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Abstract

The influence of chronopotentiometry response on the morphology and structure of galvanostatically synthesized tin dendritic
particles has been investigated. Sn dendrites were electrodeposited at the current density 1.5 times larger than the limiting dif-
fusion current density (—3 mA cm™2) with various amounts of the electricity (200 and 400 mC), and the obtained morphology
and structure of the particles were characterized by SEM and XRD techniques, respectively. The strong effect of the amount
of spent electricity on the morphology and structure of the particles was observed, and it is explained by morphological and
structural analysis of Sn particles produced potentiostatically at various cathodic potentials selected to be in line with the
recorded chronopotentiometry response. The strong correlation among chronopotentiometry response, morphology, and
structure of the Sn dendrites was established. The spear-like and the dendrites with prismatic branches possessed the strong
(200),(400) preferred orientation, and they were obtained with a chronopotentiometry response of about — 1200 mV vs. Ag/
AgCl. The chronopotentiometry responses in the — 1210+ — 1740 mV vs. Ag/AgCl range caused a formation of the fern-like
dendrites with the strong (220),(440) preferred orientation. Based on the obtained results, it follows that the chronopotenti-
ometry analysis represents good diagnostic criteria for obtaining Sn powder particles of desired morphology and structure.

Keywords Tin - Electrolysis - Chronopotentiometry - Morphology - Structure - Dendrites

Introduction

Production of tin powders attracts attention in both scientific
and technological communities owing to numerous applica-
tions of this powder in various industries. These applications
are based on specific features of tin, such as a high electrical
conductivity, low electrochemical migration, excellent sol-
derability, high corrosion resistance, nontoxicity, and low
material cost [1-3]. The main industries using Sn powders
are powder metallurgy, sodium-ion and lithium-ion battery
production, electronic industry, and manufacture of tin sol-
der paste [3]. Application of Sn powders in these industries
is closely related with shape, i.e., morphology of particles,
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whereby the morphology of the particles is dependent on a
method applied for the production of powder. As powder, Sn
can be obtained by non-electrochemical and electrochemi-
cal methods. The atomization [1, 4], chemical reduction [1,
5, 6], cementation [1], various polyol [7, 8] and galvanic
displacement [9] processes, and colloidal gas aphron (CGA)
formation technology [10] are the most often used non-
electrochemical methods, and the particles in the form of
spheres, nanorods, and bells are usually formed by these
methods.

Electrochemical deposition is the often used method for
the production of metal powders with many advantages
over non-electrochemical methods. It is an environmen-
tally friendly and relatively cheap method giving powders
of high purity and controlled shape and size of the parti-
cles [11]. The shape and size of the powder particles are
easily controlled by regime and parameters of electrolysis,
and are determined by nature of the metals [12]. The poten-
tiostatic regimes of electrolysis are primarily useful in an
investigation of mechanism of powder formation, while the
galvanostatic regimes are of importance for application in
industry. The main parameters having an effect on powder
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characteristics are the type and composition of electrolytes,
the presence of additional agents in the electrolyte, tempera-
ture, electrolysis time, electrolyte stirring, type of working
electrode, applied values of cathodic potential, or current
density, etc.

Sn in the form of powder can be produced by electroly-
sis from aqueous [2, 13-22] and non-aqueous electrolytes
[23-25], deep eutectic solvent (DES) [3, 26, 27], and ionic
liquids [28-31]. With a point of view of kinetic parameters
[32], Sn is situated in the group of so-called normal metals,
featured by the high values of both the exchange current
density and overpotential for hydrogen evolution reaction,
and by low melting point. These characteristics of Sn as a
metal enable production of Sn powder in whole range of
current density and cathodic potential applied. The dendrites
of various shapes are the most often shapes of electrolyti-
cally produced Sn powder particles [3, 1315, 21, 26]. Aside
from dendrites, grains of regular and irregular shape [2, 16],
spongy particles [16], nanowires [24, 30], 3D (three dimen-
sional) foam, or the honeycomb-like structures [17, 18] are
also obtained by various electrolysis processes. The shape
of obtained particles primarily depends on the above-
mentioned parameters and regimes of electrolysis. The com-
mon characteristic of production of all above listed irregular
(or powdered) forms is their formation in conditions of the
diffusion control of the electrodeposition process.

The dendrites of Sn can be obtained by both electrochem-
ical [3, 13-15, 21, 26] and non-electrochemical [9] methods,
and thanks to a highly branched morphology, they have very
diverse applications. Sn dendrites show outstanding surface
enhanced fluorescence, and as such, they are very suitable
for application in biomolecule detection and sensor devices
[9]. For example, Sn dendrites are used for the detection
of rhodamine 6G as probe molecules, and the fluorescence
enhancement can reach to 29.81-fold that of a pure Al sub-
strate. As anode material for sodium-based batteries, Sn
dendrites show a high specific capacity and excellent cycle
performances [14]. In this battery type, Sn dendrites exhibit
an excellent structural stability upon sodiation and desodia-
tion. The extremely large electrochemically active surface
area makes Sn dendrites very suitable for application in vari-
ous electrochemical devices [14].

In our recent investigation [33], it was shown that overpo-
tential response played a crucial role in creating of the final
shape of Cu dendrites during galvanostatic regime of elec-
trolysis. The overpotential response was regulated by electroly-
sis time duration, i.e., by the amount of the passed electric-
ity, leading to a formation of novel type of Cu dendrite with
globular instead of with sharp tips. Simultaneously, unusual
morphology of Sn dendrite, not previously observed in the
literature, has been recently obtained by applying the galva-
nostatic regime of electrolysis [21]. Making analogy with the
formation of the Cu dendrites, it is assumed that the cathodic
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potential response had a decisive effect in the formation of this
Sn dendrite type. Anyway, additional analysis of the effect of
the cathodic potential (chronopotentiometry) response on the
morphology of the Sn particles is necessary, and it will be one
of the main aims of this study. The special attention will be
devoted to an investigation of chronopotentiometry response
on structural characteristics of Sn dendrites, with the aim to
establish the existence of correlation between the morphology
and structure of Sn particles.

Experimental

Sn in the form of powder was produced from an alkaline
hydroxide solution containing 20 g/L. SnCl, X 2H,0 in
250 g/L NaOH by applying the constant regimes of elec-
trolysis. In the galvanostatic electrolysis regime, a current
density (j) of —3 mA cm™2 was used. The selected cathodic
potentials (E) in the potentiostatic regime of electrolysis
were — 1200, — 1270, and — 1600 mV vs. Ag/AgCl. Sn was
electrodeposited with amounts of the passed electricity (Q)
of 200 and 400 mC.

All processes of electrolytic production of Sn particles
were performed at the room temperature (7=22.0+0.50 °C)
in three compartiment electrochemical cells. The working
electrode was Cu of cylindrical shape and the surface area
was 0.25 cm?, while the counter electrode was Pt wire. Ag/
AgCl/3.5 M KCl is used as the reference electrode, and
this electrode type is denoted with Ag/AgCl in the further
text. The electrolyte for Sn electrolysis was made of p.a.
(pro analysis) reagents and the ultra-pure water (Millipore,
18 M ohm cm resistivity). The experimental procedure for
the preparation of Cu working electrode is described else-
where [21].

The techniques of scanning electron microscopy (SEM)
and X-ray diffraction (XRD) were used for the characteri-
zation of the morphology and structure of electrolytically
synthesized Sn dendritic forms, respectively.

The microscope JEOL JSM-6610LV model was used to
characterize Sn dendrites produced on the Cu electrodes by
various electrolysis processes.

The structural XRD analysis was done using a Rigaku
Ultima IV diffractometer in 25 + 100 26 range. For this anal-
ysis type, the produced Sn dendrites were removed from
the Cu working electrode after finished electrolysis process.

Results and discussion
Morphological analysis
Morphologies of tin deposits electrodeposited at a current

density of —3 mA ¢cm™ with amounts of the electricity of
200 and 400 mC are shown in Figs. 1 and 2, respectively.
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The amount of the electricity of 200 mC was reached after an
electrodeposition time of 266.67 s, while the electrodeposi-
tion time for 400 mC amount of electricity was 533.34 s. For
an electrolyte containing 20 g/L SnCl, X 2H,0 in 250 g/L
NaOH, the applied current density was 1.5 times larger
than the limiting diffusion current density, and belonged to
zone of rapid increase of the current density with increasing
cathodic potential after the end of the plateau of the limiting
diffusion current density [21].

At the first sight, it can be noticed that very diverse
irregular forms of dendritic character were formed with
these amounts of the electricity. Sn dendrites of the fern-
like shape composed from stalk and branches are predomi-
nantly formed with an amount of the electricity of 200 mC
(Fig. la—c). Some of dendrites grew from one nucleation
center in more directions giving dendrite very branchy
appearance (Fig. 1b). As shown in Fig. 1c, branches of the
dendrite were developed under the right angle from the stalk.
Aside from predominant formation of the fern-like dendrites,
rare individual dendrites with the spear-like tips were also
formed with this amount of the electricity (Fig. 1d). Another
important phenomenon is noticed during Sn electrolysis at
this current density. It is hydrogen evolution reaction which
occurred parallel to the formation of Sn dendrites. This reac-
tion is identified by the appearance of holes in the electrode-
posit, since the holes originated from detached hydrogen
bubbles. The holes of various sizes are clearly visible from

Fig. 1 Morphology of Sn den-
drites produced by a galvano-
static regime of electrolysis at a
current density of —3 mA cm™2
with an amount of the electric-
ity (Q) of 200 mC: a—c the fern-
like dendrites, and d dendrite
constructed from the spear-like
and the fern-like parts. The
electrodeposition time: 266.67 s

x1,600 10um

Fig.2 Morphology of Sn dendrites produced by a galvanostatic
regime of electrolysis at a current density of —3 mA cm~2 with an
amount of the electricity (Q) of 400 mC: a—c dendrite with prismatic
branches or ends, and d dendrite constructed from the spear-like and
the fern-like parts. The electrodeposition time: 533.34 s

the surface area of the Sn deposit produced at a current den-
sity of —3 mA cm™2 with Q of 200 mC (Fig. 1a, b; for exam-
ple, see parts in circles in Fig. 1b). The presence of hydrogen
evolution as the second reaction during Sn electrolysis did

.
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not have any effect on the hydrodynamic conditions in the
near-electrode layer, since dendritic growth was not inhib-
ited by the presence of this reaction.

The shape of dendrites obtained at the same current
density but with an amount of the electricity of 400 mC
(Fig. 2) differed significantly than those obtained with dou-
ble smaller amount of the electricity. Although the dendritic
growth from one nucleation center in more directions is kept
(Fig. 2a), the shape of the branches was different from those
obtained with the lower amount of the electricity. This den-
drite type was constructed from branches of prismatic shape
(Fig. 2b), and some tips of the branches had the pyramid-
like shape (Fig. 2¢). Please note that the dendrite type with
the branches of prismatic shape was recently identified as
a completely novel type of Sn dendrites [21]. Aside from
the 3D dendrites, the spear-like dendrites were also formed
with this amount of the electricity (Fig. 2d). In contrast to
an amount of the electricity of 200 mC where only tips of
the dendrites had the spear-like shape (Fig. 1d), in the Sn
dendrites obtained with an amount of the electricity of 400
mC, the larger part of the dendrite had the spear-like shape
(Fig. 2d).

The chronopotentiometry technique was applied to
explain the formation of various shapes of Sn dendrites.
Figure 3 shows the dependence of the cathodic potential
response on electrolysis time recorded at a current density
of —3 mA cm™2. The overall electrolysis time corresponded
to an amount of the electricity of 400 mC, while reached
amount of the electricity of 200 mC is denoted by a vertical
dash line at this figure. Analysis of the curve revealed that
the values of the cathodic potential response were approxi-
mately in the — 1210+ — 1740 mV vs. Ag/AgCl range with
an amount of the electricity of 200 mC, whereby the larg-
est part was approximately between — 1500 and — 1740 mV
vs. Ag/AgCl. The sharp fall of the value of the cathodic
potential from — 1500 to— 1230 mV vs. Ag/AgCl occurred
between 210 and 220 s of the electrodeposition process.
Then, the cathodic potential commenced slowly to fall reach-
ing a value of — 1210 mV vs. Ag/AgCl after 266.67 s (or 200
mC). Finally, the value of the cathodic potential response
was — 1140 mV vs. Ag/AgCl after passed amount of the
electricity of 400 mC. There is another smaller fall in the
value of the cathodic potential in a part of the chronopoten-
tiometry curve between 200 and 400 mC passed amount of
the electricity. This fall was 62 mV and occurred after 426 s
from the beginning of the electrodeposition process.

The three-step form of the chronopotentiometry curve can
be explained by the formation and growth of the dendrites
during electrodeposition at this current density. The fall of
the cathodic potential value is a result of the decrease of the
real current density during electrodeposition in the galva-
nostatic regime [34]. Namely, during the electrodeposition
process in this regime, the electrode surface area increases
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Fig.3 The chronopotentiometry response obtained during electroly-
sis process at a current density of —3 mA cm™>

due to the formation and growth of the dendrites, and as a
result of it, the real current density decreases.

To examine an influence of chronopotentiometry response
on the shape of dendrites, the following morphological analysis
was performed. Electrodeposition of Sn was firstly performed
by potentiostatic regime of electrolysis at cathodic potentials
which belonged to the — 1210+ — 1740 mV vs. Ag/AgCl
range, i.e., up to reached 200 mC amount of the electricity in
the galvanostatic regime of electrolysis. Figure 4 shows the
Sn deposits potentiostatically produced at cathodic potentials
of — 1270 (Fig. 4a, b) and — 1600 mV vs. Ag/AgCl (Fig. 4c—)
with amounts of the electricity of 200 (Fig. 4e) and 400 mC
(Fig. 4a—d). The electrodeposition times to reach an amount
of the electricity of 400 mC were 417 s at— 1270 mV vs. Ag/
AgCl, and 333 s at— 1600 mV vs. Ag/AgCl. At a cathodic
potential of — 1600 mV vs. Ag/AgCl, 200 mC amount of the
electricity was reached after 240 s. The fern-like dendrites,
very similar at the macro level to those obtained by galva-
nostatically with an amount of the electricity of 200 mC, are
formed at both cathodic potentials (Fig. 4a—d). As shown in
Fig. 4e, some of dendrites grew from one nucleation center in
more directions. This was in line with the morphology of Sn
dendrites obtained by the galvanostatic regime of electrolysis
with both amounts of the electricity (Figs. 1a, b and 2a). As
already mentioned, the growth of Sn dendrites at a current den-
sity of —3 mA cm™2 also occurred from one nucleation center
in more directions, indicating that a mechanism of a dendrite
growth is determined by the initial stage of electrolysis (i.e.,
by nucleation process).

The strong transformation of the shape of galvanostati-
cally synthesized dendrites with an increase of amount of
the electricity from 200 to 400 mC, from the dominant
fern-like to the dendrites with prismatic ends and the spear-
like dendrites, can be explained by the analysis of Sn elec-
trodeposition processes at cathodic potentials belonging
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Fig.4 The fern-like Sn den-
drites produced by a poten-
tiostatic regime of electrolysis
at cathodic potentials of a, b
- 1270 mV vs. Ag/AgCl, and
c—e — 1600 mV vs. Ag/AgCl.
The amount of the electric-
ity:a—d Q=400 mC, and e
Q=200 mC
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to the—1140+ — 1210 mV vs. Ag/AgCl range. Figure 5
shows the morphology of Sn dendrites produced at a
cathodic potential of — 1200 mV vs. Ag/AgCl with amounts
of the electricity of 200 or 400 mC. At a cathodic potential
of — 1200 mV vs. Ag/AgCl, an amount of the electricity of
200 mC is reached after 287 s, while that of 400 mC was
reached after 464 s. As seen from Fig. 5, the spear-like den-
drites (Fig. 5a) and the dendrites with prismatic branches
(Fig. 5b, c) were obtained at this cathodic potential. It is
clear that these morphologies of the dendrites were very
similar at the macro level to the galvanostatically synthe-
sized dendrites with spent 400 mC amount of the electricity.

Hence, based on the above morphological analysis of Sn
powder forms obtained under various electrolysis conditions,
it follows that the final shape of galvanostatically produced
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dendrites is determined by the chronopotentiometry response.
In this way, it is possible to obtain desired shape of Sn dendrites
by simple regulation of length of duration of electrolysis pro-
cess, i.e., by regulation of an amount of the passed electricity.

One of the best ways to look at an influence of the
cathodic potential response on the final shape of dendrites
was an analysis of the dendrites composed of the spear-like
and the fern-like parts (Figs. 1d and 2d). Although whole
dendrite is not shown in Fig. 1d, it is clear that the fern-
like part was longer than the spear-like part in the dendrite
produced with an amount of the electricity of 200 mC, so
that only the tip of dendrite had the spear-like shape. The
transformation of dendrite growth from the fern-like to the
spear-like shape can be explained as follows: during electro-
deposition process with 200 mC amount of the electricity,
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Fig.5 Morphology of Sn den-
drites produced by a potentio-
static regime of electrolysis at a
cathodic potential of — 1200 mV
vs. Ag/AgCl: a the spear-like
dendrite, Q=400 mC; and b, ¢
a dendrite with prismatic ends,
0=200mC

SEL . 20kv, V0N s | X200

UB-RGF

SEl  20kV
UB-RGF

the larger part of the electrodeposition process of 266.67 s
(i.e., up to 220 s) corresponded to the cathodic potential
response between — 1230 and — 1740 mV vs. Ag/AgCl. As
already shown (Fig. 4), the fern-like dendrites were obtained
in this cathodic potential range. However, the electrodeposi-
tion process between 220 and 266.67 s corresponded to the
cathodic potential response between — 1210 and — 1230 mV
vs. Ag/AgCl, and the growth of dendrites in the spear-like
form was expected in this cathodic potential range. Actually,
it can be assumed that a cathodic potential of — 1220 mV
vs. Ag/AgCl separating the end of the descending part and
the beginning of the plateau of the limiting diffusion cur-
rent density at the polarization curve for this Sn system
[21] represents a critical cathodic potential at which trans-
formation of the dendrite growth from the fern-like to the
spear-like shapes occurs. On the other hand, the spear-like
part was considerably longer than the fern-like part in the
dendrite produced with an amount of the electricity of 400
mC (Fig. 2d). The electrodeposition process between 200
and 400 mC corresponded to the cathodic potential response
between — 1140 and — 1210 mV vs. Ag/AgCl, in which for-
mation of the spear-like dendrites occurs (Fig. 5).

Structural analysis

In the previous section, it is shown that morphology of galvano-
statically synthesized Sn dendritic particles strongly depended on
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the amount of the passed electricity, and was determined by the
chronopotentiometry response. In order to establish whether the
chronopotentiometry response also affects a crystal structure of
the particles, and hence to establish the existence of correlation
between the morphology and structure of the Sn dendrites, XRD
analysis of the synthesized particles was done.

Figure 6 shows the XRD patterns recorded for the Sn parti-
cles produced at a current density of —3 mA cm™~2 with amounts
of the electricity of 200 and 400 mC, and the corresponding Sn
JCPDS standard (04-0673). Comparing the recorded diffraction
peaks with those for the standard, it is clear that only Sn diffraction
peaks were identified, confirming electrocrystallization of tin in
the body-centered tetragonal (bcc) type of crystal lattice [3, 21].

The preferred orientation of Sn particles was estimated
from the XRD data by the determination of “Texture
Coefficient” (TC(hkl)) and “Relative Texture Coefficient”
(RTC(hkl)). This way enables a precise estimation of the
preferred orientation at the semi-quantitative level, and it
was widely used for the estimation of the preferred orienta-
tion of powder particles in the last time [21, 35—40]. The
procedure for the determination of the preferred orientation
on this way is given in the Appendix. In the case of Sn, since
sixteen (16) diffraction peaks are under consideration, the
RTC(hkl) values larger than 6.25% indicated the existence
of the preferred orientation in the particles. Simultaneously,
the values of TC(hkl) coefficients larger than 1 indicate the
existence of preferred orientation [40].
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Fig.6 The X-ray diffraction (XRD) patterns obtained for Sn particles
electrodeposited at a current density of —3 mA cm™ with amounts
of the electricity of 200 and 400 mC, and Sn standard (04 —0673):
1-(200), 2—(101), 3—(220), 4—(211), 5-(301), 6-(112), 7-(400), 8-
(321), 9-(420), 10-(411), 11-(312), 12—(431), 13—-(103), 14-(332),
15—(440), and 16—(521) crystal planes

The values of TC(hkl) and RTC(hkl) coefficients calcu-
lated for the galvanostatically produced particles at a current
density of —3 mA ¢cm~2 with 200 and 400 mC amounts of
the electricity are given in Table 1.

Following RTC(hkl) coefficients, Sn crystallites in the
fern-like dendrites produced at—3 mA cm™2 with 200 mC
amount of the electricity were predominantly oriented in
(440),(220) crystal planes. In these dendritic particles,
the degree of the preferred orientation changed in the fol-
lowing row: (440) > (220) > (103) > (521) > (400) > (42
0) (Table 1). In the dendrites with prismatic ends and the
spear-like dendrites produced with 400 mC amount of the
electricity, the predominant orientation of Sn crystallites
was observed in (400),(200) crystal planes. The preferred
orientation of these particles changed in the following row:
(400) > (200) > (440) > (220).

The similar estimation of the preferred orientation was
also obtained by analysis of TC(hkl) coefficients. The pre-
ferred orientation of the fern-like dendrites synthesized with
an amount of the electricity of 200 mC changed in the fol-
lowing row: (440) > (220) > (103) > (521) > (400) > (420) >
(200)>(301)>(321)>(332) > (411) > (431). For the parti-
cles obtained after spent amount of the electricity of 400
mC (the dendrites with prismatic ends and the spear-like
dendrites), the preferred orientation changed in the following
row: (400) > (200) > (440).

The XRD patterns obtained for Sn particles produced
potentiostatically at cathodic potentials of — 1200, — 1270,
and — 1600 mV vs. Ag/AgCl, together with the Sn standard,

Table 1 Texture calculations

. . Plane RI% TC RTC/%

for Sn particles Pzrod.uced atj (hkl)

of —3.0 mA cm™ with amounts R0 Ry [21] RJ/% TCyqo TCyq [21] RTCyy, RTC,y, [21]

of the electricity of 200 and

400 mC. R, intensity of the 200 26.6 64.3 22.2 1.20 2.89 5.49 22.1

diffraction peak; 7C, texture 101 9.19 4.49 20.0 0.46 0.22 2.11 1.72

coefﬁc%ent; RTC, relative texture 220 14.9 6.76 757 1.97 0.89 9.02 6.85

coefficient. 200-200 mC;

400-400 mC: s—Sn standard 211 10.9 323 16.5 0.66 0.20 3.02 1.50
301 4.52 1.34 3.79 1.19 0.35 5.45 2.71
112 3.78 1.05 5.12 0.74 0.20 3.39 1.57
400 4.39 8.92 2.90 1.51 3.08 6.91 23.6
321 5.29 1.71 4.45 1.19 0.38 5.45 2.94
420 4.88 2.35 3.34 1.46 0.70 6.68 5.40
411 3.72 1.62 3.34 1.11 0.48 5.08 3.72
312 2.82 1.14 4.45 0.63 0.26 2.88 1.96
431 2.95 0.85 2.90 1.02 0.29 4.67 2.25
103 1.16 0.38 0.67 1.73 0.57 7.92 4.40
332 1.32 0.43 1.11 1.19 0.39 5.45 2.99
440 1.86 0.62 0.44 4.23 1.40 19.4 10.7
521 1.72 0.80 1.11 1.55 0.72 7.08 5.50
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Fig.7 The X-ray diffraction (XRD) patterns obtained for Sn par-
ticles electrodeposited at cathodic potentials of —1200,— 1270,
and— 1600 mV vs. Ag/AgCl, and Sn standard (04 —0673): 1-(200),
2—-(101), 3—(220), 4—(211), 5-(301), 6-(112), 7-(400), 8-(321), 9-
(420), 10—(411), 11-(312), 12—(431), 13—(103), 14-(332), 15-(440),
and 16—(521) crystal planes

are shown in Fig. 7. Similar to the galvanostatically syn-
thesized particles, only diffraction peaks of Sn were identi-
fied confirming the belonging of Sn to the body-centered
tetragonal type of crystal lattice. The values of TC(hkl)
and RTC(hkl) coefficients calculated for these particles are
given in Table 2. Since diffraction peaks for (200) and (400)
crystal planes were only identified in the particles produced
at— 1200 mV vs. Ag/AgCl, the TC(hkl) and RTC(hkl) coef-
ficients for these particles were not determined.

Analysis of RTC(hkl) coefficients given in Table 2 showed
that the preferred orientation of the fern-like dendrites pro-
duced at— 1270 mV vs. Ag/AgCl changed as follows: (220
)>(440)> (420) > (400) > (200). For the fern-like dendrites
produced at— 1600 mV vs. Ag/AgCl, the following row of
crystal planes was obtained: (440) > (220) > (420)> (521)>(
400). As regards the estimation of the preferred orientation of
these fern-like dendrites by analysis of TC(hkl) coefficients,
the following rows of crystal planes were observed: (220)> (4
40) > (420)> (400) > (200) for the fern-like dendrites synthe-
sized at— 1270 mV vs. Ag/AgCl, and (440)> (220) > (420) > (
521)>(400)>(103)>(332)>(321) > (411)>(431)>(301) for
those synthesized at— 1600 mV vs. Ag/AgCl. It is necessary
to note that the estimation of the preferred orientation of very
branchy fern-like dendrites by application of TC(hkl) coeffi-
cients was less sensitive relative to the application of RTC(hkl)
coefficients. It is manifested by the preferred orientation of
the Sn particles produced potentiostatically at— 1600 mV vs.
Ag/AgCl and galvanostatically at—3 mA cm™2 with 200 mC
in larger number of crystal planes by analysis of TC(hkl) than
RTC(hkl) coefficients.

Table 2 Texture calculations

- Plane RI% TC RTC/%

for Sn particles produced at (hkl)

E of — 1270 and — 1600 mV R0 Rig00 RJ% TC 70 TCe00 RTC,570 RTC 400

vs. Ag/AgCl. R, intensity

of the diffraction peak; TC, 200 27.5 20.2 22.2 1.24 0.91 6.84 3.83

texture coefficient; RTC 101 6.29 8.67 20.0 0.31 0.43 1.71 1.81

» relative texture coefficient. 220 28.3 20.3 7.57 3.74 2.68 20.6 113

1270-E=—-1270 mV vs. Ag/

AgCl; 1600 — E= — 1600 mV 211 8.25 9.94 16.5 0.50 0.60 2.76 2.52

vs. Ag/AgCl; s — Sn standard 301 3.21 4.05 3.79 0.85 1.07 4.69 4.50
112 1.91 3.07 5.12 0.37 0.60 2.04 2.52
400 4.09 4.52 2.90 1.41 1.56 7.717 6.56
321 4.41 5.53 4.45 0.99 1.24 5.46 5.22
420 6.53 6.75 3.34 1.96 2.02 10.8 8.50
411 2.78 4.07 3.34 0.83 1.22 4.58 5.13
312 1.49 2.66 4.45 0.33 0.60 1.82 2.52
431 1.99 3.51 2.90 0.69 1.21 3.80 5.09
103 0.28 0.88 0.67 0.42 1.31 2.32 5.51
332 0.51 1.45 1.11 0.46 1.31 2.54 5.51
440 1.35 2.22 0.44 3.07 5.05 16.9 21.2
521 1.08 2.18 1.11 0.97 1.96 5.37 8.28
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Anyway, it is clear that there is a strong correlation
between the morphology and structure of synthesized Sn
dendrites. In the fern-like dendrites, Sn crystallites were
predominantly oriented in (220),(440) crystal planes. With
a contribution of orientation of Sn crystallites in these planes
between 28.4% (for the particles obtained at—3 mA cm™
with 200 mC) and 37.5% (for those obtained at— 1270 mV
vs. Ag/AgCl) relative to all other crystal planes, it is clear
that the fern-like dendrites possessed the strong (220),(440)
preferred orientation. In the spear-like dendrites and the
dendrites with prismatic branches obtained at —3 mA cm™
with 400 mC, Sn crystallites were predominantly oriented
in (200),(400) crystal planes, with a share of 45.7% in
these planes relative to all other crystal planes. Taking into
account the fact that Sn crystallites in the spear-like den-
drites and the dendrites with prismatic branches obtained
potentiostatically at — 1200 mV vs. Ag/AgCl were only
oriented in (200),(400) crystal planes, it is clear that these
shapes of Sn dendrites possessed the strong (200),(400) pre-
ferred orientation.

General discussion of the presented results

The comprehensive survey of electrolysis conditions and
morphological and structural characteristics of obtained tin
dendritic particles is given in Table 3.

The analysis data given in Table 3 confirms the strong
correlation among chronopotentiometry response, mor-
phology, and structure of electrolytically formed Sn
dendritic particles. With the cathodic potential (chrono-
potentiometry) response around — 1200 mV vs. Ag/AgCl,
the spear-like and the dendrites with prismatic ends with
the predominant (200),(400) preferred orientation were

formed. The chronopotentiometry responses above this
value, i.e., between the — 1210 and — 1740 mV vs. Ag/
AgCl, give the fern-like dendrites with Sn crystallites pre-
dominantly oriented in (220),(440) crystal planes.

The strong correlation between the morphology and
structure of Sn dendrites can be explained by various
rates of growth on various crystal planes caused by their
various surface energies [41]. For bce type of crystal
lattice, the values of surface energy (y) follow a trend:
7(110) <y(100) <y(111) [42]. This trend has as a conse-
quence the electrodeposition rates on (110), and hence
on (220) and (440) crystal planes which are smaller than
on all other crystal planes. During electrolysis process,
these planes survive constructing an interior of stalk and
branches in the fern-like dendrites, and for that reason,
these planes are denoted as slow-growing crystal planes.
All other crystal planes can be denoted as fast-growing
crystal planes, and they disappear during growth process.
The orientation of crystallites in all other crystal planes
originates from crystal growth at tips and angles of grow-
ing dendrites. With a chronopotentiometry response of
about — 1200 mV vs. Ag/AgCl, electrodeposition rate is
low enough that a crystal plane with the higher surface
energy ((100), and hence (200),(400)) can survive a crystal
growth constructing the spear-like and the dendrites with
the prismatic branches of almost monocrystalline character
of this preferred orientation.

On the basis of the presented results, it is clear that the
analysis of chronopotentiometry response obtained during
the production of metal powders by galvanostatic regime
of electrolysis represents good diagnostic criteria for a pre-
diction of shapes of powder particles (in this case, Sn) of
desired morphological and structural characteristics.

Table 3 The parameters of electrodeposition, the types of morphology, and crystal structure (preferred orientation) of Sn particles produced

under various conditions of electrolysis

The electrodeposition parameters ~ Type of morphology of Sn par-

ticles

The crystal structure (preferred orientation) of Sn particles

TC(hkI)

RTC(hkD)/%

j=-3mA cm™%; The fern-like dendrites

0=200 mC;
E=(-1210+ —1740) mV vs. Ag/

AgCl
j=-3mAcm™% The spear-like dendrites and den-
Q=400 mC drites with prismatic ends
E=(-1140+ —1210) mV vs. Ag/

AgCl

E=—1270 mV vs. Ag/AgCl The fern-like dendrites

E=—-1600 mV vs. Ag/AgCl The fern-like dendrites

E=—-1200 mV vs. Ag/AgCl The spear-like dendrites and den-

drites with prismatic ends

(440)> (220) > (103)> (521)> (40 (440) > (220)> (103) > (521)> (4

0)> (420) > (200)> (301)> (321 00)> (420)
)>(332)> (411)> (431)
(400) > (200) > (440) (400) > (200) > (440) > (220)

(220) > (440) > (420)> (400)> ( (220> (440) > (420) > (400) >

200) (200)

(440) > (220) > (420) > (521)> (40 (440)> (220) > (420) > (521)>
0)>(103)>(332)>(321)> (411 (400)
> (431)>(301)

(200) > (400)
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Conclusion

Sn dendrites were produced by galvanostatic regime of
electrolysis from the alkaline hydroxide electrolyte at a cur-
rent density of —3 mA cm™2, with amounts of the electric-
ity of 200 and 400 mC. Morphology and structure of the
produced particles were characterized by scanning electron
microscopy (SEM) and X-ray diffraction (XRD) techniques,
respectively. The chronopotentiometry response recorded at
the given current density and morphological and structural
analyses of Sn particles produced by potentiostatic regime
of electrolysis at the cathodic potentials which corresponded
to the chronopotentiometry curve were used to explain the
morphology and structure of galvanostatically obtained par-
ticles with various amounts of the electricity. On the basis
of the obtained results, it follows:

Morphology of Sn dendrites strongly depended on the
amount of spent electricity, and it was determined by
the value of cathodic potential (chronopotentiometry)
response reached during electrolysis process. The
fern-like dendrites were predominately formed with an
amount of the electricity of 200 mC, and the chrono-
potentiometry response in the — 1210+ — 1740 mV vs.
Ag/AgCl range corresponded to the formation of this
dendrite shape. The spear-like dendrites and those with
prismatic branches (or ends) were formed with spent
amount of the electricity of 400 mC. The chronopoten-
tiometry response of about — 1200 mV vs. Ag/AgCl was
responsible for the formation of these particles.

The strong correlation among chronopotentiometry
response, morphology, and structure of Sn dendritic
particles was established. The fern-like dendrites exhib-
ited the strong (220),(440) preferred orientation, while
the spear-like and the dendrites with prismatic branches
showed the strong (200),(400) preferred orientation.
The chronopotentiometry response obtained during the
application of galvanostatic regime of electrolysis rep-
resents important diagnostic criteria enabling a control
of morphology and structure of electrolytically pro-
duced Sn dendrites.

Appendix 1

Determination of the “Texture Coefficient” TC(hkl) and
the “Relative Texture Coefficient” RTC(hkl) by analysis
of the XRD data

The ratio of reflection intensity (hk/) to the sum of all
intensities of the recorded reflections, R(hkl), (in %) is
given by Eq. (1) [39]:

@ Springer

1(hk])
Zilé I(hlklll)

where [ (hkl) is a reflection intensity (hkl) plane, in cps,
and ¥ I(hk;l;) is the sum of all intensities of the recorded
reflections, in cps, for the powder being considered (in the
case of Sn, it is sixteen).

The “Texture Coefficient,” TC(hkl), for every (hkl) reflec-

tion is defined by Eq. (2):

R(hkl) = x 100 0

R(hk])

TC(hk]) = — ) )

where R (hkl) is defined in the same way as given by Eq. (2),
but is related to the standard for metal under consideration.
This coefficient gives the accurate quantitative information
about the absolute reflection intensity.

Finally, the “Relative Texture Coefficient” RTC(hkl), (in
%) is defined by Eq. (3):

TC(hkl)
.0 1C(hikl)

[Ne

RTC(hkl) = x 100 3)

The RTC (hkl) coefficient defines the reflection intensity
(hkl) relative to the standard (included in the TC values).
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