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Crystalline SnO; nanowires with smooth surface and uniform diameter were readily produced via chemi-
cal vapor deposition (CVD) method on various current collectors including carbon paper, stainless steel
and copper. The growth followed a vapor-liquid-solid (VLS) mechanism employing a gold thin film as
the catalyst. Morphology, composition and structure of the SnO, nanowires on different collectors were
characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). Morphology results demonstrated
that the growth of SnO, nanowires only occurred in a narrow temperature range, while the structure and
composition information unveiled the correlation between the quality of the nanowires and the employed
substrates. The unique architecture of SnO, nanowires directly growing on current collectors are expected
to act as building blocks in producing various types of nanodevices, especially as anode materials for

Li-ion batteries.
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INTRODUCTION

As a wide-band gap (Eg=3.6 ¢V, at 300 K) semicon-
ducting material, SnO, has been extensively investigated
due to their wide applications in producing gas sensors,'”
catalyst supports,* field emitters,” transistors® and transpar-
ent electrodes.” Because of their distinct physical and
chemical properties compared to their bulk counterparts,
one-dimensional SnO, nanowires with a high surface-to-
volume ratio and unique structure, are considered as prom-
ising materials in manufacturing nanodevices and attract
intensive research interest.

Up to now, SnO, nanowires have been synthesized in
various methods, including chemical vapor deposition
(CVD),S'26 heat ‘treatrrlent,27'29 hydrothermal,30 laser’! and
template methods.*>** Meanwhile, different precursors
have been explored as well yielding dense products, such
as Sn, SnO and SnO,; precursors. Sn powder is commonly
used as the starting material due to the low melting point
(231 °C).*" SnO (melting point: 1080 °C) is another choice
acting as an assistant Sn source during the synthesis.'**’
Despite its high melting point (1630 °C), SnO, mixed with
graphite is also used to supply Sn precursors to the growth
of SnO, nanowires.”' ** Depending on applications and
synthesis methods, SnO, nanowires have been prepared on

SnO, nanowires; Current collectors; Chemical vapor deposition.

different supporting substrates. Yang et al. produced SnO,
wires on a Si substrate;'* Chen et al. approached piled SnO,
nanowires on alumina collectors;'” Ma et al. carried out the
synthesis of SnO, nanowires on a LaAlO; substrate.*> Aim-
ing at meeting the development requirements of device
building blocks, dense SnO, nanowires with high quality
should be explored on various potential substrates.

To apply SnO, nanowires as the building blocks in
electronic devices such as anode materials of Li-ion bat-
tery, it is essential to provide a superior contact between the
nanowires and current collectors. Directed by this motiva-
tion, the growth of SnO, nanowires has been carried out on
different potential current collectors. In this work, we pres-
ent the synthesis of dense SnO, nanowires in a simple CVD
process on the potential current collectors including carbon
paper, stainless steel and Cu. After reaction, dense products
were obtained on these substrates and were characterized
to reveal the details of the nanowires. A systematic investi-
gation of the effects of temperature and substrates on the
growth of SnO, nanowires was conducted.

EXPERIMENTAL
SnO, nanowires were synthesized by the CVD method
in a quartz tube mounted in a tube furnace as shown Figure
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1. Pure Sn powder was used as the starting material and was
placed in the center of the quartz tube. Carbon paper, stain-
less steel and Cu were chosen as the substrates for the
growth of SnO, nanowires. The metallic substrates (stain-
less steel and Cu) were pre-treated by polishing with sand
paper firstly, and then etched with HCI (1 mol/L) for 30
min. Finally, the metallic substrates were washed with dis-
tilled water and dried. After the pre-treatment, a thin Au
layer with 5 nm in thickness was deposited on the surface
of the metallic substrates by sputtering. Au film was di-
rectly deposited on carbon paper without any pre-treat-
ment. The substrates were placed near Sn powder at the
down stream of an Ar flow (400 sccm) which was used as
carrier gas.Before the reaction started, the tube was purged
by Ar flow for 15 min. Then the furnace was heated up to
the required temperatures (780~790 °C) to trigger the
growth of SnO, nanowires on the surface of substrates. The
reaction last for 2 hours. Finally, the furnace was turned off
and cooled down to the room temperature.

The products were characterized by using field emis-
sion scanning electron microscopy (FE-SEM, Hitachi
4800S SEM), transmission electron microscopy (TEM,
Hitachi 7000), energy dispersive X-ray spectroscopy (EDS)
and X-ray diffraction (XRD, Rigaku Co Ko radiation).

RESULTS AND DISCUSSION
Carbon paper substrate

Figure 2a-c show the characterization results of the
products growing on the carbon paper substrate at 780 °C,
785 °C and 790 °C, respectively. At 780 °C, dense particles
with diameter around 50 nm were deposited on the surface
of carbon fibers (Figure 2a). When the temperature was in-
creased to 785 °C, high yield nanowires were observed on
the surface of carbon fibers (Figure 2b). However, as the
temperature was further increased to 790 °C, these nano-
wires disappeared and the surface of carbon fibers was cov-
ered by particles with the similar size of that was observed

Outlet

—_ —
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] .

I Furnace I

Fig. 1. Schematic diagram of the equipment setup of
CVD process.
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at 780 °C (Figure 2c). That indicates the growth of these
SnO? nanowires is quite sensitive to the reaction tempera-
ture. The growth occurs in a very narrow temperature
range, and the growth of nanowires is terminated beyond
the temperature range.

After reaction at 785 °C, the obtained SnO, nano-
wires are very dense. Seen from the high magnification
SEM image (Figure 2b insert), diameter of the SnO, nano-
wires ranges from 40 to 80 nm. The surface of the nano-
wires is smooth and clean without any impurity particles.
More detailed observation of the nanowires shown in the
TEM image (Figure 2d) indicates that the nanowires are
very straight and possess a smooth surface. Some of the
nanowires are also entangled with each other due to van der
Waals interactions. Particles are found at the tips of the
nanowires in SEM images (Figure 2b insert and f), which
indicates the growth of these SnO, nanowires follows a va-
por-liquid-solid (VLS) process.®'*"

In the VLS process, Au particles firstly form on the
surface of the substrate acting as catalyst for the growth of
nanowires.*'** Sn is vaporized from the starting material
and transported by the Ar flow to the reaction zone. The va-
porized Sn precursors collected by the Au particles would
diffuse along the surface of Au particles and Sn-Au liquid
alloy can form. Due to the presence of residue oxygen in-
side the system, the oxygen reacts with the Sn-Au alloy to
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Fig. 2. SEM images of products on carbon paper at dif-
ferent temperatures: a) 780 °C, b) 785 °C and c)
790 °C; d) TEM image of SnO2 nanowires syn-
thesized at 785 °C; e¢) XRD patterns of products
synthesized at 785 °C; f-h) EDS results of indi-
vidual SnO2 nanowrie.
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form SnO, and precipitate from the alloyed particles.'® Di-
rected by the Sn-Au alloyed particles, SnO, nanowires are
finally obtained.

Figure 2e shows the XRD patterns of SnO, nano-
wires. In Figure 2e, peaks at 31.0, 39.5, 44.3 and 64.5° are
perfectly matched with that of a tetragonal rutile SnO,
structure (JCPDS card No. 41-1445). The sharp and strong
peaks suggest high crystallinity of the SnO, nanowires.
The peak at 30.7° is indexed to graphite (JCPDS card No.
41-1487) which comes from the carbon substrate. No peaks
of residual Sn and other impurities are found.

Composition information of the individual SnO, nano-
wires is characterized by EDS spectra as shown in Figure
2f-h. Strong peaks of Sn (23.10 at%), O (74.16 at%) and Au
(2.74 at%) elements are observed in EDS spectrum 1 (Fig-
ure 2g) being taken at the particle supported at the tip of
nanowire. In terms of spectrum 2 (Figure 2h) taken at the
body of the nanowire, only Sn (22.75 at%) and O (77.25
at%) element peaks are observed. That means the growth of
SnO, nanowires is directed by Au catalyst and follows a
tip-growth VLS mechanism.

Stainless steel substrate

The synthesis of SnO, nanowires on stainless steel
substrate followed the similar procedures to that used for
producing SnO, nanowires on carbon paper. According to
the above results, it is known that the growth of SnO, nano-
wires is quite sensitive to the experimental conditions, es-
pecially the growth temperature. Hence the synthesis of
SnO; nanowires on the stainless steel substrate was investi-
gated in a narrow temperature range from 780 °C to 790 °C
as well.

Figure 3a-c show the SEM analysis of the products
synthesized at different temperatures: 780 °C, 785 °C and
790 °C. At the temperature of 780 °C, the surface of the
substrate was covered by a lot of particles (Figure 3a).
Among the particles, some tiny nanoflakes with vary thin
thickness about 10 nm are observed (Figure 3a insert).
When the reaction temperature was increased to 785 °C,
dense products with nanowire-like morphology were ob-
tained on the surface of the stainless steel substrate (Figure
3b). It can be seen that the nanowires exhibit bundle-like
structure (Figure 3b insert) and each bundle is composed of
several individual nanowires. These nanowires possess the
smooth and clean surface. The diameter of the nanowires
ranges from 80 to 200 nm. The TEM image (Figure 3d) re-
veals straight shape and very clean surface of the SnO,
nanowires. Tiny Au particles are clearly observed at the
1290
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tips of nanowires in the TEM image which provides strong
evidence accounting for the VLS mechanism that the nano-
wire growth followed. As temperature was further in-
creased to 790 °C, the substrate was covered by a large
amount of particles again (Figure 3c). Some very thin nano-
walls of 30 nm in thickness were also found among the big
particles (Figure 3¢ insert). The results from different reac-
tion temperatures reveal that the growth of SnO, on stain-
less steel substrate also strongly depends on the growth
temperature. Dense nanowires can only be obtained around
at 785 °C. Beyond this optimal temperature, the stainless
steel is mainly decorated by dispersed particles on the sur-
face.

Figure 3e shows the XRD patterns of the nanowires
growing on stainless steel substrate at 785 °C. The peaks
are well indexed to SnO, at 31.0, 39.5 and 60.9° (JCPDS
card No. 41-1445), which confirms the phase structure of
the as-synthesized products as SnO, nanowires. Some sig-
nals of FeNi® (JCPDS card No. 38-0419) and Co (JCPDS
card No. 05-0727) mainly arise from the substrate.

Because the stainless steel contains various elements
like Fe, Ni and Cr, which may affect the growth of SnO,
nanowires, EDS was carried out to analyze the composition
of nanostructures (Figure 3f-h). Spectrum 1 (Figure 3g) ex-
hibits the signals of the particle supported at the tip of the
individual nanowire. Peaks of Sn (7.90 at%), O (63.18

Intensity (a.u.)

Fig. 3. SEM images of products on stainless steel at
different temperatures: a) 780 °C, b) 785 °C and
¢) 790 °C; d) TEM image of SnO2 nanowires
synthesized at 785 °C; e) XRD patterns of prod-
ucts synthesized at 785 °C; f-h) EDS results of
individual SnO2 nanowrie.
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at%), Au (4.93 at%), Fe (10.97 at%) and Cr (13.02 at%) are
shown in spectrum 1. Au signal is quite strong which dem-
onstrates the particle is Au-rich to direct the growth of
nanowires following VLS process. Detection of Fe and Cr
signals also indicates that elements may be dissolved into
the particle. Spectrum 2 (Figure 3h) shows the information
of the body of the individual nanowire. In spectrum 2, Sn
(7.33 at%) and O (73.12 at%) elements show dominant
peaks, while Fe (8.82 at%) and Cr (10.73 at%) signals are
captured as well, which means the nanowires are tin oxide
nanowired doped with Fe and Cr elements.
Cu substrate

The synthesis procedures of SnO, nanowires on Cu
substrate are the same with that of stainless steel. Because
of the sensitivity of the growth, the reaction temperature
range was also conducted from 780 °C to 790 °C.

Figure 4a-c show the characterization results on the
Cu substrate at the reaction temperature of 780 °C, 785 °C
and 790 °C, respectively. In the case of 780 °C, Figure 4a
shows that the Cu substrate is covered by a large amount of
particles with irregular shape and large diameter. The parti-
cles distribute through the whole substrate. Due to the tem-
perature sensitivity of the growth of SnO, nanowires, tem-
perature was increased by 5 °C to 785 °C which was used as
the optimal temperature for the growth of SnO, nanowires
on carbon paper and stainless steel. After reaction, high
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Fig. 4. SEM images of products on Cu at different tem-
peratures: a) 780 °C, b) 785 °C and ¢) 790 °C; d)
TEM image of SnO2 nanowires synthesized at
785 °C; e) XRD patterns of products synthe-
sized at 785 °C; f-h) EDS results of individual
SnO2 nanowrie.
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yield of SnO; nanowires was achieved on the substrate
(Figure 4b). Quite similar to the nanowires growing on
stainless steel, the products on Cu have the bundle-like
structure. Each bundle consists of several individual nano-
wires (Figure 4b insert). The nanowires are straight and
thin, with diameter ranging from 40 to 200 nm. TEM image
in Figure 4d also shows the structure information of the
SnO, nanowires. These nanowires possess a straight shape
and the surface is quite smooth and clean. The results are
consistent with SEM analysis above. When the reaction
temperature was increased to 790 °C, particles with irregu-
lar shape were the only deposition products on the substrate
surface (Figure 4c). The results are quite similar to that ob-
tained at 780°C, and indicate that the temperature has
moved out the optimal temperature range of the growth of
SnO, nanowires.

XRD patterns of the SnO, nanowires growing on Cu
substrate are shown in Figure 4e. Main signals come from
the nanowires and Cu substrate. XRD patterns clearly show
that the signals originate from SnO, nanowires at 31.0,
39.5,44.3, 60.9, 64.5, 68.3, 74.1, 76.8 and 78.4° (JCPDS
card No. 41-1445). Cu peaks from the substrate at 50.7 and
59.3° (JCPDS card No. 04-0836) are also detected.

Particles are also found at the tips of nanowires (Fig-
ure 4f), which indicate the same VLS growth mechanism of
the nanowires as that on carbon paper and stainless steel
substrates. EDS spectra are presented to provide the infor-
mation of particles supported at the tip and body of the indi-
vidual nanowire. Spectrum 1 shows the composition infor-
mation of the particle at the tip (Figure 4g). In spectrum 1,
Sn (14.00 at%), O (58.10 at%), Au (0.47 at%) and Cu
(27.43 at%) peaks are observed. Au signals deriving from
the particle, reveal that the growth mechanism should fol-
low the VLS process assisted by Au catalyst. Cu signals in-
dicate that Cu was partially dissolved into the particle. In
spectrum 2 (Figure 4h), the strong peaks of Sn (22.39 at%)
and O (74.02 at%) are detected and weak peaks of Cu (3.59
at%) are also observed. That indicates Cu was incorporated
into the nanowires.

From the above results, it can be seen clearly that the
synthesis temperature and surface condition of substrates
play crucial roles in affecting the growth of SnO; nano-
wires. In spite of the employed substrates, the growth of
SnO, nanowires can only occur in a very narrow tempera-
ture range which indicates the sensitive growth of the nano-
wires subjecting to temperature. The reason may arise from
the influence of temperature on the degree of supersatura-
1291
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tion of Sn precursor and partial pressure of oxygen in the
reaction zone. Based on our experimental results, certain
degree of saturation of Sn precursor and partial pressure of
oxygen are critical prerequisite for anisotropic growth of
the nanowires. At relatively lower temperature (780 °C),
low concentration of Sn vapour is not able to trigger the
growth of nanowires. However, if the temperature is rela-
tively higher (790 °C), high degree of saturation of Sn pre-
cursor may restrict the diffusion of oxygen resulting in too
low partial pressure of oxygen in the reaction zone, which
also inhibits the growth of the nanowires. Only at the opti-
mal temperature (785 °C), the reaction condictions could be
balanced at the proper level for the oriented growth of
nanowires.

On the other hand, morphology and size difference of
the nanowires on different substrates also unveil the fact
that the surface condition of substrates can affect the
growth of the SnO, nanowires. Due to the inert surface con-
dition of carbon paper, the Au catalyst may direct the
growth of nanowires without any interruption, and the
body of nanowires was characterized as pure SnO,. How-
ever, the growth circumstance is quite different on the
stainless steel and Cu from carbon paper. Although Au is
still rich in the particles at the tips of nanowires growing on
the metallic substrates, other elements like Fe, Cr and Cu
are also detected on both tip and body of the nanowires.
The reason can be interpreted from the perspectives of sur-
face condition of the metallic substrates. The pre-treatment
may remove the contaminant at the surface of metallic sub-
strates, and also makes the surface condition active. When
Sn-Au liquid alloyed particles form on the substrates, the
metal elements (Fe, Cr, Cu) on the active surface can be
easily dissolved into the liquid particles and the triple or
multi-component catalyst may form, which would inevita-
bly influence the catalytic effect of Au on the growth of
nanowires. In the VLS growth process, diameter of the
nanowires is determined by the size of the catalyst parti-
cles. With the assistance of pure Au, the SnO, nanowire is
very thin with diameter ranging from 40 to 80 nm. When
the catalyst particles are alloyed by elements from metal
substrates, the involvement of these elements creates the
triple or multi-component catalyst particles, thereby affects
the nucleation and growth of the nanowires thermodynami-
cally and kinetically, and finally influences the diameter of
the obtained nanowires. On the other hand, the involved
substrate elements also precipitate along the SnO, nano-
wires from the catalyst particles and locate along the axis of
1292
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the growth direction of the nanowires, which generates Fe,
Cr and Cu doped SnO; nanowires. Further work is under-
way to investigate the performance of pristine and doped
SnO, nanowires along with the current collectors on the
lithium ion battery applications and the influence of doped
element species and content on the size and structure of the
SnO; nanowires as well.

CONCLUSIONS

SnO, nanowires have been obtained on various sub-
strates: carbon paper, stainless steel and Cu. To obtain
SnO; nanowires, different reaction temperatures were con-
ducted from 780 °C to 790 °C. The growth of SnO, nano-
wires is quite emperature-dependent. Dense SnO; nano-
wires were only obtained in a narrow temperature range
around 785 °C. The SnO, nanowires are long and thin with
very clean and smooth surface. The growth of nanowires
followed a VLS process. The trace of Fe, Cr and Cu are also
detected in the nanowires synthesized on stainless steel and
Cu substrates. The unique SnO, nanowires directly grow-
ing on the current collectors can be used as building blocks
in many potential applications, especially as anode materi-
als for Li-ion batteries.
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