
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

0:
03

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Na2S-influenced
aKey Laboratory for Material Chemistry of En

Education, School of Chemistry and Chemi

Science and Technology, Wuhan 430074,

edu.cn; Fax: +86-27-87543632; Tel: +86-27-
bHubei Key Laboratory of Materials Che

Chemistry and Chemical Engineering,

Technology, Wuhan 430074, China

Cite this: RSC Adv., 2017, 7, 15060

Received 6th December 2016
Accepted 27th February 2017

DOI: 10.1039/c6ra27823j

rsc.li/rsc-advances

15060 | RSC Adv., 2017, 7, 15060–1507
electrochemical migration of tin
in a thin electrolyte layer containing chloride ions

Bokai Liao,a Lisha Wei,a Zhenyu Chen*ab and Xingpeng Guoab

Sodium sulfide was used to prevent the formation of dendrites during the electrochemical migration of tin

in chloride-containing thin electrolyte layers. This investigation was based on in situ electrochemical and

optical techniques, as well as ex situ characterization. Results show that sodium sulfide can inhibit the

electrochemical migration behavior of tin by precipitating tin ions on the anode side, and the inhibition

effect strongly depends on concentration. The effects of an applied bias voltage and pH alterations in

the system caused by Na2S hydrolysis were also studied. Proposals were made for the mechanisms

involved to explain the role of sodium sulfide.
1. Introduction

Innovations in electronic technology are enabling increases in
the miniaturization and density of electronic circuits and
components, which combats their vulnerability and the diffi-
culty of protecting electronic materials from corrosion.1 Elec-
trochemical migration (ECM), which is a form of corrosion
inuenced by voltage, signicantly compromises the reliability
of such materials.2 This process occurs when two oppositely
biased and closely spaced electrodes are connected by an
aqueous electrolyte and may result in the growth of metallic
dendrites between conducting parts to form short circuits. ECM
failure is unavoidable and affects the insulation reliability of
high-density electric assemblies.3

Traditional Sn–Pb solders are extensively used in electronic
industries to connect integrated circuit chips and substrates at
all levels of interconnecting applications, from the rst level to
the second, owing to their low cost, good solderability, low
melting temperature, and satisfactory mechanical properties.4,5

However, the inherent toxicity of lead has caused many coun-
tries to ban lead from electronic products. For example, the
European Union has banned lead from electronic products
starting from 1 July 2006.6 In this case, many lead-free solders
have been studied as replacements for Sn–Pb solders. The most
promising lead-free solder alloys contain tin as the primary
element or as a major constituent because of its low melting
temperature (232 �C) and good wettability properties on
substrates such as Cu, Ag, and Au.7,8 Considering their vital role
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in modern electronic industries, the ECM behaviors of tin and
tin based alloys have been extensively investigated, with the
mechanism of ECM,9 ECM test methods,10–12 and the
morphology of tin dendrites13,14 being studied, as well as the
effects of alloy elements,15,16 applied bias voltages,17,18 and
pollutants19,20 on ECM. However, attempts to inhibit the ECM of
tin have not been successful. Thus, an effective method of
inhibiting the ECM of tin must be developed.

Tin sulde is one of the most important compounds,
showing a variety of phases such as SnS, SnS2, Sn2S3, and Sn3S4
as a result of the versatile coordinating characteristics of tin and
sulfur.21 Among these, SnS and SnS2 are potentially interesting
materials for use in solar cells owing to their relatively low band
gaps.22–24 Metal chalcogenides can be synthesized using elec-
trodeposition methods, i.e., using anodic techniques25 or
through the cathodic co-reduction of metal and chalcogenide
ions.26 Ederio D. Bidóia et al.27 investigated the electrodeposi-
tion process of tin sulde on polycrystalline tin from alkaline
solution using cyclic voltammetry; they found that anodic peaks
were associated with SnS and SnS2 deposition. As previously
reported,28 solid phase SnS2 is stable in both acid and alkaline
solutions. Accordingly, we expect the introduction of S2� into
TELs to precipitate tin ions on the anode to be feasible, thus
preventing the growth of tin dendrites on the cathode during
ECM.

In the present work, we attempted to retard dendrite
formation during the ECM of tin through introducing Na2S into
chloride-containing TELs. ECM behavior was studied using in
situ electrochemical and optical techniques, whereas the
morphology and composition of the products were analyzed
using ex situ scanning electron microscopy (SEM) coupled with
energy-dispersive spectrometry (EDS) and X-ray diffraction
(XRD). The inuences of Na2S concentration and bias voltage on
the ECM behavior of tin were investigated, and the relevant
mechanisms involved were proposed.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1. Materials and setup for TEL tests

Two identical pure tin electrodes (>99.999 wt%) with dimen-
sions of 2 mm � 5 mm � 10 mm were used in this experiment,
i.e., with a working electrode as an anode and a counter elec-
trode as a cathode. They were embedded in an epoxy resin
cylinder with a gap size of 0.5 mm in the parallel direction, and
the exposed working area was 0.1 cm2. A copper wire was welded
to the back of each electrode to ensure an electrical connection.
All test surfaces were ground with 1200 grit silicon carbide
paper. The surfaces were then rinsed with deionized water,
degreased with acetone, and dried in cool air.

Na2S (0.1–10 mM) and NaCl solutions (1 mM) were prepared
with deionizedwater (18.2MU cm�1 resistivity) and analytical-grade
reagents. The conductivity of each solutionwas tested with a JENCO
Model 3173 conductivity tester. The solution pH was monitored
with a PHS-3C pH meter (Rex Instrument Factory, Shanghai,
China). A direct current bias voltage was applied between the two
tin electrodes, and the current owing through the two electrodes
was recorded simultaneously as a function of time. During the
ECM tests, the typical morphologies of the electrode surfaces were
recorded in situ using a VHX-1000E digital 3Dmicroscope (Keyence,
Japan). The preparation of the ECM cell and the TEL tests were
performed using methods described in our previous works.29,30

During ECM tests, the cell was covered with a glass lid to minimize
the evaporation of the TEL. To check the reproducibility, all ECM
measurements were repeated at least three times.

2.2. Ex situ characterization of dendrites and precipitates

Aer ECM tests, the samples were dried under nitrogen gas at
room temperature. The surface morphologies of the products
Fig. 1 Current density vs. time curves for the ECM of tin in 200 mm-thic
Na2S at a 3 V bias voltage.

This journal is © The Royal Society of Chemistry 2017
generated aer ECM tests were examined ex situ with a Phillips
Quanta 200 SEM system coupled with EDS. XRD analysis was
carried out using a PANalytical B.V. X-ray diffractometer (model
X'Pert PRO) with Cu Ka radiation (l ¼ 0.15604 nm). The dif-
fractograms were obtained over a 2q range of 10–90� using
a 0.02� step size and an acquisition time of 2 s per step.
3. Results
3.1. Current density vs. time curves with varying Na2S
concentrations and bias voltages during ECM processes

Current density vs. time curves during ECM tests with tin in 200
mm-thick electrolyte layers containing a varying concentration
of Na2S and 1 mM Cl� at 3 V are shown in Fig. 1. The current
transients measured between the two electrodes when bias
voltages were applied between them show that the sharp
increase in current was due to a short circuit occurring when
dendrites joined the two electrodes.31 Sudden current spikes
appeared without Na2S addition and with 0.1 mM Na2S. The
time to short circuit decreased from about 59 s without Na2S to
about 53 s in the presence of 0.1 mMNa2S. As the concentration
of Na2S increased from 0.5 mM to 10 mM, no sudden current
density spikes occurred at a 3 V bias voltage during a 10 h test,
thereby indicating that dendrites did not bridge the two
electrodes.

Fig. 2 shows current density vs. time curves during ECM tests
with tin in 200 mm-thick electrolyte layers containing a varying
concentration of Na2S and 1 mM Cl� at a 5 V bias voltage.
Sudden current density spikes occurred without Na2S and in the
presence of 0.5 mM Na2S. The time to short circuit decreased
with increasing applied bias voltage. For example, the time to
short circuit in the absence of Na2S decreased from 59 s at a 3 V
k electrolyte layers containing 1 mM Cl� and varying concentrations of

RSC Adv., 2017, 7, 15060–15070 | 15061
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Fig. 2 Current density vs. time curves for the ECM of tin in 200 mm-thick electrolyte layers containing 1 mM Cl� and varying concentrations of
Na2S at a 5 V bias voltage.
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bias voltage to 22 s at a 5 V bias voltage. This nding suggested
that the growth rate of dendrites increased as the bias voltage
increased.29 However, no sudden current density spike
appeared during a 10 h test with the addition of 5 mM Na2S,
indicating that a higher Na2S concentration was required to
inhibit dendrites from bridging the two electrodes as the bias
voltage increased.
3.2. In situ optical observations of surface morphologies
aer ECM

In situ optical observations were made on post-ECM electrode
surfaces, as shown in Fig. 3 and 4. Tree- or needle-like dendrites
accompanied by precipitates were observed in the absence of
Na2S and the presence of 0.1 mM Na2S (Fig. 3a and b). With the
addition of intermediate Na2S concentrations (0.5–1 mM), no
dendrites were observed, but a large amount of white and yellow
accumulated precipitate presented between both electrodes. At
high Na2S concentration levels (5–10 mM), dendrites did not
grow and the surfaces of the anodes darkened. When the bias
voltage was increased to 5 V, dendrite growth was observed at
intermediate and high Na2S concentration levels, as shown in
Fig. 4b and c. Large amounts of dark and yellow precipitate were
produced in the 10 h test in the presence of 5 mM Na2S at 5 V.
The height of the accumulated precipitate was about 737.4 mm
(Fig. 4d).
3.3. Real-time pH distribution on the electrode surface
during ECM

Fig. 5 displays some typical pictures extracted from in situ
videos at varying time intervals to provide an overview of the
local pH development in TELs containing 1 mMCl� and varying
concentrations of Na2S at a 3 V bias voltage. A universal pH
indicator (pH 1–14) was added to the 200 mm-thick electrolyte
layers to visualize pH development. The initial pH of the elec-
trolyte increased with an increase in Na2S concentration. Upon
applying a bias voltage, in the absence of Na2S, the electrolyte at
the cathode became alkaline (blue in color), whereas that at the
anode became acidic (bright yellow/orange in color) from 2 s to
30 s. The localized pH in the anodic area was close to 3. Similar
phenomena were also observed at low and intermediate Na2S
15062 | RSC Adv., 2017, 7, 15060–15070
concentration levels. However, the electrolyte pH at the anode
decreased to about 8 (green in color) within 30 s in the presence
of high Na2S concentrations.
3.4. Characterization of dendrites and precipitates

To obtain the microstructures and compositions of the
dendrites and precipitates generated in the ECM process,
characterization was performed using SEM, EDS, and XRD
analyses. Fig. 6 shows SEM images and corresponding EDS
spectra of dendrites aer ECM tests in TELs with different Na2S
concentrations at various bias voltages. In the presence of
varying Na2S concentrations, the morphologies of the dendrites
remained as tree-like or needle-like microstructures (Fig. 6a and
b), similar to the structure of dendrites generated during ECM
test in TELs containing 1 mM Cl�.29 EDS results further
conrmed that the dendrites comprise metallic Sn, owing to the
high atomic ratio of tin. When the bias voltage was increased to
5 V, the dendrites were covered with precipitate, and the branch
or needle forms of the dendrites became coarser (Fig. 6c). The
corresponding EDS spectrum (Fig. 6f) shows the increased
atomic ratio of oxygen. These results illustrate that the addition
of Na2S did not change the composition and microstructure of
the dendrites. Fig. 7 shows the XRD patterns of samples ob-
tained aer ECM tests under different test conditions. The
products mainly consisted of Sn2O3, Sn3S4, SnS, SnCl2, SnS2,
Sn(SO4)2 and SnSO4.
4. Discussion
4.1. Basic reactions involved in the ECM of tin

The main anodic reactions for tin in TELs containing 1 mM Cl�

are shown below:29,32

Sn / Sn2+ + 2e� (1)

Sn2+ / Sn4+ + 2e� (2)

2H2O / 4H+ + O2 + 4e� (3)

2Cl� / Cl2 + 2e� (4)
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 In situ optical micrographs of the ECM of tin in 200 mm-thick electrolyte layers containing varying concentrations of Na2S and 1mMCl� at
a bias voltage of 3 V over different time intervals: (a) 0 mM, 59 s; (b) 0.1 mM, 53 s; (c) 0.5 mM, 10 h; (d) 1 mM, 10 h; (e) 5 mM, 10 h; and (f) 10 mM,
10 h (the anode is on the right and the cathode is on the left).
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Before dendrite growth, the main cathodic reactions include
the reduction of water and dissolved O2 as shown in reactions
(5) and (6) respectively:

2H2O + 2e� / H2 + 2OH� (5)

O2 + 2H2O + 4e� / 4OH� (6)

The pH distribution in Fig. 5a reveals that the localized pH in
the anodic area was close to 3, which can be attributed to
reactions (3), (7), and (8):2

Sn4+ + 4H2O ¼ Sn(OH)4 + 4H+ (7)

Sn + 4H2O ¼ Sn(OH)4 + 4H+ + 4e� (8)

Sn(OH)4 dissolved to form [Sn(OH)6]
2� under high OH�

concentrations, as in reaction (9). The growth of dendrites can
be attributed to the reduction of Sn2+, Sn4+, and/or [Sn(OH)6]

2�:

Sn(OH)4 + 2OH� ¼ Sn(OH)6
2� (9)
This journal is © The Royal Society of Chemistry 2017
Sn2+ + 2e� ¼ Sn (10)

Sn4+ + 4e� ¼ Sn (11)

[Sn(OH)6]
2� + 4e� ¼ Sn + 6OH� (12)
4.2. Effect of Na2S on the ECM behavior of tin

White stannic and stannous hydroxide precipitates are report-
edly generated aer ECM tests in TELs containing 1 mM Cl�.29

However, in our case, a yellow precipitate formed in the pres-
ence of intermediate Na2S concentrations, whereas some black
precipitate appeared upon the addition of high Na2S concen-
trations (Fig. 3), suggesting that the presence of Na2S changed
the ECM behavior of tin. XRD results (Fig. 7) illustrate that some
tin sulfate compounds were formed aer ECM tests. According
to a report by Lee A. Burton et al.,33 SnS is dark grey, SnS2 is
yellow, and Sn2S3 is black, which agreed well with our obser-
vations. Different mechanisms for the formation of tin sulfate
(SnS) have been postulated in the literature.34,35 In a proposed
ion-by-ion mechanism, free Sn2+ ions react with S2� ions to
RSC Adv., 2017, 7, 15060–15070 | 15063
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Fig. 4 In situ optical micrographs of the ECM of tin in 200 mm-thick electrolyte layers containing varying concentrations of Na2S and 1mMCl� at
a bias voltage of 5 V over different time intervals: (a) 0mM, 22 s; (b) 0.5mM, 4.5 s; and (c and d) 5mM, 10 h, with the corresponding 3Dmicrograph
(the anode is on the right and the cathode is on the left).

Fig. 5 Visualization of localized pH distribution on both electrodes using a pH indicator in 200 mm-thick electrolyte layers containing 1 mM Cl�

and varying concentrations of Na2S at a 3 V bias voltage over different time intervals: (a) 0 mM; (b) 0.1 mM; (c) 1 mM; and (d) 10 mM (anode is on
the right and cathode is on the left).

15064 | RSC Adv., 2017, 7, 15060–15070 This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SEM images of dendrites formed during the ECM of tin in 200 mm-thick electrolyte layers containing 1 mMCl� and varying concentrations
of Na2S at different bias voltages and the corresponding EDS spectra: (a) 0.1 mM, 3 V; (b) 0.5 mM, 5 V; and (c) 5 mM, 5 V; and (d) the EDS pattern
for spectrum 1; (e) EDS pattern for spectrum 2; and (f) EDS pattern for spectrum 3.
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form SnS (reaction (13)). In a hydroxide cluster mechanism,
Sn2+ ions initially hydrolyze to form Sn(OH)2 clusters (reaction
(14)), and then Sn(OH)2 reacts with S2� ions to form SnS clusters
(reaction (15)).

Sn2+ + S2� ¼ SnS (13)

Sn2+ + 2H2O ¼ Sn(OH)2 + 2H+ (14)

Sn(OH)2 + S2� ¼ SnS + 2OH� (15)

Simultaneously, Sn4+ ions can also react with S2� ions to
form SnS2 (reaction (16)). K. Mishra et al.36 reported that the
following candidates for the anodic corrosion of SnS are
produced, as in reactions (17)–(21), when the samples are
polarized at positive potentials in acidic electrolytes. We also
This journal is © The Royal Society of Chemistry 2017
observed that dark anodic corrosion ensued, in accordance
with our results. Hence, the addition of Na2S precipitated tin
ions on the anode and thereby retarded the formation of tin
dendrites.

Sn4+ + 2S2� ¼ SnS2 (16)

SnS + 2H+ ¼ Sn2+ + S0 (17)

SnS + 2H+ + H2O ¼ SnO + 2H+ + S0 (18)

SnS + 4H+ + 2H2O ¼ SnO2 + 4H+ + S0 (19)

S0 + Sn ¼ SnS (20)

SnS + 2H+ + 6H2O ¼ SnO2 + 2H+ + SO4
2� (21)
RSC Adv., 2017, 7, 15060–15070 | 15065
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Fig. 7 XRD peaks for products formed during ECM in 200 mm-thick
electrolyte layers containing 1 mM Cl� and varying concentrations of
Na2S at different bias voltages: -, Sn2O3; *, SnO; C, Sn; :, Sn3S4; ),
SnS; >, SnCl2; ,, SnS2; ◎, Sn(SO4)2; and *, SnSO4.

Fig. 8 Conductivity and pH of 1 mM NaCl with varying concentrations
of Na2S, and the conductivity of 1 mM NaCl solution at the same pH.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

0:
03

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4.3. Effect of Na2S concentration on the ECM behavior of tin

Anode dissolution caused by strong anodic polarization
occurred, forming tin ions (Sn4+ and/or Sn2+). These then began
to migrate from the anode to the cathode. Simultaneously, OH�

produced at the cathode and S2� began to migrate toward the
anode. SnS, SnS2, Sn(OH)4, and Sn(OH)2 were obtained as
precipitates as soon as S2� and OH� met with Sn4+ and Sn2+

during the migration processes. Moreover, SnS and SnS2 may
have been oxidized to SnO or SnO2 when they formed on the
surface of the anode. Once the tin ions reached the cathode,
dendrite growth occurred through preferential nucleation at
some locations. During this process, the concentration of S2�

played a great role in the ECM of tin. As shown in Fig. 8, the
conductivity of the electrolyte increased with increasing Na2S
concentration (i.e., 0.127 and 2.99 mS cm�1 for 1 and 10 mM
Na2S, respectively). The initial rates of the anodic and cathodic
reactions (reactions (1)–(6)) were accelerated because of the
decrease in solution resistance. Reactions (reactions (13)–(15))
that involved S2� ions were also accelerated.

In the absence of Na2S and in the presence of low Na2S
concentrations, dendrites accompanied by precipitates can be
observed (Fig. 3a and b). The anodic dissolution of tin was
promoted with the addition of Na2S, resulting in increased
concentrations of Sn4+ and OH�. Reactions (9)–(12) were
promoted. Thus, the time to short circuit decreased in the
presence of low S2� concentrations, compared to without S2�.

When the Na2S concentration increased to 0.5–1 mM, a large
amount of white and yellow precipitates formed, but no
dendrites grew (Fig. 3c and d). Fig. 10 shows 3D micrographs of
the accumulated precipitates in the presence of intermediate
Na2S concentrations; the height of the precipitate was 570 mm in
15066 | RSC Adv., 2017, 7, 15060–15070
the presence of 0.5 mM Na2S and 337 mm in the presence of
1 mM Na2S, both higher than the TEL. Accordingly, these
precipitates can act as a wall-like barrier, retarding ion migra-
tion.30 The ion mobility is proportional to the charge of the ion
and the reciprocal of ion size. The charge of S2� is twice that of
OH�. However, the radius of an OH� ion is 0.137 nm and the
radius of an S2� ion is 0.184 nm, which is less than twice that of
OH�.37,38 In this case, the migration rate of S2� is higher than
that of OH� under the same test conditions. And the yellow
SnxSy precipitates were closer to the anode side. Meanwhile, the
dissolution of precipitate (reaction (9)) still did not proceed
because a higher pH was required. Therefore only precipitates,
and no dendrites, were observed.

As the concentration of Na2S was further increased to 5–
10 mM, higher concentrations of Sn2+ and OH� were produced
rapidly, owing to the sharp increase in electrolyte conductivity
(Fig. 8). Excess S2� ions reacted immediately with tin ions on the
surface of the anode, and some tin sulde was oxidized to stable
tin oxide (reactions (18), (19), and (21)). In this case, tin ions
were retarded to move to the cathode, and no dendrites grew
(Fig. 9). Due to the formation of tin sulde, the surface of the
anode darkened (Fig. 3e and f).
4.4. Effect of pH alterations in the system owing to Na2S
hydrolysis on the ECM behavior of tin

Na2S addition to an aqueous solution means an increase in the
solution pH because of the hydrolysis reactions of S2� (reactions
(22) and (23)). Thus, the initial pH values of TELs increased with
increasing Na2S concentrations (Fig. 5).

S2� + H2O ¼ HS� + OH� (22)

HS� + H2O ¼ H2S + OH� (23)

To understand the effect of initial pH on ECM, experiments
were conducted in alkaline (adjusted using NaOH) environments.
Fig. 8 shows that when the pH values of TELs containing 1mMCl�
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Schematic diagram of the effect of Na2S concentration on the
ECM behavior of tin: (a) at low Na2S concentrations; (b) at intermediate
Na2S concentrations; and (c) at high Na2S concentrations.

Fig. 11 Current density vs. time curves for the ECM of tin in 200 mm-
thick electrolyte layers containing 1 mM Cl� with different initial pH
values at a 3 V bias voltage.
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ions are the same as those of TELs containing 1 mM NaCl and
a selected Na2S concentration, the conductivities of solutions with
varying Na2S concentrations were higher than those with 1 mM
NaCl.

Fig. 11 shows current density vs. time curves during ECM
tests with tin in 200 mm-thick electrolyte layers containing 1mM
Cl� with different initial pH values at a 3 V bias voltage. The
Fig. 10 3D micrographs of precipitates formed during the ECM of tin in
Na2S concentrations at a bias voltage of 3 V after 10 h: (a) 0.5 mM; and

This journal is © The Royal Society of Chemistry 2017
time to short circuit increased with increasing pH. For example,
the time to short circuit increased from about 42 s at pH 8.50 to
about 53 s at pH 10.57, whereas no sudden current density spike
occurred during a 10 h test at pH values of 11.39 and 11.86. As
shown in Fig. 12d and e, a white heavy layer of precipitate
formed on the anode at pH 11.39 and 11.86, and dense cubic
dendrites formed on the cathode. Overall, the effects of pH
suggested that the ECM of tin was pH dependent, and that
a highly alkaline pH did not favor dendrite formation.

The presence of Na2S can cause the pH of TELs to increase.
However, at intermediate Na2S concentration levels, dendrites
did not bridge the two electrodes aer 10 h and they caused
a short circuit at 44 s in a TEL containing 1 mM Cl� at the same
pH, indicating that the inhibition of Na2S on the ECM of tin was
200 mm-thick electrolyte layers containing 1 mM Cl� and intermediate
(b) 1 mM (the anode is on the right and the cathode is on the left).
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Fig. 12 In situ optical micrographs of the ECM of tin in 200 mm-thick electrolyte layers containing 1mMCl�with different initial pH values at a 3 V
bias voltage over different time intervals: (a) pH 8.50, 42 s; (b) pH 8.89, 44 s; (c) pH 10.57, 53 s; (d) pH 11.39, 10 h; and (e) pH 11.86, 10 h (the anode
is on the right and the cathode is on the left). (f) XRD peaks of products formed during ECM in 200 mm-thick electrolyte layers containing 1 mM
Cl� at pH 11.86.
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mainly due to the role of S2�. The micrographs in Fig. 3 and 12
conrm this observation, i.e., the presence of Na2S at high
concentrations levels did not enable dendrite formation, which
occurred only at high pH. Therefore, the inhibition effect of
Na2S on the ECM of tin was due to S2�, which retarded the
migration of tin ions from the anode to the cathode.
4.5. Effect of bias voltage on the role of Na2S in the ECM
behavior of tin

Bias voltage, which is the driving force of ECM, evidently affects
the role of Na2S on the ECM behavior of tin. As can be observed
in Fig. 4, dendrites grew in the presence of 0.5 and 5mMNa2S at
a 5 V bias voltage, whereas no dendrites grew at a 3 V bias
voltage. This nding can be attributed to the fact that a higher
applied bias voltage results in faster anode dissolution and ion
migration, and hence faster dendrite growth. Moreover, given
the increase in the amount of tin ions, more S2� ions were
required to precipitate the tin ions. Thus, as the concentration
15068 | RSC Adv., 2017, 7, 15060–15070
of Na2S increased to 5 mM at a 5 V bias voltage, no dendrites
bridged the two electrodes aer a 10 h test, indicating that the
dendrite growth rate was slowed down in the presence of higher
Na2S concentrations.
5. Conclusions

Na2S can retard the ECM behavior of tin in TELs containing
chloride ions at a suitable concentration level.

(1) The inhibition effect of Na2S on the ECM of tin signi-
cantly depends on Na2S concentration. At low Na2S concentra-
tions, tin dendrites grew faster than without Na2S. At
intermediate Na2S concentrations, only precipitates but no
dendrites existed. The accumulated precipitate acted as a wall-
like barrier to retard ion migration. At high Na2S concentration
levels, no dendrites but some tin sulfate precipitates formed on
the anode surface. Excess S2� ions precipitated tin ions and
thus prevented dendrite formation on the cathode.
This journal is © The Royal Society of Chemistry 2017
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(2) The applied bias voltage affected the role of Na2S in the
ECM of tin. A higher Na2S concentration was required to retard
the formation of tin dendrites. The time to short circuit
decreased with increased applied bias voltage at intermediate
Na2S concentration levels. At high Na2S concentration levels,
the growth rate of tin dendrites slowed down at higher applied
bias voltages.
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G. Harsányi and O. Krammer, Microstructure and
elemental composition of electrochemically formed
dendrites on lead-free micro-alloyed low Ag solder alloys
used in electronics, Corros. Sci., 2015, 92, 43–47.

10 B. Medgyes, B. Illés, R. Berényi and G. Harsányi, In situ
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