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Abstract Electrodeposition of lead from nitrate electrolyte
in constant regimes of electrolysis was analyzed and the
obtained powder lead deposits were examined by scanning
electron microscopy. Polarization curve for lead electrode-
position consisted of two parts separated by an inflection
point. The first part of the polarization curve was characterized
by a linear dependence of the current density on overpotential.
The linear part of the polarization curve corresponded to
ohmic-controlled electrodeposition and single lead crystals
were formed in this range of overpotentials. A rapid increase
in the current density with increasing overpotential was ob-
served after the inflection point (the second part of the polar-
ization curve). Two-dimensional dendrites were the dominant
morphological forms obtained at overpotentials and current
densities belonging to the second part of the polarization
curve, indicating that the rapid increase of the current density
with increasing overpotential corresponded to activation con-
trolled electrodeposition at the tips of the formed dendrites.
Comparing the morphologies of the obtained lead deposits
with those belonging to the same group of metals (metals
characterized by a high exchange current density), such as
silver, cadmium, and tin, a strong dependence between the
nucleation type and the shape of dendrites for the metals
belonging to the same group was established.
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Introduction

Lead is a very important metal from both the academic and
practical point of view. The most important technologies of
significance for the practical application of lead are the
production of high purity active material for acid batteries
[1], for semiconductors [2, 3], and in the fabrication of
electrochromic devices [4]. Lead in the form of powder
has found multiple applications in many industries including
oil and gas exploration, radiological medical protective
clothing, as an industrial X-ray shield, golf club manufac-
ture, and anti-friction products (http://www.nuclead.com/
leadpowderapps.html). In addition, powdered lead is used
in lubricating grease to reduce or eliminate wear and as the
basis for some corrosion-resistant paints.

The processes of electrochemical deposition are very suit-
able ways for obtaining lead deposits of the desired form and
characteristics for the above-listed applications. They are
attained by the choice of the electrolysis regime, the composi-
tion of electrolyte solution and the working conditions. The
most used electrolytes for lead electrodeposition are acid ones
based on chloride [5, 6], bromide [7], iodide [7], nitrate [4, §],
fluorborate [9], acetate [10], fluorosilicate [11—14], etc. Besides
acid electrolytes, alkaline solutions are also widely used in lead
electrodeposition processes [15, 16]. In the optimization of
electrolytes for use in lead battery technology and lead scrap
recycling, the effects of some organic additives, such as sorbitol
[17] and glycerol [15], were studied. Bright, smooth, and
compact lead deposits can be formed by electrodeposition from
an acetate bath with the addition of phenol, ethanol, and gelatin
as additives [18]. Otherwise, the deposited lead obtained from
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an acetate bath without additives was crystalline and showed a
marked tendency to form dendrites [10]. Lead powder can be
produced from an alkaline solution in the presence of glycerol
and it was shown that this additive favors anode dissolution of
the powder [19]. The effect of periodically changing regimes of
electrolysis, such as pulsating overpotential [10] and reversing
current [20], on the formation of lead powder was also exam-
ined. Open porous structures, denoted as the honeycomb-like
ones, can be formed by electrochemical deposition of lead in
the hydrogen co-deposition range [21].

The processes of lead electrodeposition from the basic
solutions, such as nitrate ones, are characterized by a high
exchange current density [22]. This characteristic of nitrate
solutions is of high technological significance because it
enables the formation of lead powders at low overpotentials
and hence with small spent energy. For this reason, the aim
of this study was to examine the production of lead powder
from this electrolyte using constant electrolysis regimes.
Special attention was given to the examination of the mor-
phology of the attained powder deposits.

Experimental

Lead was electrodeposited from solution containing 0.50 M
Pb(NOs), in 2.0 M NaNO; (pH=3) in an open cell at the
room temperature. Doubly distilled water and analytical
grade chemicals were used for the preparation of the sol-
utions for electrodeposition of lead.

In the potentiostatic regime, electrodeposition was per-
formed at overpotentials of 50, 100, and 150 mV. In the
galvanostatic regime, electrodeposition was performed at
current densities of 100 and 160 mA/cm?. All electrodepo-
sitions were performed on vertical cylindrical copper elec-
trodes. The geometric surface area of copper electrodes was
0.25 cm?.

Reference and counter electrodes were of pure lead. The
counter electrode was lead foil with 0.80 dm? surface area
and placed close to the cell walls. The reference electrode
was wire of lead whose tips were positioned at a distance of
about 0.2 cm from the surface of the working electrodes.
The working electrodes were placed in the center of cell, at
the same location for each experiment. The obtained lead
deposits were examined using a scanning electron micro-
scope—TESCAN Digital Microscopy.

Results and discussion
Electrodeposition of lead belongs to the fast electrochemical
processes because it is characterized by a large exchange

current density, ip [22]. The polarization curve for lead
electrodeposition from a solution containing 0.50 M Pb
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(NO3), in 2.0 M NaNOs is shown in Fig. 1. The polarization
curve obtained from this solution consists of two parts. The
first part is characterized by a linear dependence of the
current density on the overpotential. Above an overpotential
of about 100 mV, the current density increased quickly, and
this rapid increase of the current with overpotential charac-
terizes the second part of the polarization curve.

The linear dependence of the current density on over-
potential corresponds to an ohmic-controlled electrodeposi-
tion [23, 24]. For sufficiently fast electrode processes (io/ip, >
100), there is no activation or diffusion polarization before
the limiting diffusion current density, i;, is reached. Hence,
at current densities lower than the limiting diffusion one, the
measured overpotential is due to the ohmic voltage drop
between the electrode and the tip of the Lugin capillary [25].
When the limiting diffusion current density is attained, the
electrochemical deposition process is under complete diffu-
sion control. However, as seen from Fig. 1, an inflection
point on the polarization curve was observed instead of the
plateau of the limiting diffusion current density. This inflec-
tion point on the polarization curve corresponds to an over-
potential of about 100 mV. A survey of the lead surface
morphologies obtained at the different overpotentials was
considered the most suitable way to analyze this polarization
curve and hence, the lead electrodeposition system.

The curves of the dependencies of the current density on
electrolysis time obtained at overpotentials of 50, 100, and
150 mV are shown in Fig. 2. A small increase of the current
with time was observed during electrodeposition at an over-
potential of 50 mV. On the other hand, the current increased
rapidly during electrodeposition at overpotentials of 100 and
150 mV. The increase of the current with electrolysis time
was faster at 150 mV than at 100 mV. The morphologies of
lead deposits obtained under ohmic-controlled deposition,
in the transitional zone corresponding to the end of ohmic-
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Fig. 1 Polarization curve for lead electrodeposition from 0.50 M Pb
(NO3)2 in2.0 M NaNO3
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Fig. 2 The dependencies of the current density on electrolysis time
obtained for lead electrodeposition at overpotentials of 50, 100, and
150 mV

controlled electrodeposition and in the zone of rapid in-
crease of the electrodeposition current are shown in Figs. 3,
4, and 5, respectively.

Single lead crystals were obtained in the ohmic-controlled
electrodeposition at an overpotential of 50 mV (Fig. 3). The
formation of these single crystals was accompanied by a small
increase in the current during the electrodeposition process.
Figure 4 shows that a mixture of different regular geometric
forms of lead crystals was obtained at an overpotential of
100 mV, corresponding to the inflection point. The formation
of these morphological forms was accompanied by an increase
of'the electrodeposition current of about 100% in relation to the
initial electrodeposition current. Finally, an increase of the
current during electrodeposition processes to overpotentials
higher than 100 mV was very quick and two-dimensional
(2D) single dendrites, as well as those constructed from stalk
and primary branches were dominant morphological forms

Fig. 3 Lead deposits obtained
at an overpotential of 50 mV.
Time of electrolysis: 180 s

obtained at 150 mV after a two-times increase of the current
in relation to the initial electrodeposition current (Fig. 5).

To better clarify the formed morphological forms (especial-
ly those obtained at an overpotential of 100 mV), these lead
deposits were compared with those obtained in galvanostatic
regimes. In the galvanostatic regimes, lead electrodeposition
was performed at current densities of 100 and 160 mA/cm?.
These current densities corresponded to the final current den-
sities during electrodeposition in the potentiostatic regimes of
electrolysis at overpotentials of 100 and 150 mV, respectively.
The lead deposits obtained at current densities of 100 and
160 mA/cm? are shown in Figs. 6 and 7, respectively. 2D
dendrites were the dominant morphological forms obtained at
both current densities. The shape of the 2D dendrites obtained
at a current density of 100 mA/cm? clearly indicates that the
regular geometric forms obtained at an overpotential of
100 mV (Fig. 4b) represents the precursors of dendrites.

It is necessary to note that the dendrites obtained in the
galvanostatic regimes were branchier than those obtained in
the potentiostatic regimes. In addition to primary branches,
secondary branches were also formed during lead electrode-
position at a current density of 160 mA/cm? (Fig. 7b). One of
the reasons for this is the fact that during electrodeposition in
the galvanostatic regime at a current density of 160 mA/cm?,
the initial overpotential was about 220 mV and an overpoten-
tial of about 110 mV was attained after electrodeposition after
an electrolysis time of 20 s. A similar situation was also
observed during lead electrodeposition at 100 mA/cm?.

Moreover, it can be clearly seen from Figs. 5, 6, and 7 that
the shape of the lead dendrites falls under the classical Wran-
glen’s definition of a dendrite. According to Wranglen [26],
dendrites consist of stalk and primary and secondary branches.
From the electrochemical point of view, a dendrite is defined
as an electrode surface protrusion that grows under activation
control, while electrodeposition to the macroelectrode is pre-
dominantly under diffusion control [27-30]. For very fast
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Fig. 4 Lead deposits obtained
at an overpotential of 100 mV.
Time of electrolysis: 60 s

electrodeposition processes, the critical overpotential for den-
dritic growth initiation, 7;, and the critical overpotential for
instantaneous dendritic growth, 7., depend on the surface
energy of the metal, as presented by Eqgs. 1 and 2 [27]:

(a) The critical overpotential for dendritic growth initiation:

8alV
= 1
1l nFo (1)

and

(b) The critical overpotential for instantaneous dendritic
growth:

8oV

Wl =

Ne =

where V'is the molar volume of the deposited metal, o is the
surface energy, which is of the order of a few millivolts [27],

Fig. 5 Lead deposits obtained
at an overpotential of 150 mV.
Time of electrolysis: 20 s

100 uem
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nF is the number of Faradays per mole of consumed ions, §
is the diffusion layer thickness, and # is the height of the
protrusion.

The initiation of dendritic growth is followed by a strong
increase of the apparent current density because the current
density at the tips of the formed dendrites is under mixed
activation-diffusion or complete activation control. Hence,
the strong increase of current with overpotentials higher
than 100 mV corresponds to activation controlled electro-
deposition on the tips of the formed dendrites. On the other
hand, the inflection point, estimated to be at an overpotential
of 100 mV, corresponds to the transition from an ohmic to
an activation controlled electrodeposition process.

In any case, only two-dimensional forms were obtained
during lead electrodeposition. The two-dimensional nucle-
ation was also a characteristic of silver electrodeposition from
nitrate solution [31, 32], tin [33], and cadmium electrodepo-
sition [30]. A polarization curve with an inflection point was
also obtained in the case of silver electrodeposition from
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Fig. 6 Lead deposits obtained
at a current density of

100 mA/cm?. Time of
electrolysis: 60 s

100 urn

nitrate solution when a strong increase of current density was
accompanied by the formation of dendrites [23, 24], as well as
in tin electrodeposition [33]. The common characteristic of
these metal electrodeposition processes is their affiliation to
the same group of metals, i.e., to the group of normal metals
(Cd, Zn, Pb, Sn, Ag (silver nitrate solutions)) [34], which are
characterized by a low melting point, 7,,,, and a high exchange
current density, iy. The shape of the dendrites of this group of
metals was completely different from dendrites of copper,
which belongs to the second group of metals (intermediate
metals, such as Au, Cu, Ag (silver ammonia complex), which
are characterized by a moderate 7, and medium i;). Very
branchy 3D (three-dimensional) copper dendrites constructed
from corncob-like elements were formed by the processes of
electrochemical deposition [35-37]. This indicates a strong
dependence of the type of nucleation and the shape of the
formed morphological forms on the nature of the metals,
which will be examined in more detail in future investigations.

Fig. 7 Lead deposits obtained
at a current density of

160 mA/cm’. Time of
electrolysis: 20 s

Conclusions

The polarization curve for lead electrodeposition consisted
of two parts separated by an inflection point at an over-
potential of about 100 mV. The first part of the polarization
curve was characterized by a linear dependence of the
current density on overpotential (an ohmic-controlled elec-
trodeposition process). The single crystals were formed in
the ohmic-controlled electrodeposition.

The second part was characterized by a rapid growth of the
current density with increasing overpotential after the inflection
point. Two-dimensional (2D) single dendrites, as well as
branchy 2D dendrites constructed from primary and secondary
branches were formed at overpotentials and the current densi-
ties after the inflection point on the polarization curve. Based on
the obtained surface morphology, it is concluded that the rapid
increase of current after the inflection point can be ascribed to
the activation control at the tips of the formed dendrites.

100 um
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The morphologies of the obtained lead deposits were
compared with those of electrodeposited metals from the
same group (normal metals; metals characterized by a high
exchange current density), and it was found that the shape of
the obtained morphological forms is closely associated with
the nature of the metal.
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