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Abstract

Morphology and crystal orientation of electrolytically produced dendrites of lead, tin, and
zinc have been investigated with the aim of establishing any correlation between them.
These three metals belong to the same group of metals from an electrochemical point of
view (the group of normal metals), but to various types of crystal lattice (Pb - the face-
centered cubic type, Sn - the body-centered tetragonal type, and Zn - the hexagonal closed
pack type). Pb, Sn and Zn dendrites were produced potentiostatically using the correspond-
ing hydroxide electrolytes and characterized by scanning electron microscopy (morphology)
and X-ray diffraction (crystal orientation) techniques. The preferred orientation of the
dendritic particles was determined by applying a method based on a comparison of the peak
intensity ratios. The fern-like dendrites of various degrees of branchy were obtained by the
processes of electrolysis, and regardless of the type of crystal lattice, they exhibited the
strong preferred orientation in crystal planes with the lowest surface energy. Based on the
performed analysis, a strong correlation between the morphology and the crystal structure
of dendrites belonging to the group of normal metals has been established. It is concluded
that electrochemical parameters characterized by the high values of the exchange current
density (the fast electrochemical processes) prevailed over crystallographic characteristics
of metals manifested by the belonging to a determined type of crystal lattice.
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Introduction

Metal powders consist of particles that are the smallest unit of a powder, and they can be
obtained by various production techniques, such as solid-state reduction, atomization, electrolysis,
and chemical processes [1,2]. Among all techniques, electrolysis has emerged as a technique
offering numerous advantages over the other techniques. The high purity of synthesized powders,
easy control of the shape and size of powder particles, relatively low price, and environmentally
friendly powder production are only some of the advantages of electrolysis as a production
technique [3,4]. Although electrolysis from aqueous electrolytes is the most common procedure for
powder production of all technologically important metals [1,5,6], the electrolytic processes from
non-aqueous electrolytes [7,8], deep eutectic solvent (DES) [9-12], melt [13,14] and ionic liquids [15]
have recently attracted significant attention.

The dendrites represent the most significant form of powder particles synthesized via various elec-
trodeposition routes from aqueous electrolytes [1,5,6,16-26]. The particles resembling flakes, fibrous,
wires, needles, mossy as well as cauliflower and spongy formed under strong hydrogen evolution as a
parallel reaction during metal electrolysis are some of the powder forms which can also be obtained
by the electrolysis processes [5,6,24,27-32]. The powder particles are obtained by the removal of a
deposit from the cathode surface after the finished electrolysis process in some suitable way [1]. Aside
from the particles formed in the conditions of vigorous hydrogen evolution (cauliflower and spongy),
the other types of particles are obtained in the diffusion-controlled electrodeposition process.

The main parameters of electrolysis that affect the shape and size of the powder particles are
the type and composition of electrolysis solution, the temperature, a kind of cathodic material, the
solution stirring, the electrolysis time, an addition of specific substances in a solution, hydrogen
evolution reaction as a parallel reaction, etc. [1,33]. Both constant regimes of electrolysis are used
for the production of metal powders, and the desired morphology of the particles is realized by the
choice of current density or cathodic potential (overpotential). Modelling the shape of the particles
can also be realized by the application of periodically changing regimes of electrolysis, such as the
pulsating overpotential (PO), the pulsating current (PC) and the reversing current (RC) [1,34-36].

However, the nature of metals is the largest influence on the shape of dendrites and on the kind
of other powder particles that can be formed via the electrolytic route. Following electrochemical
parameters, such as the exchange current density (io), melting point (Tm) and an overpotential for
hydrogen evolution reaction (77 (Hz2)), metals can be located in one of the following groups [37]:

a) the normal metals (Pb, Ag (basic electrolyte), Zn, Sn and Cd): this group of metals is featured by:
high io (io> 1 A dm), high 77 (H2), and low T,

b) the intermediate metals (Cu, Au, Ag (complex electrolyte)): this group of metals is featured by:
medium Jp (102 < jp < 1 A dm™2), moderate Tm, and 77 (H2) lower than those characterizing the
normal metals, and

c) the inert metals (Fe, Co, Ni, Mn, Cr, Pt): this group of metals is featured by low io (102 < jp <
<1012 A dm2), high Tm and very low 77 (H2).

Simultaneously, metals electrocrystallize in different types of crystal lattices, and the main crystal
lattices in which electrocrystallization of technologically important metals occur are face-centered
cubic (Pb, Ag, Au, Ni, Cu, Co), body-centered tetragonal (Sn) and hexagonal closed pack (Zn) types [38].

Taking into consideration the morphological characteristics of the electrolytically produced
powder particles and their preferred orientation obtained for typical representatives of metals that
belong to the face-centered cubic type of crystal lattice, such as Pb, Ag, Cu and Ni, the strong
correlation between these two characteristics of the particles was recently established [6]. The
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change of the preferred orientation from the strong (111) obtained for the needles and the 2D fern-
like dendrites to the random orientation obtained for the particles with spherical grains as a
constitutive element (the 3D pine-like dendrites, cauliflower and spongy) was observed with the
decrease of the exchange current density. To complete an insight into the correlation between the
morphology and the preferred orientation of powder particles, it was necessary to examine other
types of crystal lattice besides the face-centered cubic lattice. For that reason, this study aimed to
compare the morphological and structural characteristics of three metals (Pb, Sn and Zn) belonging
to the same group of metals from an electrochemical point of view (a group of normal metals) but
to the different types of crystal lattice.

Experimental

Electrodeposition of lead, tin and zinc in dendrites was performed by potentiostatic regime of
electrolysis at room temperature using potentiostat/galvanostat BiolLogic SP 200. All
electrodepositions were performed on copper as the working electrode (WE).

Pb was electrodeposited from an electrolyte containing 0.10 M Pb(NOs)2 in 2.0 M NaOH at an
overpotential of -90 mV vs. Pb with an electrodeposited charge of 0.50 mAh. The electrodeposition
time was 110 s. The counter and the reference electrodes were of lead.

Sn was electrodeposited from an electrolyte containing 0.090 M SnCl; in 6.25 M NaOH at a
cathodic potential of -1400 mV vs. Ag/AgCl with an electrodeposited charge of 0.11 mAh. The
electrodeposition time was 330 s. The counter electrode was Pt, while Ag/AgCl/3.5 M KCl was used
as the reference electrode.

Zn was electrodeposited from an electrolyte containing 0.35 M ZnO in 6.0 M KOH at over-
potentials of -220 and -280 mV vs. Zn with an electrodeposited charge of 1.5 mAh. For this electro-
deposited charge, the times of electrodeposition were 350 s at -220 and 242 s at -280 mV vs. Zn.
The counter and the reference electrodes were of zinc.

The electrolytes were made of double distilled water and analytical grade chemicals, and all
electrodepositions were performed in cells of an open type. Copper working electrodes were
cylindrical with surface areas of 1.0 cm? for Pb, 0.25 cm? for Sn and 0.50 cm? for Zn electrodeposition
processes. The different sizes of Cu WE did not affect the valuability of the obtained results. The
following procedure was applied for the preparation of Cu WE: (I) degreasing in alkaline detergent
at a temperature of 70 °C for a duration of 120 s, (ll) rinsing in the distilled water, (lll) etching in 20
% H2SO4 at a temperature of 50 °C in a duration of 60 s and (IV) rinsing in the distilled water.

Morphology of dendritic particles of Pb, Sn and Zn was characterized by scanning electron
microscopy (SEM) technique, using the following models of a microscope: TESCAN Digital Micro-
scopy for Pb, JEOL JSM-6610LV for Sn, and JEOL JSM-7001F for Zn. The particles were characterized
without or with their removal from the Cu WE after the electrolysis processes.

The structure of the dendritic particles was examined using the X-ray diffraction (XRD) method
using Rigaku Ultima IV diffractometer with CuKo radiation. The examined 2 8 ranges were between
30 and 80°for Pb and Zn, and between 20 and 100° for Sn. For this kind of analysis, the particles
were removed from the Cu WE and analyzed in powder form.

Results and discussion

For easier analysis, the same type of electrolyte (a hydroxide electrolyte) was used for the
electrolytic production of dendrites. Also, before a detailed analysis of the shape of dendrites, some
basic information related to this term must be given. The term “dendrite” originates from the Greek
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word dendron, which means tree [39,40]. According to Wranglen [41], a dendrite consists of a trunk
and branches. The branches developed from a trunk are referred to as primary (P) branches, while
those developed from the primary branches are known as the secondary (S) branches. The tertiary
(T) branches are developed from the secondary branches. If a trunk and branches are in the same
plane, a dendrite is a 2D (two-dimensional) dendrite.

Morphology of Pb, Sn and Zn dendrites electrodeposited from the hydroxide electrolytes

Figure 1 shows the morphology of Pb dendrites obtained at an overpotential of -90 mV vs. Pb
(Figures 1a and 1b), Sn dendrites obtained at a cathodic potential of -1400 mV vs. Ag/AgCl (Figure
1c and 1d), and Zn dendrites obtained at an overpotential of -220 mV vs. Zn (Figure 1le and 1f) from
the corresponding hydroxide electrolytes.

Figure 1. The dendrites of: (a) and (b) Pb obtained by electrolysis at an overpotential of -90 mV vs. Pb [31],
(c) and (d) Sn obtained by electrolysis at a cathodic potential of -1400 mV vs. Ag/AgCl, and (e) and (f) Zn
obtained by electrolysis at an overpotential of -220 mV vs. Zn

The very branchy 2D (two-dimensional) dendrites of the fern-like shape with clearly noticeable
primary, secondary and tertiary branches were produced by the Pb electrolysis (Figure 1a and 1b).
The dendrites of Sn are also 2D with a fern-like shape but not so branchy as Pb dendrites (Figure 1c
and 1d). Sn dendrites were built from a trunk, and primary branches developed under the right angle
from the trunk. The other types of branches from this electrolyte did not develop during Sn
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electrolysis. The 2D fern-like dendrites constructed from stalk and primary branches were formed
under given conditions of Zn electrolysis (Figure 1e and 1f).

At first sight, it can be noticed that the 2D fern-like dendrites of Pb had a more branchy
morphology than Sn and Zn dendrites. It is necessary to note that although there are differences at
the macro level, all are 2D and have fern-like shapes. The differences among them can be attributed
to the specificity of every metal and the type of electrolyte used for its production. Namely, the 2D
Pb fern-like dendrites built of a trunk and primary branches are obtained by electrolysis from the
nitrate electrolyte, while the 2D Pb fern-like dendrites built of a trunk, primary and secondary
branches were obtained by an electrolysis from the acetate electrolyte [6].

The crystal orientation of electrodeposited dendrites of Pb, Sn and Zn

Figure 2 shows the XRD patterns together with corresponding standards for the electrolytically
produced particles of lead (Figures 2a and 2b), tin (Figures 2c and 2d) and zinc (Figures 2e and 2f). The
diffraction peaks were only observed at the angles corresponding to those of the standards, clearly
pointing out that the high purity of produced powder particles of Pb, Sn and Zn was obtained. From
the obtained diffractograms, it is clearly visible that crystallites of Pb were predominately oriented in
the (111), Sn in (220) and Zn in (002) crystal planes. On the other hand, the appearance of obtained
diffractograms strongly differed from those predicted by the standards for these metals, which de-
finitely indicates the existence of the preferred orientation in the dendritic particles of Pb, Sn and Zn.

A procedure based on a comparison of the peak intensity ratios was applied to estimate the
preferred orientation of the particles. This procedure predicts a comparison of the peak intensity
ratios made relative to the peak with the maximum intensity with the same ratios for the standard
[18,29,42]. It is the fastest method for an estimation of the preferred orientation and can be
explained as follows: the larger peak intensity ratios than those predicted by the standards mean
the existence of the preferred orientation in a crystal plane with the maximum intensity of the
diffraction peak. If the values of the peak intensity ratios are comparable with those of the
standards, then the particles are randomly oriented. Finally, the values of the peak intensity ratios
smaller than those for the standard point out the preferred orientation in a crystal plane with the
smaller intensity of the diffraction peak than that having the maximum intensity.

The calculated values of the peak intensity ratios for the particles of Pb, Sn and Zn and those for
the standards are given in Table 1. Analysis of the obtained ratios showed that the particles of Pb
showed (111)(222), the particles of Sn (220)(440) and the particles of Zn (002)(004) preferred
orientations.

The common characteristic of the preferred orientation in these crystal planes is that they have
the lowest surface energy in the corresponding type of crystal lattice [43-46]. During an electrolysis
process, they survive a process of growth, constructing both trunk and branches in the dendrites
[47]. All other crystal planes have higher surface energies and disappear during growth. It is the
reason for the considerably smaller intensities of the diffraction peaks of these crystal planes than
those predicted by the standards. The tips and the angles of the dendrites are built of crystallites
oriented in them.
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Figure 2. The XRD patterns and the corresponding standards of (a) and (b) Pb, (c) and (d) Sn, (e) and (f) Zn

Table 1. The peak intensity ratios obtained for the particles of Pb, Sn, and Zn and their standards

The peak intensity ratios

(111) / (200) (111) / (220) (111) / (3112) (111) / (222) (111) / (400)
Pb dendrites 50.1 50.0 50.4 10.6 /
Pb standard 2.00 3.23 3.12 11.1 50.0
(220) / (200) (220) / (101) (220) / (211) (220) / (301) (220) / (112)
Sn dendrites 1.25 2.50 1.82 5.85 7.41
Sn standard 0.340 0.378 0.459 2.00 1.48
(220) / (400) (220) / (321) (220) / (420) (220) / (411) (220) / (312)
Sn dendrites 6.90 4.00 4.41 7.15 8.92
Sn standard 2.61 1.70 2.27 2.27 1.70
(220) / (431) (220) / (103) (220) / (332) (220) / (440) (220) / (521)
Sn dendrites 10.4 49.7 24.1 16.2 21.8
Sn standard 2.62 11.3 6.80 17.0 6.80
(002)/(100) (002)/(101) (002)/(102) (002)/(103) (002)/(110) (002)/(004)
Zn dendrites 66.4 20.6 33.1 203.4 8.02
Zn standard 1.32 0.530 2.12 2.52 26.5
@) |
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The obtained preferred orientations were in an excellent agreement with those obtained by a
guantitative determination by use of a methodology based on a calculation of “Texture Coefficients”
and “Relative Texture Coefficients” [23,31,48]. This indicates that the fast estimation of the
preferred orientation of the powder particles based on a comparison of the peak intensity ratios is
successfully applied and can be used to determine the preferred orientation of the powder particles.

Discussion of the presented results

The 2D fern-like dendrites of various degrees of ramification were obtained by electrolysis of Pb,
Sn, and Zn from the corresponding hydroxide electrolytes. As mentioned in the Introduction, all three
metals belong to the same group from an electrochemical point of view, i.e. to a group of the normal
metals. The normal metals are characterized by the high exchange current density values, which
means that their electrochemical processes are fast, with the diffusion control attained at relatively
low overpotentials [1]. Regardless of the crystal lattice type, Pb, Sn and Zn dendrites exhibited the
strong preferred orientation in crystal planes with the lowest surface energy. This clearly indicates
that there is a strong correlation between the shape (the 2D fern-like dendrites) and the crystal
orientation (the preferred orientation in the crystal plane with the lowest surface energy) of the
dendritic particles of Pb, Sn and Zn and that electrochemical parameters (exchange current density
values) have a priority over crystallography (belonging to a determined type of crystal lattice).

It can be shown that this strong correlation, which is independent of a type of crystal lattice, has
a universal character, i.e. is valid for other metals belonging to a group of normal metals. Namely, a
strong correlation between morphology and crystal structure is observed in silver, another
representative group of normal metals [18]. The 2D fern-like dendrites of silver (the face-centered
cubic type of a crystal lattice) electrodeposited from the nitrate electrolyte showed the strong
preferred orientation in the (111) crystal plane. Also, it does not depend on the type of electrolyte
under which the powder particles are produced. The 2D fern-like Pb dendrites constructed from the
trunk and the primary branches electrodeposited from the nitrate electrolyte, as well as those
constructed from the trunk, the primary and the secondary branches obtained by electrolysis from
the acetate electrolyte exhibited the strong preferred orientation in the crystal plane with the
lowest surface energy, i.e. in the (111) crystal plane [6]. It is necessary to note that 2D fern-like Pb
dendrites obtained from the nitrate electrolyte were very similar to Sn at the macro level (Figure 1c
and 1d).

Hence, a degree of ramification of the 2D fern-like dendrites of Pb achieved by the use of various
types of electrolytes did not affect the establishment of this correlation. It can also be verified by
analysis of the Zn electrolysis process at a higher overpotential than previously reported. Figure 3
shows the morphology of dendrites of Zn electrodeposited at an overpotential of -280 mV vs. Zn.
Aside from dendrites constructed from a trunk and primary branches (Figure 3a), the appearance of
the secondary branches was observed in the Zn dendrites electrodeposited at -280 mV vs. Zn (Figure
3b), indicating that a ramification of the dendrites occurred with increasing the overpotential of
electrolysis. Finally, the formation of the 3D (three-dimensional) dendrites was also noticed during
Zn electrolysis from the hydroxide electrolyte under the given working conditions. These dendrites,
formed to a significantly smaller extent than the 2D dendrites, had compact branches oriented in all
directions, as shown in Figure 3c.
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Figure 3. The dendrites of Zn obtained by electrolysis at an overpotential of -280 mV vs. Zn: (a) the 2D fern-
like dendrites constructed from the trunk and primary branches, (b) the 2D fern-like dendrite constructed
from the trunk, primary and secondary branches, and (c) the 3D dendrite

The XRD pattern of Zn particles produced at an overpotential of -280 mV vs. Zn is shown in Figure 4.
At first sight, it is clear that it was very similar to that obtained at -220 mV vs. Zn. The peak intensity
ratios for the given particles are shown in Table 2.
Zn: -280 mV vs. Zn
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Figure 4. The XRD pattern of Zn particles electrodeposited at an overpotential of -280 mV vs. Zn

Table 2. The peak intensity ratios for Zn dendrites electrodeposited at an overpotential of -280 mV vs. Zn

The peak intensity ratios

(002)/(100) (002)/(101) (002)/(102) (002)/(103) (002)/(110) (002)/(004)
Zn dendrites 22.9 5.52 15.8 8.00 55.2 9.90
Zn standard 1.32 0.530 1.89 2.12 2.52 26.5

Analysis of data given in Table 2 showed that the dendritic particles of Zn showed a strong (002)
(004) preferred orientation. The careful analysis of the branches in the 3D dendrites revealed that
some of them consisted of hexagons of (002) orientation, additionally contributing to the strong (002)
preferred orientation of the dendrites of Zn [48]. The appearance of the 3D dendrites of Zn is under-
standable because Zn, with the exchange current density values between 18.4 and 88 mA cm™2 [5,24],
is very close to a boundary between a group of the normal metals and a group of the intermediate
metals.

Regardless of the shape of the fern-like dendrites, all of them had a compact structure with no
occurrence of spherical grains in them. On the other hand, the approximately spherical grains are
the smallest and constitutive unit that build the 3D pine-like dendrites of copper and silver
electrodeposited from the ammonium electrolyte [6,18,29]. As already given in the Introduction, Cu
and Ag (if electrodeposition is performed from the complex ammonium electrolyte) and gold belong
to the group of intermediate metals characterized by lower exchange current density values than
the normal metals group. The 3D pine-like dendrites produced via the electrochemical deposition
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route show a random orientation [6,18,29], which is understandable since the standards for
estimating the preferred orientation of particles are established for a spherical shape of the grains
[42]. This additionally proves the existence of the strong correlation between morphology and
crystal orientation of the dendrites, and no matter what Cu and Ag belong to the same group of
crystal lattice, it is clear that the electrochemical parameters prevail over the crystallographic
affiliation. Nevertheless, the morphology of the 3D dendrites of Zn is completely different from
those of the 3D Cu and Ag dendrites.

Conclusions

In this study, a strong correlation between the morphology and the preferred orientation of
dendrites of Pb, Sn, and Zn was established. These three metals belong to the group of normal
metals characterized by the high values of the exchange current density (the fast electrochemical
processes) and electrocrystallize in various kinds of crystal lattice (Pb - the face-centered cubic type,
Sn - the body-centered tetragonal type, and Zn - the hexagonal closed pack type). The 2D dendrites
of the fern-like shape, with certain differences among themselves in the surface morphology at the
macro level, were obtained by electrolysis from the corresponding hydroxide electrolytes.

Applying the procedure based on a comparison of the peak intensity ratios, it was found that the
2D fern-like dendrites of Pb, Sn, and Zn exhibited the strong preferred orientation in a crystal plane
with the lowest surface energy, i.e. in (111)(222) for Pb, (220)(440) for Sn, and (002)(004) crystal
planes for Zn. The strong preferred orientation in the crystal plane with the lowest surface energy
observed for various types of crystal lattice and 2D fern-like dendrites confirms a primate of
electrochemical parameters (the rate of electrochemical deposition processes, i.e. exchange current
density values) over crystallography (belonging to a determined type of a crystal lattice).
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