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One dimensional tin/indium (Sn/In) nanowires have been synthesized through a surfactant assisted
chemical reduction method in aqueous solutions at low temperature (~0 °C). Synthetic parameters such
as stirring speed, injection rate of reducing agent, and alloy ratio were used to control the size and aspect
ratio of the resulting nanowires. It was observed that the diameter of the nanowires was around 70 nm
for all the synthesis conditions that were studied, whereas the length of the nanowires can be controlled
in the range of 400 nm to 2 um. The morphology and structure of the Sn/In nanowires were characterized
by field-emission scanning electron microscopy (FE-SEM), high-resolution transmission electron mi-
croscopy (HRTEM), and X-ray powder diffraction (XRD), and their thermal properties were measured by
differential scanning calorimetry (DSC). Structure analysis indicated that the Sn/In nanowires were
mainly composed of InSng and Sn; whereas no In3Sn phase was observed in the nanowires. DSC results
confirmed the structures of the Sn/In nanowires that were measured through XRD and indicated that the
nanowires started to melt at a relatively low temperature around 118 °C. Finally, a growth mechanism
based on the reaction and structural evolution was proposed to explain the nanowire formation and

growth process.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, one-dimensional (1-D) nanostructures such as
nanowires, nanorods, and nanotubes have drawn substantial
attention, not only because of their unique structure that contrib-
utes to the fundamental understanding of the material behaviors,
but also due to the outstanding electrical, optical, and magnetic
properties that they exhibit, which may lead to new applications in
different fields such as electronics, sensors, biomedical, environ-
mental, and energy [1—6]. As sensing materials, metal, metal oxide,
and semiconducting nanowires have been reported for the rapid
detection of a variety of analytes, such as hydrogen peroxide [7—11],
organic vapor [12—14], hazardous gas [15—19], DNA sequences
[20—22], and multiple analytes [23]. Metallic nanowires have also
been reported to serve as catalysts in fuel cells [24—28], and solar

* Corresponding author.
E-mail address: Zhiyong_Gu@uml.edu (Z. Gu).

http://dx.doi.org/10.1016/j.jallcom.2017.03.357
0925-8388/© 2017 Elsevier B.V. All rights reserved.

cells [29—31]. In the field of electronics and devices, due to its
excellent conductivity and 1-D wire-shape, metallic nanowires
have great potential to facilitate device miniturization. In addition,
nanowires bonding and joining techniques are also necessary for
device integration, which are being developed through a variety of
approaches including welding, soldering, adhesive coating, diffu-
sion bonding, laser irradiation, and electron/ion beam deposition
[32—-37].

Various nanowire fabrication methods have been developed.
Chemical vapor deposition (CVD), Vapor-Liquid-Solid (VLS) tech-
niques, electroless deposition, electroplating using nanoporous
templates, and surfactant assisted chemical reduction methods are
the commonly used method for synthesizing nanowires [38—41].
Among these methods, the template-directed method using elec-
troplating is among the most widely employed [42—44]. However,
due to the restriction of the pore spaces in the template, the pro-
duction yield might be limited. In addition, removing the templates
such as track-etched polycarbonate (PC) might involve using toxic
organic solvent, and removing anodic aluminum oxide (AAO)
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membrane template using basic solution might cause damage to
the as-synthesized metal nanowires [38]. On the other hand,
chemical reduction method has the advantages, including no need
to remove the template, low cost, and potential for scale up. The
ability to control the size and shape of the nanostructures while
producing large amount will enable many possibilities to design
the nanostructures for nanofabrication and manufacturing.

Tin-Indium (Sn-In) alloy is often used as a lead-free solder in the
electronic industries and as low melting temperature solder, which
has a melting temperature as low as 118 °C at its eutectic compo-
sition (Sn/In 48/52) [45]. In addition, intermetallic compound
(InSnyg) has reported as a potential anode material for Li-lon battery
due to the advantage of combining the cyclic stability of Sn-based
electrode and softness of In in accommodating the volumetric
change caused by the alloying/dealloying of Sn with Li [46].
Fundamentally, Sn-In binary system has a wide range of composi-
tions that possess different intermetallic compound formations,
and thus, it will be interesting to investigate their structure for-
mation at the nanoscale under various synthetic conditions. There
has been limited work on the synthesis of Sn/In nanoparticles or
nanowires. For example, chemical reduction methods have been
used to synthesize Sn/In nanoparticles [47] or In3Sn nanowires
[48]; a solution dispersion method has also been reported to syn-
thesize Sn/In nanoparticles [49].

In this study, a one step surfactant-assisted low temperature
aqueous phase synthesis of Sn/In nanowire was presented. Pa-
rameters such as stirring speed, reducing agent injection rate, and
elemental composition were studied in controlling the diameter
and length of the Sn/In nanowires. The morphology, crystalline
structure, and thermal properties of the nanowires were examined.
Finally, a mechanism of the nanowire growth under different
synthetic conditions was proposed.

2. Material and methods
2.1. Materials and chemicals

Sodium dodecyl sulfate (SDS) (85%) and ethanol (anhydrous)
were purchased from Fisher Scientific. Tin (II) sulfate (SnSQ4, 99%),
indium chloride (InClz, 99.995%) and sodium borohydride (NaBHg,
99%) were purchased from Acros Organics. Hydrochloric acid (HCl,
36.5%—38%) was obtained from VWR scientific. DI water was ob-
tained from a Barnstead Nanopure water purification system. All
materials were used without further purification.

2.2. Synthesis of Sn/In nanowires

A one-step surfactant-assisted chemical reduction method has
been used for the synthesis of Sn/In nanoparticles [47]. In this work,
a similar method was used to synthesize Sn/In nanowires, but in a
low temperature condition (ice bath condition, about 0—2 °C). First,
SDS was added into DI water to form a 8 mM solution. The pH was
adjusted to ~2.5 by HCl to prevent the hydrolysis of SnSO4 and InCls.
After SnSO4 and InCl; were dissolved in the solution, an excess
amount of NaBH4 dissolved in 10 ml DI water was added into the
system through a syringe pump (single-syringe infusion pump, KDS
LEGATO 110, Kd Scientific), with different injection times (5 min,
15 min, and 25 min) at a constant speed (120 ml/h, 40 ml/h, and
24 ml/h, respectively). The reaction was kept in the ice bath with
constant stirring (100 rpm or 300 rpm) for 30 min. Gray/black
precipitation was observed after the reaction finished. The resulting
samples were centrifuged (5804 Centrifuge, Eppendorf) at 7000
rpm and washed 3 times with DI water and 3 times with ethanol
through dispersion and centrifuge cycles. After the washing steps,
the as-synthesized Sn/In nanowires were stored in ethanol.

2.3. Instruments and characterization

The morphology and elemental composition of the as-
synthesized Sn/In nanowires were characterized with a scanning
electron microscope (SEM) and energy dispersive X-ray spec-
trometer (EDS) on a field emission-scanning electron microscope
(JEOL-7401F), and high resolution transmission electron micro-
scopy (HRTEM) together with selected area electron diffraction
(SAED) on a transmission electron microscope (JEOL JEM 2100F).
The crystal structure of the nanowires was identified by powder x-
ray diffraction (XRD) analysis using a BRUKER AXS D5005 X-ray
diffractometer (Cu Ka radiation, A = 1.540598 A). ATA Instrument Q
100 was used for differential scanning calorimetry (DSC) analysis
with a heating rate of 10 °C/min, scanned from 50 °C to 250 °C.

3. Results and discussion
3.1. Effect of stirring speed

Two stirring speeds of 100 rpm and 300 rpm were used in the
present work to investigate the stirring speed effect on the for-
mation of Sn/In nanowires. Both of the samples were synthesized
with a NaBH4 injection time of 25 min and Sn/In starting ratio of 70/
30 (weight ratio). The resulting In concentrations examined with
EDS are 20% (weight%) In for both samples. Fig. 1a and d shows the
size and morphology of the Sn/In nanowires that were formed with
the two stirring speeds. It can be seen that with both stirring
speeds, rather uniform nanowires were formed, even though a very
small amount of rod shaped structures (rod defined as length/
diameter aspect ratio <10) can also be observed in the 100 rpm
specimen (1a). The TEM images of the two representative nano-
wires that were formed under the two conditions in Fig. 1b and e
showed that both nanowires have a similar diameter (70 nm and
68 nm). However, the nanowires that were formed with 100 rpm
stirring speed have a longer length of ~2 um and larger size dis-
tribution, whereas the nanowires formed with 300 rpm were only
about 1.1 um in length. The size distribution in Fig. 1c and f showed
that the size of the nanowires with 100 rpm ranged from 1.4 to
2.6 pum in length, whereas the nanowires formed with 300 rpm
ranged mainly from 0.9 to 1.4 pm in length. It is clear that with
higher stirring speed, the nanowires formed tend to be shorter;
however, the diameters of the nanowires remained the same. This
observation indicated that, after the initial nucleation stage, the
nanowires only grew along one direction, and the stirring speed
would not change the diameter of the nanowires, but can effec-
tively control the length while they grow.

3.2. Effect of injection rate of reducing agent

The injection rate of sodium borohydride (NaBHy4) has a critical
effect on the formation of the nanowires. Controlled experiments
were carried out to investigate the influence of NaBH4 injection
time on the synthesis of the Sn/In nanowires with the same
composition of 20% In. In the present work, NaBH4 was used as the
reducing agent, which was dispersed in the solution through a
programmable syringe pump at a constant speed. Under the stir-
ring speed of 100 rpm, 10 ml of 0.45 M NaBH4 with an injection
time of 5 min, 15 min, and 25 min were tested, respectively. The
corresponding injection rates are 120 ml/h, 40 ml/h, and 24 ml/h. It
can be observed from the SEM images in Fig. 2a—c that the longer
the NaBH4 injection time was, the longer nanowires were pro-
duced. However, the nanowires formed had almost the same
diameter of ~70 nm for all the three NaBH,4 injection times that
were used. Fig. 2d shows the average length of the nanowires ob-
tained at different NaBH4 injection times, and the nanowire length
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Fig. 1. Effect of stirring speed on the formation of Sn/In nanowires (20% In): SEM images of nanowires that were formed with 100 rpm (a) and 300 rpm (d), TEM images of typical
nanowires that were formed with 100 rpm (b) and 300 rpm (e), and size (length) distribution of nanowires that were formed with 100 rpm (c) and 300 rpm (f).

changed from 0.55 pm (5 min) to 0.89 pm (15 min), and finally
reached 2.2 um (25 min), which were about 4 times longer than the
samples formed at 5 min injection time. The results above sug-
gested that the length of the nanowires strongly depends on the
reducing agent injection rate.

3.3. Effect of elemental composition

After investigating the effects of both stirring speed and
reducing agent injection rate, elemental composition of Sn/In has
also been studied to fine tune the morphology of the nanowires
formed. Table 1 shows the resulting indium concentration (wt% In)
in the nanowires formed with 300 rpm and 25 min NaBHy4 injection
time, with varying starting composition of In (wt%). The In
composition in the as-synthesized nanowires increased as the
starting In increased; however, the resulting In compositions were
significantly lower than the strating In composition values. Fig. 3
also compared the results with a previous study on Sn/In nano-
solder particles, in which the Sn/In nanosolder particles were
synthesized at a similar condition but in room temperature [47].

The resulting elemental compositions of the Sn/In nanoparticles
were very close to the starting precursor concentrations (see the
blue triangles). However, for the Sn/In nanowires in this work, the
significant deviation of In compositions (see the red dots) from
their starting values suggests that In is less likely to precipitate at
low temperatures such as 0 °C.

Fig. 4 shows the morphology and length of nanowires that were
obtained with different Sn/In elemental compositions. The starting
ratios of In in the precursors were 30%, 70%, 80%, and the elemental
compositions from the EDS analysis were 20%, 32%, and 47% In,
respectively. It can be observed that as the In ratio increased in the
samples, the nanowires became shorter. However, the TEM images
in Fig. 4b, d and 4f showed that the diameters of the nanowires
with different In ratios almost stayed at the same value of around
70 nm, which was the same dimeter of the nanowires obtained
with different stirring speeds and reducing agent injection rates.

The average length of the nanowires obtained with 100 rpm and
300 rpm and different In ratios was summarized in Fig. 5. The
average length with error bars were obtained by measuring at least
50 nanowires for each sample. The error bars of the samples at 47%
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Fig. 2. Effect of reducing agent NaBH, injection time on nanowire growth: (a) 5min, (b) 15 min, and (c) 25 min. (d) Average length of the nanowires at different NaBH, injection
times. The error bars on the curve indicate the standard deviation of the nanowire length, where ~50 nanowires were measured for each sample.

Table 1
Starting and resulting concentrations (wt% In) for the Sn/In nanowires.

Starting Conc. of In (weight%) Resulting Conc. of In (weight%)

20 18
30 20
40 24
50 25
60 31
70 32
80 47

In were smaller than the symbols and thus were not shown. It can
be observed that under both stirring speeds, the length of the
nanowires decreased as the In ratio increased. Consistent with the
observations in section 3.1, the nanowires obtained at 300 rpm
have a shorter length than the nanowires obtained at 100 rpm with
the same ratio. Also, the diameters of the nanowires at all condi-
tions remained the same of around 70 nm, indicating that the
nanowires are growing along one direction since the diameters of
the nanowires almost remained the same under different
parameters.

3.4. Structural analysis of Sn/In nanowires

The crystal structure of the Sn/In nanowires was analysed by
XRD. Fig. 6a—b shows the XRD spectra of the nanowires that were
discussed in section 3.1, which were synthesized with 100 rpm and
300 rpm, respectively, and the NaBHy4 injection time of 25 min for
both samples, with the resulting In ratio of 20% for both samples.
Since the elemental ratio of Sn:In is approximately 4:1, an alloy of
InSny is expected from this composition. It can be seen that the XRD
spectra of both samples have similar patterns. Both specimens

—a— Starting ratio of In (wt%)
30| —*—In% in nanowire (0 °C, this work)
—a&— In% in nanoparticles (RT, [47])
9
£
£ %
©
°
©
o 40
£
> 4
w
o)
14
20 4

20 40 60 80
Starting ratio of In (wt%)

Fig. 3. Resulting In% in Sn/In nanowires (synthesized at 0 °C) and nanoparticles
(synthesized at room temperature [47]), compared with the starting In ratio in the
precursor solutions.

consist mainly of InSng, but a small amount of Sn can also be
observed. The XRD results suggested that with both stirring speeds,
the produced nanowires have the same crystal structures, and the
only difference is the length of the nanowires. The crystal structure
of the specimens at other In concentrations are also examined.
When In concentration was lower than 20%, the crystal structures
that were found in the XRD spectra are still mostly InSngq and Sn;
however, the Sn peak was found to be higher with increased Sn
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Fig. 5. Average length of Sn/In nanowires with different indium concentrations that
were synthesized at 100 rpm and 300 rpm.

ratio, indicating higher amount of Sn, which is consistent with the
bulk Sn-In phase diagram [45]. When the In concentration was
above 20%, in addition to InSng and Sn peaks, a small peak at 32.9°
that contributed from In (101) also showed up, as shown in Fig. 6¢
for sample 23% In, indicating that In phase may also be formed
during the synthesis as the In concentration increased.

The as-synthesized Sn/In nanowires were also subjected to TEM
analysis. Fig. 7 shows a typical nanowire that was found in the
specimen synthesized with 100 rpm with In concentration of 20%.
From Fig. 7a it can be measured that the nanowire is about 1.08 pm
in length and 70 nm in width. A high-resolution TEM (HRTEM)
image of the zoomed in area of the nanowire was shown in Fig. 7b,
which indicated the area of the nanowire is single crystal. About
2—3 nm amorphous oxide layer can also be observed on the surface
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Fig. 6. XRD spectra of 20% In nanowires synthesized with (a) 100 rpm and (b)
300 rpm, and (c) 23% In nanowires with 100 rpm.

of the nanowire, which is consistent with previous results on Sn
nanorods prepared by a similar chemical reduction method [50] or
Sn-based nanowires synthesized by electrodeposition method [51].
The interplanar spacing was measured to be 3.064 A. The selected
area electron diffraction (SAED) pattern of the nanowire is shown in
Fig. 7¢, which can be indexed as either InSng [0110] or Sn [103].
However, the measured d spacing from HRTEM image confirms
that it is InSng4. Therefore, the phase and structure of the nanowire
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InSn, [0110]

InSn, (0001)
d=3.064A

Fig. 7. TEM analysis of a InSny4 nanowire synthesized under 100 rpm with 20% In, (a) TEM image, (b) HRTEM image, and (c) SAED pattern.

is confirmed as InSns. The growth direction of the crystalline
structure is marked in the HRTEM image of Fig. 7b by the white line
with arrow. This direction is aligned with the (0001) plane of InSng
hexagonal structure. With the surfactant employed for the syn-
thesis, the surface energy of (0001) plane or facet is thermody-
namically preferred, in order to minimize the total surface energy,
leading to elongated rod/wire as the resulting shape for the InSny
crystal.

Sn nanowire was also found in this specimen. The nanowire in
Fig. 8 has a similar length (1.1 um) and width (70 nm) as the
nanowire showed in Fig. 7. The crystal structure that was indexed
from the SAED pattern in Fig. 8b revealed that the nanowire is Sn.
The results from TEM measurements confirmed the Sn and InSng
structures that were observed from XRD (Fig. 6a). However, no In
phase was observed from the TEM analysis of sample 23% In, which
may be due to the limited number of nanowires that were exam-
ined under TEM.

In addition to the InSng nanowires and Sn nanowires shown in
Figs. 7 and 8, another type of nanowires was also observed. Fig. 9a
shows the TEM images of some nanowires that were synthesized at

(a)

100 nm

300 rpm with 32% In. The SAED pattern in Fig. 9b shows that both
Sn and InSnyg phases were observed from the tip of the same
nanowire (horizontal in the figure). The overlapped reciprocal lat-
tices indicate the epitaxial relationship between Sn (011) and InSnyg
(1000) or (1100).

3.5. Thermal properties of Sn/In nanowires

The thermal properties of the Sn/In nanowires discussed in the
previous sections were measured by DSC. Fig. 10a—b shows the DSC
plots of the nanowires that were synthesized at 100 rpm and
300 rpm, respectively, with the reducing agent NaBH4 injection
time of 25 min. Both of the specimens have the In composition of
20%. For both DSC curves, two peaks can be observed: a major peak
at around 205/206 °C and a minor peak at 117.8 °C. The peak at
around 205 °C was contributed from the liquidus of Sn/In alloy at
about 20% In composition, while the minor peak appeared at
117.8 °C should be contributed from the metastable eutectic
melting because no In3Sn was observed in the nanowires. DSC
measurement has also been performed on the specimens with

Fig. 8. TEM analysis of a Sn nanowire synthesized under 100 rpm with 20% In, (a) TEM image and (b) SAED taken from the area encircled by the red dash line as shown in Fig. 8(a).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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100 nm

Sn[100] & InSn, [0001]

Fig. 9. TEM analysis of Sn/In nanowires synthesized under 300 rpm with 32% In, (a) TEM image and (b) SAED taken from the area encircled by the red dash line as shown in Fig. 9(a).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig.10. DSC curves of 20% In nanowires synthesized with (a) 100 rpm and (b) 300 rpm,
and (c) 23% In nanowires synthesized with 100 rpm.

different In concentrations. When the In composition was lower
than 20%, such as 18%, the DSC results are similar to the ones of 20%
In. While at In compositions higher than 20%, e.g., 23% In as shown
in Fig. 10c, the minor peak occurred at around 117.5 °C is slightly
bigger, indicating more In in the metastable eutectic melting; after
that, a major peak showed up at 209.7 °C, indicating the liquidus of
Sn/In alloy, which is similar to the 20% In sample.

3.6. Proposed mechanism of nanowire formation and growth

From the above experimental observations, the Sn/In nanowires
are mostly monodispersed at each synthetic conditions. It indicated
that, after the initial nucleation stage, no nucleation occurred
during the nanowire growth stage. It can be assumed that the
nucleation rate is significantly reduced as the nucleation pro-
gresses, and then nanowire growth will be the main process that

takes place. Therefore, the finial product density is determined
mostly by the supply rate of the reacting agent and/or the growth
rate of the generated nuclei. A proposed mechanism is shown in
Fig. 11. The examination of the nanowires that were formed with
different reducing agent injection times showed that the nanowires
are monodispersed under different NaBH,4 injection times. As the
injection time of the reducing agent NaBH,4 extended, i.e. the rate of
injection (Rnapu4) decreased, the length of the nanowires became
greater. The results confirmed that nucleation took place at the
early stage of the reaction; less seeds were formed with longer
NaBH4 injection time. Hence, more precursors remaining in the
solution were involved in the nanowire growth, leading to the
formation of longer nanowires.

In the case of different stirring speeds, higher stirring speed led
to better mixing, with more seeds formed at the early stage,
resulting in shorter nanowires in the final product. When the stir-
ring speed was lower, less seeds were formed in the early stage,
therefore leading to longer nanowire formation. Also, the length of
the nanowires has a wider distribution when using lower stirring
speed. This may result from less efficient mixing at lower stirring
speed. When the stirring speed was too low, no good quality
nanowire was formed.

From the previous discussion, it can be found that when the
starting In ratio was low (~20%), the In ratio in the resulting
nanowires was well maintained, as indicated in Table 1. However,
when the starting In ratio increased, the In composition in the
resulting nanowires was significantly lower than the starting ratio.
This observation indicated that In is less likely to precipitate in the
nanowire synthesis process, even at a relatively high starting In
composition of 80%. Also, from the XRD results, Sn, InSng, and In
were the three crystal structures that can be observed for compo-
sitions at 23% In or above; however, the amount of In was small.
Also, no In3Sn was observed for these compositions. This meta-
stable (or non-equilibrium) phase behavior is similar to the Sn/In
nanoparticle formation process that was published before [47]. At
room temperature or low temperature, In3Sn phase normally is not
formed through the chemical reduction method. In this nanowire
synthesis process, InSny is the preferred phase to form for all the
compositions observed. For compositions with 23% In or higher,
most Sn reacted with In for the formation of InSny, and only a small
amount of excess In may precipitate during the nanowire forma-
tion, which was confirmed from XRD measurements however was
not observed by TEM. In addition, the length of the nanowires that
were synthesized is also related to the Sn/In ratios. The higher the
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Fig. 11. Proposed nucleation mechanism for Sn/In nanowire growth.

In ratio is, the shorter the nanowires were observed. With higher In
ratio, more InSng4 nuclei may be formed during the nucleation step,
therefore, leaving less amount of Sn to supply the growth of
nanowire.

4. Conclusions

A one-step aqueous solution based chemical reduction method
was successfully used to synthesize Sn/In nanowires at low tem-
perature. Uniform nanowires with different lengths can be ob-
tained through this method, by controlling the parameters such as
stirring speed, reducing agent injection time, and elemental
composition, while the diameters of the nanowires keeping
roughly the same. The as-synthesized nanowires were composed
mainly of InSns and Sn; however, no In3Sn phase was observed.
Thermal property measurements showed that the nanowires
started to melt at around 118 °C, which indicated that the nano-
wires can serve as a low melting temperature solder material for
flexible electronics, or for the assembly and packaging of elec-
tronics or photonics with thermal sensitive materials or compo-
nents. The nanowire formation followed a growth-controlled
nucleation mechanism.
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