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Abstract

Tin powder is widely used in industry as a raw material for making various products. In this study, the tin powder
is prepared by electrodeposition of a mixed solution of tin chloride with a deep eutectic solvent as the electrolyte,
to investigate the impact of electrodeposition variables on the current efficiency and the tin morphology
produced at the surface of the stainless steel 316 cathode. A cyclic voltammetry test was applied to observe the
characteristics of the electrolyte solutions, and the electrodeposition experiment was applied to investigate the
impact of technological variables on current efficiency and tin morphology formed at the stainless 316 cathode
surface. Experimental findings show that in the cyclic voltammetry test, increasing the tin amounts in electrolyte
solutions from 5 to 30 g L~* increased the cathodic peak current, and the higher tin amount creates a higher
current density. While in the electrodeposition process, the cathode current efficiency increased when the
electrodeposition current was raised from 2.5 to 6.88 A dm™2 or the tin amounts in the electrolyte solution were
raised from 5 to 10 g L% Additionally, smaller tin particles were produced at a higher current density, lower
temperature, and lower tin amount.
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1 Introduction is rather challenging to produce nanoparticles [12].

Even though additional methods, such as ball milling,

The tin powder is widely used in industry as a raw
material for making various products such as a solder
paste [1], lithium batteries [2], [3], low-temperature
superconductor NbsSn [4], Cu-Sn powder alloys [5],
Sn-Sh-Cu Babbitt for sliding bearings and liners
bearing alloy [6], Mg-Sn alloys [7], Ti-Mn alloy for
biocompatible material [8], and carbon fiber-
reinforced plastics as coating material [9].

Tin metal powders are generally prepared by
various methods such as solid-state reduction,
atomization, chemical reduction, and electrochemical
deposition [10]. However, solid-state reduction and
atomization methods have some drawbacks. Solid-
state reduction produces tin powder with low purity
and high energy cost [11], while the atomization
process has a problem forming satellite particles and

were employed, they remained less efficient due to the
ductile physical properties of tin metal. On the other
hand, electrochemical deposition is an inexpensive
and versatile technique to produce fine and high-purity
tin powder in a one-stage process [13]. Various
morphology, size, and chemical composition can be
produced by adjusting temperature, electrolyte
composition, reduction potential, and reaction time.
Acidic electrolyte solutions are commonly
utilized in the tin electrodeposition by standard
methodologies. Examples of these electrolytes are
sulfuric, citric, boric, hydrochloric, and methane-
sulfonic acid [14], [15]. The formation of hydrogen
gas, which might reduce the electrodeposition’s
current efficiency, was the issue with the traditional
method [16]. In addition, acidic inorganic compounds
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are typically expensive, unbiodegradable, and
environmentally hazardous. Therefore, it is critical to
find alternative electrolytes that can address these issues.

In recent years, deep eutectic solvent (DES) has
been developed as an alternative solvent in a number
of industrial sectors due to the growing need for more
ecologically friendly operations [17]. In the
lignocellulose biorefinery process, DES is utilized as
a solvent to provide a green solution to the recalibrated
issue [18]. In the metallurgy process, DES is
employed as an electrolyte in electrodeposition, metal
extraction, or recycling processes [19]. DES is a liquid
consisting of hydrogen bond acceptors and donors
[20]. DESs offer some advantages, such as high
conductivity, wide operation temperature ranges, and
nontoxicity, making them suitable for metal alloy
deposition. Choline chloride-based DES has been
widely used in the metallurgy field and is available in
many combinations, such as ethylene glycol, urea,
oxalic acid, and malonic acid. The combination of
choline chloride and ethylene glycol is preferable due
to its properties, which have the lowest viscosity and
highest electrical conductivity, broad electrochemical
window, biodegradable, and environmentally friendly
[20], [21]. Therefore, it is selected in this current
research as an electrolyte solution in the tin powder
preparation using the electrodeposition method.

DES was employed in several research projects
to precipitate metal from the solution.  Silver
microparticles can be produced electrochemically in
DES electrolytes, as demonstrated by silver
electrodeposition on the platinum electrode in a DES
containing choline chloride-ethylene glycol and
choline chloride-urea [22]. It was also applied in a
sequential separation process to extract lithium,
nickel, and cobalt from lithium-containing batteries
with recovery efficiencies of 99.9%, 96.5%, and
98.1% serially [23]. Moreover, antimony powder with
a specific form and size was prepared from the mixed
solution of antimony chloride by adjusting some
electrodeposition parameters in the electrodeposition
process using DES containing choline chloride-
ethylene glycol [24]. Not only antimony but also
good-quality copper, indium, nanocrystalline Fe-Cr
alloys, and zinc were produced by this process [21],
[25]-{28]. Furthermore, some metallic substrates were
used in electrochemical deposition using DES
containing choline chloride-ethylene glycol. Indium
can be successfully deposited on tungsten and copper
electrodes [25], and zinc and zinc-tin alloy coating

were successfully plated on a 1020 carbon steel
substrate [27].

Process variables, including current density,
temperature, the amount of metal in the electrolyte, the
pH of the electrolyte solutions, and electrode
materials, could affect the shape of the deposited
material that was generated on the cathode surface
during the electrodeposition process [29], [30].
However, there is a lack of research on producing fine
tin powder, primarily on the effects of technological
process variables on the current efficiency and the
morphology of tin deposited on the stainless 316 (SS
316) cathode. Therefore, the research aims to
investigate the impact of the electrodeposition process
variables on the current efficiency and morphology of
tin deposited on the SS 316 cathode. This research
highlighted the influence of process parameters for the
tin electrodeposition, particularly the effect of
temperature, tin concentration, and current density on
the tin powder morphology, which is essential to
designing tin powder-based products for various
applications.

2 Materials and Method
2.1 Materials

The tin metal plate with a purity of 99.9 % and the SS
316 plate were respectively used as raw material for
the anode and cathode in the electrodeposition
experiment. The size of the tin plate was 1 cm thick, 2
cm wide, and 2 cm high. The size of the SS 316 plate
was 2 mm thick, 2 cm wide, and 2 cm high. Before the
experiment, the surface of the tin plate and SS 316
plate were polished, then washed with demineralized
water and dried.

The chemicals used for the experiment were
from Merck, i.e., choline chloride, ethylene glycol,
and tin chloride dihydrate.

2.2 Method

Figure 1 shows the flow chart for the experiment. The
electrolyte solution was prepared by mixing 1 molar
choline chloride and 2 molar ethylene glycols in a
beaker glass until colorless and homogenous
electrolyte solutions were achieved. After that, a
certain concentration of tin chloride was added to the
mixed choline chloride-ethylene glycol.

This study involved two experiments. The
voltammetry test was the first to characterize the
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electrolyte solution, and the electrodeposition test was
the second to investigate the impact of the
electrodeposition  process variables, such as
temperature, the tin concentration in the electrolyte
solution, and current density on the shape of the tin
powder produced at the SS 316 cathode surface and
the current efficiency. All electrolytes used in this
electrodeposition study were DESs containing choline
chloride and ethylene glycol with a molar ratio of 1:2.

The experiment wused Scanning Electron
Microscope (SEM) and Atomic Force Microscope
(AFM) to observe the morphology of the tin deposit
formed at the SS 316 cathode surface.

CHOLINE CHLORIDE - ETHYLENE GLYCOL
pray —F——MIXIT\G (EG)

MIXED SOLUTION
(CH+EG)

SnCl, MIXING

ELECTROLYTE
SOLUTION

VOLTAMMETRY TEST ELECTRODEPOSITION TEST

Sn (5; 10; 20;30) g L
T (30; 65)°C

i(2.55; 3.13; 3.75; 4.38; 5.63; 6.28; 6.88) A dm™
Sn (5; 10; 20;30) g Lt
T (305 45; 55; 65) °C
* CURRENT DENSITY CALCULATION
¢+ MORPHOLOGY OBSERVATION:
(SEM; AFM)

Figure 1: Flowchart for experiment.

3 Result and Discussion

3.1 Cyclic voltammetry of tin chloride in DES of
choline chloride-ethylene glycol system

Referring to Bard AJ, cyclic voltammetry could be
used to investigate the impact of electrolyte solutions
and temperature on electron transfer during the
electrodeposition process [31]. In this experiment,
three conventional electrode systems were used in the
Auto lab PGSTAT 302 N’s cyclic voltammetry
experiment to characterize electrolyte solutions. These
electrodes included a working electrode made of 2 mm
diameter of SS 316 wire, a counter electrode made of
2 mm diameter of platinum wire, and an Ag/AgCI
electrode with KCI 3 mol/L serving as the reference
electrode. These three electrodes were dipped in
electrolyte solution in glass containers that contained
tin from 5 to 30 g L* and DES. The cyclic
voltammetry test of the electrolyte solution was

conducted at 30 °C with a scanning rate from 20 to 40
(mV s™).

Figure 2 represents a cyclic voltammetry curve
of the electrolyte solution of mixed tin chloride and
DES with a tin concentration of 0.1 g L™ at a
temperature of 30 °C for scan rates of 20 (black line),
30 (red line), and 40 mV st (blue line). This figure
illustrates that the beginning of tin reduction occurs at
a potential of —0.47 V, and the cathodic peak was
observed at approximately —0.69 V, which is in good
agreement with the experimental data observed by
Rosoiu et al., during the electrodeposition of ternary
Sn-Cu-Ni alloys [32]. Anodic peak potential was
observed at approximately —0.38 V, signifying the
dissolution of Sn to Sn?*. This is consistent with the
findings of Vieira et. al., during the electrodeposition
of tin, bismuth, and tin-bismuth alloy from
chlorometalate salts in DESs [33] and oxidation of
Sn?* to Sn** at the potential of around 0.01 volt.
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Figure 2: Voltammogram of electrolyte solution with
Sn 0.1 gL™! at temperature 30 °C, scan rate 40 mV s
(blue line); 30 mV s™! (red line); and 20 mV s™' (black
line).

3.1.1 Cathodic sweep voltammetry at a variety of Sn
amounts

The cathodic sweep voltammetry test at various tin
amounts was carried out on electrolyte solutions
containing tin 5 to 30 g L™ with a scanning rate of 40
mV st at 30 °C. The result in Figure 3 shows that the
increase of the tin amount in the electrolyte solution
causes the tin reduction potential to shift towards a
positive potential, and the solutions with tin amounts
of 30 g L™* have a higher cathodic peak current than
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those with a lower tin amount. The higher tin-amount
electrolyte provides a higher electron transfer rate and
raises the current density at the cathode surface. This
experiment result indicates that the increase of tin
amount in the electrolyte solution improves the
supplement of the ions during the cathodic discharge
process [34] and encourages the reduction of Sn?* to
metallic tin.
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Figure 3: The cathodic sweep voltammetry of
electrolyte solutions with various tin amounts at a
scanning rate of 40 mV s~ ' and temperatures of 30 °C.

3.1.2 Cathodic sweep voltammetry at various electrolyte
temperatures

The cathodic sweep voltammetry was conducted on an
electrolyte solution containing 10 and 30 g L™ of tin
in DES. It was carried out towards a negative potential
with a scan rate of 40 mV st at 30 °C and 65 °C. We
choose this temperature condition to make it suitable
for the condition of the electrodeposition experiment.
As it is known that temperature plays an important role
in the electrodeposition  process, increasing
temperature can increase solution conductivity and
decrease electrolyte solution viscosity [35]. High
conductivity causes low energy consumption, while
low viscosity causes better ion mobility. At
temperatures above 65 °C, it is possible that excessive
evaporation of electrolyte solution will occur.

The results of an experiment in Figure 4 show
that raising electrolyte temperatures from 30 to 65 °C
causes the tin reduction potential curves to shift to a
more positive potential and create a higher current
density. This phenomenon might be triggered by the
increase in the electrolyte temperature, which reduced
the electrolyte solution’s viscosities, created a more

efficient mass transfer rate, increased electrical
conductivities, and raised cathodic peak current. The
same tendency was observed by Cao et. al., during the
voltammetry study of SnCl, solution in the choline
chloride-urea DES system, using tungsten as the
electrode material at temperatures of 50-80 °C, which
shows the reduction peak potential of Sn ion shifted to
a more positive value and cathodic peak current
increases as the temperature increased [36]. Jiacheng
et. al., studied the effect of temperature on peak
current density using cyclic voltammetry of a mixed
electrolyte solution of DES containing tin chloride,
silver sulfate, and copper chloride, which showed the
peak current density rose when the temperature was
increased from room temperature to 80 °C [37]. Also
Wang et al., who prepared a nanocrystalline Fe-Cr
alloy coating by electrodeposition in DES, which
shows the reduction current density increased as the
electrolyte temperature increased [28].
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Figure 4: The cathodic sweep voltammetry of
electrolyte solutions with varying amounts of tin: (a)
10; (b) 30 g L' at 30 °C and 65 °C.
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3.2 Impact of electrodeposition variables on current
efficiency

In the electrodeposition  experiment, the
electrodeposition cell was filled with electrolyte
solutions that contained tin chloride and DES. The tin
and SS 316 plates were immersed in the electrolyte
solution of the electrodeposition cell. The SS 316
serves as a cathode, and the tin plate serves as the
anode. The distance between the tin metal anode and
the SS 316 cathode was 3 cm. Direct current flowed
from the rectifier into the electrodeposition cell
through these two electrodes at a specific current
density. As a result of the existence of a direct electric
current, the tin ions dissolve from the tin anode
following reaction equation 1, and then at the cathode
area, the tin ions are reduced to tin metal powder
following reaction Equation (2).

At Anode Sn - Sn2* + 2e 1)

At Cathode : Sn** 4 2e = Snpowder) 2

The current efficiency is calculated by Equation
(3), and the W+ in Equation (3) is calculated by
Equation (4),

E=W,/Wz) X 100% (3)
Wr = (Mg, X I X t)/(NF) (4)

where current efficiency is symbolized by E; Wa is the
actual mass of tin powder created on the surface of SS
316 cathode; Wr is the theoretical tin weight
determined applying Faraday’s law; Mg, for the
weight of tin atomic (118 g/mole); | symbolize for
current (ampere); t for time (seconds); N number of
movable electrons per atom tin, and F for Faraday
constant (96.487 Coulomb/mole).

3.2.1 Impact of applied electrodeposition current
The impact of the applied electrodeposition current on
the cathodic current efficiency was observed in an
electrolyte solution containing tin of 20 g L™ in DES
at a temperature of 30 °C. The experimental results in
Figure 5 show that increasing the applied
electrodeposition current from 2.5 to 6.88 A dm™
leads to an increase in the current efficiency from 75%
to 95.5% due to the anodic surface to bulk solution tin
amount differences rising with increased applied

electrodeposition current, promoting the transfer of tin
ion metal from the anodic surface to the bulk solution.
Concurrently, the cathodic over potential rises with
the increase of applied electrodeposition current,
stimulating the tin ion discharge and reduction rate at
the surface of the cathode and increasing the current
efficiency [22].
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Figure 5: Impact of applied electrodeposition current
on current efficiency at a temperature of 30 °C.

3.2.2 Impact of Sn amount in electrolyte solution
The impact of a tin amount in electrolyte solutions on
the cathodic current efficiency of the electrodeposition
process was observed in the electrolyte solution that
has a tin amount of 5 to 30 gL in DES, a temperature
of 30 °C, and an applied current density of 5.6 A dm™,
This current density was chosen because it produced
more small-size tin powder particles; approximately
33.83% of tin powder with a particle size smaller than
270 mesh was produced at this current density, while
for other current densities, the amount of tin powder
with a particle size smaller than 270 mesh was less
than 33.83%. The results of the experiment in Figure
6 show that increasing a tin amount in the electrolyte
solutions from 5 to 10 g L™ increases the current
efficiency of electrodeposition from 72.7 to 95.3% due
to a high tin amount in electrolyte solutions. This
stimulates a large supply of tin ions around the surface
of the SS 316 cathode, increases the tin reduction, and
peak current, as it is supported with the cathodic sweep
voltammetry data presented by Figure 3. It is observed
that the current density increases, and the tin reduction
potential shift to positive potential as the tin amount in
the electrolyte solution increased owing to a large
supply of the tin ionic species at the cathode surface.
A higher tin amount in the electrolyte solution
encourages tin reduction at the cathode surface and
increases the current efficiency.
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Figure 6: Impact of tin amount in the electrolyte on
current efficiency.

3.2.3 Impact of temperature

The electrolyte temperature’s impact on the
electrodeposition process’s current efficiency was
investigated in the mixed solution of tin chloride and
DES, containing 10 and 30 g L™ of tin, as an
electrolyte solution at a current density of 5.6 dm? for
one hour. The experiment’s result in Figure 7 shows
that in an electrolyte solution with a tin amount of 10
g L™, increasing electrolyte temperatures from 30 to
65 °C creates an almost constant current efficiency.
However, in an electrolyte solution with a tin amount
of 30 g L™, increasing the temperature from 30 to 55
°C increases the current efficiency. This is because the
electrolyte solution’s conductivity rises, and the
viscosity decreases with temperature [35], which
increases the amount of Sn (1) ions that are available
to reach the surface of the cathode. The diffusion law
of Stokes-Einstein states the diffusion coefficient is
inversely proportional to viscosity [38]; therefore,
increasing in temperature increases the diffusion of
ionic tin to the surface of the cathode, which then
creates higher current efficiency. This result is in line
with the data of cathodic sweep voltammetry at a
variety of electrolyte temperatures in Figure 4b, which
shows that the increase of electrolyte temperature
shifts the tin reduction potential toward the positive
potential and increases the current density at the
surface of the cathode, which stimulates the tin
reduction, and increase current efficiency. Karar et al.,
noticed a similar tendency during the bismuth
electrodeposition, which the cathodic and anodic
current density increased with temperature [39].
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Figure 7: Impact of electrolyte temperature on current

efficiency.

3.3 Tin morphology at the surface of the SS 316
cathode

The tin deposited on the surface of the SS 316 cathode
was analyzed by SEM and AFM to observe the impact
of electrodeposition process variables on the tin
morphology formed at the surface of the SS 316
cathode.

3.3.1 Morphology observation by SEM

A small quantity of tin powder metal produced by the
electrodeposition process was placed on the sample
holder with the help of a double-tape carbon adhesive
for SEM analysis. The tin-contained sample holder
was then put into the sample chamber room of the
SEM for morphology analysis. JEOL JSM - 6390 A
type was used in this experiment. Figure 8 shows the
tin morphology formed at the surface of the SS 316
cathode, produced by the electrodeposition of the
electrolyte solution containing 20 g L™* of tin in DES
at 30 °C for a one-hour electrodeposition process with
current densities of 3.1 A dm™2and 4.4 A dm™2. Figure
8 illustrates how increasing the electrodeposition
current density from 3.1 A dm=2to 4.4 A dm leads to
a change in the morphology of tin powder metal
particles from larger to smaller particles. The increase
in electrodeposition current led to an increase in the
anodic overpotential, which accelerated the tin
dissolution rate from the tin anode surface, creating a
higher amount of ionic tin near the surface of the
anode. This ionic tin should diffuse through the
electrolyte solution before it reaches the surface of the
cathode side, creating the diffusion-controlled
process. At the same time, the cathodic overpotential
increases, resulting in a reduction in free energy and
critical nucleation radius, which has an impact on
accelerating the grain nucleation rate and creating a
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smaller tin particle size. The same phenomenon was  particle size becomes smaller when the deposition
observed by Zhou et al., during bismuth electrodeposition  potential increases [40].
from an alkaline electrolyte, which shows that the

Figure 8: SEM image of the tin powder produced with electrodep03|t|on of 20 gL' tin electrolyte solution at
30 °C for 1 hour, current density: (a) 3.1 Adm~2and (b) 4.4 Adm™.

Figure 9: The t|n powder morphology produced by one hour electrodeposmon process of electrolyte with a tin
amount of 10 g L' in DES and current of 5.6 A dm™2 at temperature: (a) 45 °C: (b) 65 °C.

;O kv \x1,00‘0' 16_um 0000 11 36 SEI‘ 20 kV x1,000 10pm OOOOK 1130 SEI
Figure 10: SEM image of tin powder morphology produced at 30°C, current of 5.6 A dm™ for 1 h
electrodeposition process in an electrolyte solution with Sn amount: (8) 5g L', (b) 10g L™, and (c) 30 g L.

20 kV x1,000 10pm 0000 n 30 SEI

The tin powder morphology formed at the SS  electrolyte solutions with a tin amount of 10 g L™ in
316 cathode surface also changed when the electrolyte  DES at temperatures 45 and 65 °C for a one-hour
temperature was changed. Figure 9 illustrates the electrodeposition process at a current density of 5,6 A
morphology of tin powder produced from the dm™. The SEM micrograph shows that the tin powder
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particle size formed at the SS 316 cathode surface
depends on the electrolyte temperature. The tin
particle size formed at 65 °C (Figure 9(b)) was larger
than that at 45 °C (Figure 9(a)). When the electrolyte
temperature was increased, the electrolyte solution
viscosity decreased and the electrolyte solution
conductivity increased [35], leading to the diffusion
process of tin ions being accelerated, the supply of tin
ions at the surface of the cathode being faster,
increasing the current density and shifts the tin
reduction potential towards the positive potential as
shown in Figure 4, and therefore increasing the
electrodeposition temperature enhanced the tin
reduction and enlarges the tin particle size formed at
the cathode surface.

The impact of tin amounts in electrolyte
solutions on the tin morphology produced at the
surface of the SS 316 cathode was observed by SEM.
The result in Figure 10 shows that at a temperature of
30 °C and a current density of 5.6 A dm™2 for a one-
hour electrodeposition process, the tin powder
particles size produced from the electrolyte solutions
with a tin amount of 5 g L™ (Figure 9(a)) is smaller
than that produced in either 10 g L™ (Figure 10(b)) or
30 g L (Figure 10(c)). This result of SEM
observation was supported by the cathodic sweep
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voltammetry data in Figure 3, which illustrates that the
electrolytes with a higher amount of tin create a higher
reduction current density and shift the tin reduction
potential towards the positive potential. As a
consequence, increasing the tin amounts in the
electrolyte solution leads to raising the electron
transfer rate and promotes the reduction of Sn(ll) at
the cathode surface, stimulating the formation of a
compact morphology of tin powder particles with
larger particle sizes. The same tendency was observed
by Kulcsar et al., which shows a larger crystal was
produced during the tin electro-refining process in
chloride solution as the tin in electrolyte solutions was
higher [41], and research by Alexey et al., which
shows the average size of the tin in Arc Discharge
nanomaterial increased as the tin amount increased [42].

3.3.2 Tin powder morphology observed by Atomic
Force Microscope (AFM)

AFM imaging was conducted using the Park NX10
instrument. The tin-coated SS samples were affixed to
a 2-cm-diameter sample holder with double-sided
tape. The samples were then placed in the instrument,
where imaging was performed in non-contact mode
using an AC160TS cantilever.
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Figure 11: Two-dimensional map (i), three-dimensional AFM images (ii), and section analysis (iii) of tin powder
morphology produced from a one-hour electrodeposition process in an electrolyte solution with tin amount of
20 g L™"in DES at 30°C, current density: (a) 5.6 A dm2and (b) 3.8 Adm™2.
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Figure 12: Two-dimensional map (i), three-dimensional AFM images (ii), and section analysis (iii) of tin powder
sample obtained by one-hour electrodeposition of electrolyte solution with tin amount: (a) 5g L 'and (b) 10 g

L' in DES at 30°C, current density 5.6 A dm2.

Figure 11 shows the two-dimensional map
(figures on the left side), three-dimensional AFM
images (figures in the middle), and section analysis of
the tin powder morphology (figures on the right side)
produced from a one-hour electrodeposition process
of electrolyte solution containing 20 g L' tin in DES
at 30 °C, current density 5.6 A dm~2 and 3.8 A dm2,
The roughness analysis reveals that the tin particle
height generated at the electrodeposition current
density of 5.6 A dm~2 (Figure 11(a)) is shorter than the
particle height generated at the electrodeposition
current density of 3.8 A dm™2 (Figure 11(b)). The two-
dimensional map and three-dimensional AFM image
in Figure 11 also show a tin powder with a smaller
crystal structure was generated at an electrodeposition
current of 56 A dm™= However, when the
electrodeposition current was decreased to 3.8 A dm2,
a larger crystal structure of tin powder was produced.
This result of observation by AFM is consistent with
the result of observation by SEM in Figure 8, which
shows that the morphology of tin powder produced at
a higher current density process creates a smaller
crystal structure than the tin powder produced at a
lower current density.

Figure 12 illustrates the morphology change of
the tin metal powder particles produced at different tin
amounts in the electrolyte solutions. The figure shows
the two-dimensional map, three-dimensional AFM

images, and section analysis of the tin powder
morphology produced by a 1-hour electrodeposition
process of the tin chloride in the DES, with the tin
amount of 5 and 10 g L. The electrodeposition
experiment was conducted at 30 °C with an
electrodeposition current density of 5.6 A dm™. The
roughness analysis shows that the height of tin
particles produced in the electrolyte solution with a tin
amount of 5 g L™ (Figure 12(a)) is shorter than that in
10 g L™ (Figure 12(b)). The figure also shows that the
crystal size of tin powder produced in the electrolyte
solution with a tin amount of 5 g L™ has a smaller
crystal size than that in a tin amount of 10 g L™*. Figure
12 indicates that the morphology of tin particles was
affected by the tin amount in the electrolyte solutions;
the lower amount of tin in electrolyte solutions creates
smaller tin particle size, and the higher amount of tin
in electrolyte solution creates a larger particle size.
The AFM observation is consistent with the result of
observation by SEM in Figure 10, which illustrates
that the larger crystal size of tin powder was produced
in the electrolyte solution with a higher tin amount.
Figure 13 shows the two-dimensional map,
three-dimensional AFM images, and section analysis
of a tin-deposited material formed at the surface of the
SS 316 cathode produced by a one-hour
electrodeposition process of electrolyte solution with
atin amount of 10 g L™* in DES at a current density of
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5.6 A dm and temperature of 30 and 55 °C. The
roughness analysis shows that the morphology of tin
deposited at 30 °C (Figure 13a) has a shorter height of
roughness with a smaller crystal size, while the
morphology of tin deposited at 55 °C (Figure 13(b))
has a higher height of roughness and a larger crystal
form. This result of observation with AFM is
consistent with the result of observation by SEM in
Figure 9 which shows that the morphology of tin
powder produced by the electrodeposition process at

higher temperatures has a larger crystal form compared
to lower temperatures. This is caused by the
electrolyte solution viscosity decreasing and the
conductivity of the electrolyte solution increasing
when the electrolyte temperature was increased [35],
leading to diffusion of tin ions, the supply of tin ions
at the cathode surface faster, the reduction current
density increased and the reduction potential shifts to
positive potential as shown by Figure 4, creating a
larger crystal size of tin.

(a.i) (a.ii) (a.iii)
nm
500 800
500
250 555 E 400
=
[1] 0 f" 0
ﬂ)
-250 -250 I -400
500 -500 0 1 2 34 5
Distance (um)
(b.i) (b.ii) (b.iii)
pm =
0.8
2 o8 | 1000
0.4 n 0.4 'g
ofle~ 0 T o o
S < \} \J\
04 & -0.4 g
I -1000
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08 = 2 16 1,
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0 04 08 1.2 16 2
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Figure 13: Two-dimensional map (i), three-dimensional AFM images (ii), and section analysis (iii) of a tin
powder sample produced by a one-hour electrodeposition process of electrolyte solution with a tin amount of 10
g L™ in DES at a current density of 5.6 A dm™2 and temperature of 30 °C (a) and 55 °C (b).

4 Conclusions

Tin powder preparation by electrodeposition of tin
chloride has been done in a choline chloride-ethylene
glycol deep eutectic solvent. The impact of the
electrodeposition process variables on the current
efficiency and morphology of tin deposited on SS 316
electrodes has been observed. The result of the
experiment leads to the conclusion that
electrodeposition current, temperature, and tin
amounts in electrolyte solutions affect the current
efficiencies and the tin morphology.

Raising the temperatures from 30 to 65 °C
decreases the electrolyte solution viscosity and

increases the electrolyte solution conductivity, which
accelerates the diffusion of ionic tin from the anode
side to the cathode side, increases the tin supply at the
cathode surface, creates a higher charge transfer rate
at the cathode surface, produces high current
efficiency, and creates larger particles of tin metal
powder. Raising the tin ion amount in electrolyte
solutions from 5 to 30 g L' causes abundant ion
supply to the cathode surfaces, increases the charge
transfer rate at the cathode surface, promotes the
reduction of Sn?* at the cathode surface, produces tin
powder with a larger particle size, and increases the
current efficiency.
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