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he discovery of CNTs has stimulated

strong interest in other 1-D nano-

materials, including those of metals,
metal oxides, semiconductors, and their
composites.!” '3 These 1-D nanomaterials
possess unique properties that can be ex-
plored for technological advances in opto-
electronics,* energy storage,'® sensor devel-
opment,'" catalysis,'? and surface
modification.2°'3 While the extensively stud-
ied CNTs can now be fabricated as single-wall
and multiwall variants or in other more com-
plex 1-D morphologies,”™~ 17 the synthesis of
other non-carbon-based 1-D nanomaterials
is still in infancy. There is also increasing inter-
est in synthesizing nanocomposites of CNTs
and metals or metal oxides to take advantage
of the benefits of combined material
properties.>'® Among the non-carbon 1-D
nanomaterials, metal oxide nanotubes have
drawn the most attention.” These metal ox-
ide nanotubes are generally produced by la-
borious template-assisted methods. Most of
the nanotubes produced are straight because
of the limited variety of template geometry.
In addition, there is also difficulty in aligning
the nanotubes on the growth surface.

Aligning 1-D nanomaterials with the de-

sired curvature and composition into well-
ordered, oriented nanostructures on a sur-
face can be a design requirement for
advanced applications, such as fabrication
of nanodevices.'*192021 At the micro level,
the integration of 1-D nanomaterials into
devices must allow the special properties
of individual 1-D nanomaterial to be easily
accessible to deliver efficiency and perfor-
mance in applications.?® An appropriately
aligned nanostructure may also generate
interesting properties at the macro level,
such as roughness-enhanced superhydro-
phobicity of the lotus leaf and gecko foot
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ABSTRACT One-dimensional (1-D) nanomaterials are basic building blocks for the construction of nanoscale

devices. However, the fabrication and alignment of 1-D nanomaterials with specific geometry and composition on

a given substrate is a significant challenge. Herein we show a successful example of fabricating a family of aligned

1-D C-curved nanoarches of different compositions on an extended Si surface by a simple and scalable method.

The nanoarches are made up of either single-crystalline Sn nanorods encapsulated in carbon nanotubes (CNTs),

Sn0, nanotubes, or CNTs. The aligned 1-D C-curved nanoarches of single-crystalline Sn nanorods in CNTs are

prepared first by a facile in situ reduction of Sn0, nanoparticles under standard chemical vapor deposition

conditions. Nanoarches of CNTs and Sn0, nanotubes were then derived from the Sn@CNT nanoarches by acid

etching and by calcination in air, respectively.
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surfaces.®>'322 The alignment of 1-D nano-
materials is currently limited to nanostruc-
tures with one end attached to the sub-
strate and the other end free-standing.891
There is no report on the fabrication of
aligned 1-D nanomaterials with curvature
where both ends are affixed to the sub-
strate. The arch-like architecture may pro-
vide new opportunities for application
exploration.

We report here, for the first time, the fab-
rication of a family of aligned 1-D C-curved
nanoarches of (1) single-crystalline Sn nano-
rods encapsulated in CNTs (a potential su-
perconductor®), (2) carbon nanotubes (a
conductor?), and (3) SnO, nanotubes (a
semiconductor) on Si wafers by a simple
and scalable method. Here the term
“aligned” is used to refer to some apparent
order in the orientation and distribution of
the C-curved nanoarches on the Si wafer
surface.?*?° These aligned 1-D nanomateri-
als may be used to provide elasticity and
three-dimensional connectivity at the
micro level or as the template for the fabri-
cation of aligned nanoarches of other mate-
rials. At the macro level, the ordered assem-
bly of aligned 1-D C-curved nanoarches
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Figure 1. Schematic of experimental procedures showing the changes in
morphology and material composition in each step.

over an extended surface can lead to substantial modi-
fication of the surface properties of the substrate, for ex-
ample, the wettability of Si wafer, which depends
strongly on the chemical and topographical properties
of the surface.'®?? Figure 1 is the process flow of the
preparation method.

Aligned 1-D C-Curved Nanoarches of CNT with Encapsulated
Crystalline Sn Nanorods. The FESEM images of aligned 1-D
Sn in CNT (Sn@C) C-curved nanoarches on Si wafer are
shown in Figure 2a—c at different magnifications and in
different perspectives. The low magnification FESEM
top view (Figure 2a) shows the proliferation and nearly
uniform coverage of the nanoarches on the Si surface,
at a density of about ~6.2 X 10'/m2 The low magnifi-
cation FESEM side views (insets of Figure 2a and Fig-
ure 2b) demonstrate most vividly the semicircular 1-D
arch-like architecture: each nanotube is bent with its
two ends affixed to the wafer surface forming an arch-
like turned letter C with a height of ~500 nm and a
width of ~500 nm. In the side view of a few aligned
1-D C-curved nanoarches (Figure 2c), the difference in
contrast between the core and surface regions of the
nanoarches confirms the coaxial rod-in-tube hetero-
structure. It also shows that the two ends of the nano-

tubes are solidly attached to the Si surface. It was found
that 20 min of ultrasonication in hexane for the TEM
sample preparation would not dislodge the aligned
C-curved composite nanostructure from the wafer. The
rod-in-tube nanostructure is more clearly shown in the
TEM image of Figure 2d. The inset of Figure 2d also
shows a C-curved CNT nanoarch with a partially filled
metallic Sn interior. The symmetric diffraction spots in
the SAED pattern of the nanoarches (inset of Figure 2d)
could all be indexed to single-crystalline Sn, and hence
the Sn nanorod core is single-crystalline. The weak dif-
fraction rings could be attributed to the {002} planes of
the polycrystalline CNT shell. The nanocomposite struc-
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ture was further confirmed by HRTEM lattice imaging
(Figure 2e). The measured fringe spacing of the dark
core is 0.29 nm and agrees well with the {200}s, set of
planes, corroborating that the metallic Sn nanorod is in-
side the CNT and single-crystalline. The lighter color car-
bon shell is about 8 nm thick, and the measured fringe
spacing of 0.35 nm (corresponding to the {002} d spac-
ing) also verifies the formation of a CNT shell. The lack
of extended graphene sheets in the CNTs, the curvature
in the graphene sheets, and the slightly expanded
{002}¢ d spacing (0.34 nm for graphite) suggest a low
degree of graphitization. For low-graphitized CNTs,
there should be significant defects with a large num-
ber of pentagonal and heptagonal rings besides the
usual hexagonal rings in the carbon nanostructure.'
The nanoarches were also analyzed by Sn3d XPS (Fig-
ure 2f). Compared to the precursor SnO, nanoparticles
(SI1d in Supporting Information), the strong and distinc-
tively sharp Sn° peaks indicate the reduction of SnO,
to metallic Sn. The reduction was, however, incomplete,
as can be seen from the remnant presence of oxidized
Sn in the XPS spectrum. XPS analysis also confirmed the
presence of carbon nanotubes with sp? C(=C and sp>
C—C bonds (SI2 in Supporting Information).

The formation of these unique aligned C-curved
Sn@C nanoarches could be rationalized as follows: Un-
der the experimental conditions, SnO, nanoparticles
were converted to metallic Sn by the reducing action
of acetylene.? As metallic Sn has a low melting point
(232 °C) and a high boiling point (2270 °C), liquid Sn
droplets were formed on the Si surface at the reaction
temperature of 650 °C. The Sn droplets are catalytic to
carbon deposition from C;H, decomposition.? The car-
bon deposit would dissolve into Sn initially. However,
the solubility of carbon in Sn is limited, and carbon in
excess of its solubility limit in Sn would emerge from
the surface and start to bud into a tubular structure
(due to the intrinsic anisotropic character of carbon).?
The continuous supply of carbon sustained the CNT
growth. The growth was propagated by the formation
and concomitant insertion of pentagonal and heptago-
nal rings in addition to the hexagonal rings. The addi-
tion of carbon with different ring structures to the
graphene sheets would result in curvature in the grow-
ing nanostructure as an attempt to lower the energy
of the structure.” Along with the growth of CNTs, capil-
lary forces would draw molten Sn on the Si surface into
the nanotubes, filling their interior to different de-
grees. The Sn-filled CNT with the additional weight
load introduced by metallic Sn could vacillate in a flow-
ing gas. Once the free end of the CNT made a second
contact with the wafer surface and adsorbed there, a
complete C-curved nanoarch was formed. The differ-
ent growth stages discussed above could be detected
experimentally as shown in SI3b of Supporting Informa-
tion. In addition, when a group of CNTs grew in close
proximity, they could form an extended bridge struc-
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ture strong enough to uphold a C/SnOy ag-
gregate (SI3a of Supporting Information).
(The C/SnOy aggregate was the result of in-
complete reduction of SnO, nanoparticles
aggregated on the silicon wafer.)

As an example of one of the potential ap-
plications at the macro level, the wettability
of the Si wafer modified by aligned 1-D
C-curved nanoarches of CNTs with single-
crystalline Sn nanorod cores was measured.
Compared to the untreated Si wafer (Figure
2h), Si wettability underwent substantial
changes from hydrophilic (contact angle of
~71°) to superhydrophobic (contact angle of
~151°) after the deposition of nanoarches
(Figure 2g). The increase in hydrophobicity
was caused by the ordered roughness and
enhanced by the entrapment of air under-
neath the C-curved nanoarches. For a macro-
scopic water droplet on the modified wafer,
the nanoarches provide numerous nanoscale
air bubbles under it and reduce the contact
of the water droplet with the Si wafer. As air
is completely hydrophobic (180°), surface-
roughness-induced entrapment of air could
lead to superhydrophobicity. The phenom-
enon could also be understood in terms of
the Cassie—Baxter equation (cos Orough = fi
cos 6 — f, where 6,,9n and 6 are the contact
angles of the rough and flat surfaces, respec-
tively; f; is the fraction of the solid/water in-
terface, and f; is the fraction of the air/water
interface, f; + f, = 1). A rough surface intro-
duces more air entrapment; f, would in-
crease, and a larger contact angle (i.e., hydro-
phobicity) results.?® In all of the reported
superhydrophobic surfaces of 1-D nanostruc-
tured materials, air is trapped in the space be-
tween neighboring solid nanostructures.®'3
In the current case, however, there is also an
air pocket below the arch-like nanoarchitec-
ture. The situation may be likened to a
nanoumbrella with microscopic air bubbles
underneath the shade cover. This is a new
mode of wettability modification that has not
been observed before and warrants further
investigations.?

Aligned 1-D C-Curved Nanoarches of Sn0,
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Figure 2. Aligned 1-D C-curved nanoarches of CNT encapsulating crystalline tin nano-
rods. FESEM images at low magnification top view (a) and side view (inset of a). High mag-
nification side views (b,c). TEM images (d, and the inset in d) and SAED pattern (inset in
d). HRTEM image of the side of a C-curved carbon nanotube encapsulating crystalline tin
nanorod (e). XPS Sn3d spectrum (f). Optical image of a water droplet on the Si wafer
with surface modification by C-curved CNT encapsulating crystalline tin nanorods (g)
and Si wafer without any surface modification (h).

Nanotubes. The aligned 1-D C-curved Sn@C nanoarches
could be used to derive aligned 1-D C-curved
nanoarches of SnO, nanotubes and CNTs easily (Figure
1). Aligned 1-D C-curved nanoarches of SnO, nanotubes
were obtained from the Sn@CNT precursor by calcina-
tion in air. The low magnification FESEM image (Figure
3a) shows the conservation of precursor geometry,
without much change in the uniformity and surface
density of nanoarch distribution on the wafer surface.

www.acsnano.org

The inset of Figure 3a shows the side view of a nanoarch

of the SnO, nanotube with two ends attached to the

Si wafer surface, which was templated from an arch pre-
cursor of CNT fully filled with a metallic Sn rod. A higher
magnification FESEM image (Figure 3b) shows that the
nanotube surface is corrugated and the diameter is not
uniform throughout. Figure 3b also shows a product
templated from an arch precursor of CNT partially filled
with Sn. Here, one end of the SnO, nanotube is at-
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Figure 3. Aligned 1-D C-curved nanoarches of SnO, nanotubes. FESEM image at low magnifica-
tion side view (a) and a typical nanoarch with its two ends attached to the wafer surface (inset).
Another representative nanoarch of SnO, nanotube with the arrow showing the tubular structure
(b). TEM image of a representative C-curved nanoarch of the SnO, nanotube (c) and a section of
the nanoarch showing the tubular structure more clearly (inset). SAED pattern (d). TEM of a sec-
tion of the arch-like SnO, nanotube showing an interesting tongue-in-mouth structure (e). XPS
Sn3d spectrum (f). Optical image of a water droplet on the Si wafer with surface modification by
C-curved nanoarches of SnO, nanotubes (g).

tached to the wafer surface, while the other end is

tures,? the preoxidation of the car-
bon shell at high temperatures in our
case provided the conditions for
melting Sn and the outward diffu-
sion of molten Sn through the CNT.
The diffused Sn was subsequently
oxidized to SnO, once it was exposed
to O,, forming a tubular shell struc-
ture. During this process, CNTs played
the role of an active template to pro-
mote the formation of SnO, nano-
tubes. Indeed, in some cases after the
removal of the carbon shell when
there was still molten Sn inside the
SnO, nanotube, the molten tin would
flow to the open end of the tube
and was oxidized there to SnO,, form-
ing a tongue-in-mouth nanorod-in-
nanotube structure (Figure 3e). In
general, this in situ oxidization
method for the fabrication of SnO,
nanotubes should also be applicable
to forming oxide nanotubes of other
low melting point metals and alloys
(e.g., Pb, SnPb). While SnO, is gener-
ally considered as hydrophilic, the as-
sembly of SnO, with the unique
aligned C-curved geometry still im-
parted strongly hydrophobic charac-
ter to the Si surface. The measured
contact angle was 123° (Figure 3f).
This implies that wettability in this
case is strongly influenced by surface
roughness or large f;.

Aligned 1-D C-Curved Nanoarches of
Carbon Nanotubes. Aligned 1-D
C-curved nanoarches of CNTs were
obtained from the Sn@CNT precur-
sor by acid etching. The ease at which
the nanoarches could be hollowed

open. The open end offers an opportunity to examine by treatment in dilute acid also confirms the core—shell

the tubular structure more closely. The formation of structure and the presence of an acid-etchable core of
C-curved Sn0O, nanotubes was further confirmed by the  metallic Sn. The low magnification FESEM images (Fig-
TEM imaging (Figure 3c and inset), which showed a ure 4a) show that the aligned 1-D C-curved CNT

brighter core area throughout the curved structure and  nanoarches are again morphologically identical to their
a rugged surface texture. The SAED pattern (Figure 3d)  Sn@CNT precursor. Contrary to the Sn@CNT precursor,
shows continuous diffraction rings that match well with  there is no more darkened core to contrast with the

polycrystalline SnO,. The Sn3d XPS spectrum (Figure shell area because of the removal of the electron dense
4f) also confirmed the presence of the Sn(lV) oxidation  Sn interior (Figure 4b). This is confirmed by the TEM im-
state. age of Figure 4d, which shows a translucent shell with
The formation of SnO, nanotubes (instead of SnO, trace Sn nanoparticles on the inside of the shell. The
nanorods) could be rationalized as follows: During cal-  nanoarches prepared here are noticeably different from
cination in air, the polycrystalline CNTs were oxidized at  the arched carbon fibers reported in a previous publica-
temperatures much higher than the melting point of tion,?" which are orders of magnitude larger (1—10 um in

metallic Sn (>400 °C).%”% Unlike the slow oxidization of  diameter and hundreds of micrometers in length), less or-
pristine Sn nanoparticles to SnO, nanoparticles at low dered, and more U-shaped than C-curved. The wettabil-
temperatures (225 °C), which forms only solid struc- ity of the Si wafer decorated with C-curved CNTs was also

ASNJAN() voL.3 = NO.7 = DENG AND LEE
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Figure 4. Aligned 1-D C-curved nanoarches of CNTs. FESEM images of side views
at low (a) and high (b) magnifications. TEM image of a representative C-curved

Although not studied here, this
family of unique aligned 1-D
C-curved nanoarches of Sn@CNTs,
CNTs, or SnO, nanotubes on a Si
wafer may also generate useful in-
tegrative properties for applications
at the micro level. It is anticipated
that, in the design of nanodevices,
there may be a need to align 1-D
nanostructures of the desired cur-
vature and composition on a sub-
strate to provide efficient transport
of electrons or for optical and ther-
mal excitations.”'82023 This study
demonstrates one example of the
enabling methodology. The family
of C-curved nanoarches shown here
can also provide 3-D connectivity,
which may be more advantageous
than linear 1-D connectivity in cer-
tain cases (see the conceptual draw-
ings in Figure 4e vs panels f and g
and experimentally observed 3-D
connectivity in Figure 4h). Such 3-D
connections may eventually find
applications in the construction of
nanoscale sensors, transducers, and
transponders.

CONCLUSION

In summary, we have success-
fully fabricated a family of aligned
one-dimensional C-curved
nanoarches of different composi-
tions on Si surfaces by a simple and

CNT nanoarch (d). Optical image of a water droplet on the Si wafer surface modi-  sc3lable method for the first time.

fied by C-curved CNT nanoarches (c). Conceptual sketches showing the ability of
C-curved nanoarches to form 3-D and elastic connections (f,g) which may be pre-
ferred over a straight connection (e) in some cases. FESEM image of a few 1-D

The nanoarches are actually nano-
tubes with their extremities firmly

C-curved nanoarches of CNT encapsulating crystalline tin nanorods across astep  attached to the Si surface, thereby

in the wafer substrate (h).

measured (Figure 4c). A contact angle of about 115° was
obtained. The contact angle change despite the conser-
vation of the arch-like geometry could be the result of the
acid treatment which rendered the nanoarches more hy-
drophilic through the introduction of surface C—0 and
C—H groups. The hydrophilicity of these groups negates
the nanoscale roughness effect to some extent, resulting
in the decrease in superhydrophobicity.

forming a turned letter C. We have

also developed a new methodology
for synthesizing SnO, nanotubes using in situ formed
CNTs as the active template. A mechanism of forma-
tion was proposed, and the use of these nanoarches to
modify Si surface wettability was investigated. The fab-
rication method is generic and could, in principle, be
applied to the preparation of other aligned 1-D
nanomaterials.

METHODS

Preparation of Sn0, Nanoparticles. The SnO, nanoparticle precur-
sor was prepared according to our previous procedure.*® In a
typical experiment, 4 mmol SnCl, and 10 mmol p-glucose mono-
hydrate were dissolved in 35 mL of pure water. The clear mix-
ture was transferred to a Teflon-lined autoclave and heated at
180 °C for 24 h to form SnO, nanoparticles dispersed in amor-

www.acsnano.org

phous carbon. The SnO, nanoparticles were recovered by calci-
nation in air to burn off the carbon. The full characterization of
the SnO, nanoparticle precursor is in section | of the Supporting
Information.

Preparation of Aligned 1-D C-Curved Nanoarches of CNT Encapsulating
Crystalline Sn Nanorods. The SnO, nanoparticles were ultrasonically
dispersed in acetone. The dispersion was dispensed onto a sili-
con wafer surface, and acetone was removed by evaporation.

VOL.3 = NO.7 = 1723-1728 = 2009 ACNJANI)
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The SnO, nanoparticle loaded wafer was placed inside a tubular
furnace for chemical vapor deposition (CVD) of CNTs. The CVD
conditions were 650 °C using a mixture of 10% C,H, in N, at 200
sccm for 3 h. The wafer was cooled to room temperature in flow-
ing N, after the reaction.

Preparation of Aligned 1-D C-Curved Nanoarches of Sn0, Nanotubes.
The aligned 1-D C-curved Sn@CNT nanoarches were calcined in
air at 550 °C to completely remove the CNT shells and at the
same time oxidized in situ the molten metallic Sn cores to SnO,
nanotubes.

Preparation of Aligned 1-D C-Curved Nanoarches of Carbon Nanotubes.
In this case, the aligned 1-D C-curved Sn@CNT nanoarches on
the wafer were treated in 2 M HCl acid to etch away the metal-
lic Sn core overnight.

Material Characterizations and Contact Angle Measurement. The fam-
ily of 1-D C-curved nanoarches was characterized by field emis-
sion scanning electron microscopy (FESEM) on a JEOL JSM-6700F
operating at 5 kV, by transmission electron microscopy and se-
lected area electron diffraction (TEM/SAED) on a JEOL JEM-2010F
operating at 200 kV, and by X-ray photoemission spectroscopy
on a KRATOS AXIS Hsi with Al Ka radiation. Contact angle mea-
surements made use of a First Ten Angstroms FTA125 contact
angle analyzer followed by curve fitting of the optical images
obtained.

Supporting Information Available: Preparation and character-
ization of the precursor SnO, nanoparticles, additional XPS and
FESEM data. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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