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Metallic nanowires of cobalt, copper, and iron oxide magnetite (FezO,) have been
synthesized within the pores of mesoporous silica using a supercritical fluid inclusion
technique. The mesoporous matrix provides a means of producing a high density of stable,
hexagonally ordered arrays of highly crystalline nanowires. The formation of the metal and
metal oxide nanowires within the silica mesopores was confirmed by transmission electron
microscopy (TEM), N, adsorption experiments, and powder X-ray diffraction (PXRD). The
mechanism of nanowire formation within the mesopores appears to occur through the initial
binding and coating of the pore walls with the metal atoms to form tubelike structures within
the mesoporous template. The thickness of these tubes subsequently increases with further
metal deposition until nanowires are formed. Additionally, the crystal structure of the cobalt
nanowires formed within the mesoporous template can be readily changed by manipulating
the density of the supercritical fluid phase.

Introduction

Highly ordered arrays of metallic nanowires are
expected to play an essential role as materials for
interconnects and high-density magnetic storage devices
because of their unique electrical and magnetic proper-
ties.»2 For example, Lederman and others have previ-
ously suggested that a patterned magnetic nanowire
array could be used as an ultra-high-density recording
medium with recording densities on the order of 100
Gbhit/in2.375 Magnetite (Fe30,) also has potential uses
in spin electronic devices due to its intrinsic half-
metallic ferrimagnetic nature.®

One promising technique for the integration of nano-
wires into well-defined architectures is their deposition
into ordered templates. Arrays of cobalt, copper, and
iron nanowires have previously been synthesized by
electrodeposition in porous templates such as anodic
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aluminum oxide (AAO),®7~13 polycarbonate track mem-
branes,*~17 and diblock copolymers.1819 While these
template methods have some applications, it is difficult
to form high densities of ordered nanowires that exhibit
guantum confinement effects required for future nano-
scale devices. Hexagonal mesoporous silicas, however,
have uniform cylindrical pores between 2 and 30 nm in
diameter, making them ideally suited as template
architectures for nanometer-scale metallic wire arrays.
Mesoporous solids have previously served as templates
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for nanostructured metals deposited by such techniques
as incipient wetness?>2! and ion exchange.?? In particu-
lar, Zhang et al.23 reported the synthesis of copper and
nickel nanowires using a multistep electroless deposi-
tion method. These techniques have met with some
success, but have been unable to achieve complete filling
of the pores with nanowires or nanoparticles. Recently,
we reported almost complete (95%) filling of the meso-
porous silica powders with silicon and germanium
nanowires using a supercritical fluid (SCF) phase inclu-
sion technique.?*~2% The high diffusivity and low viscos-
ity of the SCF leads to substantial solvent penetra-
tion of the porous silica matrix and rapid trans-
port of the semiconductor precursors into the meso-
pores where nucleation and growth of the nanowire
array readily occurs. Additionally, we have recently
shown that the pore diameter and, hence, nanowire
width can be controlled with Angstrom-level preci-
SiOﬂ.27'28

Here, we describe the adaptation of our SCF inclusion
phase technique, previously used for semiconductor
nanowire inclusion, to form ordered arrays of nanowires
and nanotubes of cobalt, copper, and iron oxide within
mesoporous silica matrixes. In this article we describe
how metallic nanowire and nanotubes were synthesized
using carbon dioxide (CO,) as the fluid phase solvent
rather than supercritical (sc) hexane, which was used
in our prior inclusion processes.242628 CO, is an ideal
solvent for this inclusion process as it is nontoxic,
nonreactive, and relatively inexpensive. Additionally,
using CO; rather than organic solvents helps to mini-
mize impurities during nanowire processing.

Experimental Section

Hexagonal mesoporous silica powder was prepared by
hydrolyzing tetramethoxysilane (TMOS) in the presence
of a poly(ethylene oxide) (PEO)—poly(propylene oxide)
(PPO) triblock copolymer surfactant, Synperonic P85
(PEOZGPPO:ggPEOze), or P123 (PEOzoF’POegPEOzo)
(Uniquema, Belgium) and HCI (0.5 M). In a typical
synthesis, Synperonic P85 or P123 (1 g) was dissolved
in TMOS (1.8 g, 0.0118 mol) and added to an aqueous
solution of HCI (1 g, 0.5 M). Methanol generated during
the reaction was removed on a rotary evaporator at 40
°C. The resulting viscous gel was left to condense at 40
°C for 1 week in a sealed flask. Calcination of the silica
was undertaken in air for 24 h at 450 °C. The silica
matrix was degassed prior to inclusion using the Flow-
prep 060 Degasser from Micrometrics. Pure, dry N, was
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passed over the heated mesoporous matrix at 200 °C to
remove moisture and other contaminants.

Metal and metal oxide nanowires were synthesized
within the mesoporous silica powder by degrading the
appropriate organometallic precursor in supercritical
carbon dioxide (sc-CO,). Dicobalt octacarbonyl, cop-
per(l1) hexafluoroacetylacetonate hydrate, and iron
dodecacarbonyl were used as precursors. Copper(ll)
hexafluoroacetylacetonate hydrate is known to be
highly soluble in sc-CO»?° and has been utilized in the
synthesis of copper particles®® and thin films.3! Iron
dodecacarbonyl was stabilized with 5% methanol to
prevent decomposition. Mesoporous silica powder (0.5
g) and the organometallic precursor (0—12 mmol) were
added to the high-pressure reactor inside a nitrogen
glovebox. The high-pressure reaction cell was attached
to a 260-mL ISCO syringe pump (Lincoln, NE) via a
three-way valve and then placed in a tube furnace and
heated to the reaction temperature. While heating, the
solvent pressure was ramped to the desired reaction
pressure. Synthesis conditions were varied with tem-
peratures ranging from 300 to 500 °C and pressures of
138—345 bar. After the temperature within the reaction
cell was achieved, the reaction proceeded for 30 min.
Upon completion, the cell was cooled and the contents
of the cell were washed with dry hexane.

High-resolution transmission electron microscopy (HR-
TEM) was performed on a Philips CM200 Super TWIN
FEG operating at 200 kV. Typically, 20 mg of sample
was dispersed in 20 mL of absolute ethanol and a drop
of the resultant solution was dispersed on a carbon-
coated, 400-mesh, copper grid. Powder X-ray diffraction
(PXRD) data was collected on a Philips PW3710 MPD
diffractometer using Cu Koy radiation with an anode
current of 40 mA and an accelerating voltage of 40 kV.
The quantitative analysis of each phase was determined
by fitting the powder patterns with simulated patterns
using PC-Rietveld. A Micrometrics Gemini Il 2375
surface area analyzer was used to collect the Brunauer—
Emmett—Teller (BET) and Barrett, Joyner, and Hal-
enda (BJH) surface area and pore size distributions.
Fourier transform infrared (FTIR) spectroscopy was
measured on a Bio-Rad FTS 3000 FTIR spectrophotom-
eter.

Results and Discussion

Figure la shows a TEM image of P123 mesoporous
silica powder. The image displays a hexagonal array of
mesopores with a pore diameter of 7 nm and a pore
center-to-center distance of 10 nm. P85 mesoporous
silica powders shown in Figure 1b had pore diameters
of 5 nm and a pore center-to-center distance of 8.5 nm.
After inclusion, a series of parallel cobalt nanowires can
be seen within a P85 mesoporous silica template shown
in Figure 2a. These nanowires are 5 nm in diameter
and can be over 1 um in length, resulting in aspect ratios
over 200. The nanowires are separated by silica pore
walls approximately 3 nm in length. Hence, nanowire
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Figure 1. TEM image of calcined (a) P123 and (b) P85
mesoporous silica powder.

array densities of 1012 nanowires/cm? are achievable.
The nanowires are single crystals as shown by the
selected area electron diffraction pattern (inset, Figure
2a). Figure 2b shows a high-resolution TEM image of a
single nanowire of Fe;O4 grown within a pore of P123
mesoporous silica. These nanowires are highly crystal-
line and exhibit a lattice spacing of 1.73 A corresponding
to the [@220lattice plane of magnetite.32:33

PXRD analysis of the iron oxide nanowires shown in
Figure 2b confirmed that the nanowires were composed
of Fe30,, a ferrimagnetic oxide naturally occurring as
the mineral magnetite (Figure 3a). FezO4 was formed
preferentially to metallic iron or Fe,O3; due to the
partially oxidizing nature of the reaction environment.
Oxygen was present in the reaction mixture due to the
presence of methanol, which is used to stabilize the iron
dodecacarbonyl precursor; all other sources of oxygen
and moisture were excluded from the reaction environ-
ment. Figure 3b shows the PXRD pattern recorded for
copper nanowires grown within mesoporous P85 silica
and is characteristic of cubic copper with peaks at 43.5°,
50.5°, and 74° 20 corresponding to the [111[] 2000 and
[22000planes, respectively.32 The extremely broad peak
at a 20 angle of 20° is due to scattering from the
amorphous silica framework.26

(32) Calculated from ICSD using POWD-12++, 1997.

(33) Note that the common morphology of magnetite crystals
usually involves [1100faces. Explicitly, the 2110direction is rotated
19.5° in the the [0,1,—10direction from the [1110direction. The image
shown in Figure 1 is a representation of a [211Cplane through a (1100
face.

Figure 2. HRTEM image of (a) a series of parallel cobalt
nanowires. The inset shows the SAED pattern of the cobalt
nanowires. (b) An individual Fe;O4 nanowire synthesized in
mesoporous silica at 450 °C and 345 bar. The d spacing of 1.73
A shown is assigned to the crystal spacing of [422[planes. Also
shown is the relationship of the equivalent [211directions to
a vicinal [1100direction and the 2110crystal plane projected
onto the [0,1,—10plane.

Cobalt is known to have three crystal structures,
hexagonal close-packed (hcp), face-centered cubic (fcc),
and the recently discovered and less dense metastable
cubic phase (€).3* The formation of the common phases
(hcp and fcc) is known to be temperature-dependent,
with the fcc structure being thermodynamically pre-
ferred at temperatures above 450 °C and the hcp phase
favored at lower temperatures.* In our SCF procedure,
we have found that the formation of the e-phase is not
only temperature- but also pressure-mediated. At a
constant pressure of 345 bar, Co nanowires prepared
at temperatures below 500 °C displayed a mixture of
HCP (o) and FCC (f) phases as shown in Table 1.
Increasing the temperature to 500 °C at 345 bar
results in the formation of only the fcc § phase. At the
lower pressure of 276 bar and temperatures below 500
°C, the e-phase is witnessed along with the o and
phases as seen in the PXRD pattern of Figure 3c.
Increasing the synthesis temperature to 500 °C elimi-
nates both the o and e phases. Upon cooling, the
nanowires do not revert back to the hcp phase, even
after several months.

Several researchers have reported pressure-mediated
phase transitions at extremely high pressures (>1 kbar),
such as the transition of germanium from the diamond

(34) Ram, S. Acta Mater. 2001, 49, 2297.
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Figure 3. PXRD patterns of mesoporous silica after inclusion
of (a) FesOa, (b) copper, and (c) cobalt.

Table 1. Effect of Reaction Conditions on Cobalt Phase
Synthesized

pressure  temp crystal phase (%) fluid density
(bar) (°C) o B € (gem™3)
138 300 42.9 15.9 41.2 0.132
276 325 5.7 9.0 85.3 0.247
276 350 7.4 15.5 77.1 0.234
276 477 28 31.7 40.3 0.187
276 500 0 100 0 0.180
345 400 76.5 23.5 0 0.261
345 500 0 100 0 0.221

to the denser tetragonal phase.3®> Holmes et al.®¢ have
shown that pressure can be utilized to control growth
direction; however, to our knowledge no one has re-
ported the pressure-sensitive synthesis of different
phases at low pressures (250—400 bar). The ability to

(35) Kasper, J. S.; Richards, S. M. Acta Crystallogr. 1964, 17, 752.
(36) Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B. A. Science
2000, 287, 1471.
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Figure 4. HRTEM image of Fe;O4 nanotubes protruding from
the surface of mesoporous silica. Synthesized at 450 °C and
345 bar.
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Figure 5. FTIR spectra of (a) calcined mesoporous silica and
(b) after partial inclusion of cobalt.

manipulate the crystal structure of the Co nanowires
is of considerable importance due to the strong correla-
tion between the crystal structure and the magnetic
properties of bulk Co. The high magnetic coercivity of
the hcp phase is the preferred structure for permanent
magnetic applications (recording media), while the more
symmetric low-coercivity fcc phase is more useful for
soft magnetic applications.*

Nanotubes of these metals and metal oxides with
different thicknesses can be synthesized within the
silica mesopores by controlling the precursor concentra-
tion. Figure 4 shows a HRTEM image of Fe3O4 nano-
tubes protruding from the surface of mesoporous silica.
This mesoporous silica sample (unfilled pore diameter
of 7 nm) was loaded with an iron precursor sufficient
to only partially fill the mesopores. As seen in Figure
4, nanotubes with a wall thickness of 1.2 nm and an
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Figure 6. Effect of precursor concentration for Fe;O4 on the
(a) pore volume, (b) surface area, and (c) pore diameter. The
line represents the theoretical changes for nanotube formation.

internal diameter of 5.8 nm were synthesized. N
adsorption experiments confirm the presence of nano-
tubes, suggesting that the pore diameter decreases from
7 nm for the unfilled mesopores to 6.1 nm upon
nanotube formation, which is close to the internal
diameter of 5.8 nm obtained in the HRTEM image. In
addition, FTIR spectroscopy supports the mechanism
of nanowire growth through nanotube intermediates.
Similar to previous FTIR spectra for completely filled
mesopores,?8 the spectra for nanotubes in Figure 5 show

Crowley et al.

decreases in the characteristic silanol vibrational modes
at 3700—3200 and 862 cm~! of mesoporous silica,
suggesting that the metal atoms are anchored to the
walls of the mesopores.

The mechanism of nanowire growth within mesopo-
rous silica was further investigated through nitrogen
adsorption measurements. Figure 6 shows how the
surface area, pore volume, and pore diameter of the
mesoporous silica changed as a function of iron precur-
sor concentration. As seen in Figure 6a,b, the pore
volume and surface area decrease with increased
amounts of precursor due to the inclusion of the metal
into the mesoporous silica. Figure 6¢ shows the effect
of pore diameter as a function of precursor loading. The
pore diameter appears to decrease until a diameter of
4 nm. Accurate measurement of pore diameters below
4 nm, however, are difficult because of the limitations
of the BJH method at these pore sizes where rapid
condensation occurs rather than stepwise layering.’” If
the mechanism of inclusion occurs through nanotube
intermediates, the pore volume (Vp) would be expected
to decrease as the moles of precursor (n) increase (V, O
n). However, the pore diameter (dp) and surface area
(SAp) should decrease nonlinearly (dp O (1 — n)¥2, SA,
0 (1 — n)*2). These calculations are shown in Figure 6
for comparison with the experimental data and suggest
that the tubular intermediates, or nanotubes, are a
viable mechanism.

Conclusions

We have demonstrated that hexagonal mesoporous
silica can serve as template architectures for the
production of a range of highly crystalline metallic and
metal oxide nanowires and nanotubes. The relatively
high diffusion coefficients, higher precursor solubility,
and reduced surface tension of high-temperature SCFs
result in significant penetrating power and almost
complete inclusion of the mesoporous materials with
nanowires. When the amount of precursor utilized is
controlled, the formation of metal and metal oxide
nanotubes can be constructed with various thicknesses.
In addition, it was shown that the solution density can
be utilized to control the phase synthesized. For ex-
ample, cobalt can be formed as mixtures of the a, 3, and
€ phases, which can directly affect its magnetic proper-
ties.
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