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Cuprite (Cu,0) nanowires with diameter of 25—100 nm were electrodeposited from anionic
surfactant sodium bis(2-ethylhexyl) sulfosuccinate reverse hexagonal liquid crystalline phase.
The nanowires can be grown to up to tens of micrometers in length by simply changing the
electrodeposition time. Resistivity measurements suggest improved alignment of the reverse
hexagonal liquid crystalline phase under electric field during electrodeposition. The enhanced
alignment of the liquid crystalline phase appears essential for the growth of hanowires with
high aspect ratio. This new synthesis approach is fast and simple, and a great variety of
organized assemblies are potentially available by simply adjusting the liquid crystal type

and composition.

1. Introduction

Synthesis of nanowires of metals, semiconductors, and
conductive polymers has attracted considerable interest
in recent years.!~10 Besides the approaches involving
thermal evaporation and vapor—liquid—solid or solu-
tion—liquid—solid growth mechanisms for semiconduc-
tor nanowires,>~* the most widely used method for
fabrication of nanowires is physical or chemical (e.g.,
electrochemical) deposition guided by an appropriate
porous “hard” template such as anodized alumina,®®
track-etched polycarbonate and mica,! carbon nano-
tube,® zeolite/mesoporous silica,”~® and diblock copoly-
mer matrix.’? The hard template approach is effective,
but some of the templates are not easy to fabricate and
their removal is often required to retrieve the nanowires
if separate single nanowires are desired.

Surfactant mesophases have proved to be useful and
versatile “soft” templates. For example, syntheses of
zeolite-like mesoporous materials using normal (oil in
water) surfactant mesophases as templates are well
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established.’*~15 Reverse (water in oil) micelles and
microemulsions with spherical, cylindrical, or bicon-
tinuous aqueous phases have been used for nanoparticle
and sometimes nanowire synthesis by either coprecipi-
tation reactions (for compounds such as BaCOg3, BaSOy,
BaCrQ,4, Caz(PO4)2, etc.) or chemical reduction of metal
ions.16722 Sjlver nanorods and nanowires were also
obtained in the presence of organized media.?® It is
noted that all of the aforementioned syntheses use low
surfactant concentration (e.g., 0.1 M) where micelles and
microemulsions dominate.

In contrast, lyotropic liquid crystalline phases can be
obtained at high surfactant concentrations. Attard and
co-workers have demonstrated that normal hexagonal
liquid crystalline phase can template bulk mesoporous
SiO; by hydrothermal synthesis and mesoporous metal
films (Pt, Sn) by electrodeposition.?425 Also, Stupp and
co-workers have obtained nanostructured CdS from
three different lyotropic liquid crystalline phases (hex-
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Scheme 1. Structure of Surfactant AOT Molecule
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agonal, cubic, and lamellar) by reaction between Cd?*™
and H,S.26 Very recently, reverse hexagonal liquid
crystalline phase was used as a template to synthesize
ZnS nanowires (<2 um) by y-ray irradiation using
thiourea or CS; as sulfur source.?” The ZnS nanowires
thus obtained are fairly short, probably because of poor
alignment within the liquid crystalline phase.

In this study, we demonstrate that semiconductor
nanowires can be fabricated by electrodeposition from
lyotropic reverse hexagonal liquid crystalline phase with
one-dimensional aqueous channels as space-confined
microreactors. Electrodeposition is preferred because it
allows easy control of growth of the nanowires by simply
changing the electrodeposition time. We also show that
the connectivity of the aqueous channels and alignment
of the liquid crystal can be improved with the applica-
tion of electric field during electrodeposition, leading to
the production of nanowires with high aspect ratio.

2. Experimental Section

Materials. Anionic surfactant sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) (98 wt %) and oil phase p-xylene (99 wt
%) were purchased from Aldrich Chemical Co., and CuCl,-
2H,0 (lab grade) was from Fisher Scientific. All chemicals were
used without further purification. Distilled water was passed
through a Barnstead system until its resistivity reached 17
MQ-cm.

Preparation of Reverse Hexagonal Liquid Crystalline
Phase. Surfactant AOT is an amphiphilic molecule that has
a hydrophilic anionic head and two hydrophobic chains
(Scheme 1), and its phase diagram including the formation of
reverse hexagonal liquid crystal is well established.?®?° The
liquid crystal phase is described here in the format of AOT
(X)/p-xylene/CuCl; (y)(w), with x, y, and w standing for AOT
concentration in p-xylene, CuCl;, concentration in water, and
molar ratio of water to surfactant, respectively. A typical
composition used in this study is AOT (1.5 M)/p-xylene/CuCl,
(0.1 M)(w = 10—20). To prepare the liquid crystal, AOT was
first dissolved in p-xylene. To this solution, 0.1 M CuCl, aque-
ous solution was added dropwise with stirring. The mixture
was stirred for 1 h to give a clear viscous liquid at 25 °C.

Nanowire Formation by Electrodeposition. Electrodepo-
sition was conducted by using a Solartron 1287 potentiostat
in a two-electrode configuration, with the two electrodes
narrowly spaced (0.5 mm apart) and the aforementioned
surfactant liquid crystalline phases as electrolyte. A polished
stainless steel plate or copper plate (16 x 16 mm) was used
as working electrode (cathode) to collect the nanowires. A
copper thin plate (16 x 16 mm) was used as the counter
electrode (anode) so that only metal dissolution reaction
occurred on the counter electrode to ensure that the preformed
liquid crystalline phase was not disturbed by gas evolution.
Static potential of —1.1 V was applied across the two electrodes
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for a certain period of time (10 min—2 h) with a current density
of 200—400 uAlcm?. After electrodeposition, the nanowire
deposit on the electrode was thoroughly washed with ethanol
to remove the liquid crystalline phase.

Characterization. Liquid crystalline phases were exam-
ined using Nikon Microphot-FXA polarizing microscope at
room temperature. Scanning electron microscope (SEM) im-
ages were obtained in a Philips XL30-FEG operated at 20
kV. The samples were directly imaged in the SEM without
additional metal coating. X-ray diffraction (XRD) patterns were
obtained in a Siemens D-500 diffractometer using Cu Ka
radiation. Transmission electron microscope (TEM) images
and electron diffraction pattern were performed on a Philips
CM300 equipped with EDX spectrometer and operated at 300
kV. The samples for TEM were prepared by scratching the
wires off the electrode surface, followed by dispersion in
ethanol by ultrasonication and deposition via drying onto gold
grids covered with holey carbon support films.

Impedance measurement was performed on a Solartron
1260 impedance gain-phase analyzer at a frequency range of
0.1-10% Hz and an ac amplitude between 10 and 1000 mV.
Resistance values were taken at a low frequency of 0.1 Hz
where dc-like resistance was obtained. Resistivity (p) was
calculated as

p=r xsll 1)

where r is the resistance, s is the electrode surface area, and
| is the electrode distance.

3. Results and Discussion

The polarized light micrographs show characteristic
birefringence of a hexagonal liquid crystalline phase
both before (when pure water was used) and after
doping of Cu?* ions (Figure 1).2° This shows that the
hexagonal liquid structure is retained after the addition
of 0.1 M Cu?* ions into the aqueous phase.

Figure 2 shows the SEM images of cuprite nanowires
electrodeposited at two different deposition times. When
the electrodeposition time is 1 h, a large number of
nanowire bundles that are 3—5 um in length (Figure
2a) are obtained. Higher magnification image shows
that the individual nanowire bundle consists of nanow-
ires that are approximately 25—45 nm in diameter (not
shown). The nanowires are usually close-packed at the
end attached to the electrode and become divergent at
the other end. It is noted here that the diameter of an
individual nanowire is larger than that of the aqueous
channels within the liquid crystalline phase.'® The exact
reason for the size mismatch is not clear. The size
mismatch between the templated inorganic structures
and the template medium has also been found in other
synthesis systems such as reverse micelle, bicontinuous
microemulsion, and lamellar phase.'”1822 When the
electrodeposition time reaches 2 h, the nanowires are
more than 10 um long and the diameter of the nanowire
increases to about 100 nm (parts b and c of Figure 2).
This shows that the diameter and length of the nanow-
ires can be tuned by electrodeposition time. The diam-
eter of the nanowire can also be varied by adjusting the
water-to-surfactant ratio (w). XRD pattern of the nanow-
ires deposited on stainless steel substrate shows dif-
fraction peaks with d spacings of 2.47, 2.14, 1.51, and
1.29 A (Figure 3). Although the diffraction peaks are
relatively weak, they match those of cuprite (Cu,0). The
TEM image and the corresponding electron diffraction
pattern of a typical cuprite nanowire obtained at deposi-
tion time of 2 h are shown in Figure 4. The nanowire
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Figure 1. Polarized light micrographs of surfactant AOT
systems (x 400). AOT/p-xylene/H;0 reverse hexagonal liquid
crystal before (a) and after (b) doping of Cu?* ions.

has a diameter of about 80 nm. The diffraction pattern
confirms that the nanowire is crystalline but is not a
single crystal.

The above electrodeposition was conducted when the
two electrodes were 0.5 mm apart. When the electrode
distance was increased to 1.5 mm, nanowires of poor
quality were produced (not shown). If no liquid crystal-
line phase was used, only micrometer-sized copper
crystals were produced from bulk CuCl;, aqueous solu-
tion at the deposition current density similar to that
when the liquid crystalline phase was used (Figure 5).

The improved alignment of the liquid crystalline
phase during deposition must be important for the
formation of long nanowires. Anionic surfactant AOT
in oil phase (1.5 M) has poor conductivity (resistivity =
10% Qm). This means that the conductivity of the reverse
hexagonal liquid crystal comes mainly from ion move-
ment within the aqueous channels. As a result, the
resistivity of the liquid crystalline phase is expected to
be a good measure of its alignment. Figure 6 shows the
resistivity vs the electrode distance and AC amplitude.
The resistivity remains fairly constant and high when
the electrode distance is larger than 2 mm. However, it
decreases dramatically with the decrease of electrode
distance when the electrode distance is smaller than 1.5
mm. In addition, the resistivity also decreases with the
increase of the potential across the two electrodes (ac
amplitude from 10 to 1000 mV). The reduction in
resistivity with the decrease of electrode distance and
the increase of electrode potentil seems to suggest

Huang et al.

Figure 2. SEM images of cuprite nanowires electrodeposited
from reverse hexagonal liquid crystalline phase AOT (1.5 M)/
p-xylene/CuCl; (0.1 M)(15) at deposition potential of —1.1 V
with electrode distance of 0.5 mm for different deposition
times: (a) 1 h, (b) 2 h, and(c) 2 h, at different magnifications.
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Figure 3. XRD pattern of cuprite nanowires electrodeposited

on stainless steel electrode from reverse hexagonal liquid
crystalline phase.
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improved connectivity and alignment within the reverse
liquid crystalline phase.
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100 nm

Figure 4. TEM image of an individual nanowire electrode-
posited from reverse hexagonal liquid crystalline phase (inset,
electron diffraction pattern).

Figure 5. SEM images of micrometer-sized crystals elec-

trodeposited from bulk CuCl, aqueous solution at the similar
deposition current density.

The improved alignment of the liquid crystal phase
could be due to electro-osmotic flows within the one-
dimensional aqueous channels.!> The equation

vV =vil=px 1T (2)

can be obtained from equation i = v/r = v/(l x p/s) — VIl
= p(i/s), where V' is the electric field gradient, i' = i/s
which is the current density, | is the electrode distance,
s is the surface area of electrode, and p is the resistivity.
Clearly, at constant resistivity, higher electric field
gradient v/ would lead to higher current density, which
means higher electro-osmotic flows and better align-
ment within the liquid crystal. As the alignment im-
proves, the resistivity p would decrease, and this
decrease would enhance the current density and there-
fore further increase the alignment effect. To increase
the electric field gradient, one option is to increase the
deposition potential. However, this is not preferred
because high deposition potential causes undesirable
side reactions that disturb the preformed liquid crystal-
line phases. Thus, the decrease of distance between the
two electrodes is a preferred way to increase the
alignment effect. On the basis of the resistivity mea-
surements, an improved alignment within the liquid
crystal phase is proposed during the nanowire deposi-
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Figure 6. Resistivity of reverse hexagonal liquid crystalline
phase AOT (1.5 M)/p-xylene/CuCl, (0.1 M)(15) vs electrode
distance.
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Figure 7. Schematic of the proposed improved alignment of
the liquid crystal phase during electrodeposition.

tion (Figure 7). Although the exact templating mecha-
nism is not completely clear, it is certain that the liquid
crystalline phase has played an important role in the
formation of the nanowires. Also, it is noted that the
resistivity method described in the present study could
become a new and effective technique for characteriza-
tion of the alignment of lyotropic liquid crystalline
phases.

For electrodeposition from reverse hexagonal liquid
crystal containing Cu?* ions, the observed product is
cuprite (Cu20). There are several possible routes to the
formation of Cu,O. In this study, neutral CuCl, aqueous
solution was used as the Cu?* source. It is known that
a recombination reaction between Cu® and Cu?* can
occur to form Cu,O in neutral medium.331 Water
molecules in surfactant mesophases have also been
previously suggested as oxidants at high w (e.g., w =
15) in a study where the main product of reduction of
Cu?" by NaBH;, in a reverse micelle was Cu,O instead
of Cu®.2! Cu,0 is an important p-type semiconductor,
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and its nanowires may be useful for optical and elec-
tronic applications.

4. Conclusions

We have shown that Cu,O nanowires with high aspect
ratio can be readily electrodeposited from lyotropic
reverse hexagonal liquid crystalline phases. Hexagonal
liquid crystal phase with improved alignment plays an
important role in the formation of the nanowires
although the exact templating mechanism is not clear.
Small electrode distance during electrodeposition ap-

Huang et al.

pears to enhance the alignment of the liquid crystalline
phase. The new approach demonstrated in this study
is fast, inexpensive, reproducible, and potentially ver-
satile for the fabrication of metal, semiconductor, and
polymer nanowires.
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