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Synthesis of Porous Wires from Directed Assemblies of Nanospheres
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Recent efforts have produced significant advances in the fabrica-  Two flush membranes with Polystyrene or
tion of one-dimensional nanostructures. A variety of methods have different channel sizes silica spheres

been described for the production of wife$ ribbons? corrugated | <
L] o BERSR

wires® helical wires? tubules!® etc. Further efforts have been
directed toward the development of technologies based on these —H—J }[ J{ infiltration { H H- [= H

components: studies on electronic, magnetic, optical, and sensor
materials, for example, have been repofted?* Most of this work i

has involved solid nanowirés® or superlattice structuré&:'’ (a) (b)
Relatively few studies have examined control of spatial variation (1) Remove bottom
along or within wirest~6 Such control could impact properties, membrane
especially those important to sensor, catalytic, and optical applica- (2) Fabricate electrode
tions. Herein we report the preparation of porous wires. The use (3) Electrodeposit
of template methods is well-known for growing wires. By infiltrat- metal
ing porous membranes with nanoscale spheres, we can modify these Porous metal Dissolve deposited metal
templates so that they allow the production of wires with extended wires membrane and
pore structures. CERPEE spheres

The general procedure used to fabricate porous wires is shown By ——
in Figure 1. Initially, two porous membranes with different channel
diameters are placed flush to each other. Spheres are infiltrated electrode backing
into the upper membrane by vacuum filtration with the membrane (d) (c)

pore size differences (ca. ) helping to lock them in place. The  Figure 1. Fabrication of porous wires: (a) two flush, porous membranes
membrane-sphere composite is converted to an electrode for with different channel diameters are (b) infiltrated with spheres. (c) After
deposition of gold or nickel meta#. Finally, the membrane and removing the bottom_ membrgne, t_he_ top me_mbrane is converted to an
; . electrode, and metal is deposited within the void space. (d) The membrane

spheres are_ dissolved to produce porous_wwes. . and the spheres are dissolved to produce porous metal wires.

Porous wires can be grown from anodized alumina (AAM) or
polycarbonate (PCM) membranes containing either silica or poly- images (Figure 3b,c) of individual porous gold wires show
styrene (PS) spheres. Figure 2 shows wires produced from PCMinterconnects between adjacent pores across the width of the wires.
(1-um channels) and silica spheres. Spheres (500-nm) in and out The diameter of the spheres) relative to the membrane
of the channels can be observed prior to the growth of the porous channels ¢.) can greatly influence sphere packing. In the simple
wires (Figure 2a). Electrodeposition within the modified membranes case where the sphere diameters are close to those of the channels
readily produces porous gold wires. Varying the size of the spheres(d. = xds, X ~ 1), simple linear packing is expected. As channels
allows one to control the pore size within the wires. Figure-&b become slightly larger relative to spheres, a zigzag packing pattern
and 2e,f present micrographs of porous wires arrays made fromis likely.1® At certain higher values of (2 and 2.15), symmetric
500- and 300-nm silica spheres, respectively. Evidence for extendedhexagonal close-packing-like (hcp) structures occur with a base
pore structures can be seen along the length and tips of the wiresconsisting of two or three spheres. Other symmetric packings may
as well as from cross section images (insets Figures 2b,f). Thebe seen at specifig values where four, five, and seven spheres
arrangement of the spheres in the membrane channels dictates th&rm a base, and subsequently, sets of equivalent layers can order
pore structure in the wires. Contacts between the spheres and thébove each other after rotations of436°, and 30, respectively°
channel wall result in pores on the surface of the wires, and contactsIntermediate to these more symmetric (achiral) packings, chiral
between the spheres themselves produce openings between adjacegsemblies, either left- or right-handed, are possible, where helices
pores. (double, triple, quadruple, etc.) can form. Another symmetric, less

Smaller pore nickel and gold wires, prepared from 300-nm efficient packing can also occur at= 2.22 where two pairs of
channel alumina templates and 140-nm silica spheres, are presentelinear chains of spheres run parallel to the channel wall, with
in Figure 3. Arrays of these wires are obtained after removal of adjacent chains displaced b2
the alumina and silica components (Figure 3a). While most of the ~ The porous wires reported here exhibit a variety of packing
wire surfaces show extensive pore structures, smooth surfaces ar@@ometries. In most instances, they deviate from the ideal, long-
occasionally observed, indicating that the wire is either solid in range packings described above. In the system prepared from PCM

these regions or that the pores do not penetrate to the surface. TEMVith 1-um channels and 500-nm spheres (ie= 2), one might
expect simple hcp-like packing. The PCM channel diameters,

t Department of Chemistry. howevgr, vary in size (Fl_gure 2a), and consc_equently, the _packlngs
* Advanced Materials Research Institute. are varied. Further, packing faults appear quite common, likely due
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Figure 2. SEMs of (a) polycarbonate membrane with 500-nmSi€ads

and (b, c) top view and (d) side view of porous Au wire arrays with 500-
nm pores. Inset in (b): Cross section along the length of a wire. (e) Top
view and (f) side view of porous Au wires with 300-nm pores. Inset in (f):
Cross section along width of 300-nm pore wire.
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Figure 3. (a) SEM image of an array of 300-nm porous Ni wires with
140-nm pores and (b, c) TEM images of porous Au wires with 140-nm
pores.

to the rapid infiltration of spheres. Some ordered regions are still

observed as pores either along the surface of a wire or within cross
sections. Zigzag packing for example is seen (inset, Figure 2b);
this packing structure is consistent with a channel diameter smaller

than twice the sphere diameters 1.87). As the relative channel
size increases (1.8% x < 2, 2 < x < 2.15)!° chiral packings

efficient, achiral packingX = 2.22) is observed as a series of
adjacent pores, especially clear along the right edge of the wire
(Figure 3b).

The extensive pore structures of the wires will impact their
physical properties. In terms of porosity and surface area, one can
estimate these values by simple geometric considerations. If we
assume nearly ideal packifdn, for example, the L:m wires with
300-nm spheres, we can estimate the porosity (% void volume) to
be about 70% and the relative increase in surface area versus a
solid wire to be about 4 times. The short-range order predominating
in these systems would, however, work to lower these values
slightly. In terms of strength, the pore structures decrease the
mechanical strength of the wires where the smaller wires (Figure
3a) were found to be especially fragile.

The process presented here offers an effective method for the
formation of porous wires. While samples were prepared by
electrodeposition of Au and Ni, a variety of other elements and
compounds, formed either chemically or electrochemically, could
be fabricated into porous wires. These various structured materials
could be used for applications in catalysis, electrolysis, and sensor
arrays (e.g., hydrogen sensors); higher surface areas should serve
to increase reactivity and sensitivity, and also, control of the pore
morphologies might impact selectivity in chemical conversions. A
further application for such materials might come in the form of
photonic wires. While the rapid infiltration of spheres into the pores
impeded the formation of the highly ordered structures desired in
photonics, sphere precipitation into membrane channels over
extended periods should lead to more order. Such wires could offer
interesting properties, and the prospect of photonic wires, especially
those based on helical packings, is particularly intriguing.
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