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Abstract: Lead powder obtained by potentiostatic electrodeposition from alkaline electrolyte, based on hydroxide ions, was
investigated. The shape of lead crystals strongly depends on overpotentials of electrodeposition. The regular crystals are formed in
the ohmic control. The shape of dendrites formed in the control of diffusion has a function of overpotentials of the electrodeposition.
Increasing overpotential leads to branching of dendrites from primary type to those with developed tertiary branches. Formation of
the very branchy dendrites of the strong (111) preferred orientation is explained on the basis of the affiliation of this electrolyte to the

group of the complex Pb electrolytes.
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1 Introduction

In the form of powder, lead has been found multiple
applications in many industries including oil and gas
exploration, radiological medical protective clothing,
industrial X-ray shield, golf club manufacture and
anti-friction products [1]. In addition, powdered lead is
used in lubricating grease to reduce or eliminate wear
and as the basis for some corrosion-resistant paints.

The process of electrolysis is very suitable to get
metals in the powder forms. Compared to other ways of
powder synthesis, such as mechanic milling, chemical
reaction and liquid metal atomization, the process of
electrolysis requires lower capital investment and
operational costs [2, 3]. Powder produced in this way is
of high purity, can be easily pressed and sintered. The
electrodeposition techniques are an environmentally
friendly manner of powder production which can be
done in a closed-circuit space [4].

Pb together with Ag, Cd, Zn, and Sn belong to the
group of the normal metals [5, 6]. They are characterized
by low melting points and high exchange current
densities Jy. Also, they show high overpotentials for

hydrogen discharge. Electrodeposition of these metals
belongs to fast electrochemical process, which enables
the formation of metal powders at low overpotentials and
current densities and hence with small spent energy.

Electrodeposited metal powders are mainly
produced in a dendritic form [7]. Although dendrites
have the most often shape of powder particles, some
other forms, such as flakes, fibres, sponges, nanowires
and cauliflower-like structures, can be also obtained by
the process of electrodeposition [3,4,8—10]. The shape
of powder particles depends on the nature of metals and
electrodeposition conditions such as composition of the
electrolyte, overpotential or current density applied and
temperature [11-17]. For the process of lead
electrodeposition, two types of electrolytes are used: acid
(nitrate [18,19], iodide [20], bromide [20], acetate [21]
and methanesulfonate [22]) and alkaline [23—26]. Unlike
most of acid electrolytes which are toxic, alkaline
electrolytes are more appropriate from the environmental
standpoint [27]. Additionally alkaline solutions are less
corrosive to plants and equipment.

The processes of lead electrodeposition from
alkaline solutions, without or with the addition of
the additives, are mainly analyzed by the application of

Foundation item: Project (172046) supported by the Ministry of Education, Science and Technological Development of the Republic of Serbia
Corresponding author: Nebojsa D. NIKOLIC; Tel/Fax: +381-11-3370389; E-mail: nnikolic@tmf.bg.ac.rs

DOI: 10.1016/S1003-6326(14)63139-3



Nebojsa D. NIKOLIC, et al/Trans. Nonferrous Met. Soc. China 24(2014) 884—892 885

cyclic voltammetry [23—-26]. However, there are no
enough data related to morphology of the lead deposits
obtained from the alkaline electrolytes. The surface
morphology is probably the most important property of
electrodeposited metals which mainly depends on the
kinetic parameters of the deposition process and the
deposition overpotential or current density [7]. The aim
of this study is to analyze electrodeposition of lead from
the alkaline solution and to correlate the polarization
characteristics of lead with morphology of lead deposits
obtained by the potentiostatic electrodeposition. For the
purpose, a solution containing 0.10 mol/L Pb(NO;), in
2.0 mol/L NaOH is analyzed because it gives the highest
rate of deposition which is very suitable for industrial
production [23].

2 Experimental

Electrodeposition of lead was performed in an open
cell from 0.10 mol/L Pb(NOs),+2.0 mol/L NaOH. Lead
was electrodeposited potentiostatically at overpotentials
of 20, 50, 80 and 100 mV with electricity of 0.50
mA-h/cm’.

Doubly distilled water and analytical grade
chemicals were used for the preparation of the solutions
for electrodeposition of lead. All electrodepositions were
performed on vertical cylindrical copper electrodes. The

geometric surface area of copper electrodes was 0.25 cm’.

Reference and counter electrodes were pure lead. The
counter electrode was lead foil with 0.80 dm? surface
area and was 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 centre of cell, at the same location for each
experiment. Electrodeposition of lead and polarization
measurements were performed at a temperature of
(22.0£0.5) °C.

In order to obtain a reproductive shape of the
polarization curve for lead [19, 28], the following
experimental procedure, usual for the recording of the
polarization curves of fast electrochemical processes,
was applied. The values of the current density obtained
after stabilization of their values at every 5 mV were
used for constructing the polarization curves. After the
determined values of overpotential (the inflection point),
the current increased dramatically and then, the values of
the current density at the moment of reaching the
selected values of the overpotential were used for the
further recording of the polarization curve.

The morphologies of the obtained lead deposits
were analyzed by scanning electron microscopy (SEM,
TESCAN Digital Microscopy).

Powder particles obtained by tapping the lead

deposits electrodeposited at overpotentials of 20, 50 and
100 mV were analyzed by the X-ray powder diffraction
(XRD, Rigaku Ultima IV) with Cu K, radiation,
respectively.

3 Results and discussion

3.1 Polarization characteristics

Polarization curve for lead electrodeposition from
0.10 mol/L Pb(NOs3), in 2.0 mol/L NaOH is shown in
Fig. 1. The beginning of the lead electrodeposition
process is shifted to the higher overpotential by about 5
mV. The characteristic of a part of polarization curve
denoted Part (I) is the linear dependence of the current
density on the overpotential. In this range of
overpotentials, the electrodeposition process is under
ohmic control. The limit of the ohmic control is at an
overpotential of 25 mV. The ohmic control is followed
by the diffusion control in the range of overpotentials
between 25 and 80 mV (Part (II) at the polarization
curve). The beginning of the plateau of the limiting
diffusion current density is determined as intersect of
straight lines joining current densities in the ohmic and
diffusion control of electrodeposition [21], as shown in
the inset of Fig. 1. The end of the plateau of the limiting
diffusion current density corresponds to the inflection
point at the polarization curve (¢p=80 mV). Then, the
plateau of the limiting diffusion current density
determined in this way is between 39.5 and 80 mV. After
the inflection point, the current density increases quickly
with further increasing of the overpotential. The fast
increase of current density corresponds to the third part
of the polarization curve (Part (III)).
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Fig. 1 Polarization curve for lead electrodeposition from 0.10
mol/L Pb(NO3),+2.0 mol/L NaOH

3.2 Morphological and crystallographic analysis of Pb
powdered deposits
Morphologies of lead deposits
electrodeposition in the potentiostatic
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overpotentials corresponding to different positions at the forms obtained during the diffusion controlled
polarization curve are shown in Figs. 2—5. electrodeposition. The typical dendrites obtained at an

Figure 2 shows the regular crystals obtained in the overpotential of 50 mV are shown in Fig. 3. Aside from
ohmic control at an overpotential of 20 mV. As expected, the dendrites, the small irregular crystals (precursors of
the fern-like dendrites were dominant morphological dendrites) were also formed by the electrodeposition at
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Fig. 3 Typical fern-like dendrites obtained by electrodeposition at overpotential of 50 mV (plateau of limiting diffusion current
density)

Fig. 4 Fern-like dendrites obtained by electrodeposition at overpotential of 80 mV (end of plateau of limiting diffusion current
density)
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Fig. 5 Fern-like dendrites obtained by electrodeposition at overpotential of 100 mV (zone of fast increase of current density with

increasing overpotential)

50 mV (in the circles in Fig. 3(a)). The more branchy
dendrites were formed during electrodeposition at an
overpotential of 80 mV which corresponds to the end of
the plateau of the limiting diffusion current density
(Fig. 4). It is necessary to note that the dendrites have
only morphological forms formed during the
electrodeposition at this overpotential. The very branchy
dendrites, as the only type of the surface morphology,
were also obtained at 100 mV (Fig. 5) in the zone of the
fast growth of the current density with the overpotential.
According to results of WRANGLEN [29], a
dendrite consists of a stalk and branches (primary,
secondary and tertiary), which resemble a tree. The flat
and fern-like dendrites are referred as two-dimensional
(2D) ones. The primary (P) type of dendrite consists of
the stalk and primary branches. If the primary branches
develop secondary branches in turn, the dendrite is called
secondary (S). The tertiary branches are developed from
the secondary ones. From Fig. 3, it can be clearly seen
that the primary (P) type of a dendrite is formed at 50
mV. Increasing overpotential causes branching of
dendrites, and the mixture of primary (P) and secondary
(S) dendrites is predominately formed at 80 mV (Fig. 4).
Finally, the dendrites of S type are predominately formed
at 100 mV (Fig. 5). From Fig. 4(a), it can be observed
that the tertiary branches developed from the secondary
ones which additionally increase a ramification of the S
dendrites. The two-dimensional (2D) shape of the
fern-like dendrites is clearly visible in Figs. 3—5. These
fern-like dendrites are denoted as 2D [110] 60° with an
angle of 60° between the stalk and the branches [29].
Electrodeposition of lead from 0.10 mol/L Pb(NOs),
+2.0 mol/L NaOH occurs, similar to Pb electrodeposition
from acid electrolytes [19,21], under the conditions of
the mixed ohmic—diffusion control. In relation to acid
nitrate and acetate electrolytes, the beginning of the lead

electrodeposition from this solution is shifted to the
higher overpotential by about 5 mV, indicating a
sensitivity of the reaction of Pb electrodeposition to the
type of electrolyte. Also, Pb electrodeposition reaction is
sensitive to the substrate type. For example, Pb
electrodeposition on SS316 stainless steel occurs at a
slightly higher overpotential than that at a platinum one
[24]. The mixed ohmic—diffusion or even full ohmic
control [11,18,30] is one of main characteristics of the
fast electrochemical processes characterized by Jy—oo
(“normal metals” [5,6]) such as the processes of silver
electrodeposition from the basic electrolytes [31-34].
The ohmic control is followed by formation of
characteristic morphological forms. In the case of lead,
the regular crystals shown in Fig. 2 are obtained in the
ohmic control. The shape of regular crystals does not
depend on the type of electrolyte [21].

The dendritic growth is initiated at some
overpotential which belongs to the diffusion part at the
polarization curve. This overpotential represents the
critical overpotential for dendritic growth initiation, ¢,,
and it is overpotential at which the system is in the
diffusion control. The inflection point at the polarization
curve (the end of the plateau of the limiting diffusion
current density) corresponds to the critical overpotential
for dendritic growth instantaneous, ¢, and it is
overpotential at which the diffusion control becomes
complete. The proof for this assertion is formation of
only dendrites at an overpotential of 80 mV,
corresponding to the inflection point (the end of the
plateau of the limiting diffusion current density, as
shown in Fig. 4). Contrary, the mixture of irregular
crystals and dendrites is formed at 50 mV corresponding
to the diffusion part at the polarization curve (25—80 mV,
as shown in Fig. 3). After the inflection point, the system
remains diffusion controlling and the fast increase of the
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current density with increasing the overpotential can be
ascribed to instantaneous formation and growth of
dendrites and to the strong increase of the surface area.

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 predominantly under diffusion control
[7,34-36]. Using this definition of dendrite, the sudden
and rapid increase of the current density with increasing
the overpotential after the inflection point (Part (III) in
the polarization curve) can be mainly ascribed to the
activation controlled electrodeposition at the tips of the
formed dendrites [18,19,21,34], where the tips of all
three types of branches (primary, secondary and tertiary
ones) contribute to the overall control of
electrodeposition process. During this dendritic growth,
the outer limit of the diffusion layer of the
macroelectrode is disrupted.

The crystallographic characteristics of Pb crystals
obtained by tapping the lead deposits electrodeposited at
overpotentials of 20 (the ohmic control), 50 (the
diffusion control) and 100 mV (the zone of the fast
increase of the current density with the overpotential)
were examined by the X-ray diffraction (XRD) analysis.
The XRD patterns of the powder particles obtained in
such way are shown in Fig. 6. In all powder particles,
lead crystallites are predominately oriented in the (111)
plane. The presence of Pb crystallites oriented in the
(200), (220), (311) and (331) planes is negligible in the
powder particles obtained at an overpotential of 20 mV.
Increasing overpotential leads to the appearance of Pb
crystallites oriented in the (200), (220), (311) and (331)
planes, and it can be noticed that the ratio of crystallites
oriented in these planes is considerably smaller than that
oriented in the (111) plane. The ratio of crystallites
oriented in the (200), (220), (311) or (331) planes
increases with increasing the overpotential of
electrodeposition. For the powder particles obtained at
100 mV, the size of crystallites is determined by
Williamson—Hall method and is estimated to be 36.5 nm.
The quantitative analysis of this Pb powder shows 100%
purity, indicating the significance of the electrolysis
processes in the production of powdered forms of high
purity. The strong (111) preferred orientation can be
discussed as follows: for face centered cubic structure
like Pb, the surface energy of (111) plane is lower than
that of other planes, since the surface energies follow the
trend 11<0100<110 [28,37]. For the same reason, at
constant overpotential, the rates of electrodeposition
increase in the order of (110)>(100)>(111) [38]. The
different deposition rates onto different crystal faces
enable the classification of these crystal planes in the two
groups [28]. The first group is situated (111) plane and
this plane is denoted as a slow-growing one. The (200),

(220), (311) and (331) planes are fast-growing ones and
belong to the second group [28]. In the growth process,
the slow-growing (111) plane will survive [38], causing
the predominant orientation of Pb crystallites in this
plane. Simultaneously, the other planes (fast-growing
ones) disappear, which explain the considerably smaller
orientation of Pb crystallites in the (200), (220), (311)
and (331) planes than those in the (111) plane. The
growth centres present in the interior of the crystal faces
(centre type of growth centres) are responsible for the
orientation of Pb crystallites in the (111) plane [30]. The
crystal growth based on these growth centres occurs at
low current densities and overpotentials [29,30]. The
origin of Pb crystallites oriented in the (200), (220),
(311) and (331) planes is of the growth centres present
on the edges and corners (edge and corner type of growth
centres), and the growth of crystals based on these
growth centres occurs at high current densities and
overpotentials.

|
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,L N 20 mV
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200 220 311 4-0686
. L L2 400 33420
30 40 50 60 70 80 90
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Fig. 6 XRD patterns of powder particles obtained by tapping
lead deposits electrodeposited at overpotentials of 20, 50 and
100 mV

3.3 Correlation between morphological and
crystallographic characteristics of Pb powder
particles

The morphological and crystallographic aspects of
formation of powder particles can not be analyzed
separately by electrochemical ones. Schematic diagram
illustrating the overpotential dependent formation and
growth of fern-like dendrites is shown in Fig. 7. At the
low overpotential (Fig. 7(a)), current lines are equally

distributed and regular crystals like those shown in Fig. 2

are formed. Crystal growth based only on the growth

centres present in the interior of the crystal faces is
responsible for formation of the regular crystals, which is
confirmed by the X-ray diffraction analysis of this
surface morphology type. Namely, the X-ray diffraction
analysis (Fig. 6) shows that they represent single crystals
of the (111) orientation. Increasing overpotential leads to
a concentration of current lines in the first place at the
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Fig. 7 Schematic diagram illustrating overpotential dependent growth of fern-like dendrites: (a) Regular crystal; (b) Irregular crystal;

(c) Dendrite; (d) Dendrite with primary branches; (¢) Dendrite with primary, secondary and tertiary branches

tips and corners of growing forms causing faster growth
on them than at the sides of crystals and in the vicinity of
the electrode surface (the current density distribution
effect) [39]. Hence, the current densities are higher at the
tips and corners of the growing forms (the growth based
on edge and corner growth centres) than those at their
sides (the growth based on growth centres of the centre
type). As a result of this, irregular crystals or precursors
of dendrites are formed (Fig. 7(b)). The origin of Pb
crystallites oriented in the (200), (220), (311) and (331)
planes is just of crystal growth on the tips and corners of
growing crystals. Simultaneously, the sides of the
crystals are constructed from Pb crystallites oriented in
the (111) plane [30]. The typical irregular crystals
(precursors of dendrites) are shown in the circle in
Fig. 3(a). Formation of the irregular crystals is one of the
main characteristic of electrodeposition process at the
beginning of the diffusion control of the
electrodeposition before the plateau of the limiting
diffusion current density is reached. Also, irregular
crystals are formed at the beginning of the zone of the
fast increase of the current density with the overpotential

in the conditions of the full ohmic control of
electrodeposition [18,30]. The current density, and hence,
concentration of current lines at the growing crystals
increase with increasing of the overpotential, leading to
the appearance of dendrites at the higher overpotentials
(Fig. 7(c)). For reasons of simplification, the only one
part of current lines is shown in Fig. 7. During the
growth of dendrites the current densities increase
exponentially. The larger the applied overpotential is, the
faster the exponential increase of the current density
during electrodeposition is [18]. Due to the increase of
the number of growth centres at which a concentration of
current lines takes place, branching of dendrites is
observed resulting in the development of primary,
secondary and tertiary branches in dendrites (Figs. 7(d)
and (e) and Figs. 3-5).

For this alkaline electrolyte, the both ohmic and
diffusion parts of the polarization curve are shifted to
higher overpotentials in relation to the acid electrolytes
based on nitrate and acetate ions (for the same
concentration of Pb>" ions). For the nitrate and acetate
electrolytes, the ranges of the ohmic control are: 0—15
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mV (nitrate electrolyte) and 0—20 mV (acetate one) [21].
Simultaneously, the intervals of overpotentials
corresponding to the diffusion control are: 15-55 mV
(the plateau of the limiting diffusion current density:
28.5—55 mV) for the nitrate and 20—70 mV (the plateau
of the limiting diffusion current density: 33—70 mV) for
the acetate electrolytes [21]. The increasing trend of
these values in row nitrate<acetate<alkaline electrolytes
is easily visible.

Lead dendrites formed from the alkaline electrolyte
(Figs. 3—5) are more similar to those obtained from the
acetate than those formed from the nitrate electrolytes.
The ramified dendrites belonging to the secondary (S)
type are formed from both acetate and alkaline
electrolytes while the needle-like and primary (P)
dendrites are formed from the nitrate electrolyte
[18,19,21,28,30].

The common characteristic of the acetate and
alkaline electrolytes is their affiliation to the group of
complex electrolytes. Namely, lead makes different
complexes with hydroxide ions, such as [PbOH]’,
[Pb(OH),], [Pb(OH)s], [Pby(OH)I,  [Pbs(OH).]™,
[Pby(OH),]*" and [Pbs(OH)s]*" [40,41]. In the very
alkaline electrolyte solution, pH over 12 (as in this case),
[Pb(OH);] complex becomes a major species in the
solution [42—44], and probably the reduction of lead
occurs entirely through this complex and not through
Pb*" ions [23].

The main differences between the complex and
basic electrolytes are larger in the plateaus of the limiting
diffusion current density for the complex than for the
basic electrolytes. Simultaneously, dendrites obtained by
electrodeposition from the complex electrolytes are
branchier than those electrodeposited from the basic
electrolytes. The process of complex formation lowers
the exchange current density, Jy, and decreases the rate of
electrochemical process. Due to the lack of a precise and
reference method for the determination of J, for the
majority of normal metals, such as Pb, Ag, Sn and Zn,
the analysis of the polarization characteristics and the
surface morphology of dendrites formed in the diffusion
control can be very good auxiliary diagnostic criteria for
the  comparison of electrodeposition  systems
characterized by the large exchange current density
(Jo—0) with point of view of the different J; values (i.e.
rate of electrochemical process).

The degree of the change of the both polarization
and morphological characteristics can be correlated with
the stability of formed complexes. Namely, Pb (II) ions
form relatively weak complexes with acetate ions. The
stability constant for the acetate complexes are 1g K=
2.33 and lg f,=3.60. On the other hand, Pb makes
stronger complex with hydroxide ions than with the
acetate ions. For example, for [Pb(OH);] complex,

which is primary species in very alkaline solutions (2.0
mol/L NaOH), lg $;=13.3 [40,44]. This constant is about
5x10° times the constant for the acetate complex.
Anyway, when the stronger complex is formed, the
stronger effect on the polarization characteristics and
surface morphology of electrodeposited metal is
observed. In this case, this is manifested through the
increase of the plateau of the limiting diffusion current
density and formation of larger number of dendrites of S
type, as well as by the appearance of tertiary branches in
the dendrites of S type from the alkaline electrolyte in
relation to the acetate one.

4 Conclusions

1) Electrodeposition of lead occurred, similar to
electrodeposition of lead from acid (nitrate and acetate
electrolytes), in the mixed ohmic—diffusion control. The
regular crystals were formed in the ohmic control. The
shape of these crystals did not depend on the type of
electrolyte (Part (I) at the polarization curve). The
irregular crystals and dendrites of the different shapes
were formed in the diffusion control (Part (II) at the
polarization curve). Very branchy dendrites were formed
in the zone of the fast increase of the current density with
increasing the overpotential (Part (III) at the polarization
curve).

2) The shape of dendrites strongly depended on
overpotential of the electrodeposition. The branching of
dendrites was observed with increasing the overpotential.
The dendrites composed of a stalk and three types of
branches were formed: primary, secondary and tertiary
ones. The observed dendrites were more similar to those
obtained from the acetate electrolyte than those obtained
from the nitrate one. Formation of very branchy
dendrites was discussed on the basis of the fact that this
alkaline electrolyte belongs to the group of the complex
electrolytes.
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