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Silicon Nanowires and Silica Nanotubes Seeded by Copper
Nanoparticles in an Organic Solvent
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Crystalline silicon (Si) nanowires were synthesized by adding copper sulfide (CuS) nanocrystals and
monophenylsilane (MPS) to supercritical toluene at 500 °C at 10.3 MPa. When a small amount of water
and oxygen is added to the reaction, amorphous SiO, nanotubes form. In both the nanotube and nanowire
reactions, the CuS nanocrystals converted to Cu metal. Because the growth temperature is several hundred
degrees below the Cu:Si eutectic temperature at 800 °C, the nanowires and nanotubes both appear to
grow by a solid-phase seeding process. Furthermore, a portion of the SiO, nanotubes (~5%) were found
to be helically coiled. When gold (Au) nanocrystals were added instead of CuS, only SiO, nanofibers
with solid cores formed and there were no coiled structures. The silica/metal interface morphology was
examined for both Cu and Au and found to differ significantly for each metal, which perhaps explains
the difference in silica morphology produced by these two metals.

Introduction

Semiconductor nanowires' can be made using chemical
routes, such as vapor-liquid—solid (VLS),* solution—liquid—
solid (SLS),*” and supercritical fluid—liquid—solid (SFLS)®®
methods, and are being explored as active components in
new chemical sensors,’ photovoltaics,10 electronics,' "2
medical diagnostics,'® and optoelectronic'* devices. Nano-
tubes'® are also being explored for these kinds of applica-
tions, but their hollow cores make them additionally suitable
for use as nanosize containers,'®™'® reaction compartments, '
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or nanofluidic pipes to transfer or separate fluids and
molecules'>**** in laboratory-on-a-chip applications. There-
fore, scalable synthetic routes for nanotubes are desired.
Nanotubes of carbon can obviously be synthesized chemi-
cally in relatively high yield. But carbon is unique relative
to most materials because its sp> bonding gives rise to a
sheet-like crystal structure that thermodynamically favors
hollow tube formation at high temperatures.”>?® BN is
another example of such a “fullerene-like” material that
spontaneously forms tubes at high temperature (i.e., >1000
°C).?’-2% Using metal nanoparticles as catalytic seeds, the
nanotube synthesis temperature can be lowered.**** Nano-
tubes of materials like silica, which do not have sp* bonding
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that favors tube formation,>**> however, generally require
other synthetic approaches; arguably, the most successful
chemical approach to date for making nanotubes of these
kinds of materials has been through the use of sacrificial
templates to generate the tube structure. For instance, the
pores of mesoporous substrates can be coated with a material
and then the substrate dissolved to leave free-floating
nanotubes.>*™*' Sacrificial wire-shaped materials, such as
carbon nanotubes and nanofibers,?>*>~4 inorganic nano-
wires,*° or rod-shaped surfactant aggregates®'*° have
been used as nanotube templates.®' Reactive templating has
also been explored, which is a process in which a nanowire
is chemically converted to a hollow nanotube by a surface
reaction, as in the conversion of ZnO nanowires to ZnS
nanotubes,’>%* Se nanowires into CdSe nanotubes,** and Ag
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nanowires into Au nanotubes.®>® Templating, however,
requires multiple synthetic steps—template generation, ma-
terials deposition, and template dissolution—and often pro-
vides relatively low yields. Direct synthetic routes are more
desirable from a manufacturing standpoint, but without sp*
bonding to induce tube formation, it is challenging to
rationally design such systems.

Nonetheless, there is precedent in the literature for direct
synthesis of nanotubes of such materials. For example, TiO,
nanotube “forests” have been produced by direct electro-
chemical anodization of Ti substrates.®”*® Amorphous InP
nanotubes,*””° GaN nanotubes,” crystalline AIN nanotubes, >’
and Sb,S; nanotubes’® have been obtained from high
temperature vaporization (>1000 °C) and condensation
processes; Se,”> TiO,,’*”” Zn0,”® and perovskite’® nanotubes
have formed under hydrothermal and sonochemical condi-
tions. In these systems, impurities appear to serve as nanotube
nucleation and growth sites (i.e., Si for SiO,; In for InP) for
the nanotubes; for example, In,%° Ge,®' CdSe.?? and In,S;%
have promoted amorphous SiO, nanotube formation in vapor-
phase reactions; a Ni catalyst layer generated GaN nano-
tubes;** Ga metal has induced GaP nanotube formation;®’
Au particles have seeded amorphous Si nanotubes;*® and
CeO; particles have promoted TiO, nanotube growth under
hydrothermal conditions.®” This evidence shows that a
chemical approach to nanotubes (of materials with 3D crystal
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structure), analogous to metal seed-particle catalyzed carbon
nanotube growth**=? or metal particle seeded “VLS” nano-
wire growth, should be possible.

Here, we report a metal particle-seeded synthesis of
amorphous SiO, nanotubes, which do not have bonding that
favors tube formation. Amorphous SiO, nanotubes were
produced in supercritical toluene at 500 °C and 10.3 MPa
when CuS nanocrystals and monophenylsilane (MPS) were
added to the reaction in the presence of small amounts of
water and oxygen as oxidizing agents. Without the addition
of water and oxygen, crystalline Si nanowires were produced.
Transmission electron microscopy (TEM) of the seed
particles found at the tips of the nanowires and the nanotubes
revealed that the CuS nanocrystals converted to Cu metal
during the reactions and that this was in fact the seed
material. The CuS seeded reactions are then compared to
Au nanocrystal-seeded reactions. Au seeds only produced
solid silica nanofibers, instead of tubes. The Au/SiO, and
Cu/Si0, interface morphology is then examined and com-
pared, revealing a qualitative difference between the two
materials systems, thus explaining the observed difference
in product morphology (i.e., tubes versus fibers).

Experimental Details

Anhydrous toluene (99.8%), anhydrous hexane, and MPS (97%)
were purchased from Sigma-Aldrich, stored under nitrogen and used
as received. Dodecanethiol-coated gold nanocrystals (5 nm diam-
eter) and oleylamine and octenoic acid-stabilized CuS nanocrystals
(12 nm diameter) were synthesized as described previously.®*-5°

Reactor Setup and Procedure. Both Si nanowires and SiO,
nanotubes were synthesized in a 10 mL Ti grade-2 tubular high-
pressure reactor system described previously.®>°! The reactor is
connected to a high-pressure liquid chromatography (HPLC) pump
that regulates the reactor pressure and provides a convenient way
to inject reactants into the system. The reactor is encased in an
insulated brass block, and the reactor temperature is monitored by
a thermocouple. The reactor pressure is adjusted by a microcontrol
valve attached to the exit port on the reactor. In a nitrogen-filled
glovebox (O, < 0.2 ppm), a small clean and dried Si wafer is placed
in the reactor, which helps to collect the nanowires and nanotubes
produced in the reaction. The reactor is sealed in the glovebox and
then connected externally to the HPLC pump and placed in the
heated brass block. After the reactor reaches the desired temperature
(typically ~ 500 °C), anhydrous and oxygen-free toluene is added
to the reactor until reaching a pressure of 3.4 MPa.

Silicon Nanowire Synthesis. Once the reactor was preheated
as described above, a reactant solution of anhydrous deoxygenated
toluene with 150 mM MPS and CuS nanocrystals (at a 150:1 Si/
CuS mole ratio) was loaded into a 1 mL syringe in a nitrogen-
filled glovebox and then removed from the glovebox and injected
into a 500 uL six-way HPLC injection loop (Valco). For Au
nanocrystal seeding, the reactant solution was anhydrous deoxy-
genated toluene with 350 mM MPS and a 1000:1 Si/Au mole ratio.
The reactant mixture was added to the reactor at a flow rate of 0.4
mL min~" until reaching a final pressure of 10.3 MPa. After 10
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min, the reactor was submerged in an ice water bath for 2 min and
then cooled to room temperature by flowing air over it. Most of
the nanowire product is collected as a powder on the Si collection
wafer in the reactor and on the reactor walls.

Silica Nanotube Synthesis. Silica nanotubes were made using
the same procedure as used for Si nanowires, except that water
and oxygen were added to the reactant solution by adding
“benchtop” toluene to the reactant solutions outside the glovebox
before injecting into the reactor. The benchtop toluene was stored
in air and was saturated with water and oxygen at their room
temperature solubilities of 0.001 vol % and ~1.0 mM, respectively.
For all reactions, the total reactant solution volume in the syringe
was 1 mL, similar to the Si nanowire reactions, but the amount of
benchtop toluene was varied to change the water and oxygen
concentrations as desired. For example, to obtain 10 vol % benchtop
toluene in the reactant solution, 900 uL of reactant solution was
loaded into a 1 mL syringe in the glovebox and then removed from
the glovebox, and 100 uL of benchtop toluene was added to the
syringe prior to injection into the reactor. The MPS and nanocrystal
concentration was the same for all of the reactions.

Materials Characterization. Reaction products were character-
ized by high-resolution scanning electron microscopy (HRSEM),
TEM and scanning transmission electron microscopy (STEM),
X-ray energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), and electron energy loss spectroscopy (EELS). HRSEM
images were obtained on a LEO 1530 field-emission scanning
electron microscope with 1-3 kV accelerating voltage with working
distances ranging between 2 to 5 mm, typically by looking at the
deposition substrate with the collected product. HRTEM, STEM,
EDS, and EELS were performed on a field-emission JEOL 2010F
transmission electron microscope equipped with a Gatan parallel-
EELS GIFF spectrometer and an Oxford INCA EDS. For TEM
and STEM imaging, the nanowires and nanotubes were transferred
by scratching the material off the deposition substrate onto a 200-
mesh lacey carbon-coated nickel grid (Electron Microscope Sci-
ences). TEM images were obtained at 200 kV accelerating voltage.
EELS, line scan EDS, and EDS mapping were performed with the
microscope in STEM mode at 200 kV accelerating voltage. EELS
spectra were obtained by focusing the electron beam to a 0.7 nm
diameter spot and then acquiring spectra as a function of probe
position on the nanowire or nanotube. XRD was performed using
a Phillips vertical scanning diffractometer using 12°/min scan rate
with a 0.02° increment in the continuous locked coupled mode.
XRD measurements were performed on nanowires and nanotubes
evaporated onto a quartz substrate from concentrated dispersions
in chloroform.

Results and Discussion

Silicon Nanowire Synthesis with CuS Nanocrystals.
Crystalline Si nanowires form when MPS is thermally
decomposed in anhydrous, oxygen-free supercritical toluene
at 500 °C and 10.3 MPa in the presence of CuS nanocrystals.
Figure 1 shows a scanning electron microscopy (SEM) image
of Si nanowires produced in such a reaction, along with high-
resolution TEM and XRD data confirming that they are
crystalline diamond cubic Si. The reaction yield is compa-
rable to Au nanocrystal-seeded Si nanowire reactions, but
the nanowires synthesized in the presence of CuS nanoc-
rystals are slightly shorter, with an average length of 7.4
um and diameters that range between 5 and 20 nm (as
observed by SEM from over 100 wires). (For details about
Au nanocrystal-seeded Si nanowires, see refs 90 and 91.)
Nanowires were observed with three different growth direc-
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Figure 1. Si nanowires synthesized in supercritical toluene at 10.3 MPa and 500 °C using MPS as a reactant in the presence of CuS nanocrystals. (a)
HRSEM image of Si nanowires. Inset: low-resolution TEM of four Si wires. (b—d) TEM images of Si nanowires with three different growth directions:
arigial12hiand 0100 O 11 Ds the predominant growth direction. (e) TEM image of a Cu—Si alloy particle at the end of a 19.3 nm diameter Si nanowire.
(f) Nanobeam EDS data obtained from the metal seed at the tip of a nanowire on a Ni TEM grid, revealing the presence of Cu and Si. (The Ni signal
originates from the Ni TEM grid.) (g) XRD peaks from the reaction product match diamond cubic Si (PDF No. 27-1402).

tions, O110] O100) and O120and Figure 1b—d shows
examples of nanowires with each growth direction. Of 104
nanowires examined by high-resolution TEM, ~75% of the
nanowires had grown in the [ 110direction, ~20% in the
O 100direction, and ~5% in the 0 120direction. Most of
the nanowires observed with a (0 12[]growth direction had
lamellar {111} twins running down their length as seen in
Figure Ic, which is similar to Si nanowires with 4 growth
directions produced by SFLS growth with Au nanocrystal
seeds.90’92’93

Nanobeam EDS (Figure 1f) reveals that Cu and Si are
major components of the seed particle, but it is difficult to
quantify the Cu/Si ratio due to the background scattering
from the Si nanowire. The small C signal might arise from
carbonaceous byproducts coating the seed or simply from
the background carbon signal of the substrate. The O signal
could be from slight oxidation of the copper seed particles
after the wire was exposed to air, but as with the C signal,
background oxygen adsorbed on the substrate is commonly
observed by EDS. Most notably, S is absent from most of
tips (> 100 tips), indicating that the CuS nanocrystals convert
to Cu during nanowire growth. Sulfur was observed in the
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seed particle of only a few nanowires, but in these cases the
nanowires had large diameters and many crystallographic
defects (see Supporting Information for details). Kohno and
Takeda observed Si nanowire formation from a Si wafer
coated with a CuS powder when heated to 1230 °C.”*
Although these reaction temperatures greatly exceed growth
temperatures used here (and the nanowire growth mechanism
is slightly different, as the wafer was the source of Si for
the nanowires), sulfur was also found to diffuse out of the
seed particles during the reactions and the nanowires were
seeded by copper.

VLS and SFLS nanowire growth requires the formation
of a liquid eutectic between the seed metal and the
semiconductor at the growth temperature. The nanowire
growth temperatures were, however, well below the lowest
temperature Cu/Si eutectic at 800 °C.””> The Si nanowires
are therefore most likely growing from solid-phase seed
particles. Si has a high solid solubility in Cu, which makes
solid-phase nanowire seeding possible, as in the case of Ni
and Co seeded Si and Ge nanowires.”®® As long as the

(94) Kohno, H.; Takeda, S. Jpn. J. Appl. Phys. 2002, 41, 577-578.

(95) Thaddeus, B. M.; Hiroaki, O.; Subramanian, P. R.; Linda, K.; Binary
Alloy Phase Diagram, 2nd ed; ASM International: Materials Park,
OH, 1990; Vol. 1.

(96) Tuan, H.-Y.; Lee, D. C.; Hanrath, T.; Korgel, B. A. Nano Lett. 2005,
5, 681-684.

(97) Tuan, H.-Y.; Lee, D. C.; Hanrath, T.; Korgel, B. A. Chem. Mater.
2005, 17, 5705-5711.
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Figure 2. Silica nanotubes produced from MPS with CuS nanocrystals in supercritical toluene at 10.3 MPa at 500° > C with water and oxygen present. The
reactant solution injected contained 10 vol % benchtop toluene. (a) HRSEM image of a field of silica nanotubes. (b—e) TEM images of silica nanotubes. The
dark particles in the images are Cu. Note that the nanotube in part d has a bamboo morphology. (f) EDS linescans across the silica nanotube in the inset.
Both oxygen and silicon are present, and their concentration profiles mirror each other.

seed particles are sufficiently small, solid-state diffusion can
maintain nanowire growth (as is the case for the 10—20 nm
diameter seeds used here).”” Yao and Fan® also recently
demonstrated Cu seeded Si nanowire growth at relatively
low temperature, at 500 °C by chemical vapor deposition
(CVD) using silane as a reactant.

Silica Nanotube Synthesis. When small quantities of
water and oxygen were present in the reaction mixture, MPS
decomposition in supercritical toluene at 500 °C and 10.3
MPa in the presence of CuS nanocrystals yielded amorphous
silica (SiO,) nanotubes instead of Si nanowires. Figure 2
shows silica nanotubes produced with a reactant solution
containing 10 vol % “benchtop” toluene saturated with
oxygen and water, as described in the experimental details.
A small number of crystalline Si nanowires were also
observed, probably because the water and oxygen concentra-
tions in the reactions were too low to completely oxidize
the products (see Supporting Information for details). The
SiO, nanotubes tended to be shorter and less straight
compared to the crystalline Si nanowires synthesized under
inert conditions. EDS (Figure 2f) and EELS (Figure 3) both
confirmed the nanotube composition to be SiO,. The Si and
O concentration profiles in EDS line scans mirror each other,
with both the Si and O signals attenuated when the beam is
positioned in the center of the nanotube. In EELS line scans
(Figure 3), the absorption edge observed from an Si nanowire
(synthesized under inert conditions without water and
oxygen) matches the Si L2,3 energy for monocrystalline Si

(98) Tuan, H.-Y.; Lee, D. C.; Korgel, B. A. Angew. Chem., Int. Ed. 2006,
45, 5184-5187.
(99) Yao, Y.; Fan, S. Mater. Lett. 2007, 61, 177-181.
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Figure 3. (a, ¢) STEM images and (b, d) EELS line scans of an (a, b) Si
nanowire synthesized in supercritical toluene at 500 °C and 10.3 MPa, CuS
nanocrystals under inert conditions with MPS, and (c, d) an SiO; nanotube
made under similar reaction conditions in the presence of water and oxygen.

at ~100 eV (Figure 3a,b), whereas the absorption edge
observed from SiO, nanotubes (synthesized when water and
oxygen are present) had a line shape change and energy shift
of the Si L.2,3 absorption edge to ~105 eV consistent with
Si02.100

Higher concentrations of “benchtop” toluene (and, thus,
water and oxygen) in the reactant solution led to lower yields

(100) Colder, A.; Huisken, F.; Trave, E.; Ledoux, G.; Guillois, O.; Reynaud,
C.; Hofmeister, H.; Pippel, E. Nanotechnology 2004, 15, L1-L4.
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Figure 4. Silica nanotubes synthesized with reactant solutions having
increasing amounts of “benchtop” toluene added to the reactant solution:
(a) 10 vol %, (b) 25 vol %, (c) 50 vol %, and (d) 100 vol %. (The 100 vol
% solution was generated by removing 1 mL of inert reactant solution from
the glovebox and allowing it to stand on the bench for 1 h to become
saturated with water and oxygen before injection into the reactor).

of silica nanotubes. Figure 4 shows TEM images of the silica
nanotubes produced with increasing amounts of “benchtop”
toluene added to the reactant solution. The reactions carried
out with 10 vol % “benchtop” toluene gave the highest yield
of silica nanotubes and the highest quality, with straight and
clean silica walls as shown in Figure 4a. Reactions carried
out with 25 vol % (Figure 4b) “benchtop” toluene in the
reactant solution yielded nanotubes with roughened silica
walls and a lower yield of nanotubes and a higher yield of
particulates. The 50 vol % “benchtop” toluene in the reactant
solutions led to nanotubes with rougher walls (Figure 4c).
Only silica particles were produced when 100 vol %
“benchtop” toluene was used (see Figure 4d). Although
oxygen and water are needed in the reaction to generate SiO,
instead of crystalline Si, “homogeneous” oxidation of MPS
in the bulk of the reactor volume occurs when the oxygen
and water concentrations are relatively high, which competes
with nanotube formation.

Silica Nanotubes and Nanofibers Seeded with Au
Nanocrystals. When Au nanocrystals were used as seeds
instead of CuS nanocrystals in the MPS decomposition
reactions in toluene at 500 °C at 10.3 MPa with trace water
and oxygen in the reactant mixture, a combination of SiO,
nanofibers and nanotubes (Figure 5) formed, although the
majority of the product consisted of solid amorphous SiO,
nanofibers with only one nanotube for every 20 nanofibers
observed. Both the nanofibers and nanotubes made under
these conditions were amorphous (by TEM), and EDS
confirmed that they were SiO,.

Helical Silica Nanotubes Seeded by CuS Nanocrystals.
Approximately 5% of the SiO, nanotubes produced with the
injection of CuS nanocrystals were observed to be helically
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Figure 5. Amorphous silica nanotubes and nanofibers formed with oxygen
and water present in the reactant solution, with 350 mM MPS and Au
nanocrystals (with Si/Au = 1000:1) in toluene with 10 vol % benchtop
toluene in the reactant solution. The reaction was carried out at 10.3 MPa
at 500 °C. (a) HRSEM of a field of silica nanofibers; (b, c) TEM images of
silica nanofibers with Au nanoparticle at their ends; (d) TEM of a region
with a mix of silica nanofibers and nanotubes, and (e) a single silica
nanotube. Nanotubes made up approximately 5% of the sample.

coiled like those in Figure 6. Nanotubes were observed to
have both right-handed and left-handed helicities, and in
some cases, the helicity changed down the length of an
individual nanotube, as shown in Figures 6k—m. In some
cases, the coiling stopped along the nanotube length. Helical
growth has been observed in other chemically grown
nanotubes and nanofibers, including Au-seeded silica fi-
bers,'®! metal particle catalyzed carbon nanotubes,'”* Co
seeded silica fibers,'® Fe particle seeded BN fibers,'®* and
NiB particle seeded SiC fibers.'” Amelinckx et al.'*?
proposed that the observed helical growth of multiwall
carbon nanotubes seeded by metal particles resulted from a
variation in the linear growth rate around the circumference
of the nanotube at the metal/tube interface that creates a
lateral stress that gives rise to coiling. Mcllroy and
co-workers'"1%195 proposed that such a variation in growth
rate at the metal/seed interface can result from a circumfer-
ential difference in contact angle, which they call “contact
angle anisotropy”, between the metal seed and the nanotube
or nanowire. Coiled silica nanotubes were not observed in
the Au-seeded reactions, which appears to relate to different
wettability or interfacial contact between silica and Au and
Cu, as discussed below. Understanding the mechanism that
drives coiling in this system requires further study, but the
metal/SiO; interface appears to be a critical component that
can induce coiling under the right conditions.
Silica/Metal Interface Morphology for Au and Cu. To
try to understand why CuS nanocrystals yielded predomi-
nantly SiO, nanotubes, while Au nanocrystals yielded
predominantly solid SiO, nanofibers (and no coiled struc-
tures), reactions were carried out with excess nanocrystals
(50:1 nanocrystal/Si molar ratio) and then the interface

(101) Wang, L.; Major, D.; Paga, P.; Zhang, D.; Norton, M. G.; Mcllroy,
D. N. Nanotechnology 2006, 17, S298-S303.

(102) Amelinckx, S.; Zhang, X. B.; Bernaerts, D.; Zhang, X. F.; Ivanov,
V.; Nagy, J. B. Science 1994, 265, 635-639.

(103) Qu, Y.; Carter, J. D.; Guo, T. J. Phys. Chem. B 2006, 110, 8296—
8301.

(104) Mcllroy, D. N.; Zhang, D.; Kranov, Y.; Norton, M. G. Appl. Phys.
Lett. 2001, 79, 1540-1542.

(105) Zhang, D.; Alkhateeb, A.; Han, H.; Mahmood, H.; Mcllroy, D. M.;
Norton, M. G. Nano Lett. 2003, 3, 983-987.
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Figure 6. Helical silica nanotubes seeded by CuS nanocrystals in toluene
at 10.3 MPa and 500 °C with 150 mM MPS and trace water and oxygen.

structure between the seed metal and the silica produced in
the reaction was studied. Only aggregates of silica (or Si
under inert conditions) embedded with Cu and Au particles,
as shown in Figure 7, were produced at these excessive seed
concentrations. There is not a significant difference between
Cu/Si and Au/SiO; interface morphologies, as the metal
particles are approximately spherical and embedded uni-
formly in the aggregate. In contrast, the Cu/SiO, morphology
is qualitatively different—the Cu particles have a tear-drop

(106) Hofmann, S.; Sharma, R.; Ducati, C.; Du, G.; Mattevi, C.; Cepek,
C.; Cantoro, M.; Pisana, S.; Parvez, A.; Cervantes-Sodi, F.; Ferrari,
A. C.; Dunin-Borkowski, R.; Lizzit, S.; Petaccia, L.; Goldoni, A.;
Robertson, J. Nano Lett. 2007, 7, 602-608.
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Cu-Si-O}

Figure 7. TEM images of (a) Cu nanoparticles embedded in Si formed by
MPS decomposition in toluene at 500 °C and 10.3 MPa under inert reaction
conditions (i.e., no oxygen and water); (b) Cu nanoparticles embedded in
SiO, formed when trace oxygen and water were added to the reactions;
and (c) Au nanoaprticles embedded in SiO, formed when trace oxygen and
water were added to the reactions.

shape that is only partially surrounded by silica. A similar
“elongated” metal seed particle morphology has also been
observed at the tips of multiwall carbon nanotubes synthe-
sized in supercritical toluene at 625 °C**** and was recently
reported to be important in in situ growth studies by TEM
of metal particle-seeded multiwall carbon nanotubes.'%!?7

Another significant difference between Cu and Au, which
may ultimately relate to the difference in silica/metal interface
morphology, is that Cu generates Si nanowires by solid-phase
seeding,”® whereas Au forms a liquid eutectic with Si. It is
unclear whether a Si nanowire forms, which is subsequently
oxidized in the presence of oxygen and water, or if Si
oxidizes on the surface of the seed particle and then attaches
to the end of the fiber or tube. In the case of Fe particle-
seeded growth of multiwall carbon nanotubes, solid carbon
fibers were found to form if C dissolved into the seed particle,
while nanotubes formed when graphitic carbon appeared to
associate only with the nanoparticle surface.’*'%® Silica
growth off the surface of the metal seeds is more likely from
Cu than Au, since Cu will be present as a solid seed particle,
which might favor nanotube formation.

Cu seed particles are also more likely than Au to permit
surface oxidation of adsorbed Si. Cu and Au are chemically
very different, as Cu can be oxidized easily and could serve
as an oxygen sink for oxidizing silicon at the particle surface,
while gold is relatively inert to oxidation and is less likely
to play a substantial role in Si oxidation. Possibly, the
observed difference in Au/SiO, and Cu/SiO, interface
morphology relates to the difference oxidation chemistry that
occurs at the metal surface. More experiments are required
to fully explore these ideas, but the metal/silica interface
morphology is most likely important to the formation of
nanotubes.

Conclusions

Crystalline high-aspect-ratio Si nanowires form when CuS
nanocrystals are injected with MPS into anhydrous, oxygen-
free supercritical toluene at 500 °C and 10.3 MPa. Sulfur
diffuses out of the seed particles during the reaction and is
not found in the tips of the nanowires; therefore, Cu metal
appears to be the active component seeding nanowire growth.
The Si nanowires are produced several hundred degrees

(107) Lin, M.; Tan, J. P. Y.; Boothroyd, C.; Loh, K. P.; Tok, E. S.; Foo,
Y.-L. Nano Lett. 2007, 7, 2234-2238.
(108) Lee, D. C.; Korgel, B. A. Mol. Simul. 2005, 31, 637-642.
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below the Cu/Si eutectic temperature, evidently by a solid-
phase seeding process. When small amounts of oxygen and
water are present in the reactions, SiO, nanotubes form. Some
of these nanotubes (5% of total nanotube product) are
helically coiled. When gold nanocrystals are used as seed
particles instead of CuS, when water and oxygen are present
in the reactant solutions, solid silica nanofibers form with
only very few nanotubes. The difference in silica morphology
produced by gold and CuS seeds appears to result from
qualitative differences between the metal/silica interface
morphology for gold and copper. Cu seeds form “tear-drop”
shapes, as have been observed for metal seeds involved in
the growth of multiwall carbon nanotubes.**'°® Au seed
particles were not observed to take on this shape. Another
important difference between Au and Cu is that Cu (unlike
Au) readily oxidizes and perhaps enhances MPS oxidation
and SiO, formation on the metal particle surface, whereas
Au serves only as an inert Si sink, leading to an Si nanowire
that is then oxidized to SiO, as it evolves from the seed
particle.

The most significant challenge facing the general design
of metal seed particle-directed synthesis of nanotubes is
overcoming the tendency of the seed particles to generate
solid fibers, as opposed to hollow nanotubes. In “VLS”
nanowire growth, crystallization occurs at the metal/
semiconductor interface and the nanowire “precipitates” from
the seed particle to produce a solid core. Silica nanofibers
with solid cores have been produced in several cases from
metal seed particles: Chen et al.'” recently formed SiO,
nanofibers under hydrothermal conditions using Fe seed
particles, Zhang et al.''® made SiO, nanofibers seeded with
tin particles, and Mcllroy and co-workers'®" made helical
silica nanofibers using Au seed particles. In all of these cases

(109) Chen, P.; Xie, S.; Ren, N.; Zhang, Y.; Dong, A.; Chen, Y.; Tang, Y.
J. Am. Chem. Soc. 2006, 128, 1470-1471.

(110) Zhang, J.; Xu, B.; Yang, Y.; Jiang, F.; Li, J.; Wang, X.; Wang, S. J.
Non-Cryst. Solids 2006, 352, 2859-2862.
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the nanofibers were amorphous and the growth process
probably was not “VLS” in a strict sense because crystal-
lization would be expected to occur at the metal interface
and these structures were not crystalline. This implies that
oxidation probably occurred after the nanofiber began to
grow. Nonetheless, all of those reactions generated silica
fibers with solid cores. In contrast, nanotube formation
probably requires silica formation that is in some sense more
intimately related to the surface of the seed particle, where
a surface adsorbed layer of silica is generated with little
diffusion through the volume of the particle and the silica
layer wraps around the particle. The interfacial curvature of
nanosize seeds would then initiate nanotube formation, much
like the folded growth mechanism of carbon nanotubes.***>1%

The study reported here shows that at least in the case of
Cu nanoparticle seeding, SiO, nanotubes can be generated
by a metal nanoparticle-seeding approach. It remains to be
determined if the oxidation chemistry of the seed particle is
important for nanotube formation or if it is simply a matter
of the interfacial energies between the silica and the metal
that directs nanotube formation. It appears that metal
nanoparticle seeding could be exploited as a general route
to the formation of metal oxide nanotubes.

Acknowledgment. This work was supported by the National
Science Foundation through their NIRT (DMR-0210383) and
STC programs, the Robert A. Welch Foundation, the Advanced
Materials Research Center in collaboration with International
SEMATECH, the Advanced Processing and Prototype Center
(AP2C: DARPA NRO0011-06-1-0005), and the Office of Naval
Research (N00014-05-1-0857). We also thank J.P. Zhou for
TEM assistance.

Supporting Information Available: TEM images of seed
particles observed at the tips of some Si nanowires with sulfur.
TEM images of crystalline Si nanowires observed in reactions with
trace oxygen and water. This material is available free of charge
via the Internet at http://pubs.acs.org.

CM703304R



