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ABSTRACT: Polyaniline (PANI) nanofibers were chemi-
cally prepared through ultrasonic irradiated polymeriza-
tion with varying ultrasonic power, frequency, and
reaction temperature. It was found that PANI nanofibers
with smoother surfaces and uniform diameters can be
achieved by increasing the ultrasonic power or the reac-
tion temperature in the studied ranges; a higher reaction
temperature was also beneficial for producing PANI nano-
fibers with larger aspect ratios. With the ultrasonic power
set to 250 W, although the polymer prepared at higher fre-
quencies showed higher purity as well as smoother surfa-

ces than those at lower frequencies, the one prepared at 50
kHz with uniform diameters of about 80 nm and lengths
of about 700 nm performed best. With the ultrasonic
power and frequency fixed and aniline polymerization car-
ried out between 0 and 75�C, PANI nanofibers exhibiting
larger aspect ratio and less agglomeration were obtained
under a higher reaction temperature. VVC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 113: 868–875, 2009
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INTRODUCTION

Polyaniline (PANI) has been one of the extensively
studied intrinsically conducting polymers in the last
two decades due to its lower monomer cost, easy
synthesis, good environmental stability, and unique
doping–dedoping properties.1,2 PANI nanofibers,
bearing both the features of conducting polymers
and nanomaterials, are considered to perform better
than their microsized irregular-shaped counterparts
in application fields such as chemical sensors,3 sepa-
ration membranes,4 storage devices,5 field emission
devices,6 and so forth.

In addition to the earlier known hard-template
method7,8 and electrochemical approach9,10 for prep-
aration of PANI nanofibers, a number of novel
chemical methods, including interfacial polymeriza-
tion,11,12 rapid mixing polymerization,13,14 radiolytic
polymerization,15 seeding polymerization,16 tem-
plate-free or surfactant-free synthesis,17 and sono-
chemical synthesis18–20 have been reported in the
last few years. The formation mechanisms of the
nanofibers in chemical oxidative polymerization
have also been discussed extensively.14,21–23

Although great advantages of facileness, effective-
ness, and ease of use have been demonstrated by
these methods, one of the remarkable disadvantages

is the difficulty to scale up the synthesis of PANI
nanofibers, especially from the technological point of
view. For example, the yield of the interfacial poly-
merization is only 6–10 wt %,24 and the monomer
concentration in the rapid mixing polymerization is
too low to achieve a large quantity of PANI nanofib-
ers in one batch. In our previous studies, we have
pointed out that secondary growth as well as
agglomeration of the polymerization products can
be effectively suppressed by introducing ultrasonic
irradiation into the chemical oxidative polymeriza-
tion of aniline. PANI nanofibers can be easily
obtained in the presence of ultrasonic irradiation ei-
ther with secondary addition of monomers or with
relatively higher monomer concentrations,18,19 which
both lead to the possibility of scaled production of
PANI nanofibers.
However, no further study concerning the influen-

ces of specific ultrasonic parameters on the morphol-
ogy of the as-prepared PANI nanofibers was found.
In this paper, PANI was synthesized by the sono-
chemical method, and effects of power and fre-
quency of the ultrasonic source as well as the
reaction temperature on the morphology of PANI
nanofibers were investigated.

EXPERIMENTAL

Synthesis of PANI

All chemicals were of analytical grade from Xi’an
Chemical Reagent Factory (Xi’an, China). Aniline
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was doubly distilled in the presence of zinc powder
before use, and the others were used as received.

The ultrasonic irradiated chemical oxidative
polymerization of aniline was carried out in a
custom-built ultrasonic wave reactor (UWR), which
consisted of an ultrasonic generator as well as the
regulator and a cubic tank (20 cm � 20 cm �20 cm)
with a jacket connected to the circulating water to
control the temperature inside the cubic tank (Fig.
1). In a typical procedure, 3.16 g (ca. 0.034 mol) ani-
line and 7.75 g (ca.0.034 mol) ammonium peroxydi-
sulfate (APS) were dissolved in 170 mL hydrochloric
acid (1 mol/dm3), respectively. A 500-mL beaker
containing the aniline hydrochlorate was fixed at the
center of the cubic tank of the UWR and the water
level height in the cubic tank was maintained at
about 10 cm for all the processes to control the ultra-
sonic power dissipated to the reaction system. The
APS hydrochloric solution was added dropwise into
the aniline hydrochlorate at a constant rate and the
addition was completed within 2 h. The power and
frequency of the ultrasonic wave reactor, as well as
the reaction temperature, were varied for different
samples. Without specification, the polymerization
temperature was kept at 20�C � 2�C.

The temperature fluctuations during polymeriza-
tion were also recorded to compare the ultrasonic
irradiated process with the mechanical stirred poly-
merization and the rapid mixing polymerization. In
those cases, 0.93 g (ca. 0.01 mol) aniline and 2.28 g
(ca. 0.01 mol) APS were dissolved in 100 mL hydro-
chloric acid contained in a 500-mL beaker, respec-

tively. The ultrasonic irradiated polymerization was
performed as described above with the ultrasonic
power and frequency set as 100 W and 40 kHz,
respectively. For the mechanical stirred polymeriza-
tion (also referred to as traditional polymerization),
aniline hydrochlorate was mechanically stirred at a
speed of 370 rpm and the APS hydrochloric solution
was simultaneously added dropwise at the same
rate as that used in the sonochemical polymeriza-
tion. The rapid mixing polymerization was carried
out by pouring all the 100 mL APS hydrochloric
solution into the aniline hydrochlorate for one
synthesis. Temperature variation during the three
processes was recorded according to the digital indi-
cation of the thermocouple inserted into the reaction
medium.
The crude products were separated by vacuum fil-

trating 3 h after completion of the addition of the
APS hydrochloric solution for all the syntheses. The
filter cake was washed with copious deionized water
and acetone until the filtrate became colorless.
Finally, the doped sample was dried in a vacuum
(50�C) for 4 h and collected for characterization.

Characterization

Morphology examination of the samples was charac-
terized with a JSM 6700F field emission scanning
electron microscope (FE-SEM, JEOL, Japan) without
gold sputtering. Typical SEM micrographs of the
products were examined using the image editing
software Adobe Photoshop 8.0; the approximate
length and diameter of PANI nanofibers presented
in the SEM micrograph were determined with the
Measure Tool provided by the software according to
the scale bar given in the SEM micrograph. The as-
pect ratio of the nanofiber is defined as the ratio of
its length to its diameter. Average length, diameter,
and aspect ratio of PANI nanofibers for one sample
were determined by evaluating the sizes of nanofib-
ers shown in its SEM micrographs.
Because the samples have their major morphology

as nanofibers whereas some samples were nearly
pure nanofibers, the yield of PANI nanofibers was
approximately considered as the polymer yield,
which was determined as described in our previ-
ously work.20

RESULTS AND DISCUSSION

Ultrasonic power

It is well known that oscillatory pressure with
repeating of lower and higher intensities can be
induced by the propagation of ultrasound in a liq-
uid,25 resulting in the phenomenon of cavitation.
Implosive collapse of cavitation microbubbles can

Figure 1 Schematic diagram of the main part of the cus-
tom-built ultrasonic wave reactor. Ultrasonic wave reactors
with different transducers were used for adjusting the ul-
trasonic frequency and power.
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release larger amount of energy into small spatially
resolved regions, which are usually referred as the
‘‘hot spots.’’ These localized ‘‘hot spots’’ can generate
local peak temperatures as high as 5000 K and local
pressures ca. 500 atm, respectively, a very rigorous
environment.26 With the same synthetic conditions
explored (i.e., concentrations of monomer and oxi-
dant, volume of reaction system, etc.), aniline poly-
merization performed with the ultrasonic irradiation
gave the fastest temperature rise and the highest
peak temperature (Fig. 2). Aniline polymerization
with ultrasonic irradiation probably goes faster than
that in the mechanically stirred or rapidly mixed
reaction system. A higher polymerization rate was
reported to be responsible for the fibrillar growth of
the aniline polymerization products.27 When aniline
polymerization proceeds at a higher rate, larger
amounts of reactants will be consumed to produce
new nuclei of polymerization products or form new
primary PANI nanofibers during a short period at
the beginning of the polymerization; thus, less
monomer will be left to participate in the further
growth of those primary nanofibers. Symmetrical or
asymmetrical collapse of these cavitation bubbles
can create shock waves or microjets; the former ones
subsequently cause microscopic turbulence or micro-
streaming of the surrounding media and the latter
ones can bombard the particle surface close to
them.28 Because the PANI products are insoluble in
the polymerization system and have the tendency to
agglomerate to minimize their surface energy,
larger-sized particles of polymerization products
will present in the reaction system. These insoluble
solid products will probably be disturbed or bom-
barded by the shock waves or microjets and have
few opportunities to undergo further growth or
agglomerate to larger size. That may be the reason it

is much easier to achieve PANI nanofibers through
ultrasonic irradiated polymerization than with tradi-
tional polymerization.18

Figure 2 Temperature variation during the ultrasonic
irradiated polymerization, rapid mixing polymerization,
and traditional polymerization.

Figure 3 PANI prepared with ultrasonic power of (a):
100 W, (b): 200 W, and (c): 250 W, respectively. The ultra-
sonic frequency was kept at 40 kHz.

870 LI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



With the ultrasonic frequency kept at 40 kHz,
PANI nanofibers prepared with increased ultrasonic
power exhibit enhanced uniformity and purity. As
shown in Figure 3 and Table I, when the power of
the ultrasonic reactor was increased from 100 to 250
W, PANI nanofibers with diameters and lengths in
the ranges of 40–80 nm and 300–700 nm, respec-
tively, were achieved in all cases, corroborating
again the positive effect of ultrasonic irradiation on
the formation of PANI nanofibers that we reported
previously.18–20 SEM micrographs of PANI nanofib-
ers obtained under ultrasonic power of 100 and 150
W showed nearly similar images [Fig. 3(a)], indicat-
ing that change of ultrasonic power in this range has
negligible effects on the morphology of these nano-
fibers. With further increasing of the ultrasonic
power to 200 and 250 W, the number of the PANI
nanofiber agglomerations decreased and the uni-
formity of the nanofibers was enhanced. For exam-
ple, much smoother surfaces and uniform diameters
were exhibited by the product prepared with ultra-
sonic power of 250 W than those of others [Fig. 3(c);
Table I].

These results show that ultrasonic irradiation with
higher power is beneficial for producing PANI nano-
fibers with less agglomeration and higher uniform-
ity. As in ultrasonic irradiation introduced with
higher power, cavitation bubbles can collapse more
violently. Shock waves and/or microjets are then
produced with larger velocities and can attack or
erode these insoluble PANI agglomerates much
more vigorously, leading to a decreased number of
agglomerations (Fig. 3) compared with those
obtained under lower ultrasonic powers. Further-
more, higher ultrasonic power can accelerate the
mass transfer in the reaction mixture effectively, and
the polymerization products will have an increased
opportunity to collide with each other,29 resulting in
their more uniform depositing or growth on the pri-
marily formed nanofiber nuclei. It is possible that
PANI nanofibers with smooth surfaces were
obtained under higher ultrasonic power [Fig. 3(b,c)].
However, the average length of PANI nanofibers
was slightly decreased as the ultrasonic power
increased (Table I), probably due to enhanced attack

and erosion provided by the shock waves and/or
microjets on the solid products under higher ultra-
sonic power. Therefore, the ultrasonic power should
not be too high to obtain PANI nanofibers with
larger aspect ratios; in our study, ultrasonic power
around 200–250 W is appropriate for producing
PANI nanofibers with higher purity and uniformity.

Ultrasonic frequency

Similarly, uniformity of the PANI nanofibers
increased and the number of the agglomerations in
the products decreased with the increased ultrasonic
frequency when the ultrasonic power was kept at
250 W (Fig. 4). For instance, the products prepared
at lower frequencies are mixtures of PANI nanofi-
bers and their agglomerates, though in a small frac-
tion. At lower ultrasonic frequencies (namely 20 and
30 kHz) explored here, the prepared PANI nanofib-
ers showed no significant morphological differences
[Fig. 4(a)]. These are similar to results of ultrasound-
assisted crystallization, in which ultrasonic frequen-
cies lower than 30 kHz were found to have no sub-
stantial effects on the morphology of crystals. The
explanations may be that ultrasonic waves with
longer wavelengths at lower frequencies may not
interact adequately with species in the reaction
medium.30 When the ultrasonic frequency was
increased, nearly pure PANI nanofibers were
achieved at ultrasonic frequencies of 40, 50, and 100
kHz [Fig. 4(b–d)]. Further examination on the SEM
images of PANI nanofibers indicates that samples
produced at an ultrasonic frequency of 50 kHz show
the smoothest surfaces and uniform morphology
[Figs. 4(c) and 5]. In contrast, the one prepared at a
frequency of 40 kHz is a mixture of nanofibers with
diameters ranging from less than 30 nm to about 100
nm [Figs. 4(b) and 5(b)], and the one prepared at a
frequency of 100 kHz, however, showed surfaces
rougher than those prepared at lower frequencies
[Fig. 4(d)].
It is evident that relatively higher ultrasonic fre-

quency is also helpful for the preparation of high-
quality PANI nanofibers, whereas extremely high
frequency would lead to negative effects. At lower

TABLE I
Morphology Characterizations of PANI Prepared with Different Ultrasonic Powers

Ultrasonic
power (W) Sample uniformity

Length of
nanofibers

(nm)

Diameter of
nanofibers

(nm)

Aspect
ratio of

nanofibers

100 Nanofibers and larger-sized irregular agglomeration (minority) 400–650 40–60 7–11
150 Nanofibers and smaller-sized irregular agglomerations (minority) 350–600 50–80 5–7
200 Nanofibers and thick, short nanorods with rough surfaces (minority) 400–600 45–75 6–8
250 Nearly pure nanofibers with smooth surfaces 350–500 55–70 5.5–7.5
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frequencies, the alternation of expansion and com-
pression of the local liquids is slower, and longer
periods are left for negative pressure. Cavitation
bubbles would then collapse less frequently and the
roles of shock waves and microjets may not be dis-
played adequately. The polymerization system
under this condition is similar to that without exer-
tion of ultrasonic irradiation; as a result, PANI
prepared with an ultrasonic frequency of 20 kHz (or
30 kHz) is a mixture of PANI nanofibers and their
agglomerates [Fig. 4(a)]. When ultrasonic irradiation
with relatively higher frequency was applied to the
polymerization, collapse of the bubbles was capable
of producing shock waves or microjets that bom-
barded and eroded the insoluble PANI more fre-
quently. In these cases, the secondary growth and
agglomeration were effectively inhibited or sup-
pressed and uniform PANI nanofibers were obtained
[Fig. 4(b,c)]. However, with further increase of the
ultrasonic frequency, the existing negative pressure

period became shorter and shorter, and the cavita-
tion bubbles would not grow large enough before
collapse. Collapse of these bubbles was less vigor-
ous, resulting in weakened bombarding provided by
microwaves and microjets on the insoluble poly-
mers. Consequently, PANI nanofibers with rough
surfaces were formed when the ultrasonic frequency
was increased to 100 kHz [Fig. 4(d)].

Polymerization temperature

When the ultrasonic power and frequency were kept
at 100 W and 40 kHz, respectively, effects of reaction
temperature on the morphology of the as-prepared
polymer were also examined. It is evident from
Figure 6 that at lower temperatures (e.g., 0�C), mix-
tures of larger-sized irregular PANI and fibrous
PANI products resulted [Fig. 6(a)], and the amount
of the larger-sized irregular PANI particles de-
creased with increasing reaction temperatures. PANI

Figure 4 PANI prepared with ultrasonic frequency of (a): 20 kHz, (b): 40 kHz, (c): 50 kHz, and (d): 100 kHz, respec-
tively. The ultrasonic power was kept at 250 W.
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obtained at under 25�C showed morphology similar
to the nanofibers shown in Figure 6(a), except that
their average aspect ratio was slightly larger (Table
II). With further increasing of the reaction tempera-
ture to 50 and 75�C, not only did the amount of the
irregular PANI particles decrease drastically, but the

Figure 6 PANI prepared at reaction temperatures of (a):
0�C, (b): 50�C, and (c): 75�C, respectively. The ultrasonic
power and frequency were kept at 100 W and 40 kHz,
respectively.

Figure 5 Approximate length (a), diameter (b), and as-
pect ratio (c) of PANI nanofibers prepared with different
ultrasonic frequencies.
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quality of the PANI nanofibers was enhanced. It can
also be said that smoother surfaces, more uniform
diameters, and larger aspect ratios were demon-
strated for the PANI nanofibers prepared under
higher temperatures [Fig. 6(b,c); Table II]. For exam-
ple, the average diameter and aspect ratio of the
PANI nanofibers prepared at 75�C are in the range
of 30–50 nm and ca. 11, respectively.

As far as the reaction temperature on the mor-
phology of PANI is concerned, it is proposed that an
increase of reaction temperature has two effects on
facilitating the formation of PANI nanofibers. On
one hand, under higher temperatures, reactants can
collide more vigorously and thus produce more
active sites than that at lower temperatures; larger
amounts of the reactants will be consumed in pro-
ducing new active sites and propagation of the poly-
mer chains. As a result, few reactants were left to be
incorporated into secondary growth of these poly-
merization products. It is easier for these newly
formed polymers to preserve their intrinsic morphol-
ogy (nanofibers)14 from secondary growth under
higher reaction temperatures. Similar morphology
transition of PANI, i.e., from spherical to coral-like
cylindrical, with increasing of polymerization tem-
perature was also reported by Stejskal et al.27 in the
study of PANI dispersions, in which morphology
change of PANI was assigned to accelerated poly-
merization rate induced by higher polymerization
temperatures. On the other hand, species movement
and diffusion can be enhanced by increasing the
reaction temperature; reactants, reaction intermedi-
ates, and polymer molecules then will probably
transfer elsewhere rather than to stay or gather at a
specific point in the reaction system. Except for the
attraction force between these species due to their
small size, PANI obtained under higher tempera-
tures will form less agglomeration and disperse well
in the system. It is no wonder that chemical poly-
merization of aniline under higher reaction tempera-
tures yields uniform PANI nanofibers with larger
aspect ratios [Fig. 6(b,c)]. If the reaction temperature
is too low, both the polymerization rate and the dif-
fusion rate are slow, and the negative effect on for-
mation of PANI nanofibers was hardly balanced by
the positive effect of ultrasonic irradiation,18–20 lead-
ing to formation of a mixture of larger-sized irregu-

lar particles and nanofibers [Fig. 6(a)]. Whereas APS
will easily decompose under higher temperatures,
the polymerization temperature should not be too
high to ensure an acceptable yield of PANI. There-
fore, a polymerization temperature around 50–75�C
can be selected for the preparation of PANI nanofib-
ers with ultrasonic irradiation.

Yield

When the ultrasonic power and frequency were 100
W and 40 kHz, respectively, polymerization of ani-
line performed at 20�C can produce PANI nanofib-
ers with a yield of about 45 wt %; as the
polymerization temperature increased to 75�C, the
yield of PANI nanofibers was found to be close to
57.5 wt %. It should be noted that all the polymer-
izations were carried out with the monomer concen-
tration of 0.1 mol/dm3, which was much higher
than that used in the dilute polymerization.22 Thus it
was demonstrated again that our method, i.e., pre-
paring PANI nanofibers through ultrasonic irradi-
ated polymerization, has the potential to produce
PANI nanofibers on a large scale.

CONCLUSIONS

PANI was chemically synthesized by the sonochemi-
cal method, and effects of ultrasonic power,
frequency, and reaction temperature on the mor-
phology of the final products were examined. It was
found that in the examined ranges, increase of ultra-
sonic power (up to 250 W) or the reaction tempera-
ture (up to 75�C) both have positive effects on the
formation of PANI nanofibers with smoother surfa-
ces and more uniform diameters. The length or as-
pect ratio of PANI nanofibers decreased as the
ultrasonic power increased, whereas a higher poly-
merization temperature led to longer nanofibers
with larger aspect ratios. In the case of ultrasonic
frequency, though as a whole, the polymers pre-
pared at higher frequencies showed higher purity;
the one prepared at 50 kHz showed the highest uni-
formity and smoothest surfaces. PANI nanofibers
prepared with ultrasonic irradiation were obtained
with a higher yield than some reported methods,
and the morphology of these nanofibers can be
tuned by adjusting the ultrasonic parameters or the
reaction temperature. It is possible, then, with
rational combination of the reaction parameters, to
prepare PANI nanofibers with higher purity and
larger aspect ratio by the sonochemical method.
However, the as-prepared nanofibers are randomly
distributed in the final product, which may restrict
some of their potential applications in which or-
dered arrays are demanded. Further work on mass

TABLE II
Approximate Sizes of PANI Nanofibers Prepared Under

Different Temperatures

Sizes of PANI
nanofibers 0�C 25�C 50�C 75�C

Length (nm) 300–400 300–500 400–700 500–700
Diameter (nm) 100 � 20 70 � 10 80 � 15 40 � 10
Aspect ratio 4 � 1 5 � 1 7 � 2 11 � 2
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preparation of ordered PANI nanofibers is in pro-
gress in our group.
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