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Electrodeposition of lead from a concentrated nitrate solution was examined by scanning electron

microscopy (SEM) and by X-ray diffraction (XRD) analysis of the obtained powder particles. Single crystals
of the (111) preferred orientation were formed at a low overpotential by ohmic controlled
electrodeposition. Irregular crystals, needle-like and fern-like dendrites, predominantly of the (111)
preferred orientation, were formed at high overpotentials (the diffusion control of the electrodeposition).
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The ratio of Pb crystallites oriented in the (200), (220), (311) and (331) planes increased with increasing

electrodeposition overpotential. The correlation between the morphologies and crystallographic
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1. Introduction

When considering the dependence of exchange current
density, jo, and melting point, T;,, metals can be classified
into three groups.' In the first group are metals, such as Cd,
Zn, Sn, Ag (basic solutions) and Pb, characterized by a high
exchange current density (j, — %) and a low melting point.
This group of metals is denoted normal metals. The
characteristics of the second group of metals (intermediate
metals) are a moderate T,,, and a medium j,, and metals like
Au, Cu and Ag (complex electrolytes) belong to this group.
Finally, the third group of metals are inert metals (Fe, Ni, Co,
Pt, Cr, Mn) and they are characterized by a high T}, and a low
Jo-

The shape of electrochemically formed powder particles
strongly depends on the electrodeposition conditions and the
nature of the metal.>™” Although dendrites are the most
common shape of powder particles obtained by electrolysis,
some other morphological forms, such as flakes, fibres,
sponges, nanowires and cauliflower-like structures, can be
also obtained.””” The shape of the dendrites of normal metals
is completely different from those belonging to the inter-
mediate and inert metals. The 2D (two-dimensional) needle-
like and fern-like dendrites, very similar to each other, are
usually formed by electrodeposition of normal metals.®> These
types of powder particles are formed at low overpotentials and
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structures of the lead deposits was discussed by the consideration of general characteristics of growth
layers in electrodeposition processes.

hence use relatively small amounts of energy which is of very
high technological significance for the application of electro-
lysis processes in the production of these metal powders.
Different to these types of dendrites, highly branched 3D
(three-dimensional) dendrites were formed by the electrode-
position of intermediate®** " and inert'"'® metals. Due to
the parallel process of hydrogen evolution, cauliflower-like
powder particles are often formed during electrolysis of some
intermediate metals (Cu)*'®'” and inert'®> metals.

In contrast to the long-held belief that the electrodeposition
of normal metals is a diffusion controlled process across the
whole range of overpotentials, investigations performed in
recent years showed that electrodeposition of silver**>* and
lead®?* can be completely ohmic or a mixed ohmic-diffusion
controlled process.”® The electrochemical aspects of the
formation and growth of lead dendrites are well explored.>>>>¢
However, there has been no study of the correlation between
the surface morphology of lead and its crystallographic
structure. For that reason, the aim of this study is to do so.

2. Experimental

Lead was electrodeposited from 0.45 M Pb(NO3), in 2.0 M
NaNO; in an open cell at room temperature. Doubly distilled
water and analytical grade chemicals were used for the
preparation of the solution for the electrodeposition of lead.
Electrodeposition of lead was performed potentiostatically
at overpotentials, 1, of 20, 80 and 140 mV. All electrodeposi-
tions were performed on vertical cylindrical copper electrodes.
The geometric surface area of the copper electrodes was 0.25
em?. Reference and counter electrodes were made of pure lead.
The counter electrode was lead foil with a surface area of 0.80
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dm® and was placed close to the cell walls. The reference
electrode was a lead wire whose tips were positioned at a
distance of about 0.2 cm from the surface of the working
electrode. The working electrodes were placed in the centre of
the cell, in the same location for each experiment. The
quantity of electrodeposited lead was 2.3 mA h cm ™2,

The morphologies of the obtained lead deposits were
analyzed by scanning electron microscopy (SEM) using
scanning electron microscopes (TESCAN Digital Microscopy
and JEOL 5800LV).

X-ray powder diffraction (XRD) analysis performed using a
Siemens D500 diffractometer with Cu-Ko radiation (1 =
1.5406 A) was used for crystal structure examination.

3. Results and discussion

The polarization curve for lead electrodeposition from 0.45 M
Pb(NO3), in 2.0 M NaNO; (Fig. 1) is a typical representation of
ohmic controlled electrodeposition. The main characteristic of
this type of electrodeposition process is the linear dependence
of the current on the overpotential followed by the fast growth
of the current after the inflection point. As seen from Fig. 1, for
a lead solution containing 0.45 M Pb(NO3;), in 2.0 M NaNO3,
the inflection point corresponds to an overpotential of 55 mV.

Fig. 2 shows the morphologies of the lead deposits
obtained by ohmic controlled electrodeposition (7 = 20 mV;
Fig. 2a and b) and in the zone of the fast current growth after
the inflection point of the polarization curve (1 = 80 mV; Fig. 2¢
and d, and # = 140 mV; Fig. 2e and f).

From Fig. 2a and b, it can clearly be seen that regular
individual crystals of lead were formed in the part of the
polarization curve characterized by the linear dependence of
the current on the overpotential. Electrodeposition at an
overpotential of 80 mV led to the formation of largely irregular
individual crystals as shown in Fig. 2c and d. The increase in
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Fig. 1 The polarization curve for lead electrodeposition from 0.45 M Pb(NOs), in
2.0 M NaNOs. The surface area of the copper working electrode = 0.25 cm?.
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electrodeposition overpotential from 80 to 140 mV led to the
formation of different dendritic forms (Fig. 2e and f). The two
types of dendrites formed by electrodeposition at 140 mV were
needle-like (Fig. 2e) and fern-like (Fig. 2f) dendrites. The
dominant shape of the dendrites formed at an overpotential of
140 mV was needle-like, as the number of fern-like dendrites
which formed was smaller than the number of needle-like
ones.

In the case of full ohmic control of the electrodeposition,
the critical overpotentials for dendritic growth initiation, #;
and instantaneous dendritic growth, 7. are equal to each other
and they correspond to the inflection point of the polarization
curve.”® After the inflection point, the electrodeposition
process is diffusion controlled and the fast increase of the
current is due to the formation and growth of dendrites.

Two distinct morphological forms were obtained by the
process of lead electrodeposition from the concentrated
nitrate solution - the regular individual crystals by ohmic
controlled electrodeposition (Fig. 2a and b) and the dendrites
from the part of the polarization curve characterized by the
fast increase in current after the inflection point (Fig. 2e and f).
The irregular crystal forms obtained at an overpotential of 80
mV (Fig. 2c and d) represent the transitional forms between
those obtained at the lower (Fig. 2a and b) and higher (Fig. 2e
and f) overpotentials. From Fig. 2c, it can be clearly seen that
the irregular crystal developed from a regular crystal. The
beginning of the branching of crystals in a dendrite is easy to
see from Fig. 2d, showing that this irregular crystal, as well as
the other irregular crystals obtained at this overpotential, is a
typical dendrite precursor.

The shape of the lead dendrites falls under the classical
Wranglen definition of a dendrite. According to Wranglen,?” a
dendrite consists of a stalk and branches (primary, secondary
etc.) and resembles a tree. The flat and fern-like dendrites are
referred to as two-dimensional (2D) dendrites. Dendrites
comprised of only a stalk and primary branches are referred
as primary (P) dendrites. If the primary branches in turn
develop secondary branches, the dendrite is called secondary
(S). 1t is very clear from the above consideration that the
needle-like dendrites are composed only of stalks (Fig. 2e),
while the fern-like dendrites (Fig. 2f) correspond to the
primary (P) type. From an 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.>**83!
Then, the sudden and rapid increase of the current on the
polarization curve after the inflection point could be ascribed to
activation controlled electrodeposition at the tips of the formed
dendrite precursors and dendrites, where not only the tips of the
stalk but also the tips of primary branches grow under activation
control.>*2>?8

Powder particles for the X-ray diffraction (XRD) analysis
were obtained by tapping the lead deposits shown in Fig. 2,
and the corresponding XRD patterns are shown in Fig. 3. The
crystallites of Pb obtained at an overpotential of 20 mV were
predominately oriented in the (111) plane. The ratio of

RSC Adlv., 2013, 3, 7466-7471 | 7467


http://dx.doi.org/10.1039/c3ra41183d

Published on 12 March 2013. Downloaded by National Library of Serbia on 1/28/2019 1:26:07 PM.

View Article Online

50 pm

Fig. 2 Morphologies of the lead deposits electrodeposited at an overpotential of: a) and b) 20 mV, ¢) and d) 80 mV, and e) and f) 140 mV.

crystallites oriented in the other planes was negligible. Aside  (220), (311) and (331) planes was observed in the XRD patterns
from the dominant orientation of Pb crystallites in the (111)  of powder particles obtained at overpotentials of 80 and 140
plane, the presence of Pb crystallites oriented in the (200), = mV. The ratio of crystallites oriented in these planes increased
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Fig. 3 The XRD patterns of the powder particles obtained by tapping the lead
deposits electrodeposited at overpotentials of 20, 80, and 140 mV.

with the increase in overpotential from 80 to 140 mV. The
strongly preferred orientation in the (111) plane was observed
in all electrodeposited forms.

Analysis of Fig. 2 and 3 enables correlation of the
morphologies of the lead deposits with their crystallographic
structures. Then formation of the different morphological
forms, from the regular crystals to the different shaped
dendrites with the strongly preferred (111) orientation, can
be discussed by considering the following general character-
istics of growth layers in electrodeposition processes: lead
crystallizes in a face-centered cubic (FCC-type) lattice, and
Fig. 4 shows a crystal with a simple cubic lattice and (100),
(111) and (110) faces.* The planes of the growth layers are the
closest packed atom planes of the crystal lattice.>” The growth
layers start from certain active centres or growth centres on the
crystal face. The beginning of growth layers is mainly
determined by a current density or overpotential. At low
current densities and overpotentials, the growth layers
invariably originate in the interior of the crystal faces, and a
new layer is not formed until the former has reached the edges
of the crystal. At higher current densities and overpotentials
when dendrites begin to form, growth centres are also
observed at the edges and corners. In this case, new layers
are developed before the forerunners have reached their final
size so that at certain times a great many layers may be flowing
simultaneously.

Hence, the origin of the growth layers is both of growth
centres present in the interior of the crystal faces (centre type;
these growth layers are formed at low current densities and
overpotentials) and of growth centres present on the edges and
corners (edge and corner types; these growth layers are formed
at high current densities and overpotentials).

The individual regular crystals shown in Fig. 2a and b are
formed at a low overpotential (1 = 20 mV) and hence, only the
growth centres present in the interior of the crystal faces
(centre type) are responsible for their formation. During the
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Fig. 4 A crystal with a simple cubic lattice and (100), (111) and (110) faces.
(According to ref. 32).

electrodeposition process, the layers flowed rapidly to the
edges of the crystal. Several growth centres were present on the
surface and the growth layers originating from them grew
together completely without discontinuities. As a result of this,
a well-developed crystal plate with flat faces and sharp edges
and corners, containing angles of 60° and 120°, is obtained.*”
The typical hexagonal crystal plates (the parts in the circles)
recorded from the side of a regular crystal formed at an
overpotential of 20 mV are shown in Fig. 5a. On the basis of
the analysis of Fig. 4 and the XRD analysis of Pb particles
electrodeposited at 20 mV (Pb crystallites only oriented in the
(111) plane), it is clear that these hexagonal crystal faces
correspond to the (111) plane. The regular crystals are only
constructed from them and hence, they represent single
crystals of (111) orientation. Simultaneously, the powder
obtained by tapping of the deposit electrodeposited at an
overpotential of 20 mV is a collection of Pb single crystals
which is confirmed by X-ray diffraction analysis.

On the other hand, irregular crystals, needle-like and fern-
like dendrites are formed by electrodeposition processes at
high overpotentials and both types of growth centres are
responsible for their formation and growth. The centre type
growth layers appear on the sides of the needle-like form
because the current density and overpotential is lower on the
sides than at the tip of a dendrite.>” Inspection of a space
lattice model showed that a morphological form may very well
be bounded by only (111) faces, as shown in Fig. 5b for a side
of one irregular crystal. In this way, the existence of the
strongly preferred (111) orientation of powder particles
primarily consisting of irregular crystals (precursors of
dendrites) and dendrites is very clear (Fig. 2c-f and 3). At
higher overpotentials, the growth layers flow slowly and often
stop before they have reached the edges of the crystal face.?”
New layers form which stop even earlier. The growth layers
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Fig. 5 The hexagonal growth layers formed at overpotentials of: a) 20 mV and
b) 80 mV, and ¢) a rounded tip of the needle-like form electrodeposited at 80
mV.

spread from many centres and they merge incompletely,
making rounded edges and corners, as shown in Fig. 5c for the
tip of the needle-like form ‘“under construction” (the part in
the circle). Hence, it is obvious that the origin of the
crystallites oriented in the (200), (220), (311) and (331) planes
is from growth centres at the edges and corners. The larger
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overpotential, the larger ratio of the lead crystallites oriented
in these planes is obtained (Fig. 3).

As already mentioned, the two groups of dendrites formed
by electrodeposition at 140 mV are needle-like (Fig. 2e) and
fern-like (Fig. 2f). The needle-like dendrites grow along the
cube face diagonal [110] of the face-centred cubic lattice.”” The
fern-like dendrites are constructed from the stalk and primary
branches (primary (P) type) with an approximate angle of 60°
between the stalk and the branches. Then, it is obvious that
the dendrites branch along the face diagonals [110], of the unit
cube which is the most favoured from an energetic point of

7 Due to these characteristics, the fern-like lead

view.?
dendrites are denoted 2D[110]60° in Wranglen’s classification
of a dendrite.

Also, the effect of the current density distribution®* should
be not excluded when considering dendrite growth because
the current lines are primarily concentrated at the tips of these
growing needle-like forms.

The different shapes of Pb deposits, such as octahedral,
non-regular crystals, zigzag nanowires and nanoclusters, were
synthesized by electrodeposition from complex acetate elec-
trolytes in the galvanostatic regime on different substrates,
like Cu, Ti and AL** The common characteristics of all these
morphological forms is the dominant orientation of Pb
crystallites in the (111) plane. Electron diffraction (ED) studies
also confirmed a growth direction in a single zigzag lead
nanowire along the [110] axis.**

It can be concluded from the aforementioned considera-
tions that the final morphology of electrodeposited metal (in
this case, Pb) is determined by the current density or
overpotential applied, the composition of solution, the type
of working electrode, temperature, etc., while the interior
structure of these surface morphologies is only determined by
the characteristics and nature of metal, and it does not depend
on the electrodeposition conditions. In our case, the morphol-
ogies of the lead deposits were substantially different, but the
strongly preferred (111) orientation was always obtained.

4. Conclusions

A correlation between the morphology and the crystallographic
structure of electrodeposited lead was made by X-ray diffrac-
tion and scanning electron microscopic (SEM) analyses of the
obtained deposits.

The characteristic indicator of ohmic controlled electro-
deposition was the formation of single crystals of the (111)
preferred orientation. The irregular different shaped crystals
(precursors of dendrites), as well as the needle-like and fern-
like dendrites formed at overpotentials characterized by the
fast increase of the current after the inflection point showed
the strongly preferred (111) orientation. Aside from lead
crystallites oriented in the (111) planes, the presence of
crystallites oriented in the (200), (220), (311) and (331) planes
was also observed in these dendritic forms. The ratio of

This journal is © The Royal Society of Chemistry 2013
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crystallites oriented in these crystal planes increased with the
increasing electrodeposition overpotential.

The role of the growth centres in the development of the
final morphologies of the lead deposits was presented. The
growth centres present in the interior of the crystal faces were
a cause of the orientation of crystallites in the (111) plane. The
appearance of crystallites oriented in the (200), (220), (311) and
(331) planes was ascribed to growth centres on the edges and
corners.
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