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a b s t r a c t

The electrochemical deposition of Sn–Ag–Cu alloy from weakly acidic baths onto glassy carbon elec-
trodes (GCE) was studied by cyclic voltammetry (CV) and chronoamperometry (CA). The properties of
the electrodeposits were characterized by scanning electron microscopy (SEM), energy-dispersive spec-
trometery (EDS) and X-ray diffraction (XRD). Test results indicate that the two cathodic peaks in the CV
curves, at −0.6 V and −0.85 V during the forward scan towards the negative potentials, correspond to the
irreversible deposition of a solid solution of tin, silver and copper. The underpotential deposition (UPD)
eywords:
lectrodeposit
yclic voltammetry
hronoamperometry
n–Ag–Cu alloy
ucleus growth mechanism

of Sn occurs at −0.6 V during the cathodic period and the amount of Ag and Cu in the Sn–Ag–Cu alloy
decreases with increasingly negative cathodic potentials. During the forward scan, towards the positive
potentials used in CV testing, cathodic peaks at −0.85 V appear in the CV curves for baths containing
mixtures of tin salts and triethanolamine (TEA). This corresponds to a reduction of transient complex
ions [Sn(TEA)x]2+ on the surface of the cathode. Furthermore, the formation and reduction of [Sn(TEA)x]2+

is a diffusion controlled process. On the surface of the GCE, the actual nucleus growth mechanism of the
Sn–Ag–Cu alloy is represented by the progressive nucleation model.
. Introduction

Tin–lead alloys are the most widely used solder coatings in
raditional electronic packaging. However, the acute toxicity of
ead has spurred legislation banning its use in electronic prod-
cts. Near eutectic Sn–Ag–Cu alloys [1–8] are now being developed
s promising lead-free solder coatings. These alloys demonstrate
uperior mechanical properties and solderability [9,10]. We elec-
rodeposited bright, compact and smooth Sn–Ag–Cu alloy coatings.
hese coatings contain 88–95 wt.% Sn, 5–10 wt.% Ag and 0.5–2 wt.%
u. They were produced from weakly acidic baths that contained
hree main salts, three complexing agents, one main brightener
nd one antioxidant [11]. In this kind of complicated electrolyte,
he properties and quality of the alloy coatings are directly deter-

ined by mechanism of electrocrystallization. Therefore, it is
f great significance to study the electrochemical deposition of
n–Ag–Cu alloys to improve the properties and quality of these

oatings.

To the best of our knowledge, not much work has been done
n the electroplating mechanism of Sn–Ag–Cu alloy coatings. The
olarization curves and surface morphology show that the elec-
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trodeposition of a Sn–Ag–Cu alloy coating from an alkaline bath
represents a normal co-deposition [3]. The cyclic voltammograms
of a Sn–Ag–Cu electroplating bath that contained methanesul-
phonic acid (MSA) were measured to analyze the effect of iso-octyl
phenoxy polyethoxy ethanol (OPPE) and thiourea on the co-
deposition [5].

CV and CA techniques were used to investigate the electrode-
position behavior, rate controlling step, and the nucleus growth
mechanism of Sn–Ag–Cu alloy electrodeposited from a weakly
acidic bath.

2. Experimental

2.1. Compositions of bath

The electroplating bath for bright Sn–Ag–Cu alloy con-
tained 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1

Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1

TEA, 6.4 mmol L−1 heliotropin (HT) and 9 mmol L−1 hydroquinone.
Among these compositions, Sn(CH3SO3)2, AgI and Cu(CH3SO3)2 are
the main salts, K4P2O7, KI and TEA are complexing agents, HT is

a main brightener and hydroquinone is an antioxidant [11]. The
pH of the bath was adjusted to 5.5 by MSA. The bath undergoing
investigation was modified according to the different experimental
requirements. The bath components were modified, while pH was
kept constant.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:mzan@hit.edu.cn
dx.doi.org/10.1016/j.electacta.2008.11.015
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Fig. 2. CV curves of Cu, Ag and Ag–Cu electrodeposited from weakly acidic baths
884 J. Zhang et al. / Electrochim

.2. Electrochemical evaluation

CV and CA experiments were carried out in a three-electrode
lass cell on a CHI630B electrochemical workstation. A saturated
alomel electrode (SCE) was used as the reference electrode and
latinum foil (99.99%, 2 cm2) was used as the counter-electrode.
he working electrode was a GCE with a working surface of 7.1 mm2

Ø = 3 mm). A Luggin capillary tip was set 2 mm from the surface
f the working electrode. The bath temperature was maintained
t 20 ± 1 ◦C by thermostat control. CV curves were recorded at a
canning rate of 100 mV s−1.

.3. Properties of Sn–Ag–Cu alloy electrodeposits

The deposition of Sn–Ag–Cu alloy was carried out potentiostat-
cally on a HDV-07 instrument. The working electrode was a Fe/Ni
oil with a working surface area of 750 mm2 (25 mm × 30 mm). The
lectrodeposition time varied from 30 min to 120 min. The depo-
ition charge that was calculated from the current–time curves
as 2200 C dm−2. The surface morphologies of the Sn–Ag–Cu alloy

lectrodeposits were analyzed using a S-570 SEM. The chemical
omposition of the electrodeposits was determined by EDS in the
-570 SEM. The crystal structure of the deposit was examined using
D/max-3C XRD with Cu K� radiation.

. Results and discussion

.1. Analysis of cyclic voltammograms

Transient cyclic voltammograms are an efficacious method used
o study the reactions on the working electrode surface. The cathode
lectrode reactions in the electrodeposition process of Sn–Ag–Cu
ernary alloy are complicated. Therefore, it is necessary to study
he CV behaviors of single metals and binary alloys before the CV
urves of the Sn–Ag–Cu alloy can be studied.

As shown in Fig. 1, during the forward scan towards the neg-
tive potentials, a very small cathodic current is observed. It is

ttributed to the reduction of impurities or oxygen dissolved in
he bath. The onset of Sn deposition is at about −1.26 V. There is
sharp increase in the cathodic current, followed by the current

ooping as the direction of the sweep is reversed. The appearance
f this type of hysteresis loop (ABC) is a characteristic feature of

ig. 1. CV curves of tin electrodeposited from a weakly acidic bath containing
.20 mol L−1 Sn(CH3SO3)2, 0.60 mol L−1K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA,
.4 mmol L−1 HT and 9 mmol L−1 hydroquinone at a scan rate of 100 mV s−1.
containing 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT,
9 mmol L−1 hydroquinone and (a) 1.5 mmol L−1 Cu(CH3SO3)2, (b) 4.5 mmol L−1 AgI,
(c) 4.5 mmol L−1 AgI and 1.5 mmol L−1 Cu(CH3SO3)2 at a scan rate of 100 mV s−1.

a nucleation and growth process [12]. An anodic peak ‘R’ appears
at −0.62 V during the anodic period. This peak corresponds to the
dissolution of tin. The area of the cathodic peak is larger than that
of the anodic peak because most of the cathodic current generates
hydrogen. The exclusive electrodeposition of Sn is difficult in the
bath without other metal ions.

As shown in Fig. 2a and b, the anodic peaks at −0.335 V and
−0.395 V correspond to the dissolution of copper and silver, respec-
tively. In a simple salt bath, the anodic peak position of Ag should
be more positive than that of Cu. However, the anodic peak position
of Cu in Fig. 2a is more positive than that of Ag in Fig. 2b. This can
be attributed to the large quantity of KI existing in the bath. KI is
used as a complexing agent for Ag+. The anodic peak area in Fig. 2a
is the smallest because the concentration of copper ions is the low-
est among metal ions in the bath. As shown in Fig. 2c, an anodic
peak appears at −0.382 V during the anodic period. The area of the
anodic peak is the largest. This means that the anodic peak is the
dissolution peak of a solid solution of silver and copper.

As shown in Fig. 3a–c, scanning towards the positive potentials
result in anodic peaks at −0.638 V, −0.634 V and −0.627 V, respec-
tively. These anodic peaks have a potential value similar to that of
tin (Fig. 1); they also correspond to the dissolution of tin. By adding
tin salt to the bath, the potentials of the peaks at about −0.4 V in
Fig. 3a–c are different from those of the curves shown in Fig. 2a–c.
The anodic currents of the peaks at −0.4 V in Fig. 3a–c are bigger
than the corresponding curves in Fig. 2a–c. This means that these
anodic peaks in Fig. 3 correspond to the dissolution of a solid solu-
tion containing tin. As shown in Fig. 3c, two cathodic peaks at −0.6 V
and −0.85 V form during the cathodic period. In order to deter-
mine the relationships between the cathodic and anodic peaks in
Fig. 3c, we investigated the effect of the scan reversal potential on
anodic peaks of the CV curves. As shown in Fig. 4, cathodic peak
‘A’ corresponds to the anodic peak ‘S’. The Sn–Ag–Cu alloy coat-
ing, electrodeposited potentiostatically at −0.6 V, is composed of
60.1 at% Sn, 11.2 at% Ag and 28.7 at% Cu. This means that peak ‘A’
is the co-deposit peak of the Sn–Ag–Cu alloy, and peak ‘S’ is the
dissolution peak of the solid solution of tin, silver and copper. The

exclusive electrodeposition of Sn is difficult (Fig. 1), therefore, the
reduction of Sn2+ ions at −0.6 V in the weakly acidic bath can be
modeled as underpotential deposition (UPD) of Sn on Ag and Cu
atoms [13]. The composition of the small round grains in region ‘A’
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Fig. 3. CV curves of Sn–Cu, Sn–Ag and Sn–Ag–Cu electrodeposited from
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eakly acidic baths containing 0.20 mol L Sn(CH3SO3)2, 0.60 mol L K4P2O7,
.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT, 9 mmol L−1 hydroquinone
nd (a) 1.5 mmol L−1 Cu(CH3SO3)2, (b) 4.5 mmol L−1 AgI, (c) 4.5 mmol L−1 AgI and
.5 mmol L−1 Cu(CH3SO3)2 at a scan rate of 100 mV s−1.

f Fig. 5 is 24.9 at% Sn, 29.3 at% Ag and 45.8 at% Cu; this confirms
he above presumption.

As shown in Fig. 6a, the scan reversal potential is −0.90 V. Peak
K’ appears at −0.44 V, which is near peak ‘S’, during the anodic
eriod. When the scan reversal potential is −0.95 V, there is super-
osition between peak ‘S’ and peak ‘K’ (Fig. 6b). When the scan
eversal potential is −1.1 V, peak ‘K’ disappears as shown in Fig. 6c.
n addition, as shown in Fig. 7, the coexistence of peak ‘K’ and peak
S’ is observed by testing other baths of electrodeposited Sn–Ag and
n–Cu alloys when the scan reversal potential is −0.90 V. It is pre-
umed that, peak ‘K’ is the dissolution peak of some ambiguous
ntermetallic compound (IMC). When the scan reversal potential is

ncreasingly negative, the dissolution peak of the solid solution cov-
rs up the ambiguous IMC. It can be seen that the anodic current of
eak ‘S’ in Fig. 6a is larger than the same ‘S’ peak in Fig. 4. Therefore,
eak ‘B’ is mainly related to peaks ‘S’ and ‘K’. Therefore, peak ‘B’

ig. 4. CV curves of Sn–Ag–Cu alloy electrodeposited in a weakly acidic bath
ontaining 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2,
.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT and
mmol L−1 hydroquinone in scan potential range of 0 V to −0.8 V at a scan rate of
00 mV s−1.
Fig. 5. SEM image of a Sn–Ag–Cu alloy coating electrodeposited potentiostatically at
−0.6 V from a weakly acidic bath containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1

AgI, 1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1

TEA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone.

is the co-deposit peak for large quantities of Sn–Ag–Cu solid solu-
tion and small quantities of ambiguous IMC. The Sn–Ag–Cu alloy
coating, electrodeposited potentiostatically at−0.85 V, is composed
of 78.9 at% Sn, 14.8 at% Ag and 6.3 at% Cu. The stone-like grains in
region ‘A’ of Fig. 8 are composed of 72.1 at% Sn, 17.5 at% Ag and
10.4 at% Cu. The higher contents of Ag and Cu in region ‘A’ can be
attributed to the electrodeposition of IMC.

Fig. 3c shows a straight increase in the cathodic current during
the potential change from −1.25 V to −1.4 V. This corresponds to the
co-deposition of the Sn–Ag–Cu alloy. The Sn–Ag–Cu alloy coating,
electrodeposited potentiostatically at −1.4 V, is bright and smooth,
with a fine morphology (Fig. 9). The Ag and Cu contents in the
coating are 8.9 at% and 4.8 at%, respectively. These values are lower
than those from the coating electrodeposited potentiostatically at
−0.6 V and −0.85 V. The Ag and Cu content within the Sn–Ag–Cu
alloy decreases, as the cathodic potential is increasingly negative.
As shown in Fig. 10, the diffraction peaks in the Sn–Ag–Cu alloy
coating can be attributed to the �-Sn, Ag3Sn and Cu6Sn5 phases.
Peak ‘R’ in Fig. 3c is clearly the dissolution peak of Sn, and peak ‘S’
in Fig. 3c is clearly the dissolution peak of a solid solution containing
little IMC. Different compositions of solid solution and IMC, under
various conditions, will shift the potential position of the ‘S’ peak.

As shown in Fig. 6c, a strong cathodic peak ‘Q’ appears at about
−0.85 V during the forward scan towards the positive potentials.
The current of peak ‘Q’ is higher than that of peak ‘B’. However, the
current of peak ‘Q’ decreases as the scan reversal potential becomes
more negative (Fig. 3c). This means that peak ‘Q’ is a reductive peak
of some transient complex ions. As shown in Fig. 11, the current
values associated with peaks ‘Q’ and ‘R’ decrease as the number

of scans increase. This implies some sort of interrelation between
peaks ‘Q’ and ‘R’. As shown in Fig. 2, peak ‘Q’ does not appear in
the CV curves for the baths without Sn2+ ions. As shown in Fig. 12,
peak ‘Q’ also does not appear in the CV curves for the bath with-
out TEA. It can be seen from Figs. 2, 3 and 12, that peak ‘Q’ only
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Fig. 6. CV curves of Sn–Ag–Cu alloy electrodeposited from a weakly acidic bath
containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2,
0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT and
9 mmol L−1 hydroquinone in different scan potential ranges: (a) 0 V to −0.9 V, (b)
0 V to −0.95 V and (c) 0 V to −1.1 V at a scan rate of 100 mV s−1.
Fig. 7. CV curves of Sn–Cu and Sn–Ag alloys electrodeposited from weakly acidic
baths containing 0.20 mol L−1 Sn(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI,
0.225 mol L−1 TEA, 6.4 mmol L−1 HT, 9 mmol L−1 hydroquinone and (a) 1.5 mmol L−1

Cu(CH3SO3)2, (b) 4.5 mmol L−1 AgI at a scan rate of 100 mV s−1.

appears in the CV curves for the bath containing a mixture of tin
salts and TEA. This confirmed that the transient complex ions cor-
respond to tin and TEA. In the bath, TEA is used as a complexing
agent for Cu2+, and TEA acts as an assistant brightener, and can
decrease cathodic polarization [11]. Considering the complexing

effect from TEA, it is presumed that during the cathodic period,
tin pyrophosphate complex ions decompose. This is particularly
because the potential is more negative and the tin–TEA transient
complex ions, expressed as [Sn(TEA)x]2+, form. Peak ‘Q’ and peak

Fig. 8. SEM image of a Sn–Ag–Cu alloy coating electrodeposited potentiostati-
cally at −0.85 V from a weakly acidic bath containing 0.20 mol L−1 Sn(CH3SO3)2,
4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI,
0.225 mol L−1 TEA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone.
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Fig. 9. SEM image of a Sn–Ag–Cu alloy coating electrodeposited potentiostatically at
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Fig. 11. CV curves of a Sn–Ag–Cu alloy electrodeposited from a weakly acidic bath

where Ip is the peak current intensity, � is the potential scan rate,
A is the surface area of the working electrode, c* is the bulk con-
1.4 V from weakly acidic bath containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1

gI, 1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1

EA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone.

R’ are strong in Fig. 6c. This corresponds to [Sn(TEA)x]2+ formation.
he scan potential reverses to positive direction at −1.1 V, so there
s not enough time for reductive action of [Sn(TEA)x]2+ ions during
athodic period. The amount of cathodic polarization is reduced
y TEA, and the reduction of [Sn(TEA)x]2+ takes place at a relative
ositive potential (about −0.85 V) during the anodic period. This
esults in a strong reductive peak. The current associated with peak

Q’ decreases with the increasing scan times because [Sn(TEA)x]2+

s not replenished quickly enough after its consumption. More-
ver, the formation and reduction of [Sn(TEA)x]2+ is controlled by
iffusion.

ig. 10. XRD patterns of a Sn–Ag–Cu alloy coating electrodeposited potentiostat-
cally at −1.4 V from a weakly acidic bath containing 0.20 mol L−1 Sn(CH3SO3)2,
.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI,
.225 mol L−1 TEA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone.
containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2,
0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT, 9 mmol L−1

hydroquinone at (a) 3rd circle, (b) 5th circle, (c) 8th circle and (d) 10th circle at a
scan rate of 100 mV s−1.

3.2. Rate controlling step and nucleus growth mechanism of
electrodeposition of Sn–Ag–Cu alloy

In Fig. 13 we see that an increase in the scan rate shifts the
reduction peak to a more negative potential; the higher current
contribution means that the electrodeposition of Sn–Ag–Cu in a
weakly acidic bath is irreversible.

When the electrode reaction is controlled by diffusion processes,
the relationship between the peak current intensity and scan rate
of CV curves can be expressed as:

Ip = 0.4958(nF)3/2(˛Dv)1/2(RT)1/2Ac∗ (1)
centration of reducible ions, n is the number of electrons, D is the
diffusion coefficient, R is the gas constant, T is the temperature,

Fig. 12. CV curves of a Sn–Ag–Cu alloy electrodeposited from a weakly acidic bath
containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2,
0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone
at a scan rate of 100 mV s−1.
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Fig. 13. CV curves of Sn–Ag–Cu alloy electrodeposited from a weakly acidic bath
containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2,
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Fig. 15. Potentiostatic current transients of a Sn–Ag–Cu alloy electrodeposited
.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT, 9 mmol L−1

ydroquinone at various scan rates of: (a) 25 mV s−1, (b) 50 mV s−1, (c) 100 mV s−1,
d) 250 mV s−1 and (e) 500 mV s−1.

is the Faraday constant and ˛ is the charge transfer coefficient
14].

As shown in Eq. (1), there is a linear relationship between Ip and
1/2. As shown in Fig. 13, peak ‘A’ and peak ‘B’ are the co-deposit
eaks of Sn–Ag–Cu alloy. Moreover, Fig. 14 indicates that the co-
eposition of Sn–Ag–Cu alloy is an irreversible diffusion controlled
rocess [15].

CA is an electrochemical technique commonly used to study
he mechanism responsible for the electrodeposition of metals
nd alloys. During CA experiments, current–time transients are
ecorded as the potential is stepped from the open-circuit potential
OCP) to the potential at which the electrodeposition of metals or
lloys would occur [16,17]. The Scharifker–Hills model shows two

imiting nucleus growth mechanisms, one instantaneous nucleus
rowth mechanism and one progressive nucleus growth mecha-
ism [18]. The theoretical transients of the instantaneous and the
rogressive nucleus growth, with three-dimensions (3D) under dif-

ig. 14. The linear relationship between Ip and �1/2, constructed from peak A (�)
nd peak B (�), of curves shown in Fig. 13.
from a weakly acidic bath containing 0.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI,
1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1 TEA,
6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone at an applied potential from −0.40 V
(OCP) to (a) −0.90 V and (b)−0.85 V vs. SCE.

fusion control, are given by:
(

I

Im

)2
= 1.9542

(
t

tm

)−1{
1 − exp

[
−1.2564

(
t

tm

)]}2
(2)

(
I

Im

)2
= 1.2254

(
t

tm

)−1
{

1 − exp

[
−2.3367

(
t

tm

)2
]}2

(3)

where I and t are the current density and time, respectively, and Im
and tm are the maximum values of the current transients.

As shown in Fig. 13, the maximum potential of peak ‘B’ is
between −0.85 V and −0.90 V. As discussed earlier, the electrode-
position of Sn–Ag–Cu alloy in the above potential range occurs
under diffusion control. Therefore, during the CA experiments, the
potentials were stepped from −0.4 V (OCP) to −0.90 V and −0.85 V,
respectively. The current–time transients are as shown in Fig. 15.
The sudden change in the value of the current in these curves is
attributed to the double layer charge. However, a typical response
of nucleation and growth occurs immediately after that. By using
the Scharifker–Hills model, the corresponding data were calculated
as shown in Fig. 16. Fig. 16 shows that the actual nucleus growth
curves, of Sn–Ag–Cu alloy on the surface of GCE, are between the-
oretical instantaneous and progressive nucleation curves. Wu et al.
[19] found that the nucleation mechanism of Zn on the surface of
GCE is 3D progressive in the solutions that contained additives. The
adsorption of additives would result in a decreasing number of the
metal adatoms at a given overpotential. In this case, HT is an addi-
tive that can adsorb on the surface of electrode, increase cathodic
polarization, inhibit the formation of nucleus, and possibly cause
progressive nucleation of the Sn–Ag–Cu alloy. Palomar-Pardavé
et al. [20] found that the experimental values of current will be
consistently higher than the theoretical instantaneous current; par-
ticularly when t > tm in the presence of protons reduction reaction
occurring simultaneously with Co electrodeposition. The average
cathodic current efficiency for the electrodeposition process of
Sn–Ag–Cu alloy is about 30%. This is attributed to the vigorous
hydrogen evolution that occurs simultaneously with the nucle-

ation [11], and can lead to the increase of experimental currents.
Therefore, considering the presence of additives and the hydrogen
evolution, we believe that the actual nucleus growth mechanism
of the Sn–Ag–Cu alloy is represented by the progressive nucleation
model.
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Fig. 16. Nondimensional plots of (I/Im)2–t/tm for the current transients of a
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n–Ag–Cu alloy electrodeposited from a weakly acidic bath containing 0.20 mol L−1

n(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1 Cu(CH3SO3)2, 0.60 mol L−1 K4P2O7,
.35 mol L−1 KI, 0.225 mol L−1 TEA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone
t an applied potential from −0.40 V (OCP) to (�) −0.85 V and (�) −0.90 V vs. SCE.

. Conclusions

The electrodeposition behavior and nucleus growth mech-
nism of Sn–Ag–Cu alloy deposited from bath containing
.20 mol L−1 Sn(CH3SO3)2, 4.5 mmol L−1 AgI, 1.5 mmol L−1

u(CH3SO3)2, 0.60 mol L−1 K4P2O7, 1.35 mol L−1 KI, 0.225 mol L−1

EA, 6.4 mmol L−1 HT and 9 mmol L−1 hydroquinone on GCE, were
tudied using CV and CA techniques. The results of the study are

ummarized as follows:

Two cathodic peaks at −0.6 V and −0.85 V in CV curves, during
he forward scan towards the negative potentials, correspond to
he irreversible deposition of a solid solution of tin, silver and cop-
er. The UPD of Sn occurs at −0.6 V, during the cathodic period.

[

[
[
[
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The quantity of Ag and Cu in the Sn–Ag–Cu alloy decreases for
increasingly negative values of cathodic potential. During the for-
ward scan, towards the positive potentials of CV testing, cathodic
peaks at −0.85 V correspond to the reduction of transient complex
ions [Sn(TEA)x]2+ on the surface of the cathode. The formation and
reduction of [Sn(TEA)x]2+ is a diffusion controlled process.

Considering the presence of additives and the hydrogen evolu-
tion, we believe that the actual nucleus growth mechanism of the
Sn–Ag–Cu alloy on the surface of the GCE is represented by the
progressive nucleation model.
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