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Abstract- The tin electrodeposition in an acidic sulphate solution is reported. Electrochemical
techniques (chronoamperometry, cyclic and linear voltammetry) are used to find out some
kinetic parameters that govern the tin electrodeposition process while scanning electron
microscopy (SEM) is used to explore the morphology of the coating. The influence on the tin
electrodeposition of certain experimental parameters such as tin ion concentration, potential
scan rate and deposition current density are described. Sharifker—Hills and Palomar Pardavé
models are used to investigate the nucleation process of tin. It is found that the tin and proton
reductions occur simultaneously. Dimensionless current-time transient related only to the tin
reduction reaction fits well the theoretical transient for instantaneous mechanism nucleation.
The diffusion coefficient has been determined by various electrochemical techniques and is
found to be between 6.24x10°¢ and 7.4x10 cm?s!. iy the exchange current density value is
0.0023 A/cm? and the charge transfer coefficient ac is approximately 0.5. It is also noted that
the deposition current density affects the morphology of the deposited tin.
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1. INTRODUCTION

Nowadays, pure tin electroplating has become the most popular surface coating process for
lead-free components because of the regulatory restrictions, which impose limitations on the
use of lead-containing materials. Tin is non-toxic and readily available. It has good soldering
properties and high corrosion resistance [1,2]. These desirable properties make the application
of tin suitable in a wide range of fields such as the electronic, electrotechnical, and food
processing industries [3-7]. More recently, the electrodes containing tin electroplated, used as
anodes in lithium-ion batteries, have yielded promising results [8-11].

In general, the tin deposit is obtained from acidic stannous sulphate or methane sulfonic
acid (MSA) based electrolytes [12,13]. MSA has had a lot of success in the last decade because
it has low corrosivity and a low oxidation rate to stannic ions [14,15].

Recently, growing interest has been given to the electrodeposition from the acid sulphate
solution in particular for the future generation of electronic components [16-19]. Without
organic additives, the tin film obtained from acidic electrolytes is dendritic. Despite the
considerable number of studies about tin electrodeposition, little attention has been paid to
study the solutions without additives because most research has focused on suppressing
dendrite formation by adding organic additives to the plating solutions. Recently, dendritic tin
electrodeposited has shown encouraging results as electrodes for electrochemical reduction of
carbon dioxide [20-23].

The aim of the present study is to investigate the electrodeposition tin from an acidic
sulphate solution and find out the effects of some experimental parameters on the tin
electrodeposition reaction and on the morphology of the deposit. To accomplish this study,

voltammetric, chronoamperometric and SEM techniques are used.

2. EXPERIMENTAL

The electrochemical experiments are carried out in a conventional, three-electrode cell. The
reference electrode is a saturated calomel electrode (SCE). Pt wire is the counter electrode. The
working electrode is a copper disk with a surface area of 0.28 cm?. The electronic system used
throughout the experiments consisted of a VoltaLab potentiostat/galvanostat, Model PGZ 100,
interfaced with a microcomputer, running voltamaster 4 Software. Analytical grade reagents
are used in the studied solutions. All experiments are performed at room temperature (25 °C).
The pH of the solutions is 2. The SEM observations are made with a scanning electron
microscope LEO 1530 FEG kind.

3. RESULTS AND DISCUSSION
3.1. cyclic voltammetry study

Figure 1 shows the cyclic voltammogram recorded in solution containing 0.14 M SnSO4
and 0.56 M H2SO4 on copper electrode at 10 mV/s from -350 mV to -600 mV/SCE. As can be
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noted, in the direct scan no electrochemical activity is observed before -460mV/SCE. Then a
single cathodic peak is observed at around -494 mV/SCE. This peak corresponds to the
reduction of Sn** into Sn metal that occurs in a single two-electron step [24-26] as described

in equation 1:
Sn?* +2¢"— Sn (1)

As potentials become more negative, a plateau current appears indicating that the reduction
of Sn" is controlled by the diffusion of tin ions. A further rise in the potential toward the
cathodic side leads to an increase in the cathodic current because of the hydrogen evolution,
which is associated with stannous ion reduction. The cathodic current recorded during the
reverse sweep is higher than for the forward scan. This could be associated with the increase
of the active surface area due to the formation of dendritic deposit according to the results that
will be presented below. In addition, an anodic peak is observed at around -385 mV,
confirming the single two-electron oxidation step to stannous ion of the tin formed during the

cathodic scan according to equation 2 [24].
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Fig. 1. Cyclic voltammogram of Sn deposition on Cu electrode at a scan rate of 10 mV s™!in
solution containing 0.14 M of SnSO4and 0.56 M of H2SO4. Cathodic peak current densities I
vs. the square root of the scan rates \Ju and cathodic peak potential vs. Ln( Ipc) are plotted in

the insets

This could be associated with the increase of the active surface area due to the formation
of dendritic deposit
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To examine whether the charge transfer in the system under study corresponds to a
reversible or irreversible reaction, the diagnostic criteria for a reversible process predicted by

cyclic voltammetry theory are used at 25 °C (Eq. 3 and Eq. 4) [27,28]:

|Epe — Epe /2| = 22 = 28.25 (mV) 3)

59
|Epe — Epa| = = =29.5 (mV) 4)

Where, E,. and E), are the cathodic and the anodic peak potential respectively, Epc /Zthe

half cathodic potential and n = 2 is the number of electrons involved in the rate-determining
step.

Table 1 presents some parameters relative to the voltammograms recorded at different scan
rates. The table shows clearly that the obtained values significantly exceed the quantities
characteristic of a reversible process. Furthermore, Sn?*/Sn does not fulfil the diagnostic tests
for a quasi-reversible system, which state that I, and I, are equal [29] and that I,. is not
proportional to /v [27]. In fact the inset graph in Figure 1 shows a good proportionality
between [, and V.

Equations 5 and 6 [27,28,31] may be used as diagnostic criteria for irreversible reaction.

_ o _RT nFSCo\ _ RT
By = E” — o in (447572) — o in(1,) (5)
48
EPC - Epc/2| - nac ©)

In these equations E? is the formal potential, a, is the cathodic charge transfer coefficient,
F is the Faraday constant, C,, is the bulk concentration of Sn?*, k? is the heterogeneous electron
transfer rate constant, S is the electrode surface and R is the gas constant.

The inset graph in Figure 1 exhibits a linear relationship between E, and Ln(I,) as expected
by equation 5 for an irreversible system. Hence, Sn**/Sn is an irreversible system in our
experimental conditions. Such behaviour was mentioned in the reference in slightly different

condition [24,30,31]. From the slope of the curve, we found a = 0.5.

Table 1. Some parameters of cyclic voltammograms at different potential scans

Scan rate Epc Epc/2 Ipc Epa Ipa I Epc'Epa Epc/Z'Epc

(mV/ S) (mVSCE) (mVSCE) (mA/ sz) (mVSCE) (mA/ sz) pa/lpe (mVsc];) (mVSCE) e
20 -497 -450 12.85 -382 38.73 3.01 -115 46 0.51
40 -501 -452 16.87 -373 44.33 2.63 -128 49 0.49
60 -507 -461 19.58 -366 46.13 2.36 -141 46 0.52
80 -510 -464 21.89 -364 49.74 2.27 -146 46 0.52

100 -513 -466 24.30 -358 51.64 2.13 -155 47 0.51
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Table 1 gives the values of a, obtained from equation 6 at different scan rate. As it can be

seen, a. is found to be approximately 0.51+0.01. The obtained @, values are quit and are in
line with the value mentioned in the bibliography [32].

3.2. Potentiodynamic measurements

Figure 2 shows the potentiodynamic curve recorded for tin deposition at a copper disk

electrode at 2 mV S°'. The rate of Sn(II) reduction may be quantitatively described by the
kinetic equation 7 [33]:

. . agnF [Sn“]s acnF

L=l [exp( RT 77) ™ snzty, EXP (_ RT 77)] (7
I

with S 1— — ®)

where [Sn?'], and [Sn?*]; are respectively the bulk and the surface concentration of Sn*.

11im 1s the current limit density, io the exchange current density, n is the overpotential and «a,
is the anodic charge transfer coefficient.
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Fig. 2. Comparison of experimental and fitting data using a non-linear fitting with equation 7

obtained from the electrolyte Composed of 0.14 M SnSO4 and 0.56 M H>SOs4. at
v=2mV s’! for copper electrode

To evaluate the parameters io, and . the nonlinear curve fitting from origin Pro 9.1 was
used to fit the experimental voltammogram to equation 7. We found ip = 0.0023 A/cm? and
0.=0.5. The a, value is similar to that found above.
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3.3. Effect of Sn?* concentration

Figure 3 gives the voltammograms obtained at different concentrations of stannous ions.
This figure shows that the current density increases with increasing the concentration of the
electroactive space. Furthermore, the potential range, within which the cathodic current

remains constant, decreases as the concentration of Sn?* increases.
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Fig. 3. Linear voltammogram of Sn deposition on Cu electrode in solution containing 0.56 M

of H2SO4 and different concentrations of tin ion. Peak current densities (jp) vs
tin ion concentrations are plotted in the inset

Indeed, at a low concentration, a uniform film formed of a high number of small nuclei is
electrodeposited [34] during the scan of the potential. Therefore, the area of the electrode active
surface remains constant. On the other hand, the rise in the current density observed in high
concentration solutions is related to the fact that when the concentration increases, the deposit
becomes dendritic. As a result, the real active surface of the electrode increases substantially.

The reduction peak current for an irreversible system is given by equation 9 [27,28,31]:

I, = —2.99x10°n(a.n)**SD%*v%>C )

where D and v represent diffusion coefficient and scan rate.

The inset graph in Figure 3 shows the curve that connects the peak current density I, to the
concentration of tin ion C. I, and C are deduced from Figure 3. The graph exhibits good
linearity (R?>= 0.9949) between I, and C according to the equation 9. The D value is estimated
from the slope of the curve. D is found to be approximate 6.5x10 cm?s!.



Anal. Bioanal. Electrochem., Vol. 13, No. 2, 2021, 160-175 166

3.4. Surface morphology

The morphology of tin films electrodeposited at -10 and -30 mA/cm? from solution
containing 0.14 M Sn?* and 0.56 M H>SO4 at 2000 tr/mn was studied by SEM. Figure 4 displays
the effect of the current density on the morphology of the deposit. At low current density (-10
mA/cm?), the deposit shows the formation of a dendritic deposit (Fig. 4a). While at a high
current density, (-30 mA/cm?) dendritic and porous film is electrodeposited (Fig. 4b). The
porosity of the deposit is due to the hydrogen evolution. In fact, porous deposits are the
consequence of the incorporation in the crystal lattice of hydrogen bubbles due to the formation
of'the H» at higher current densities. As can be seen, the dendritic aspect of the coating provides
an additional active surface for the electrochemical reactions. These findings are in good

agreement with the results obtained by the voltammetry studies shown in Figure 3.

Fig. 4. Morphology of tin electrodeposited on copper electrode from 0.14 M SnSO4 + 0.56 M
H 2S04 at Q = 2000 rpm (a): [ =— 10 mA ¢cm and (b): [ = — 30 mA cm?
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3.5. Chronoamperometry and nucleation modeling

In order to study the nucleation mechanism in the early stages of Sn electrodeposition,
chronoamperometric experiments are carried out in solution containing 0.14 M Sn?* and
0.56 M H2SOs. The transient currents are obtained by stepping the cathode potential from the
open-circuit potential to different potentials (-500, -540 or -580 mV/SCE).

During a short duration, the current-time transient curves (Fig. 5) show an increase in
current caused by the nucleation and growth of tin particles. After reaching the maximum, the
current decreases because of the diffusion of the tin ions from the bulk solution towards the
electrode surface. Such a feature characterizes a three-dimensional nucleation and growth
process occurring under the diffusion control.

0.05F
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ty (A/cm?)
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Current densi

0 20 40 60 a0 100
Time (s)
Fig. 5. Chronoamperometric curves for tin deposition on copper electrode at different
potentials in solution containing 0.14 M of SnSO4and 0.56 M of H2SO4

Figure 6 presents i versus t'? plots at different potentials. The linear dependence of i on
t2, observed in Figure 6 denotes that the tin electroreduction is controlled by diffusion. While
the presence of the current density intercept at the ordinates points out the hydrogen evolution
contribution to the overall current.

In order to determine the kind of nucleation mechanisms, the model developed by
Scharifker and Hills [35] is used. In this model, the Instantaneous nucleation, which follows
the equation 10 [35,36], corresponds to the immediate formation of all nuclei once the potential
step is applied. While, the progressive nucleation, characterized by the equation 11 [35,36],
describes the phenomenon of the permanent formation of the nuclei on the surface of the

substrate and on the nuclei previously deposed.
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where jimar and tmqr are the coordinate of the maximum point in Figure 5.
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Fig. 6. Cottrell plots at different potentials in solution containing 0.14 M of SnSO4and 0.56 M
of H2SO4

Figure 7 shows the theoretical (calculated from equations 10 and 11) and the experimental
current transients plotted in the reduced current—time coordinates. According to this Figure, it
is evident that the experimental curves show obvious deviations from the theoretical model
indicating that the model of Scharifker and Hills is not able to give an acceptable interpretation
of the nucleation process. Furthermore, as the applied potential shifts negatively, the deviation
becomes more pronounced. Such behaviour is attributed to the parallel reaction of hydrogen
evolution [37,38]. In order to get a depth insight into the contribution of the proton reaction
current in the total current the Palomar—Pardavé model is used. In the transition curve, the

variation of the total current density with time is given by [38]:

1 —_ —
i(6) = (Py + Pot73)x(1 - exp [P, (£ - =22y (12)
where
2cM L
Py :ZPRFKPR(np )2 (13)
8nC. 1

P, = NoﬂD(T)E (14)
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P, =4 (15)
P, = 2FC(% (16)

where kpr is the rate constant and ZprF is the molar charge transferred during the proton
reduction reaction. A is the nucleation rate. No refers to the density of nucleation sites on the
electrode surface. C is the bulk concentration of tin ion, M is the molar mass of Sn, p is the
density of tin and D expresses the average value of the diffusion coefficient of tin ion. The non-
linear fitting method based on Marquardt—Levenberg algorithm is used to fit the experimental
current transients with equation 12. P1, P2, P; and P4 were allowed to vary freely during the

fitting operation.
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Fig. 7. Comparison of experimental and theoretical non-dimensional curves for nucleation

model for tin electrodeposition on copper in 0.14 M SnSO4 + 0.56 M H»SO4 at different

potentials

Figure 8 shows the experimental transient curves obtained at different steps of the potential
(-500, -540 and -580 mV), the corresponding fitting curves and the individual contributions of
the tin and proton reduction to the overall experimental current densities. As can be seen, for

each potential, the fitting curve describes closely the experimental current density.

The parameters Py, P2, P3 and P4 obtained from the fitting results are listed in Table 2. As
can be noted, the increase in the cathodic overpotential is accompanied by an increase in the

proton reaction rate constant kpr, the density of nucleation sites No and the nucleation rate
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constant A respectively. D = 6.78x10° cm? s is the average value of the stannous ion diffusion
coefficient obtained from the values of Pi.

To get a detailed insight onto the tin electrodeposition process, the current coming from the
proton reduction is separated from the whole current to obtain the current due to the tin
reduction. The values corresponding to the falling part of the current originated from the tin
reduction versus t2 yield a straight line (Fig. 9) confirming that this part obeys the Cottrell
equation [36,39]. The stannous ion diffusion coefficients, at different potentials, calculated
from the slopes of the curves in Figure 9 are presented in Table 3. The obtained values are close

to those obtained above.

Table 2. Kinetic Parameters resulting from fitting according to the model described by Eq. 13
obtained at different stepped potentials.

Kinetic Parameters E=-500 mV E=-540 mV E=-580mV
Pi (A cm™s'?) 0.008 0.0112 0.02456
P2(s™) 1.088 1.39 1.813
Ps(s™) 1.06 1.09 1.853

P4 (A cm?) 0.041 0.038 0.04

A (s 0.98578 1.77 1.853

No (cm™) 2.18x10° 3.23x10° 3.82x10°
D (cm?s™) 7.23x10°° 6.24x10° 6.88x10°
K (mol cm?s™) 1.09x10° 1.53x10° 3.35x10°

Table 3. The values of diffusion coefficients determined from Cottrell equation at different

potentials
Potential -0.500 VvV -0.540 V -0.580V
D (cm’s™) 6.7x10°° 6.5x10°° 7.4x10°

The Scharifker and Hills models (Eq. 13 and 14) applied to the current densities of the tin
ion reduction at different step potential is presented in Figure 10. The figure shows clearly the

progressive nucleation characterizes the process of tin electrodeposition.
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hydrogen evolution current and isn) current due to the tin reduction at different potentials in

solution containing 0.14 M of SnSO4and 0.56 M of H2SO4
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Fig. 9. Cottrell analysis of current transients due to the tin reduction at different potentials in
solution containing 0.14 M of SnSO4and 0.56 M of H2SO4
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Fig. 10. Comparison of experimental and theoretical non-dimensional curves for nucleation
model for current due to the tin reduction in 0.14 M SnSO4+0.56 M H>SO4 at different

potentials

Figure 11 displays the effect of the cathodic overpotential on the hydrogen evolution. It can
also be seen, from this figure that, under our experimental conditions, the contribution of
hydrogen evolution to the whole transition current begins at low overpotential and increases

with increasing applied overpotential.
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Fig. 11. The hydrogen evolution current at different potentials in solution containing 0.14 M
of SnSO4and 0.56 M of H2SO4

4. CONCLUSION

Tin electrodeposition on copper from a solution composed of tin sulphate and sulphuric
acid has been investigated. Electrochemical and surface characterization are used to provide a
good understanding of the deposition process. Under our experimental conditions, the Sn?*/Sn
is an irreversible system. The morphology of the deposited tin is found to be influenced by the
deposition current density. The obtained tin diffusion coefficient values are close. The current—
time transients are found to match well with the Palomar-Pardavé model. This model reveals
that hydrogen evolution should be taken into account because of the tin reduction occurs in
parallel with the proton reduction even though at low overpotential. Chronoamperometric
findings show that when the overpotential increases catholically, the reaction rate constant of
the proton kpr, the density of nucleation sites N° and the nucleation rate constant A also
increase. Chronoamperogramms reveals that the tin nucleation, at the studied overpotential,

conforms to an instantaneous nucleation mechanism.
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