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Abstract

Aligned polyaniline nanorods were synthesized in the presence of salicylic ac-
id. Nanorods and nanotubes were also formed in the presence of camphor-
sulfonic acid (CSA) and para-toluenesulfonic acid (pTSA). Electrical conduc-
tivity measurements showed that the aligned nanorods had better electrical
conductivity than the non-aligned nanostructures. Nanospheres were also ob-
served in some cases. The formation of elongated nanostructures or spheres
depended on the aniline monomer to surfactant molar ratio. This method in
which nanostructures are formed using soft templates is often referred to as
the template-free approach. Our success motivated us to explore the feasibility
of obtaining similar metallic nanostructures without the use of a template. We
successfully synthesized copper and copper hydroxide nanowires. While the
copper nanowires formed as a mesh, the copper hydroxide nanowires formed
as winding bundles. Upon switching the order in which the reactants were add-
ed, copper hydroxide nanoribbons were formed instead of bundles. Characte-
rization of these nanostructures was done using Scanning Electron Microsco-
py (SEM), Atomic Force Microscopy (AFM), Transmission Electron Microscopy
(TEM), Fourier Transform Infrared Spectroscopy (FTIR) and the Four-point
probe to measure electrical conductivity. Both metallic and organic nanowires
that are fabricated by template-free methods are potential candidates for use
as fillers in polymer nanocomposites. Polymer nanocomposites are found to be
used in many advanced modern applications such as thermal interface materials
in electronic devices which continue to be miniaturized, aerospace engineering
where lightweight and robustness are important, sensors, medicine and cata-
lytic activity.
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1. Introduction

The oxidative, in-situ polymerization of polyaniline has been well established in
the literature and leads to controlled thin film materials. Recently many groups
have been exploring the in-situ generation of nanostructures from templates. We
have been exploring new approaches to produce aligned polyaniline nanostruc-
tures during a template free synthesis. One promising method that has been re-
ported in literature is the formation of polyaniline nanotubes without the use of
a template and is referred to as the template-free approach [1] [2]. The morphology
and diameter of the nanostructures depend on a number of factors. Among them
are the structures of the monomer, dopant and oxidant. Equally influential in
the formation of these nanostructures are the concentrations of the reactants, the
molar ratio of the dopant and oxidant to monomer as well as the reaction tem-
perature, time and stirring [3] [4].

Surfactants are a common soft template because they easily form thermody-
namically stable and controllable nanometer-scale micelles in solution or at in-
terfaces [5] [6]. The equilibrium size and shape of surfactant aggregates are con-
trolled by the formula: V,/a/, where V,and /, are the volume and length of sur-
factant tail within the hydrophobic core of the aggregate and a is the effective
area occupied by each surfactant head group at the surface of the aggregate. The
favored aggregate morphology of the surfactant in solution, such as spherical,
cylindrical, or a flat bi-layer, is formed depending on the value of a. On the basis
of the characteristics of surfactants, it has been proposed that the micelles formed
by dopant, dopant/monomer salt or supermolecules, and even by the monomer
itself might serve as the soft template in the self-assembly of template-free syn-
thesis of nanostructures [7].

Nanotubes and nanorods of polyaniline were synthesized in the presence of
salicylic acid, camphorsulfonic acid and p-toluenesulfonic acid. Generally, the do-
pants used for doping polyaniline (PANi) are small organic or inorganic molecules.
The disadvantage with the small acid dopants is their tendency to evaporate at
room temperature [8] [9]. Consequently, the conductivity of the acid-doped PANi
diminishes. The problem associated with the loss of the acid dopants can be solved
by using non-volatile acid dopants such as salicylic acid, camphorsulfonic acid
and p-toluenesulfonic acid. Polyaniline is one of the best known conducting
polymers such as polypyrrole and poly (3, 4-ethyleedioxythiophene) (PEDOT)
[10] [11]. Conducting polymers as molecular wires have recently received great
attention because of their long conjugation length, metallic conductivity and
promising applications in nanodevices [12] [13]. Polyaniline (PANI) is a poly-
mer that attracts research scientists due to its simple preparation, good thermal
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and environmental stability, structure versatility, and potential applications as elec-
trical and optical materials [14] [15] [16] [17].

Here we report the template-free synthesis of aligned polyaniline nanowires in
the presence of salicylic acid. In similar but related experiments camphorsulfon-
ic acid and para-toluenesulfonic acid were used as surfactants during the poly-
merization of aniline and nanotubes and nanowires were obtained. To show that
the formation of nanowires without the use of a template is not limited to conduct-
ing polymers, copper and copper(II) hydroxide nanowires were also synthesized
without the use of a template. These were characterized by Scanning Electron Mi-
croscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force Micro-
scopy (AFM), Fourier Transform Infrared Spectroscopy (FTIR) and Four-point
probe.

2. Experimental

2.1. Materials

Aniline monomer, salicylic acid, camphorsulfonic acid, para-toluenesulfonic ac-
id, potassium hydroxide, ammonium persulfate, acetone, copper(II) sulfate, so-
dium hydroxide, copper(II) nitrate and ethylenediamine were purchased from

Aldrich and used as received except for aniline which was distilled before use.

2.2. Polyaniline Synthesis

For the synthesis of polyaniline nanostructures in the presence of salicylic acid,
0.4 g of aniline (ANI) was reacted with varying amounts of salicylic acid (SA) to
achieve different [SA]/[ANI] molar ratios. Different [SA]/[ANI] combinations
were used such that the ratio could be maintained as 1 and then varied to 0.5 and
1.2. The following concentration ratios were used: 0.1/0.2, 0.2/0.2, 0.24/0.2, 0.1/0.1,
0.15/0.15, 0.2/0.2, and 0.225/0.225. The aniline and salicylic acid were dissolved
in 20 ml of DI water by ultrasonic stirring for 1 hour. The solution was rapidly
cooled to room temperature and a piece of glass was immersed into the solution
in vertical position. After 30 minutes, 10 ml of solution containing 0.9 g ammo-
nium persulfate were added followed by 5 minutes of magnetic stirring. The vials
were sealed and left still for 15 h. The precipitate collected on glass was washed
with DI water and left to dry at room temperature [18].

“Polyaniline nanorods” were also synthesized using a similar approach but in
the presence of para-toluenesulfonic acid (pTSA). Firstly, the aniline concentra-
tion [ANI] was fixed at 0.20 mol/L while varying the concentration of pTSA, in
order to obtain [pTSA]/[ANI] ratios of 0.05, 0.1, 0.25, 1/1, 2/1 and 5/1. Alterna-
tively, the molar ratio [pTSA]/[ANI] was fixed to 1/1. The concentrations of ani-
line [ANI] was varied and the corresponding amounts of pTSA added to main-
tain the ratio [pTSA]/[ANI] = 1/1. The [ANI] used were 0.08, 0.12, 0.20, 0.40,
and 0.50 mol/L. The solution was heated in an oil bath to get a transparent solu-
tion of pTSA-ANI solution, after which it was cooled in an ice bath. A cooled

solution of ammonium persulfate of concentration 0.2 mol/L was added to the
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cooled pTSA-ANI solution. The mixture was left still in an ice bath for 15 h. Af-
ter filtering and washing with distilled water and acetone, the precipitate was al-
lowed to dry at room temperature for 24 h [19].

“Polyaniline nanotubes” were synthesized by dissolving 2 x 107° mol of aniline
and 1 x 107 mol of camphorsulfonic acid in 10 ml of DI water, followed by
cooling in an ice bath. A solution of ammonium persulfate was made by dis-
solving 2 x 10~ mol of ammonium persulfate in 5 ml of DI water. After cooling
in an ice bath, the ammonium persulfate solution was added to the aniline/
camphorsulfonic acid solution. The solution was left to react in an ice bath for 15
h [20].

2.3. Copper(II) Hydroxide Nanowires (Cu(OH):)

Two two-step template-free methods were used to synthesize Cu(OH), nano-
wires. The KOH/NH, method consists of adding 0.8 ml of 1M KOH solution to
2 ml of 0.1 M CuSO, solution under stirring at room temperature. The addition
of KOH to CuSO, was followed by the addition of 0.3 ml of ammonia solution
(29.6 wt% - 0.897 M). After adding ammonia solution, the mixture was further
stirred for 3 minutes. The mixture was kept static in a sealed vial for 12 h. The
precipitate was filtered off, washed thoroughly with DI water and left to dry for
12 h. The second method was similar to the KOH/NH, method except that KOH
was added after the addition of NH, and therefore called the NH;/KOH method
[21].

2.4. Copper Nanowires

The template-free synthesis of copper nanowires was achieved by adding to a
glass vial, 20 ml of NaOH (3.5 M) and 0.5 mL of Cu(NO;), (0.1 M) aqueous so-
lutions. To the same vial, 0.05 ml of 99 wt% EDA and 0.02 ml of 35 wt% were
added sequentially, followed by thorough mixing. The vial was placed in a water
bath and the bath temperature was fixed at 60°C. The reactants were left in the
water bath for 15 hours. The copper nanowires were washed and harvested by
centrifugation. To prevent them from oxidation the nanowires were stored in
water-hydrazine solution [22].

Characterization of these nanostructures was done using SEM (Hitachi Model
S-570), AFM (Nanoscope II1a), TEM (Hitachi Model H-7000), UV-vis (Hewlett Pack-
ard 8453A Diode Array Spectrophotometry), FTIR (FTS 40 Pro) and the Four-point
probe (Keithley 220 programmable current source coupled with Keithley 182
Sensitive Digital Voltmeter) to measure conductivity.

3. Results and Discussion

3.1. Polyaniline Nanowires and Nanotubes

By using salicylic acid as the dopant and ammonium persulfate as the oxidant we
achieved room temperature synthesis of aligned polyaniline nanofibers. Differ-

ent nanostructures were observed for different molar ratios of salicylic acid and
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aniline (SA/ANI). The SEM images of the structures that were formed at each
molar ratio are shown in Figure 1. At a molar ratio of 0.1/0.2, Figure 1(a), no fi-
bers or well-defined structures were formed. However, at a ratio of 0.2/0.2, Fig-
ure 1(b) cylindrical structures started to form.

Clusters of nanofibers with well-defined orientation that are formed at a ratio
of 0.24/0.2 are shown in Figures 1(c)-(e). The morphology of the nanostruc-
tures at a ratio of 0.1/0.1, Figure 1(f) and Figure 1(g) is dominated by spheres.
A transition from a nanosphere-dominated morphology at a ratio of 0.1/0.1 to a
mixture of nanospheres and nanofibers is observed at a ratio of 0.15/0.15, Figure
1(f) and 0.2/0.2, Figure 1(i). At a ratio of 0.225/0.225, Figure 1(j) and Figure
1(k), well aligned nanofibers can be observed as was the case at a ratio of 0.24/0.2.
The surface structures of some of the spheres that were obtained during the syn-
thesis at a ratio of 0.225/0.225 with aligned nanofibers emerging from their sur-
face are shown in Figure 1(1) and Figure 1(m). The TEM images of the aligned
nanofibers are shown in Figure 1(n) and Figure 1(o0). It can be clearly seen that
these fibers practically run parallel to each other.

To further examine the structure of these polyaniline structures, AFM topo-
graphic and amplitude images of the nanostructures at each SA/ANI ratio were
also taken and are shown in Figure 2. The height images are shown in Figure
2(a) Figure 2(c) and Figure 2(e) while the corresponding amplitude images are
shown in Figure 2(b), Figure 2(d) and Figure 2(f). The spheres that were ob-
served by SEM can also be clearly seen in the images in Figures 2(a)-(d), a fiber
strand can be seen in Figure 2(e) and Figure 2(f).

The morphologies and conductivity results of the nanofibers that were ob-
tained at each SA/ANI ratio are summarized in Table 1. The conductivities were
calculated based on the films that were formed on the respective pieces of glass.
The conductivities were calculated by first calculating the resistivity using the
following formula:

p=(xt/n2)(V/1)
where pis the sheet resistivity, t is the film thickness, V'is the voltage and 7is the
current. The inverse: 1/p is the conductivity in S/cm. Film thickness was deter-
mined to be 206.89 nm using AFM in the Contact mode.

The conductivity values seem to reveal an interesting pattern whereby the
SA/ANI ratio in which the morphology was predominantly composed of spheres
has the lowest conductivity. In general where nanofiber structures were formed
the electrical conductivities were found to be higher by 2 - 3 orders of magnitude
than when spheres were formed.

The FTIR spectrum that was obtained for the nanofibers and nanotubes is shown
in Figure 3. The bands at 1622, 1572, 1452, 1289 and 1166 cm ™' were found to be
characteristic of PANI.

The three bands at 1622, 1572 and 1452 cm™' correspond to the C=C stret-
ching of the benzenoid and quinoid rings. The bands at 1166 and 1289 cm™
correspond to the C-N stretch and C-H bend respectively. The band at 1512
cm™' corresponds to C=N stretching of quinoid ring [23] [24].
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Figure 2. Tapping Mode AFM height images (a), (c), (¢) and amplitude images (b), (d), (f) of polyaniline nanostructures at dif-
ferent [SA]/[ANI] ratios.
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Figure 3. FTIR spectrum of polyaniline/salicylic acid nanostructures.

Table 1. Conductivity of polyaniline/salicylic acid at different molar ratios.

[SA]
(Mol/L)
0.10
0.20
0.24
0.10
0.15
0.20

0.225

[ANT] [SA]/[ANI] Structure Conductivity
(Mol/L) Ratio(S/cm)
0.20 0.50 No fibers 1.10x 107
0.24 1.00 Nonaligned 9.76 x 107
0.20 1.20 Aligned 1.46 x 1072
0.10 1.00 Spheres 1.29x 107
0.15 1.00 Crosslinked 3.34x 1072
0.20 1.00 Nonaligned 4.46 x 1072
0.225 1.00 Aligned 3.65 x 1072

The formation of nanostructures was also studied using camphorsulfonic acid,
which unlike salicylic acid has a bicyclic structure and a sulfonic acid group [25].
Besides, camphorsulfonic acid is thermally stable with a decomposition temper-
ature in the range of 193°C - 195°C. The SEM pictures that show the morpholo-
gy of the nanostructures that were synthesized are shown in Figure 4(a) and
Figure 4(b). These nanostructures were further analyzed using TEM. The TEM
images shown in Figures 4(c)-(f) revealed that the nanostructures were hollow.
This showed that nanotubes had actually been synthesized. The conductivity for
PANI/CSA at each molar ratio was obtained from compressed pellets. The con-
ductivity values are shown in Table 2.

It can be seen from these conductivity data that as the molar ratio increases,
the conductivity increases as well. However, the conductivity values are for these
nanotubes do not increase as much as in nanowires. The low conductivity in

polyaniline nanotubes might be attributed to the lack of sufficient crystallinity
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Figure 4. SEM images (a), (b) and TEM images (c), (d), (e) and (f) of polyaniline/camphorsulfonic
acid nanostructures.

Table 2. Conductivity of polyaniline/salicylic acid at different molar ratios.

[CSA] [ANT] [SA]/[ANT] Structure Conductivity
(Mol/L) (Mol/L) Ratio(S/cm)
2x107? 0.20 0.50 Nanotubes 6.53 x 107°
2x10™ 0.20 1.00 Nanotubes 7.44 x 107
6x10™ 0.20 1.20 Nanotubes 297 x 107
2x107 0.10 1.00 Nanotubes 1.82x 107
2x107 0.15 1.00 Nanotubes 1.78 x 1073

along the nanotube walls, whereas in nanowires the polyaniline might be more
compact and crystalline which promotes electrical conductivity.

A plot of these conductivity data as a function of CSA/ANI ratio are shown in
Figure 5. These conductivity data are comparable to the ones that are reported
in literature. The FTIR spectrum that was obtained for polyaniline synthesized
in the presence of CSA is shown in Figure 6.

The following band assignments can be made: 1576 and 1497 cm™ (C=C
stretching deformation of quinoid and benzenoid rings), 1304 cm™ (C-N stret-
ching of secondary aromatic amine), 1136 cm™ (aromatic C-H in-plane bend-
ing), 826 cm™" (out-of-plane deformation of C-H in the 1, 4-disubstituted ben-
zene ring), 509 cm™' (~SO;H group) [26]. The presence of the 509 cm™ band in-
dicates the presence of D-CSA as a dopant in PANI [27].

Nanotubes were also obtained when pTSA was used as a dopant. The SEM im-
ages in Figure 7 show the morphology of the structures that were obtained at each
pTSA/ANI molar ratio. Analysis of the nanostructures using TEM revealed that
we had successfully synthesized nanotubes. The TEM images show uniform open-

ings running through the center of the tubes.
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Figure 5. Variation of polyaniline/camphorsulfonic acid conductiv-
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Figure 6. FTIR spectrum of polyaniline/camphorsulfonic acid nano-

structures.

Nanotubes were obtained at the pTSA/ANI molar ratios of 0.05/1, 0.1/1 and

0.25/1. The conductivity measurements that were obtained from compressed

pellets at each pTSA/ANTI ratio are summarized in Table 3. It can be seen from

the plot in Figure 8 that conductivity increased with increasing molar ratio.

However at higher molar ratio no nanotubes or nanorods were formed.

The IR spectrum that was obtained for pTSA doped polyaniline is shown in
Figure 9. Bands at 1576 and 1491 cm™" are assigned to the C=C stretching de-

formation of quinoid and bezonoid rings, respectively. The peak at 1304 cm™

corresponds to the C-N stretching of the secondary amine. The peak at 1119

cm™' can be assigned to the aromatic C-H in-plane bending vibration mode of
N=Q=N, where Q = N+H-B, and B-N + H-B, which is formed during protonation.
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Figure 7. SEM images (a)-(c) and TEM images (d)-(f) of polyaniline/para-toluenesulfonic ac-
id at different pTSA/ANI molar ratios.
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Figure 8. Variation of electrical conductivity of polyaniline/para-toluenesulfonic
acid nanotubes/nanorods with molar ratio.

The band at 817 cm™ is related to the out-of-plane deformation of C-H in the
1, 4-disubstituted benzene ring, and the peak at 509 cm™ is related to the aro-
matic ring deformation of C-H. The bands at 1034 and 686 cm™" correspond to
—SO,H showing that PANI was doped with TSA [28] [29].

3.2. Copper Nanowires

The formation of nanorods by self-assembly is not limited to polyaniline. It

seems to be a natural phenomenon that occurs in other materials as well. The
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Table 3. Conductivity measurements of polyaniline/para-toluenesulfonic acid nanotubes/

nanorods.
[pTSA] [ANT] [pTSA]/[ANI] Structure Conductivity
(Mol/L) (Mol/L) Ratio (S/cm)
0.01 0.20 0.05/1 Nanotubes 1.10 x 10~
0.01 0.20 1.00/1 Nanotubes 9.76 x 10~°
0.05 0.20 1.25/1 Nanotubes 146 x 1072
0.20 0.20 1.00/1No Nanotubes 6.38
0.40 0.20 2.00/1No Nanotubes 10.42
1 PANLIPTSA
TO
60 —
. I
= 50 686
E -
=
o 40 I 817
o ) 1034
'_
= 30
20 151"6I ‘ 1
1119
] 1491
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Figure 9. FTIR of polyaniline/para-toluenesulfonic acid nanotubes/nanorods.

SEM images of copper nanorods that were synthesized without the use of a tem-
plate are shown in Figures 10(a)-(d) while Figure 10(e) shows the TEM image
of the nanowires.

It can be seen that the nanorods are long with a smooth morphology. Howev-
er, it can be seen that the ends of the copper nanowires consist of nods or spher-
ical structures. This may suggest that the formation of copper nanowires starts
with the formation of spherical structures. The following equation forms the ba-

sis of the formation of the metallic copper:

2Cu** +N,H, +40H™ — 2Cu+N, +4H,0

Even more interesting is the self-assembly of copper(II) hydroxide in which
the simple switching of the order in which the reactants are added switches the
structure between nanorods and nanoribbons. The formation of long winding
bundles copper(II) hydroxide nanorods proceeds according to the following eq-
uation:

NH,/KOH Route
Cu®* +OH ——[ Cu(OH), HZO]%;:&[#O?V'I—:’)EZS

self-assembly
Oriented attachment
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Figure 10. SEM images (a), (b), (c) and TEM image (e), of copper nanowires. The insert
is the electron diffraction image of the copper nanowires.

The SEM images of the copper(II) hydroxide nanorods that were synthesized in
the absence of any surfactant are shown in Figure 11(a) and Figure 11(b). It
can be seen that the nanorods form long bundles of copper(II) hydroxide.
The equation below represents the formation of copper(II) hydroxide nano-
ribbons upon switching the order in which the reactants are added.
KOH/NH; route
Cu?* + NH, -H,0——[Cu(NH;), " anﬁoﬁggﬁs

self-assembly
The copper(I) hydroxide nanoribbons that are formed when the order in
which the reactants are added is reversed are shown in Figures 12(a)-(e).
Different growth mechanisms for copper nanowires have been proposed in li-
terature. Among these proposed mechanisms is the thought that copper nano-
wires sprout and grow from spherical seeds with the concentration of (EDA) being
a critical factor for anisotropic growth [30]. This seems to agree with the obser-
vations we made regarding the growth of polyaniline fibers/rods/nanotubes were
at certain molar ratios more fibers are seen than spheres or elongated structures
are seen stemming from spherical structures. Another argument regarding the
growth process of copper nanowires and nanotubes is that, in solution the
process is driven by screw dislocations [31] [32]. It is believed that by tuning the
concentration of the complexing ligands OH™ and EDA, low supersaturation

condition of this redox reaction reaction system is created to favor dislocation
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Figure 11. SEM images (a), (b) and TEM image (c), of copper(II) hydroxide nanowires.
The insert is the electron diffraction image of the copper(II) hydroxide nanowires.
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Figure 12. SEM images (a)-(e) of copper(II) hydroxide nanoribbons.

driven crystal growth, which enables a more effective copper nanowire growth
under milder pH environment of approximately pH~12.

It has been proposed also that Cu(OH), nanoribbons were formed by solu-
tion-phase coordination self-assembly at a relatively high [Cu(NH;)n]** concen-
tration, whereas Cu(OH), nanowires were formed by oriented attachment coupled
with coordination self-assembly through a solid-solution-solid process whereby
a relatively low [Cu(NH,)n]*" concentration was retained. The electron diffrac-
tion (ED) pattern corresponding to a bundle of Cu(OH), nanowires shows some
diffusive nature which point to the orthorhombic structure of Cu(OH),. This
suggests that the orientation of the crystallines is not random but coordinated
with the [100] direction being the preferential growth direction of the polycrys-

talline nanowires.

3.3. Applications

Compared with bulk conducting polymers, conducting polymer nanostructures
are expected to display improved performance in technological applications
[33]. High electrical conductivity, large specific area, short path length for the
transport of ions, improved cycle life due to better accommodation caused by
electrochemical reaction, mixed conductive mechanism of both electronic and
ionic conductivity which lowers the interfacial impedance between electrodes

and electrolyte and light weight and large ratio of specific discharge power to
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weight. All these properties lend conducting polymer nanostructures to enhance
device performance in application areas such transistors, sensors, memories, ac-
tuators/artificial muscles, supercapacitors and lithium ion batteries. A more re-
cent use of polyaniline nanofibers is in their use as fillers materials that can be
blended with inherently insulating polymers to form conducting polymer nano-
composites. Quite often, carbon nanotubes, carbon fibers and other more ex-
pensive materials have been used as fillers [34] [35].

Cuprous oxide (Cu,0) and cupric oxide (CuO) are the two natural oxide of
copper [36]. They are both semiconductors with band gaps of 2.0 eV and 1.2 eV
respectively. These narrow band gaps make them ideal for applications in pho-
tovoltaic devices such as solar cells and devices that use photolysis of water to
obtain hydrogen, catalysts and sensors. At the nanoscale, copper oxide in the
form of nanowires is even more desirable due to increased surface area which
leads to higher absorption of photons in photovoltaic devices and consequently
higher efficiencies. The availability of large surface areas translates into higher
probability of species adsorbing on the surface which leads to better response in
Sensors.

Copper nanowires can be incorporated into polymer matrices in suitable con-
centrations resulting in the formation of nanocomposites that are conducting.
These copper nanowire loaded nanocomposites can be used as thermal interface
materials (TIMs) or for electromagnetic interference shielding (EMI) and elec-
trostatics dissipative (ESD) [37]-[56].

4. Conclusion

Salicylic acid doped polyaniline nanofibers were synthesized without the use of
any template. The nanostructures were found by SEM to be solid and running
parallel to each other only at specific ratios of oxidant to monomer. Related ex-
periments involving other dopant to polyaniline including camphorsulfonic acid
and para-toluenesulfonic acid showed both nanorods and nanotubes. The morpholo-
gy was found to be critically dependent on the oxidant/monomer ratios. In addi-
tion conductivity measurements show that the nanorod structures had better
conductivity than the spherical nanostructures. To show that the template-free
formation of nanofibers is not limited to conducting polymers, we successfully
synthesized copper as well as copper(II) hydroxide nanowires using a similar
template-free method. The conductivity was found to be 2 - 3 orders of magni-

tude higher relative to bulk.
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