4
for a given concentration of Pb?". The linear
dependence of £, on log v predicted [22] for an
irreversible process is obeyed only at lower sweep
rates. Since the ohmic overpotential is only a few
mV even at the highest currents one can conclude
that the deviation from linearity observed at sweep
rates higher than 50 mV sec™ must be ascribed to
additional kinetic factors involved in the electro-
deposition process (vide infra).

In Fig. 5 i, is plotted versus v'/2 for different
Pb?* concentrations. As it can be seen the plots are
not strictly linear and do not pass through the
origin as expected for a simple diffusion controlled
process. The best straight lines in Fig. 5 were used
to evaluate apparent diffusion coefficients for Pb*
(see Table 2).

3.2. Potential step measurements

Typical current—time transients recorded at dif-
ferent overpotentials for a [Pb?*] =844 x 107> M
are shown in Fig. 6. At low cathodic overpotentials,
in accordance with the linear sweep voltammetry,
no reduction process can be observed but only a
capacitive decay is apparent. At higher overpotentials
corresponding to the foot of the peak voltammo-
gram the reduction current increases, reaches a
maximum and finally decays with time as expected
for a simple diffusion process. For the sake of
clarity this last part of the curves is not reported

in the figure. At a given concentration the rising
portions of the current—time transients are the
shorter the higher the applied overpotential. At
sufficiently cathodic overpotentials the rising
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portion is so short that it cannot be detected on a
pen recorder and the usual diffusion controlled be-
haviour (i~¢~"/2 linear relationship) is observed.
From such i~¢ curves recorded at an applied over-
potential of —200mV the diffusion coefficient of
Pb?* was calculated and reported in Table 2.

3.3. Mechanistic considerations

The particular shape of the current-time transients
strongly suggests that a nucleation process is in-

Fig. 4. Ey, versus log v for the reduction of Pb** in
0-1 M HCl solution. {Pb%*] = 1-81 x 10-3M.

volved in the electrodeposition of lead. Thus the
first part of each transient is largely a charging
current which decays during the process of
nucleation. The rising portion reflects the increase
in current because each independent nucleus
grows in size and consequently increases the total
area of the electro-active lead surface. In the later
stages of the transients the diffusion zones around
the nuclej overlap and one diffusion layer is
formed, the shape of which will depend on the
electrode geometry; consequently the current

PEAK CURRENT / pA
8
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Fig. 5. Peak currents versus »*/% for
the reduction of Pb%* in 0-1 M HCl

at different concentrations of lead:

(2) [Pb**] =720 X 102 M;

(b) [Pb**] = 362 X 10-* M;

(©) [Pb?*] =1-81 X 10°% M;

T T
5 1o
SCAN RATE/(mv sec?)”

(d) [Pb2*] = 5-00 X 10~* M.
Electrode area 7-07 X 10°% cm~2.
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Fig. 6. Potentiostatic current—time transients for
the deposition of lead onto vitreous carbon from
8:44 X 10~* M Pb(NO,), in 0-1 M HCl at the
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falls and approaches that corresponding to the
diffusion controlled process. Furthermore the
most pronounced minimum in the early region of
the single pulse transients clearly shows that the
nucleation kinetic is the rate-determining step in
the electrodeposition process. An analysis of the
rising portion of the transients shows that a linear
i-t'"? relationship is observed (see Fig. 7). This .
result suggests, according to Equations 3 or 5, that
the particular process involved is the one of an
instantaneous three-dimensional nucleation with
hemispherical growth. Direct evidence for this
model was obtained by scanning electron micro-
scope examination of the electrode surface (Figure
8). The spherical symmetry of the nuclei is evident

Table 2. A comparison between the diffusion coefficient
values of Pb** obtained with different techniques

Diffusion coefficients (x 10° cm?® s™')

pv*]

(X 103 M)  Peak voltammetry Chronoamperometry
0-50 1-37 -

1-81 0-96 -

3-37 - 0-96

3-62 0-74 —

5-06 - 1-01

7-20 0-61 -

844 - 0-92

indicated overpotentials (in mV). Electrode area
7-07 X 1072 cm?®.

as well as the fact that they have approximately
the same dimensions as required for an instantan-
eous nucleation. An overlap between some
neighbouring nuclei is also evident.

The plots i-#'/? reported in Fig. 7 have dif-
ferent intercepts on the time axis and different
slopes both depending on the overpotential. These
experimental findings do not agree with the
indication of Equations 3 and 5, i.e. zero inter-
cept and no overpotential dependence. The
intercept on the time axis can be explained [13]
in terms of an ‘induction period’ (or time lag)
necessary before the nucleation can proceed. As
for the overpotential dependence of the slope of
the i~#!/2 plots this implies that the number of
the nucleation sites is overpotential dependent
and consequently there is a distribution of
nucleation sites of different energies which
nucleate at different overpotentials [8]. In this
respect it can be interesting [26-28] to calculate
the number of these sites in order to evaluate the
nucleation rate constant. An attempt can be made
to estimate the number of nuclei by a visual
counting on micrographs [7,29-33]. This is,
however, an ex sifu method which suffers from
uncertainties depending on electrodes handling
and on the fact that the nuclei must be apprec-
iably large to be optically visible so that they can

"be the result from the condensation of smaller
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Fig. 7. Current versus /2 plots for the
growth of lead nuclei on vitreous carbon
from 0-1 M HCI solution at the reported
“ overpotentials (in mV). Data taken from
t"/ sec Fig. 6.

ones. The number density of lead nuclei, No/cm?,  can be seen the use of different equations leads to
can be also evaluated by the slope of the i—¢!/2 large discrepancies in the calculated number

plots or by a computer simulation method [34]. densities. Furthermore any effort to verify exper-
Table 3 gives the values obtained at different over- imentally the C? (Equation 3) or the C3/2
potentials by using both Equations 3 and 5. As it (Equation 5) dependence systematically failed,

Fig. 8. Scanning electron micrograph of lead deposited on vitreous carbon at an applied overpotential of — 16 mV from
0-1 M HCI solution containing a Pb(NO, ), concentration of 6-72 X 102 M. The deposit has been grown for 15s,i.e. in
the range of validity for Equation 3 or 5. The marker on the photograph is 1 um.
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Table 3. Number densities of lead nuclei, N cm~?, evaluated by using Equations 3

and 5. Data taken from Fig. 7

Number density

Overpotential dr/det? Equation 5 Equation 3
(mV) (X 10% As™?) Nem™?2X 1073) WNem~2X 107%)
—11-5 0-58 1-54 1-58
—12:5 091 241 2-48
—13-5 157 4-16 428

— 145 2-37 629 6-47
—16-5 3-58 9-49 9-76

— 185 4-55 12-06 12-40
—195 7-68 20-35 2093
—20-5 15-04 39-86 40-10

probably due to the impossibility to reproduce the
state of the electrode surface in different
experiments.

Anyway the visual counting on the micrograph
in Fig. 8 leads to a value of 1-15 x 10° nuclei per
square centimeter. Even if this datum is not
strictly comparable with those listed in Table 3
since it was obtained at a slightly different
concentration, it seems to indicate that the
equation proposed by Astley er al. [5] better
describes the present system.

In view of the occurrence of the nucleation
phenomena some abnormal characteristics
described in the previous section for the linear
sweep voltammograms can be tentatively explained
according to Hills et al. [13] even if mathematical
relationships (for example the E, versus log v or
the I, versus v'/* dependences) are not available
because of the complexity of the problem.
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