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ABSTRACT: One-dimensional polyaniline nanostructures with controllable surfaces and diameters have been
synthesized using vanadic acid as the oxidant in the absence of porous templates and structural directing molecules.
The synthetic parameters, such as the concentrations of HCI, and types of oxdiants on the morphologies, diameters,
and molecular structures of one-dimensional polyaniline nanostructures have been investigated. As the concentration
of HCl is low, polyaniline nanorods with diameters of-120 nm and length up to 5660 nm can be aligned

radially along the length axis on the surfaces of polyaniline nanofibers. With the concentration of HCI increased,
the diameters of one-dimensional polyaniline nanostructures decrease fren3a®@ 40-100 nm, and the
surfaces of one-dimensional polyaniline nanostructures become smooth. The possible formation mechanism of
one-dimensional polyaniline nanostructures using vanadic acid as the oxidant has been discussed.

Introduction form a light yellow vanadic acid aqueous solution. The solution
. . . . was poured into an aqueous solution of aniline (0.1 g) in 0.75 mol/L
Polyanlllng, one of the conductlng. polymers, is of Intere§t HCI (20 mL). The mixture was stirred to ensure sufficient mixing
due to its simple and reversible acid doping/base dedoping pefore polymerization begins. The polymerization reaction was
properties and optical and electronic applicatidAdt can be carried out under static conditions at8 °C for 24 h. The resulting
synthesized easily through either chemical polymerization or dark green precipitate was filtered, washed with deionized water
electrochemical polymerization. One-dimensional (1D) polya- and ethanol several times, and dried at room temperature for 24 h.
niline nanostructures, such as nanorods, nanofibers, nanotubesThe as-synthesized 1D polyaniline nanostructures can be dispersed
and nanobelts, have attracted intensive interest because thejd water to form a homogeneous suspension under ultrasonic
possess the advantages of both low-dimensional system ang/iPration for 5 min.
organic conductors and have potential applications including Characterization. The morphologies and sizes of the resulting
polymeric conducting molecular wirésghemical sensors;? products were determined by field-emission scanning electron
biosensord? and light-emitting and electronic devicEsin microscopy (FE-SEM, JSM 6700F). The elemental analysis of 1D

recent years, considerable efforts have been made on théaolyanlllne nanostructures synthesized using vanadic acid as the

nthesis of 1D polvaniline nanostructures by the chemical oxidant with 0.75 mol/L HCI at &5 °C for 24 h was performed
Synthesis o polya € nanostructures by the chemical ,, energy dispersive X-ray microanalysis system (EDS, Oxford
oxidation polymerization of aniline in aqueous medium. The |ngrument, UK). The molecular structures of the resulting products

synthetic approaches to 1D polyaniline nanostructures includeyere measured by Fourier transform infrared (FTIR, Nicolet Magna

interfacial polymerizatiofy;!2 seeding polymerizatiot4 oli- IR-750 spectrophotometer) spectroscopy and-Wié spectroscopy
gomer-assisted polymerizatiéhrapidly mixed reactio® dilute (Cary 500 UV~vis—NIR spectrophotometer). The cyclic voltam-
polymerizationt”18use of porous templatég?2%and structural mograms of the as-synthesized 1D polyaniline nanostructures were
directing molecules such as surfact&té3 specific dopant3$29 determined in 0.1 M HCI aqueous solution with a scan rate of 0.1

and DNAZC In the chemical synthesis, different oxidants such V/s by a CHIG60C electrochemical workstation.
as ammonium peroxydisulfaté2-2° chloroaurate acid ferric
chloride3? and horseradish peroxidd¢bave been used to adjust

the molecular structures and physical properties of 1D polya-  Figure 1 shows SEM images of 1D polyaniline nanostructures
niline nanostructures. Recently, our grélpas synthesized  synthesized using vanadic acid as the oxidant with 0.75 mol/L
polyaniline-vanadium oxide nanocomposite nanosheets by in- Hc| at 0-5 °C for 24 h. Low-magnification SEM image (Figure
situ intercalation polymerization of aniline with layeredQ4 1A) reveals that the dark green precipitate is composed of a
powder under hydrothermal conditions. Herein, we reporta new |arge quantity of 1D polyaniline nanostructures with diameters
and facile approach for the synthesis of 1D polyaniline nano- of 150-300 nm and length up to several micrometers. In a high-
structures with controllable surfaces and diameters using Va”adicmagnification SEM image (Figure 1B), it is interesting that these
acid as the oxidant without the aid of any porous templates and 1p polyaniline nanostructures comprise of nanorods with

Results and Discussion

structural directing molecules. diameters of 1620 nm and length up to 5660 nm. The
. ) nanorods are aligned radially on the surfaces of polyaniline
Experimental Section nanofibers along the length axis to form 1D polyaniline
Synthesis of 1D Polyaniline Nanostructures.n a typical superstructures. The elemental composition of 1D polyaniline

synthesis, 0.15 g of XDs powder was dissolved in 20 mL of 0.75  nanostructures is shown in Table S1 (see Supporting Informa-
mol/L hydrogen chloride (HCI) solution with magnetic stirring to  tion). It is found that only a small amount of residual V exists
in the product, which might have resulted from the adsorption

* To whom correspondence should be addressed: Tel 86-532-84022869;0F doping of vanadic acid. SEM image of polyaniline synthe-
Fax 86-532-84022869; e-mail guicunli@qust.edu.cn. sized using ammonium peroxydisulfate as the oxidant in 0.75
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Figure 1. SEM images of 1D polyaniline nanostructures synthesized
using vanadic acid as the oxidant with 0.75 mol/L HCI at30°C for
24 h: (A) at low magnification and (B) at high magnification.
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Figure 2. SEM image of polyaniline synthesized using ammonium
peroxydisulfate as the oxidant in 0.75 mol/L HCI solution.

mol/L HCI solution (Figure 2) shows that there is a small portion
of nanofibers in addition to granular particle agglomerations,
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The influences of the synthetic parameters, such as the molar
concentrations of HCI, and different types of oxdiants on the
morphologies of 1D polyaniline nanostructures have been
investigated. SEM images of polyaniline nanostructures syn-
thesized using vanadic acid as the oxidant with different
concentrations of HCI at-05 °C for 24 h are presented in
Figure 3. Low-magnification SEM images reveal that all 1D
polyaniline nanostructures were obtained with different con-
centrations of HCI. The typical length of all the 1D polyaniline
nanostructures is about several micrometers. As shown in
Figure 3A, when the concentration of HCI is 1.00 mol/L, 1D
polyaniline nanostructures with diameters of £5%0 nm are
formed. In a high-magnification SEM image in the inset in
Figure 3A, it is found that nanoparticles coexist with
nanorods on the surfaces of 1D polyaniline nanostructures.
Figure 3B shows SEM images of 1D polyaniline nanostructures
synthesized with 1.25 mol/L HCIl. The diameters of 1D
polyaniline nanostructures are in the range o280 nm, as
shown in the inset in Figure 3B. When the concentration of
HCI increases to 1.50 mol/L, the diameters of polyaniline
nanofibers in Figure 3C and the inset are about 400 nm.
Compared with Figure 1 and Figure 3A, the surfaces of 1D
polyaniline nanostructures become smooth with the con-
centration of HCI increased.

When the mixture of vanadic acid and ammonium peroxy-
disulfate was used as the oxidants (the molar ratio of vanadic
acid and ammonium peroxydisulfate is 1:2), as shown in Figure
4A, a large quantity of polyaniline nanofibers is obtained. In a
high-magnification SEM image (Figure 4B), it is clear that the
polyaniline nanofibers are interconnected to form netlike
nanostructures. The diameters of polyaniline nanofibers are in
the range of 3660 nm. In comparison with Figure 2, the
amount of polyaniline nanofibers increases clearly, indicating
that the oxidant of vanadic acid is important for the formation
of polyaniline nanofibers.

Figure 5A shows a typical FTIR spectrum of 1D polyaniline
nanostructures synthesized with vanadic acid as the oxidant at
0—5 °C for 24 h. The characteristic peaks at 3455 &rare
due to the OG-H stretching vibrations of vanadic acid. The
characteristic peaks at 1633 and 1465 tare assigned to the
C=C stretching of quinoid rings and benzenoid rings,
respectively?224 It can be found that the relative intensity of
quinoid rings is larger than that of benzenoid rings, indicating
that the fully pernigraniline phase is predominant in the
polyaniline chain. The FTIR spectrum of 1D polyaniline
nanostructures synthesized with the mixture of vanadic acid and
ammonium peroxydisulfate as the oxidants is presented in Figure
5B. Itis clear that the characteristic peaks correspondingto C
C stretching of quinoid rings appear at 1633 and 1579%m
which are related to vanadic acid and ammonium peroxydis-
ulfate, respectively. The characteristic peak at 1486 cm
is assigned to the €C stretching of benzenoid rings. It is
indicated that the molecular structures of polyaniline can be
affected by the types of the oxidants, especially the oxidation/
reduction potential 0Eqx = 1.00 V (vanadic acid) anl,y =
2.01 V (ammonium peroxydisulfate). The typical YVis
spectra of 1D polyaniline nanostructures synthesized with
vanadic acid as the oxidant at-6 °C for 24 h are shown
in Figure 6. 1D polyaniline nanostructures can be dispersed in
water to form a homogeneous green suspension, corresponding
to doped polyaniline (Figure 5A). Dedoped polyaniline is
obtained by treatment with aqueous ammonium hydroxide

so vanadic acid used as the oxidant in the reaction plays ansolution (Figure 5B). As shown in Figure 6A, the peaks at about

important role in the formation of polyaniline nanofibers.

360, 430, and 850 nm are attributed to the> sz* transition,
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Figure 3. SEM images of 1D polyaniline nanostructures synthesized
using vanadic acid as the oxidant with different concentrations of HCI
at 0-5°C for 24 h: (A) 1.00, (B) 1.25, and (C) 1.50 mol/L. The insets
show high-magnification SEM images of polyaniline nanostructures.
The scale bar in the inset is 100 nm.

the polaron band~ z* transition, and ther to the localized
polaron band of doped polyaniline, respectively.The as-

synthesized polyaniline is doped in the presence of hydrochlo-

ride acid, which is consistent with that in Figure 5. The peaks
at about 340 and 650 nm are related to #he> 7* transition
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Figure 4. SEM images of 1D polyaniline nanostructures synthesized
with the mixture of vanadic acid and ammonium peroxydisulfate as
the oxidants in 0.75 mol/L HCI solution at-®& °C for 24 h: (A) at
low magnification and (B) at high magnification.
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Figure 5. FTIR spectra of 1D polyaniline nanostructures synthesized
with different oxidants in 0.75 mol/L HCI solution at® °C for 24 h:

(A) vanadic acid; (B) mixture of vanadic acid and ammonium
peroxydisulfate.

of benzenoid ring and quinoid ring, respectively, which are
identical to that of dedoped polyaniline (Figure 6B).

The cyclic voltammograms of the as-synthesized 1D polya-
niline nanostructures performed in 0.1 M HCI aqueous solution
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and then nanorods (Figure 1) on their surfaces as the reaction
time increases.

Conclusions

In summary, 1D polyaniline nanostructures with controllable
B surfaces and diameters have been synthesized using vanadic
acid as the oxidant in the absence of porous templates and
00 500 300 1000 structural directing molecules. 1D polyaniline nanostructures
Wavelength (nm) with polyaniline nanorods aligned radially along the length
Figure 6. UV—vis spectra of 1D polyaniline nanostructures synthesized axis can be obtained with low concentration of HCI. The
with vanadic acid as the oxidant in 0.75 mol/L HCI solution at50 diameters of 1D polyaniline nanostructures decrease from150
°C for 24 h: (A) polyaniline doped with hydrochloride acid; (B) 300 to 46-100 nm, and the surfaces of 1D polyaniline
polyaniline dedoped with ammonium hydroxide. nanostructures become smooth as the concentration of HCI
increases. Vanadic acid, used as the oxidant, plays an important
role in the formation of one-dimensional polyaniline nanostruc-
tures.
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Figure 7. Cyclic voltammograms of the as-synthesized 1D polyaniline for 3 h. This material is available free of charge via the Internet at

nanostructures performed in 0.1 M HCI aqueous solution with a scan http://pubs.acs.org.

rate of 0.1 V/s.
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