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Abstract: One-dimensional polyaniline nano-materials (1-D nano-PANI) have great promise
applications in supercapacitors, sensors and actuators, electrochromic devices, anticorrosive
coatings, and other nanometer devices. Consequently, commercial production of 1-D nano-PANI at
large-scale needs to be quickly developed to ensure widespread usage of this material. Until now,
approaches—including hard template methods, soft template methods, interfacial polymerization,
rapid mixing polymerization, dilute polymerization, and electrochemical polymerization—have been
reported to be used to preparation of this material. Herein, some important issues dealing with
commercial production of 1-D nano-PANI are proposed based on the complexity of the synthetic
process, its characters, and the aspects of waste production and treatment in particular. In addition,
potential solutions to these important issues are also proposed.

Keywords: one-dimensional polyaniline nano-materials; commercial production; synthesis methods;
waste treatment

1. Introduction

Polyaniline (PANI) has been known as ‘aniline black’ for more than a century [1]. Today, PANI
is one of the most investigated and most promising conducting polymer for potential commercial
applications. Over the past four decades, much attention has been paid on intensive research on PANI
including its preparation, characterization, and applications in sensors and actuators, electromagnetic
shielding, conductive paints, energy storage components, protective coatings, photoelectric devices,
and separating membranes. These applications are attributed to its simple preparation process, a
cost-effective monomer, tunable properties, good environmental stability, unique acid and redox doping,
electrochemical properties, reversible redox behavior, high machinability, and high conductivity [2–8].
At present, bulk polyanilines are commercially produced by chemical oxidation process, and are mainly
used in anticorrosive coatings, antistatic coatings, etc. The companies producing them are all over the
globe, including Ormecon (Germany), Ancatt (USA), Zhongke Benan (Hunan, China), Dupont and its
subordinates Vniax company, Allied company, IBM company, Zipperling Kessler (Germany), Neste
Oy (Finland), and NittoDenko (Japan). Many other companies are actively developing the industrial
application of polyaniline.

The ease of dispersion of PANI in solution [9], its short diffusion path, large specific surface
area [10], and high one-dimensional electrical conductivity provides that 1-D nano-PANI including
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nanofibers, nanowires, nanobelts, nanotubes, nanorods, and nanoneedles have superior properties to
its bulk counterpart and exhibits great promise for use in sensors and actuators [11–13], electrochromic
devices [14,15], supercapacitors [16–18], protective coatings [19,20], and other nanometer devices [21,22].
However, large-scale commercial production of 1-D nano-PANI is a critical issue in determining its
wide scale applications.

Although many approaches, including those listed above, have been established, the preparation
of PANI—for example 1-D nano-PANI with aimed morphology and properties—is not quite as simple
as one think. Its complexity results from its linkage or growth patterns and other parameters. First of
all, although attacking (linking) the para-position of the aniline monomer has usually been represented
as the process for formation of PANI. In fact, during the formation of PANI, it is also will attack (link) at
ortho- and meta-position of the aniline monomer. This process will make the PANI macromolecular chain
branch out, which will deteriorate the conjugation of the molecular chain. The degree of branching out
may be affected by polymerization temperature, doping acid, and other parameters. Secondly, the
degradation PANI and aniline oligomers always accompanied its polymerization and the degraded
products can participate in the PANI polymerization process. In order to obtain 1-D nano-PANI, the
products must be purified. During this process, a large amount of waste liquid—which may contain
aniline, oligomers, and degradation products—is certainly discharged. Normally, the discharged
waste liquid is heavily black, high concentration acid and bactericide. Therefore, the treatment of this
waste liquid is tedious, difficult, and expensive. Usually, a powerful oxidation method like the Fenton
process is needed for complete treatment [23–25]. From this, we can conclude that the most crucial
aspect of the commercial production of 1-D nano-PANI is the requirement of the reduction of waste
treatment cost and simplification of the waste liquid treatment process. Besides waste treatment, there
are other issues in the process that also limit commercial production, such as the cost of the method
and problems in scaling up. This review discusses the complexity of the PANI synthetic process,
advantages, and disadvantages of the various synthesis methods for production of 1-D nano-PANI.

2. Complexity of the Polymerization Process of PANI

The production process of PANI is quite complex. Two kinds of side reactions occur during
the polymerization of aniline. The degree of side reactions is determined by reaction conditions,
which ultimately affects the morphology and property of PANI and the composition of the discharged
waste water.

The first kind is that aniline is not only linked at the para- position of aniline (head–tail connection
type), but also linked at ortho- and meta- positions. The cross-linking and branching out of the
PANI macromolecular chain (Scheme 1) is determined by the polymerization conditions such as
reaction temperature. When the linking happens at the ortho- and meta- position, the conjugation
degree of PANI is reduced by steric effects, and hydrophilic amido- and imino- groups are hidden
while the hydrophobic phenyl groups along the PANI polymer are protruded. These effects cause a
decrease in their electronic conductivity and hydrophilicity [26]. When polymerization carried out
under conditions of pH < 2, lower temperature, and lower oxidation potential, it is beneficial for
para- position linkage among aniline monomers, which is due to the higher activation energy of the
side reactions [27–29]. Meanwhile, PANI at a high oxidation state has the ability to oxidize aniline
monomers to form oligomers, which make the changes of PANI properties.
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Scheme 1. The scheme of cross-linking and branching of the PANI chain.

The second kind of side reaction is the hydrolysis of imines and the Michael addition between
side products benzoquinone (BQ) and amine group [30]. Through the polymerization process,
hydrolysis reaction always takes place and BQ generate by hydrolysis of imines parts of PANI. The
formed BQ will react with the amine group of aniline, aniline oligomers, and PANI through Michael
addition reaction [30–32]. The by-products—including co-oligomers of aniline and p-benzoquinone
(CAB), BQ, and hydroquinone (HQ)—generated during this reaction will accumulate through side
reactions (Scheme 2) [32]. These by-products will influence the purity, morphology, and properties
of the resultant PANI. This process, resulting in composition of the discharged waste liquid, is
very complex. The composition of the waste liquid which was generated by electrochemical
polymerization of 1-D nano-PANI was characterized by high performance liquid chromatography
coupled to photodiode diode array detection (HPLC–DAD) and ultraviolet and visible (UV–vis)
spectrophotometer, and the chromatograms were shown in the Figure 1 [32]. In the HPLC
chromatograms, the peaks 1 to 7 belong to HQ, BQ, aniline, N-phenyl-1,4-benzoquinonediimine
(PBQD) [33,34], and N-phenyl-1,4-benzoquinonemonoimine (PBQM) [35], p-aminodiphenylamine
(PPD) [36], 2,5-dianilino-p-benzoquinone (DABQ) [37], and Peaks 8 and 9 belong to the CAB with
larger molecular weight which has similar structure with DABQ. PPD and PBQD represent reduction
state and oxidation state of the aniline dimmers, respectively. As the oxidation potential and reaction
temperature elevated, the imines concentration in the solution increases. As a result, the hydrolysis
reaction rate increases, this leads to an increase of the concentration of BQ. As a result, the amount of
by-products HQ, BQ, and CAB increases in the reaction solution, which affects the properties of PANI
through copolymerization (Scheme 3).

When aniline is polymerized via chemical process, the compositions of discharged waste liquid
are much more complex than that of waste liquid obtained via the electrochemical process. That is to
say that, besides components such as mentioned above, others such as the oxidants and the templates
used in the synthesis of 1-D nano-PANI will co-exist in the discharged liquid waste. The difficulty in
treatment and recycling of the waste liquid is a major impediment to the commercial production of 1-D
nano-PANI. In addition, the side reactions in this process have an adverse effect on the properties of
the 1-D nano-PANI.
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Figure 1. (a) HPLC chromatograms of an n-octanol extract of the waste electrolyte solution. Solution
obtained after 10 times electro-polymerization. UV–vis spectrum of the composition of sample A; (b)
peak 1, retention time (RT) = 2.957 min; (c) peak 2, RT = 3.250 min; (d) peak 3, RT = 3.795 min; (e) peak
4, RT = 5.078 min; (f) peak 5, RT = 5.81 min; (g) peak 6, RT = 6.190 min; (h) peak 7, RT = 6.591 min; (i)
peak 8, RT = 9.115 min; (j) peak 8, RT = 12.901 min; UV–vis spectrum of the waste electrolyte solution
solution with different dilution factors (k) 360 and (l) 8. Conditions for electro-polymerization were: (1)
the initial concentration of aniline was 0.25 M and 0.75 M H2SO4; (2) the voltage difference between
working electrode and counter electrode was 1.58 V, the working electrode potential is about 0.90 V vs.
saturated calomel electrode (SCE); (3) the reaction temperature was 293 K; (4) the reaction time was
20 min; (5) the working electrode and counter electrode were stainless steel (SS) (electrode area is 8.0
× 10.0 cm) and the distance between these was about 1.0 cm. Conditions for HPLC-DAD were: (1)
injection volume was 10 µL; (2) composition of the mobile phase was high purity water/ACN = 45/55;
(3) flow rate of mobile phase was 0.6 mL/min; (4) the analytical column (Atlantis dc18 Column, 100 Å,
5 µm, 3 × 100 mm) was thermo-stated at 298 K. Waters model 1525 HPLC with 2998 photodiode array
detector and a HP-8453E UV–vis spectrophotometer [32].
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3. Characters of the Various Synthesis Methods of 1D Nano-PANI

In this part of review, some characters related to the most available approaches for preparing
1-D nano-PANI will be discussed. According to the method to initiate polymerization, the synthesis
method can be divided into two kinds of processes: chemical polymerization and electrochemical
polymerization [38]. According to whether templates are used or not, the synthesis methods can be
divided into three kinds of processes, which are hard template methods [39], soft template methods [40],
and no template methods. No template methods include interfacial polymerization [41,42],
rapid mixing polymerization [43], dilute polymerization [44], seeding polymerization [45], high
gravity chemical oxidative polymerization [46], etc. Other methods used for 1-D nano-PANI
production—including sonochemical synthesis [47,48], solid-state polymerization [49,50], UV
light-assisted polymerization [51], radiolytic synthesis [52,53], microwave-assisted polymerization [54],
plasma-induced polymerization [55,56], electrospinning [57], etc.—are also discussed.

3.1. Hard Template Methods

The hard template synthesis method for 1-D nano-PANI was first reported by Martin et al. [58–61].
There are two main types of hard templates, including porous materials and 1-D nanomaterials. Porous
materials include track etched membranes [60,61], zeolites [62], anodic aluminum oxide (AAO) [63–66],
TiO2 nanotubes array [66], meso-porous silica [67], etc. 1-D nanomaterials include silica nanotubes [68],
halloysite nanotubes [69,70], manganese oxide 1-D nanomaterial [71], copper wires or rings [72],
electrospun fibers [73], carbon nanotubes(CNTs) [74], amyloid nanofibers [75] and thin-glass tubes [76],
nanochannels [77], etc. The synthesis process of 1-D nano-PANI through hard template methods is
presented in Scheme 4.
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With respect to the various porous materials, such as track etched membranes and AAO, the
diameter and depth of the pore determine the eventual morphology of the synthesized 1-D nano-PANI,
and normally the obtained PANI protruding from the template are not one-dimensional nano-shaped.
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In the case of oriented and uniform pore structure, two typical porous materials—AAO and track etched
membranes—have received much more attention as templates for preparing PANI. Tracked-etched
polymer membranes contain cylindrical pores that are randomly distributed across the membrane
surface with a uniform diameter and a wide choice of pore diameters (to as little as 10 nm), and pore
densities approaching 109 pores/cm2 [60]. However, the increase of pore densities will induce partial
overlap of the pores, which will produce uneven polyaniline nanotube morphology. AAO porous
membranes have an oriented porous structure with uniform and nearly parallel pores with a wide
average pore diameter of 5–100 nm (up to 200–300 nm after additional pore widening process) and
pore density of 1011–108 pores/cm2 [63,78,79].

In the case of the 1-D nanomaterial templates, most of these templates are used to produce 1-D
nano-PANI composites [74–76,79], but some templates like manganese oxide 1-D nanomaterials can be
sacrificed themselves during the polymerization of aniline [71].

The character of the hard template synthesis methods is that, by using templates with oriented
and uniform structures—such as track etched membranes [61], AAO [63,79], and oriented manganese
oxide 1-D nanostructures—directionally aligned 1-D nano PANI material can be produced which can
be used in field emission devices and supercapacitors [39]. Sometimes, under controlled conditions,
PANI with a nanotube shape will be formed, which might be beneficial for improving the performance
of electrical devices, such as supercapacitors and sensors.

The drawback of the hard template method might be the high cost of the templates, tedious pre-or
post-treatment, and complex waste liquid treatments. Usually, the hard templates are expensive and
only can be used once. For example, track etched membranes are prepared by accelerated heavy ion
beam irradiation and a chemical etching process. AAO templates are prepared by an anodic oxidation
treatment of high purity aluminum in acid. To obtain through holes in the AAO film, it must be
separated from the aluminum substrate. Meanwhile, mesoporous silica and manganese oxide 1-D
nanomaterials are usually prepared by hydrothermal methods. The synthetic methods used to prepare
the hard template are responsible for their high cost and a large amount of waste liquid discharge.
For the porous material, considering that the nanofiber can only be grown in pore, the pore is only
a small part relative to the whole volume of the porous material and the reaction solution, so the
yield of the one-dimensional nanometer polyaniline material is low. If pure 1-D nano-PANI wants
to be obtained, the hard templates such as track etched membranes and AAO templates must be
dissolved in a certain solution. As a result, recycling of the hard template is extremely difficult. The
amount of waste that needs to be disposed of is very large, including aniline (low yield) and waste
resulting from hard template synthesis and polyaniline release [80]. Another drawback might be that,
during the template dissolving process, the 1-D nano-PANI may be destroyed or may form undesirable
aggregated structures.

In a few words, due to the cost of the hard templates, tedious pre-/post-treatment and waste liquid
treatment, the hard template synthesis process is too expensive and complex to be a good selection
method to be used for commercial production of 1-D nano-PANI at large scale.

3.2. Soft Template Methods

Soft template methods are also known as self-assembly methods. Many structural direct agents,
which can act as soft templates based on their self-assembly, have been reported for preparation of
1-D nano-PANI. The soft templates are usually amphiphatic molecules, including surfactants, block
copolymers, biomolecule, etc. Surfactants include sodium dodecylbenzenesulfonate (SDS) [81,82],
cetyltrimethylammonium bromide (CTAB) [83], 1-butyl-3-methylimidazolium chloride([bmim]Cl) [84],
CTAB gels [85], CA-PEG400 gels [86], dodecylbenzenesulfonic acid(DBSA) [87,88] naphthalene sulfonic
acids (NSA) [80,89–91], p-toluenesulfonic acid (p-TSA) [92], aminobenzenesulfonic acid (SAN) [93],
amino acids [94,95] 3,5-dinitrosalicylic acid [96], camphorsulfonic acid (CSA) [97], pyrene sulfonic
acid(PSA) [98], saturation fatty acids [99], hydrogensulfated fullerenol of six -(O)SO3H groups
(C60(OSO3H)6) [100], sulfonated dendrimer with 24 terminal groups of 3,6-disulfonaphthylthiourea
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(PAMAM4.0[naphthyl(SO3H)2]24) [100], etc. Block copolymers include Triton X-100 [101],
poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) [102], etc. Biomolecule include sucrose ester [103],
sodium alginate [104,105], cyclodextrin [106–108], heparin [109], vitamin C [110], chitosan [111],
DNA [112–114], citric acid [11], tobacco mosaic virus RNA [115–117], etc. Other amphipathic molecules
also can be used as soft templates, such as crown ethers [118], dye [119], and urea [13].

With the presence of surfactants in the aniline polymerization system, the mechanisms of
soft template methods involve the self-assembly of surfactants under the condition of aniline
polymerization. Under certain condition, surfactants will assemble into tubular micelles, these
materials include NSA [80], Triton X-100 [101], tartaric acid [120], etc. Gels, such as (CTAB and lauric
acid) [85] and CA-PEG400 [86], have a three-dimensional network structure. Other templates—such as
cyclodextrin [106], methyl orange (MO) [121], and vitamin C [110] —appear to self-assemble to 1-D
nanostructures. The synthesis process of 1-D nano-PANI through soft template methods can be seen in
Scheme 4.

The materials used to assemble soft templates might be separated from the 1-D nano-PANI by
washing processes, so no other tedious post process is needed. Furthermore, most of the soft template
materials are less expensive than those of the hard templates, and there are a wide range of soft
template materials that can be chosen. The cost of soft template method is lower than that of the
hard template method. Furthermore, the morphology and properties of the 1-D nano-PANI can be
controlled by varying the soft template materials and the synthesis conditions. For example, Wanet et
al. controlled the average diameter, crystallinity, and conductivity of the synthesized PANI nanofibers
and nanotubes by changing either the chain lengths of dicarboxylic acids (HOOC(CH2)nCOOH) or
the molar ratio of the acids to the aniline monomer [122]. Others have also found that the average
diameter, pore shape, and conductivity of the PANI can be controlled, through changing the type of
cyclodextrins and the molar ratio of the acid to the aniline monomer [106,107,123]. Jayakannan et al.
found that varying the molar ratio of the acid to the aniline monomer and the solvent can produce
various 1-D nano-PANI morphologies from nanofibers to nanotapes [73]. Furthermore, the yield of
1-D nano-PANI is relatively high in these methods [124].

However, there are drawbacks in producing 1-D nano-PANI by soft template methods at large
commercial level. The first is that the discharged waste water from soft template is complex, some
materials used to induce formation of 1-D nano-PANI exist in the discharged waste waters. Normally,
discharged waste waters from the most common soft template methods for 1-D nano-PANI synthesis
contain soft template materials (Scheme 5), aniline, BQ, HQ, aniline oligomers, CAB, acids, and salts.
Under conventional conditions, it is difficult to recycle the soft template materials because of their high
solubility. This situation will greatly increase the cost of treating waste waters. The second drawback
is that some soft template materials, such as lipid, MO, DNA, tobacco mosaic virus, heparin, sodium
alginate, PSA, PAMAM4.0[naphthyl(SO3H)2]24, are too expensive to be suitable for a commercial
production 1-D nano-PANI at large scale.Polymers 2018, 10, x FOR PEER REVIEW  8 of 24 
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Therefore, it can be concluded that soft template approaches might not be a feasible method to
produce 1-D nano-PANI at large scale due the associated cost of waste treatment.

3.3. Chemical Polymerization with Template-Free Approaches

Chemical polymerization with template-free approaches includes interfacial polymerization, rapid
mixing methods, dilute polymerization, and high gravity chemical oxidative polymerization. The
mechanism of template-free approaches is based on preventing the “secondary growth” of PANI, which
is caused by heterogeneous nucleation or the stacking of nucleates though Brownian movement [125].
PANI preferentially forms nanofiber morphology in the aqueous phase during homogeneous nucleation,
and large agglomerates with irregularly shaped particles can result from secondary growth [126,127].
The characters of interfacial polymerization, rapid mixing methods, dilute polymerization, and high
gravity chemical oxidative polymerization will be discussed in this part of the review.

3.3.1. Interfacial Polymerization

Interfacial polymerization method used for preparing 1-D nano-PANI was first reported by Kaner
et al. [128]. In the interfacial polymerization method, polymerization occurs only at the interface of the
organic/aqueous interphase. The formed PANI will depart from the interface at its initial stage, where
no reactants have and the polymerization should be terminated [129], which prevents any “secondary
growth”. As a result, PANI nanofibers are formed almost exclusively. Until now, organic solvents—such
as benzene, chloroform, toluene, hexane, xylene, diethyl ether, carbon disulfide, carbon tetrachloride,
o-dichlorobenzene, or methylene chloride—have been used to separate solution containing aniline
from a solution containing oxidants [41,128–131]. The liquid/liquid interface, solid/liquid interface
using porous membrane, and gas/liquid interface employing CO2 or aniline vapor are currently under
research for the production of pure PANI nanofibers [132–134]. A microemulsion interface can also be
used to produce 1-D nano-PANI [135]. The synthesis process of 1-D nano-PANI through interfacial
polymerization is presented in Scheme 6.
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Scheme 6. Schematic diagram of the synthesis process of 1-D nano-PANI though
interfacial polymerization.

The PANI product prepared by interfacial polymerization method is in inhomogeneous state. The
commonly used oxidant ammonium persulfate (APS) is a strong oxidant, its standard redox potential
is 2.05 V vs. NHE. In the interfacial polymerization process, the water phase has a high redox potential
at the initial stage of the reaction, which can produce a large amount of nuclei and a high degree
of by-products. The large quantity of nuclei leads to collision and stacking of the polymer chains,
and this induces “secondary growth”. As a result, the PANI aggregates quickly to form irregular
particles. The side reactions also include reactions at the ortho- and meta- positions as well as imine
hydrolysis reactions that affect the morphology and properties of PANI. An increase in the initial
oxidation potential of the solution will cause the PANI products having more irregular morphology,
electronic conductivity, and lower purity. Wang et al. found that with the increase of the APS to
aniline molar ratio from 1/6 to 1/1, more irregularly shaped agglomerates generated and the electronic
conductivity decrease from 8.6 to 0.16 S/cm [136].
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Changing the aniline concentration in solution from 0.032 to 1.6 M produced no significant effect
on the observed morphology of the polymer product [129]. Increasing the aniline concentration in the
reaction solution reduced the volume of organic solvent, which increased the rate of the polymerization
reaction. This approach offers great potential for scaling up the production of 1-D nano-PANI. The
main problems associated with the interfacial polymerization method in terms of a large commercial
scaling of 1-D nano-PANI production include environmental pollution by organic solvents, tedious
waste treatment, and low yield. At first, volatile organic compounds in the production process lead to
environmental pollution. In this regard, the waste liquids have two phases, an organic phase and an
aqueous phase. Normally, the organic phase includes aniline, HQ, BQ, and oligomers which make
the waste treatment processes tedious and costly. In addition, the yield of 1-D nano-PANI from the
interfacial polymerization process is low, because typically the aniline to APS molar ratio is maintained
at 1/4 [128,129,131]. To obtain a 100% yield, the theoretical molar ratio of APS to aniline should be at
about 1.2–1.25. Weiller et al. found that the yield of PANI from their interfacial polymerization process
was about 6%–10% under the condition of APS to aniline molar ratio maintained at 1/4 [128]. Since
more than 90% of the aniline in the reaction solution does not participate in the reaction, so, if 1 kg
PANI wants to be produced, about 9.25 kg of aniline must be degraded or recycled, which is calculated
based on the emeraldine (EB) form. Although some research into increasing 1-D nano-PANI yields
has been donbe, the low yield of 1-D nano-PANI product using the interfacial polymerization process
remains a problem [42,136]. Together with the cost of waste treatment, the commercialization of the
interfacial polymerization process for large scale production of 1-D nano-PANI is not the most feasible.

3.3.2. Dilute Polymerization

Dilute polymerization, first reported by Epstein [44]—typically polymerized at aniline monomer
concentrations below 10−3 M—can prevent collision and stacking of nucleates by Brownian motion
which favors the growth of the 1-D nano-PANI [44,136–139].

The advantages of dilute polymerization are that templates are not needed and that the reaction
solution is relativity simple in composition. The major disadvantage of dilute polymerization is
the huge quantity of equipment and large volume of waste water. The typical conditions for dilute
polymerization are concentrations of aniline and doping acid of 8 mM and 1.0 M, a reaction time of
24 h, and an APS-to-aniline molar ratio maintained at 1/2, which was first reported by Epstein et al.
Under these conditions, the theoretical maximal yield of 1-D nano-PANI is about 40%, because 1 mole
of aniline will consume 1.25 mole of APS to become emeraldine salt form of polyaniline. Assuming
that the yield of 1-D nano-PAN is 40% and the doping acid is sulfuric acid, the volume of equipment
and waste water can then be calculated. In order to obtain 1.0 kg 1-D nano-PANI by this method—as
calculated in the EB form—3453.2 L reaction solution, and 24 h of reaction time would be required.
At the completion of polymerization, there is about 60% aniline monomer, about 1.0 M acid, 4 mM
ammonium sulfate, and trace quantities of HQ, BQ, and aniline oligomers co-exist in the reaction
solution which will be discharged as waste liquid. Due to the low concentration of raw materials
and reaction rate, the volume of equipment is huge, which is costly. The total waste water would
include the reaction solution plus others such as those used to wash and purify the product. The wet
1-D nano-PANI, obtained in EB form from filtration, normally contains at least 90% reaction solution,
which is the solution obtained following polymerization. In order to obtain dry 1-D nano-PANI
product at high purity, excessive aniline monomer, acid, ammonium sulfate, and trace quantities of
by-products—including HQ, BQ, and aniline oligomers—must be washed out. The density of 500 mM
sulfuric acid would be 1.03, the density of solution after polymerization would be approximately 1.03.
Therefore, the 1.0 kg dry 1-D nano-PANI product would contain 0.438 kg of impurities which would
include the aniline, ammonium sulfate, and sulfuric acid in the solution after polymerization. With
three washings, at least 172.6 L of deionized water would be needed to reduce the impurity content
of the 1.0 kg of 1-D nano-PANI product to 0.001. The total volume of waste water from the process
would be at least 3625.8 L, which would be expensive to treat. In some reports, the concentration of
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aniline was increased to 0.01 M and the APS-to-aniline molar ratio was increased to 1 [137,139]. These
conditions will increase the yield of PANI and will reduce the concentration of aniline in the waste
solution after polymerization. This would decrease the volume of the equipment needed as well as the
waste water treatment, but would also reduce the quantity of aniline requiring treatment, which is
toxic and difficult to degrade. However, the theoretical yield of 1-D nano-PANI is only 0.80. In order
to get 1.0 kg 1-D nano-PANI, in EB form, 1381.2 L volume of reaction solution and 24 h of reaction
time would be needed. Because of the low aniline concentration in this theoretical case, the problems
associated with excessively high volume of equipment and waste water cannot be overcome. The
high cost and large volume of waste water of dilute methods makes it difficult to employ them in
commercial production of 1-D nano-PANI at large scale.

The volume of reaction solution was calculated according to Equation (1)

VR = MA/90.5/YP/CA0 (1)

where VR is the volume of reaction solution in L, MA is the mass of PANI in kg, YP is the yield of PANI,
CA0 is the initial concentration of aniline in the reaction solution in mol/L.

The mass of impurities were calculated based on Equation (2)

MI = MT/DT(CAT × 93 + CST × 98 + CAST × 132) (2)

where MI is the mass of impurities in kg, MT is the mass of solution after polymerization in the wet
product, CAT is the concentration of aniline in the solution after polymerization in mol/L, CST is the
concentration of sulfuric acid in the solution after polymerization in mol/L, CAST is the concentration
of ammonium sulfate in the solution after polymerization in mol/L, DT is density of solution after
polymerization in kg/L.

The volume of washing water was calculated according to Equation (3)

Vw = [(MI/MA/0.001)1/3
− 1] ×MT/DT (3)

where Vw is the volume of washing water in L, MI is the mass of impurities in kg, MA is the mass
of PANI in kg, MT is the mass of solution after polymerization in the wet product, DT is density of
solution after polymerization in kg/L.

3.3.3. Rapid Mixing Methods

With rapid mixing methods, because of the low ratio of oxidant to aniline, rapid mixing process
can prohibit “secondary growth”, so the processes favor the growth of the 1-D nano-PANI [126,127].
The preparation process of 1-D nano-PANI though rapid mixing methods was presented in Scheme 7.
The lower the concentration of aniline, the lower polymerization time [140], the lower molar ratio of
oxidant to aniline, and the more sufficient the rapid mixing contribute to the preferential production of
1-D nano-PANI [141]. When the molar ratio of APS-to-aniline was maintained at 1/2, by increasing the
concentration of aniline in solution from 8 mM to 128 mM, higher quantities of particulates appeared
and the 1-D nano-PANI had more branches and a larger diameter [142]. When the concentration
of aniline was 10 mM, with the molar ratio of oxidant to aniline increasing from 0.125 to 1.0, the
1-D nano-PANI was created with a larger diameter. In addition, the mixing process appears to
affect the morphology of PANI product during rapid mixing polymerization [143]. As the mixing
rate was increased, 1-D nano-PANI with smaller diameter was produced. A rotating packed bed
(RPB)—which is a high-gravity device—produced a uniform supersaturated solution that is required
for the homogeneous nucleation. This is because the micromixing characteristic time in RPB is
much shorter than that of the nucleation induction period in aqueous solutions [46,144]. The PANI
nanofibers produced by high-gravity chemical oxidative polymerization (HGCOP) has a more uniform
morphology and smaller diameter than those produced in a stirred tank reactor (STR).
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The advantages of rapid mixing methods are that no templates are required and the composition of
the waste water is relatively simple. However, rapid mixing polymerization has problems in scale-up.
The first is that, because the yield of PANI is low, there is a need to degrade a large quantity of aniline.
The typical molar ratio of APS to aniline is 1/4 in the rapid mixing methods, which was first reported
by Kander et al. [127]. Under these conditions, the theoretical yield of PANI is 0.20. More than 80% of
the aniline does not participate in the reaction. To produce 1.0 kg of PANI in the EB form, 4.11 kg of
aniline must be degraded or recycled. Although some studies have been done on the increase of 1-D
nano-PANI yields, the low yield of 1-D nano-PANI product using rapid mixing methods remains a
problem [43]. The low yield produces significant quantities of raw material waste and waste from
washing treatment of the product. Recycling of un-reacted raw materials is necessary for commercial
production. The second problem is that a uniform supersaturated solution is needed for homogeneous
nucleation to produce 1-D nano-PANI. However, the mixing process has an amplification effect, so
maintaining uniform rapid mixing in a large volume system is quite difficult.

The low method cost and relatively simple composition of the waste water make the rapid
mixing method promising for commercial production of 1-D nano-PANI. However, the problems
associated with recycling of raw materials and amplification effect of stirring need to be solved
before commercialization of this approach, which need be seriously considered for production of
1-D nano-PANI.

3.3.4. Seeding Polymerization

Adding small amounts of 1-D nano-PANI to a reaction solution can produce high quality PANI
nanofibers [145]. It is expected that conventional polymerized PANI and aniline oligomers could also
be used as “seed” in the polymerization of PANI [95,126,146,147]. Addition of a “seed” to a reaction
mixture is a useful method to improve the morphology of 1-D nano-PANI by chemical polymerization
without templates.

3.4. Electrochemical Approaches

The electrochemical approaches for synthesis of 1-D nano-PANI include template methods and
non-template methods. The templates include porphyrin aggregate [148], block copolymers [149,150],
AAO [66,151], etc. 1-D nano-PANI can also be produced directly without a template by
galvanostatic electrolysis [15,152–154], potentiostatic electrolysis [155–158], galvanodynamic
electrolysis [152,154,159,160], as well as cyclic voltammetry [161,162], pulse-potential method [163,164],
potentiodynamic electrolysis [165], etc.

In electrochemical methods, the morphology of the PANI is related to the concentration of
aniline, electrolysis potential, potential applied time and manners, temperature, and the medium in
non-template methods. With regard to the reaction medium, 1-D nano-PANI can be produced in
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aqueous and non-aqueous media [166]. However, considering environmental protection and cost,
non-aqueous media should not be considered for commercial production of 1-D nano-PANI. It has
been found that an increase in potential causes an increase in the radius of the PANI and roughens its
surface, because of “secondary growth” [155]. With the exception of the induction period, increasing
the period of electrolysis has been found to increase the radius of PANI and roughen the surface of the
PANI [15,155]. Increasing the concentration of aniline from 0.03 M to 0.6 M resulted in a satisfactory
1-D nano-PANI [152,155,160,166,167]. A relatively low electrolytic potential, low temperature, as well
as a relatively short electrolysis period favor 1-D nano-PANI preparation. In particular, oriented
and uniform PANI nanorods arrays were synthesized during a slow growth process. The oriented
and uniform PANI nanorods not only have potential applications in field emission devices, but also
in supercapacitors and sensors where the oriented and subulate morphology allows for good mass
transfer of doping ions [152,154]. However, excessively slow reaction rates limit the application of the
electrochemical approach in the production of oriented PANI nanorods.

The properties of PANI are closely related to the electrolytic potential, temperature, and reaction
time. The increase in the electrolytic potential and temperature cause that the aniline monomer
reacts at the ortho- and meta- positions and the imines hydrolysis reaction increases. PANI can be
degraded by the imines hydrolysis reaction. Therefore, a suitable electrolytic potential, relatively short
polymerization time, and low temperature favor synthesis of PANI with a high electronic conductivity
and hydrophilicity.

The electrochemical approaches for production of 1-D nano-PANI can be divided into two
categories, including potential-controlled electrolysis and current-controlled electrolysis. Because the
polymerization of aniline is a self-catalytic process, the electrolytic potential may be too high in the
initial stage and too low at the end of polymerization when current controlled electrolysis is employed.
Based on the product morphology and electronic conductivity, potentiostatic electrolysis should be
one of the suitable methods of the electrochemical approaches for commercial production of 1-D
nano-PANI. In a large-scale process, the three-electrode system would be replaced with a two-electrode
system to reduce the method costs. The synthesis process of 1-D nano-PANI through electrolysis can
be seen in Scheme 8.
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There are three advantages of the electrochemical approach. The first is that the waste water of
the electrochemical approach has the simplest composition of all the methods used to producing 1-D
nano-PANI. The waste water can be relatively easy to be treated and recycled. The second advantage
is that the electrolysis process can be easily controlled by changing voltage between two electrodes.
The third advantage is that no template and oxidant is used in the electrochemical approach, and the
electrolyte solution can be used repeatedly, so high-atom-efficiency could be obtained.

However, there are some problems associated with commercial production of 1-D nano-PANI
using the electrochemical approach. For instance, there have been few reports about recycling of raw
materials in this process. The yield from single electrolysis bath is low for short polymerization times,
but to some extent, electrolyte solution can be used repeatedly. The composition of electrolyte solution
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after electrolysis has been found to be primarily aniline, HQ, BQ, aniline oligomers, CAB and the
doping acids. The HQ, BQ, and CAB will influence the purity, morphology, and properties of PANI. As
the electropolymerization time is increased, the concentration of HQ, BQ, and CAB in the electrolyte
solution will increase. In the initial electrolysis, the PANI is in uniform nanofiber morphology, as
can be seen in Figure 2 [32]. As the electrolysis times are increased, the morphology of the PANI
becomes inhomogeneous, as submicron rods and aggregate particles increase in the PANI, as can be
seen in Figure 3 [32]. The electrolyte solutions need to be replaced with a fresh electrolyte solution
after a certain electrolysis times. The PANI yield never approached to 1.0, so the aniline in the waste
electrolyte solution needs to be treated. Recycling of the raw materials from the electrolyte solution
is needed for commercial production. A possible way to recycle the used electrolyte solution is to
selectively remove the by-products through an extraction process. As a result, the electrochemical
properties and morphology of the PANI obtained from recycle electrolyte solution is same to them
of the PANI obtained from fresh electrolyte solution [32]. Another issue is the amplification effect
on the morphology and properties of PANI. For large scale production, the working electrode area
must be increased and the electrolytic cells should be connected in series. The distribution of current,
voltage, and temperature strongly affect the morphology, electronic conductivity, and hydrophilicity of
the PANI products. Electrochemical polarization occurs in the cell where the distribution of current
on the working electrode becomes increasingly non-uniform so that the current concentrates at the
edge of the parallel electrodes as the working electrode area increases [168]. The PANI produced at
different positions of electrode occurs at different current densities. Using working electrodes with
area increasing from 0.08 m × 0.085 m to 0.10 m × 0.50 m, PANI products had a nanofiber shape with
relatively uniform size, as seen in Figure 4a–c [169]. However, as the working electrode area was
increased to 0.10 m × 1.00 m, the morphology of PANI became inhomogeneous, with submicron rods
and aggregate particles appearing on the PANI, as seen in Figure 4d. This indicates that the working
electrode area cannot be increased indefinitely. In addition, a high and concentrated current results in
production of side products generating through reactions at ortho- and meta- position as well as the
imine hydrolysis reaction. The side reactions will affect the morphology and properties of the PANI. Too
large a working electrode area will result in inhomogeneity of the PANI products, a waste of electrode
area, and a decrease of the electronic conductivity and purity of the product. Secondly, as the number
of electrolytic cells in series increases, the voltage and temperature of each cell is difficult to maintain
at a uniform level. Nonuniform cell voltages result in unsuitable electropolymerzation potentials. The
electropolymerization of aniline is exothermic, so heat accumulates in the center of the electrolytic
cells. Unsuitable eletropolymerzation potentials and high temperatures result in PANI with uniform
morphology and low electronic conductivity. Therefore, as the number of cells in series increases,
the quality of the product decreases. Due to this amplification effect, a more reasonable design of
the electrolytic cells is necessary for commercial production of 1-D nano-PANI, such as cylindrical or
spherical electrode and electrolytic cell. Also, more suitable electrode materials are needed for large
scale production of 1-D nano-PANI. Currently, electrode materials include graphite, stainless steel,
platinum, gold, etc. Stainless steel is a common electrode material for the producing of 1-D nano-PANI,
due to the good electrochemical inertia, cheap price, and good electronic conductivity. However, it is
reported that PANI can passivate stainless steel which induces a high resistance of polymerization.
Therefore, new electrode materials for commercial production of 1-D nano-PANI should be selected.
Platinum and gold electrodes are too expensive to be practical. Graphite electrodes are relatively
promising due to the high electronic conductivity and good electrochemical inertia. However, graphite
electrodes are soft, and mechanical stripping of the product will lead to a loss of electrode materials.
Therefore, modification of existing electrodes is needed. Potentiostatic electropolymerization is a
promising method for the producing of 1-D nano-PANI, because of its high atom-efficiency, easy
control of the reaction, and easy treatment of waste. The problems for this method include, recycle
treatments, amplification effects, and electrode selections, which need to be addressed for commercial
production of 1-D nano-PANI.
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3.5. Other Methods

Other methods for producing 1-D nano-PANI include sonochemical synthesis, solid-state
polymerization, UV light-assisted polymerization, radiolytic synthesis, microwave-assisted
polymerization, plasma-induced polymerization, and electrospinning. The sonochemical synthesis,
UV light-assisted polymerization, radiolytic synthesis, microwave-assisted polymerization, and
plasma-induced polymerization require ultrasonic, UV, radiolytic, microwave, or plasma devices.
These devices expend considerable energy and are costly. In addition, it is difficult to uniformly
distribute the ultrasonic wave, UV light, ray, microwaves, or plasma uniformly in a larger-scale
reactor. This is the main reason that limits their commercial production of 1-D nano-PANI using these
techniques. Since no additional surfactants or organic solvents are needed in solid-state polymerization,
the method is shown to be simple and easy [170,171]. However, the product yield was low in
solid-state polymerization and grinding will produce a lot of heat which would increase by-reactions.
Electrospinning is a simple way to obtain polymer nanofibers. However, it is almost impossible to
produce pure 1-D nano-PANI via electrospinning.
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4. Conclusions

1-D nano-PANI has very promising commercial applications such as sensors, electrochromic
devices, supercapacitors, anticorrosive coatings, etc. Therefore, commercial production of 1-D
nano-PANI at large scale is urgently needed. The main synthesis methods of 1-D nano-PANI are
the hard template methods, soft template methods, and chemical template-free methods including
interfacial polymerization, rapid mixing polymerization and dilute polymerization, and electrochemical
approaches. Although aniline is cheap and the polymerization process is simple, its monomer linkage
position may change and polyaniline may depredate under certain conditions. Meanwhile, aniline is
toxic and difficult to degrade. Therefore, the treatment of discharged waste waters from all preparation
methods is tedious and difficult. We do think that the treatment and recycling of discharged liquids
should be the first problem for commercial production of 1-D nano-PANI at large scale. The comparison
among different processes of the aspects of composition complexity of waste liquid, volume of waste
liquid, waste quantity, and recycling complexity of waste liquids—as well as method costs—can be
seen in Table 1. Due to the high treatment complexity of waste liquid which has extremely complex
composition and high method cost, hard template methods are not the most suitable methods for
commercial production of 1-D nano-PANI. Due to the high treatment complexity of waste liquid, soft
template methods and interfacial polymerization are also not the most suitable methods. Due to the
large volume of the waste water and the required equipment, dilute methods are not the most suitable
methods for commercial production. Because of the easy treatment and recycling of waste water with
a relatively simple composition, rapid mixing and electropolymerization methods might be the most
suitable approaches for commercial production of 1-D nano-PANI. However, there are problems in
these processes that need to be solved before commercial production can be realized. For rapid mixing
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methods, the recycling process of the raw materials (low yield) and the scale-up effects of mixing need
to be solved. For electropolymerization, the recycling of raw materials (low yield), scale-up effects of
electrode reaction and the selection of suitable electrode materials need to be solved.

Table 1. Comparison different 1-D nano-PANI synthetic methods on the aspects of composition
complexity of waste water, volume of waste water, waste quantity, recycle complexity of waste water,
and method costs.

Synthesis Method
Composition Complexity

of Discharged Waste
Liquid

Volume of
Waste Liquid

Waste
Quantity

Recycle
Complexity of
Waste Liquid

Method Costs

Hard template High High High High High

Soft template High Low High High Relatively low

Interfacial
polymerization High Low High High Relatively low

Dilute polymerization Relatively low High Relatively low Low Relatively low

Rapid mixing Relatively low Low High Low Low

Electro-polymerization Low Low High Low Low
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Abbreviations

The following abbreviations are used in this manuscript:

1-D nano-PANI One-dimensional nano-polyaniline materials
PANI Polyaniline
BQ Benzoquinone
CAB Co-oligomers of aniline and p-benzoquinone;
HQ Hydroquinone

HPLC–DAD
High-performance liquid chromatography coupled to
photodiode diode array detection

UV–vis Ultraviolet and visible
UV Ultraviolet
PBQD N-phenyl-1,4-benzoquinonediimine
PBQM N-phenyl-1,4-benzoquinonemonoimine
PPD p-aminodiphenylamine
DABQ 2,5-dianilino-p-benzoquinone
SS Stainless steel
AAO Anodic aluminum oxide
CNTs Carbon nanotubes
NSA Naphthalene sulfonic acids
p-TSA p-toluenesulfonic acid
SAN Aminobenzenesulfonic acid
DBSA Dodecylbenzenesulfonic acid
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CSA Camphorsulfonic acid
PSA Pyrene sulfonic acid
CTAB Cetyltrimethylammonium bromide
C60(OSO3H)6 Hydrogensulfated fullerenol of six -(O)SO3H groups

PAMAM4.0[naphthyl(SO3H)2]24
Sulfonated dendrimer with 24 terminal groups of
3,6-disulfonaphthylthiourea

PS-b-P4VP Poly(styrene-block-4-vinylpyridine)
[bmim]Cl 1-butyl-3-methylimidazolium chloride
MA Malic acid
HOOC(CH2)nCOOH Dicarboxylic acids
MO Methyl orange
APS Oxidant ammonium persulfate
NHE Normal hydrogen electrode
EB Emeraldine
HGCOP High-gravity chemical oxidative polymerization
STR Smaller diameter than those produced in a stirred tank reactor
SEM Scanning electron microscope

References

1. Kang, E.T.; Neoh, K.G.; Tan, K.L. Polyaniline: A polymer with many interesting intrinsic redox states.
Prog. Polym. Sci. 1998, 23, 277–324. [CrossRef]

2. Pellegrino, J. The use of conducting polymers in membrane-based separations—A review and recent
developments. Ann. N. Y. Acad. Sci. 2003, 984, 289–305. [CrossRef]

3. Yang, X.; Li, B.; Wang, H.; Hou, B. Anticorrosion performance of polyaniline nanostructures on mild steel.
Prog. Org. Coat. 2010, 69, 267–271. [CrossRef]

4. Jiao, S.; Tu, J.; Fan, C.; Hou, J.; Fray, D.J. Electrochemically assembling of a porous nano-polyaniline network
in a reverse micelle and its application in a supercapacitor. J. Mater. Chem. 2011, 21, 9027–9030. [CrossRef]

5. Hosoda, M.; Hino, T.; Kurarnoto, N. Facile preparation of conductive paint made with
polyaniline/dodecylbenzenesulfonic acid dispersion and poly(methyl methacrylate). Polym. Int. 2007,
56, 1448–1455. [CrossRef]

6. Li, Y.; Ying, B.; Hong, L.; Yang, M. Water-soluble polyaniline and its composite with poly(vinyl alcohol) for
humidity sensing. Synth. Met. 2010, 160, 455–461. [CrossRef]

7. Zhou, Y.K.; He, B.L.; Zhou, W.J.; Huang, J.; Li, X.H.; Wu, B.; Li, H.I. Electrochemical capacitance of well-coated
single-walled carbon nanotube with polyaniline composites. Electrochim. Acta 2004, 49, 257–262. [CrossRef]

8. Kim, B.R.; Lee, H.K.; Park, S.H.; Kim, H.K. Electromagnetic interference shielding characteristics and
shielding effectiveness of polyaniline-coated films. Thin Solid Films 2011, 519, 3492–3496. [CrossRef]

9. Guo, B.; Zhao, Y.; Wu, W.; Meng, H.; Zou, H.; Chen, J.; Chu, G. Research on the preparation technology of
polyaniline nanofiber based on high gravity chemical oxidative polymerization. Chem. Eng. Process. 2013,
70, 1–8. [CrossRef]

10. Quoc Minh, P.; Kim, S. High surface area polyaniline nanofiber synthesized in compressed CO2 and its
application to a hydrogen sensor. Korean J. Chem. Eng. 2016, 33, 290–298.

11. Yin, C.; Gao, L.; Zhou, F.; Duan, G. Facile Synthesis of Polyaniline Nanotubes Using Self-Assembly Method
Based on the Hydrogen Bonding: Mechanism and Application in Gas Sensing. Polymers 2017, 9, 544.
[CrossRef] [PubMed]

12. Wang, L.; Ye, Y.; Shen, Y.; Wang, F.; Lu, X.; Xie, Y.; Chen, S.; Tan, H.; Xu, F.; Song, Y. Hierarchical
nanocomposites of Co3O4/polyaniline nanowire arrays/reduced graphene oxide sheets for amino acid
detection. Sens. Actuators B Chem. 2014, 203, 864–872. [CrossRef]

13. Shivani, T.; Ja-An Annie, H. Green Synthesis of Novel Polyaniline Nanofibers: Application in pH Sensing.
Molecules 2015, 20, 18585–18596.

14. Ma, D.; Shi, G.; Wang, H.; Zhang, Q.; Li, Y. Controllable growth of high-quality metal oxide/conducting
polymer hierarchical nanoarrays with outstanding electrochromic properties and solar-heat shielding ability.
J. Mater. Chem. A 2014, 2, 13541–13549. [CrossRef]

http://dx.doi.org/10.1016/S0079-6700(97)00030-0
http://dx.doi.org/10.1111/j.1749-6632.2003.tb06007.x
http://dx.doi.org/10.1016/j.porgcoat.2010.06.004
http://dx.doi.org/10.1039/c1jm11064k
http://dx.doi.org/10.1002/pi.2304
http://dx.doi.org/10.1016/j.synthmet.2009.11.031
http://dx.doi.org/10.1016/j.electacta.2003.08.007
http://dx.doi.org/10.1016/j.tsf.2011.01.093
http://dx.doi.org/10.1016/j.cep.2013.05.013
http://dx.doi.org/10.3390/polym9100544
http://www.ncbi.nlm.nih.gov/pubmed/30965847
http://dx.doi.org/10.1016/j.snb.2014.07.054
http://dx.doi.org/10.1039/C4TA01722F


Polymers 2019, 11, 681 18 of 24

15. Erro, E.M.; Baruzzi, A.M.; Iglesias, R.A. Fast electrochromic response of ultraporous polyaniline nanofibers.
Polymer 2014, 55, 2440–2444. [CrossRef]

16. Olejnik, P.; Gniadek, M.; Echegoyen, L.; Plonska-Brzezinska, M.E. Nanoforest: Polyaniline Nanotubes
Modified with Carbon Nano-Onions as a Nanocomposite Material for Easy-to-Miniaturize High-Performance
Solid-State Supercapacitors. Polymers 2018, 10, 1408. [CrossRef] [PubMed]

17. Zhang, H.; Wang, J.; Gao, X.; Wang, Z.; Wang, S. The electrochemical activity of polyaniline: An important
issue on its use in electrochemical energy storage devices. Synth. Met. 2014, 187, 46–51. [CrossRef]

18. Xie, Y.; Xia, C.; Du, H.; Wang, W. Enhanced electrochemical performance of polyaniline/carbon/titanium
nitride nanowire array for flexible supercapacitor. J. Power Sources 2015, 286, 561–570. [CrossRef]

19. Zhang, H.; Wang, J.; Liu, X.; Wang, Z.; Wang, S. High Performance Self-Healing Epoxy/Polyamide Protective
Coating Containing Epoxy Microcapsules and Polyaniline Nanofibers for Mild Carbon Steel. J. Power Sources
2013, 52, 10172–10180. [CrossRef]

20. Chu, D.; Wang, J.; Han, Y.; Ma, Q.; Wang, Z. High performance epoxy protective coatings incorporated
with polyaniline nanowires using cardanol-based phenalkamine as the curing agent. RSC Adv. 2015, 5,
11378–11384. [CrossRef]

21. Wanekaya, A.K.; Bangar, M.A.; Yun, M.; Chen, W.; Myung, N.V.; Mulchandani, A. Field-effect transistors
based on single nanowires of conducting polymers. J. Phys. Chem. C 2007, 111, 5218–5221. [CrossRef]

22. Vlad, A.; Dutu, C.A.; Jedrasik, P.; Sodervall, U.; Gohy, J.F.; Melinte, S. Vertical single nanowire devices based
on conducting polymers. Nanotechnology 2012, 23, 025302. [CrossRef]

23. Masomboon, N.; Ratanatamskul, C.; Lu, M.C. Chemical oxidation of 2,6-dimethylaniline in the Fenton
process. Environ. Sci. Technol. 2009, 43, 8629–8634. [CrossRef]

24. Liu, J.; Guan, J.; Lu, M.; Kan, Q.; Li, Z. Hemoglobin immobilized with modified “fish-in-net” approach for
the catalytic removal of aniline. J. Hazard. Mater. 2012, 217–218, 156–163. [CrossRef]

25. Sun, R.; Yong, W.; Ni, Y.; Kokot, S. Spectrophotometric analysis of phenols, which involves a hemin–graphene
hybrid nanoparticles with peroxidase-like activity. J. Hazard. Mater. 2014, 266, 60–67. [CrossRef]

26. Beadle, P.M.; Nicolau, Y.F.; Banka, E.; Rannou, P.; Djurado, D. Controlled polymerization of aniline at sub-zero
temperatures. Synth. Met. 1998, 95, 29–45. [CrossRef]

27. Zhao, Y.; Tomsik, E.; Wang, J.; Moravkova, Z.; Zhigunov, A.; Stejskal, J.; Trchova, M. Self-Assembly of Aniline
Oligomers. Chem. Asian J. 2013, 8, 129–137. [CrossRef]

28. Zhao, Y.; Stejskal, J.; Wang, J. Towards directional assembly of hierarchical structures: Aniline oligomers as
the model precursors. Nanoscale 2013, 5, 2620–2626. [CrossRef]

29. Olinga, T.E.; Fraysse, J.; Travers, J.P.; Dufresne, A.; Pron, A. Highly Conducting and Solution-Processable
Polyaniline Obtained via Protonation with a New Sulfonic Acid Containing Plasticizing Functional Groups.
Macromolecules 2000, 33, 2107–2113. [CrossRef]

30. Gospodinova, N.; Terlemezyan, L. Conducting polymers prepared by oxidative polymerization: Polyaniline.
Prog. Polym. Sci. 1998, 23, 1443–1484. [CrossRef]

31. Tandon, V.K.; Maurya, H.K. ‘On water’: Unprecedented nucleophilic substitution and addition reactions
with 1,4-quinones in aqueous suspension. Tetrahedron Lett. 2009, 50, 5896–5902. [CrossRef]

32. Wu, Y.; Wang, J.; Ou, B.; Zhao, S.; Wang, Z.; Wang, S. Electrochemical Preparation of Polyaniline Nanowires
with the Used Electrolyte Solution Treated with the Extraction Process and Their Electrochemical Performance.
Nanomaterials 2018, 8, 103. [CrossRef] [PubMed]

33. Johnson, B.J.; Park, S.M. Electrochemistry of Conductive Polymers: XX. Early Stages of Aniline Polymerization
Studied by Spectroelectrochemical and Rotating Ring Disk Electrode Techniques. J. Electrochem. Soc. 1996,
143, 1277–1282. [CrossRef]

34. Hong, S.-Y.; Jung, Y.M.; Kim, S.B.; Park, S.-M. Electrochemistry of Conductive Polymers. 34. Two-Dimensional
Correlation Analysis of Real-Time Spectroelectrochemical Data for Aniline Polymerization. J. Phys. Chem. B
2005, 109, 3844–3850. [CrossRef]

35. Balón, M.; Guardado, P.; Carmona, C.; Hidalgo, J.; Munoz, M.A. Influence of the acidity on the kinetics of
diphenylamine oxidation by peroxodisulfate anions. Can. J. Chem. 1993, 71, 167–174. [CrossRef]

36. Nayaki, S.K.; Swaminathan, M. Excited state solvatochromic and prototropic behaviour of
4-aminodiphenylamine and 4,4′-diaminodiphenylamine—A comparative study by electronic spectra.
Spectrochim. Acta Part A 2006, 64, 631–636. [CrossRef]

http://dx.doi.org/10.1016/j.polymer.2014.03.050
http://dx.doi.org/10.3390/polym10121408
http://www.ncbi.nlm.nih.gov/pubmed/30961333
http://dx.doi.org/10.1016/j.synthmet.2013.10.022
http://dx.doi.org/10.1016/j.jpowsour.2015.04.025
http://dx.doi.org/10.1021/ie400666a
http://dx.doi.org/10.1039/C4RA13176B
http://dx.doi.org/10.1021/jp067213g
http://dx.doi.org/10.1088/0957-4484/23/2/025302
http://dx.doi.org/10.1021/es802274h
http://dx.doi.org/10.1016/j.jhazmat.2012.03.008
http://dx.doi.org/10.1016/j.jhazmat.2013.12.006
http://dx.doi.org/10.1016/S0379-6779(98)00028-9
http://dx.doi.org/10.1002/asia.201200836
http://dx.doi.org/10.1039/c3nr00145h
http://dx.doi.org/10.1021/ma991525i
http://dx.doi.org/10.1016/S0079-6700(98)00008-2
http://dx.doi.org/10.1016/j.tetlet.2009.07.149
http://dx.doi.org/10.3390/nano8020103
http://www.ncbi.nlm.nih.gov/pubmed/29439514
http://dx.doi.org/10.1149/1.1836629
http://dx.doi.org/10.1021/jp046218f
http://dx.doi.org/10.1139/v93-024
http://dx.doi.org/10.1016/j.saa.2005.07.066


Polymers 2019, 11, 681 19 of 24

37. Stejskal, J.; Bober, P.; Trchova, M.; Horsky, J.; Pilar, J.; Walterova, Z. The oxidation of aniline with
p-benzoquinone and its impact on the preparation of the conducting polymer, polyaniline. Synth. Met. 2014,
192, 66–73. [CrossRef]

38. Zhang, H.; Wang, J.; Zhou, Z.; Wang, Z.; Zhang, F.; Wang, S. Preparation of nanostructured polyaniline and
its super-amphiphilic behavior. Macromol. Rapid Commun. 2008, 29, 68–73. [CrossRef]

39. Zhang, L.; Chen, L.; Qi, B.; Yang, G.; Gong, J. Synthesis of vertical aligned TiO2@polyaniline core-shell
nanorods for high-performance supercapacitors. RSC Adv. 2015, 5, 1680–1683. [CrossRef]

40. Sim, B.; Choi, H.J. Facile synthesis of polyaniline nanotubes and their enhanced stimuli-response under
electric fields. RSC Adv. 2015, 5, 11905–11912. [CrossRef]

41. Zhao, J.Y.; Qin, Z.Y.; Li, T.; Li, Z.Z.; Zhou, Z.; Zhu, M.F. Influence of acetone on nanostructure and
electrochemical properties of interfacial synthesized polyaniline nanofibers. Prog. Nat. Sci. 2015, 25, 316–322.
[CrossRef]

42. Abdolahi, A.; Hamzah, E.; Ibrahim, Z.; Hashim, S. Synthesis of Uniform Polyaniline Nanofibers through
Interfacial Polymerization. Materials 2012, 5, 1487–1494. [CrossRef]

43. Qiang, J.; Yu, Z.; Wu, H.; Yun, D. Polyaniline nanofibers synthesized by rapid mixing polymerization. Synth.
Met. 2008, 158, 544–547. [CrossRef]

44. Chiou, N.R.; Epstein, A.J. Polyaniline nanofibers prepared by dilute polymerization. Adv. Mater. 2005, 17,
1679–1683. [CrossRef]

45. Thanpitcha, T.; Sirivat, A.; Jamieson, A.M.; Rujiravanit, R. Synthesis of polyaniline nanofibrils using an in
situ seeding technique. Synth. Met. 2008, 158, 695–703. [CrossRef]

46. Zhao, Y.; Wei, H.; Arowo, M.; Yan, X.; Wu, W.; Chen, J.; Wang, Y.; Guo, Z. Electrochemical energy storage by
polyaniline nanofibers: High gravity assisted oxidative polymerization vs. rapid mixing chemical oxidative
polymerization. Phys. Chem. Chem. Phys. 2015, 17, 1498–1502. [CrossRef]

47. Manuel, J.; Kim, M.; Fapyane, D.; Chang, I.S.; Ahn, H.-J.; Ahn, J.-H. Preparation and electrochemical
properties of polyaniline nanofibers using ultrasonication. Mater. Res. Bull. 2014, 58, 213–217. [CrossRef]

48. Li, Y.; Wang, Y.; Wu, D.; Jing, X. Effects of Ultrasonic Irradiation on the Morphology of Chemically Prepared
Polyaniline Nanofibers. J. Appl. Polym. Sci. 2009, 113, 868–875. [CrossRef]

49. Bhandari, S.; Khastgir, D. Template-free solid state synthesis of ultra-long hairy polyaniline nanowire
supercapacitor. Mater. Lett. 2014, 135, 202–205. [CrossRef]

50. Du, X.S.; Zhou, C.F.; Wang, G.T.; Mai, Y.W. Novel solid-state and template-free synthesis of branched
polyaniline nanofibers. Chem. Mater. 2008, 20, 3806–3808. [CrossRef]

51. Li, Z.-F.; Blum, F.D.; Bertino, M.F.; Kim, C.-S.; Pillalamarri, S.K. One-step fabrication of a polyaniline nanofiber
vapor sensor. Sens. Actuators B 2008, 134, 31–35. [CrossRef]

52. Pillalamarri, S.K.; Blum, F.D.; Tokuhiro, A.T.; Bertino, M.F. One-pot synthesis of polyaniline—Metal
nanocomposites. Chem. Mater. 2005, 17, 5941–5944. [CrossRef]

53. Tsukuda, S.; Seki, S.; Sugimoto, M.; Tagawa, S. Formation of nanowires based on pi-conjugated polymers by
high-energy ion beam irradiation. Jpn. J. Appl. Phys. Part 1 2005, 44, 5839–5842. [CrossRef]

54. Gizdavic-Nikolaidis, M.R.; Jevremovic, M.M.; Allison, M.C.; Stanisavljev, D.R.; Bowmaker, G.A.; Zujovic, Z.D.
Self-assembly of nanostructures obtained in a microwave-assisted oxidative polymerization of aniline. Exp.
Polym. Lett. 2014, 8, 745–755. [CrossRef]

55. Tiwari, A.; Kumar, R.; Prabaharan, M.; Pandey, R.R.; Kumari, P.; Chaturvedi, A.; Mishra, A.K. Nanofibrous
polyaniline thin film prepared by plasma-induced polymerization technique for detection of NO2 gas. Polym.
Adv. Technol. 2010, 21, 615–620. [CrossRef]

56. Cheng, J.; Zhao, B.; Zheng, S.; Yang, J.; Zhang, D.; Cao, M. Enhanced microwave absorption performance of
polyaniline-coated CNT hybrids by plasma-induced graft polymerization. Appl. Phys. A 2015, 119, 379–386.
[CrossRef]

57. Low, K.; Chartuprayoon, N.; Echeverria, C.; Li, C.; Bosze, W.; Myung, N.V.; Nam, J.
Polyaniline/poly(epsilon-caprolactone) composite electrospun nanofiber-based gas sensors: Optimization of
sensing properties by dopants and doping concentration. Nanotechnology 2014, 25, 115501. [CrossRef]

58. Martin, C.R. Template Synthesis of Electronically Conductive Polymer Nanostructures. Acc. Chem. Res. 1995,
28, 61–68. [CrossRef]

59. Martin, C.R.; Van Dyke, L.S.; Cai, Z.; Liang, W. Template synthesis of organic microtubules. J. Am. Chem. Soc.
1990, 112, 8976–8977. [CrossRef]

http://dx.doi.org/10.1016/j.synthmet.2014.03.014
http://dx.doi.org/10.1002/marc.200700446
http://dx.doi.org/10.1039/C4RA10818C
http://dx.doi.org/10.1039/C4RA13635G
http://dx.doi.org/10.1016/j.pnsc.2015.07.003
http://dx.doi.org/10.3390/ma5081487
http://dx.doi.org/10.1016/j.synthmet.2008.03.023
http://dx.doi.org/10.1002/adma.200401000
http://dx.doi.org/10.1016/j.synthmet.2008.04.027
http://dx.doi.org/10.1039/C4CP03144J
http://dx.doi.org/10.1016/j.materresbull.2014.04.058
http://dx.doi.org/10.1002/app.29970
http://dx.doi.org/10.1016/j.matlet.2014.07.079
http://dx.doi.org/10.1021/cm800689b
http://dx.doi.org/10.1016/j.snb.2008.04.009
http://dx.doi.org/10.1021/cm050827y
http://dx.doi.org/10.1143/JJAP.44.5839
http://dx.doi.org/10.3144/expresspolymlett.2014.77
http://dx.doi.org/10.1002/pat.1470
http://dx.doi.org/10.1007/s00339-014-8977-z
http://dx.doi.org/10.1088/0957-4484/25/11/115501
http://dx.doi.org/10.1021/ar00050a002
http://dx.doi.org/10.1021/ja00180a050


Polymers 2019, 11, 681 20 of 24

60. Martin, C.R. Membrane-Based Synthesis of Nanomaterials. Chem. Mater. 1996, 8, 1739–1746. [CrossRef]
61. Parthasarathy, R.V.; Martin, C.R. Template-Synthesized Polyaniline Microtubules. Chem. Mater. 1994, 6,

1627–1632. [CrossRef]
62. Wu, C.-G.; Bein, T. Conducting Polyaniline Filaments in a Mesoporous Channel Host. Science 1994, 264,

1757–1759. [CrossRef] [PubMed]
63. Wang, C.W.; Wang, Z.; Li, M.K.; Li, H.L. Well-aligned polyaniline nano-fibril array membrane and its field

emission property. Chem. Phys. Lett. 2001, 341, 431–434. [CrossRef]
64. Xiong, S.X.; Wang, Q.; Xia, H.S. Preparation of polyaniline nanotubes array based on anodic aluminum oxide

template. Mater. Res. Bull. 2004, 39, 1569–1580. [CrossRef]
65. Jang, J.; Bae, J. Formation of polyaniline nanorod/liquid crystalline epoxy composite nanowires using a

temperature-gradient method. Adv. Funct. Mater. 2005, 15, 1877–1882. [CrossRef]
66. Yu, X.; Li, Y.; Kalantar-zadeh, K. Synthesis and electrochemical properties of template-based polyaniline

nanowires and template-free nanofibril arrays: Two potential nanostructures for gas sensors. Sens. Actuators
B 2009, 136, 1–7. [CrossRef]

67. Zhang, Z.; Wang, G.; Li, Y.; Zhang, X.; Qiao, N.; Wang, J.; Zhou, J.; Liu, Z.; Hao, Z. A new type of ordered
mesoporous carbon/polyaniline composites prepared by a two-step nanocasting method for high performance
supercapacitor applications. J. Mater. Chem. A 2014, 2, 16715–16722. [CrossRef]

68. Kim, T.H.; Kim, Y.; Lee, S.J.; Han, W.S.; Jung, J.H. Fabrication of polyaniline silica nanotubes and closed
polyaniline nanotubes using a template of silica nanotube. Chem. Lett. 2008, 37, 598–599. [CrossRef]

69. Wang, P.; Du, M.; Zhang, M.; Zhu, H.; Bao, S.; Zou, M.; Yang, T. Facile fabrication of AuNPs/PANI/HNTs
nanostructures for high-performance electrochemical sensors towards hydrogen peroxide. Chem. Eng. J.
2014, 248, 307–314. [CrossRef]

70. Zhang, L.; Liu, P. Facile fabrication of uniform polyaniline nanotubes with tubular aluminosilicates as
templates. Nanoscale Res. Lett. 2008, 3, 299–302. [CrossRef]

71. Chen, W.; Rakhi, R.B.; Alshareef, H.N. Facile synthesis of polyaniline nanotubes using reactive oxide
templates for high energy density pseudocapacitors. J. Mater. Chem. A 2013, 1, 3315–3324. [CrossRef]

72. Gao, Y.; Wang, F.; Gong, J.; Su, Z.; Qu, L. Polyaniline Nanorods and Hollow-Microspheres Prepared by Using
Copper Wires or Rings as Template. J. Nanosci. Nanotech. 2008, 8, 5972–5976. [CrossRef]

73. Fu, J.; Pang, Z.; Yang, J.; Huang, F.; Cai, Y.; Wei, Q. Fabrication of polyaniline/carboxymethyl cellulose/cellulose
nanofibrous mats and their biosensing application. Appl. Surf. Sci. 2015, 349, 35–42. [CrossRef]

74. Jeevananda, T.; Siddaramaiah; Kim, N.H.; Heo, S.-B.; Lee, J.H. Synthesis and characterization of
polyaniline-multiwalled carbon nanotube nanocomposites in the presence of sodium dodecyl sulfate.
Polym. Adv. Technol. 2008, 19, 1754–1762. [CrossRef]

75. Meier, C.; Lifincev, I.; Welland, M.E. Conducting Core-Shell Nanowires by Amyloid Nanofiber Templated
Polymerization. Biomacromolecules 2015, 16, 558–563. [CrossRef] [PubMed]

76. Gao, Y.; Yao, S.; Gong, J.; Qu, L. Preparation of polyaniline nanotubes via “thin glass tubes template”
approach and its gas response. Macromol. Rapid Commun. 2007, 28, 286–291. [CrossRef]

77. Lee, S.-Y.; Lim, H.; Choi, G.-R.; Kim, J.-D.; Suh, E.-K.; Lee, S.-K. Metal-to-Insulating Transition of Single
Polyaniline (PANI) Nanowire: A Dedoping Effect. J. Phys. Chem. C 2010, 114, 11936–11939. [CrossRef]

78. Drury, A.; Chaure, S.; Kroell, M.; Nicolosi, V.; Chaure, N.; Blau, W.J. Fabrication and characterization of
silver/polyaniline composite nanowires in porous anodic alumina. Chem. Mater. 2007, 19, 4252–4258.
[CrossRef]

79. Lahav, M.; Weiss, E.A.; Xu, Q.; Whitesides, G.M. Core-shell and segmented polymer-metal composite
nanostructures. Nano Lett. 2006, 6, 2166–2171. [CrossRef]

80. Wei, Z.X.; Zhang, Z.M.; Wan, M.X. Formation mechanism of self-assembled polyaniline micro/nanotubes.
Langmuir 2002, 18, 917–921. [CrossRef]

81. Han, Y.-G.; Kusunose, T.; Sekino, T. Facile One-Pot Synthesis and Characterization of Novel Nanostructured
Organic Dispersible Polyaniline. J. Polym. Sci. Part B Polym. Phys. 2009, 47, 1024–1029. [CrossRef]

82. Mallick, K.; Witcomb, M.; Erasmus, R.; Strydom, A. Electrical and Optical Properties of Polyaniline with a
Weblike Morphology. J. Appl. Polym. Sci. 2010, 116, 1587–1592. [CrossRef]

83. Zhang, C.; Li, G.; Peng, H. Large-scale synthesis of self-doped polyaniline nanofibers. Mater. Lett. 2009, 63,
592–594. [CrossRef]

http://dx.doi.org/10.1021/cm960166s
http://dx.doi.org/10.1021/cm00046a011
http://dx.doi.org/10.1126/science.264.5166.1757
http://www.ncbi.nlm.nih.gov/pubmed/17839911
http://dx.doi.org/10.1016/S0009-2614(01)00509-7
http://dx.doi.org/10.1016/j.materresbull.2004.01.009
http://dx.doi.org/10.1002/adfm.200400608
http://dx.doi.org/10.1016/j.snb.2008.10.068
http://dx.doi.org/10.1039/C4TA03351E
http://dx.doi.org/10.1246/cl.2008.598
http://dx.doi.org/10.1016/j.cej.2014.03.044
http://dx.doi.org/10.1007/s11671-008-9155-z
http://dx.doi.org/10.1039/c3ta00499f
http://dx.doi.org/10.1166/jnn.2008.331
http://dx.doi.org/10.1016/j.apsusc.2015.04.215
http://dx.doi.org/10.1002/pat.1191
http://dx.doi.org/10.1021/bm501618c
http://www.ncbi.nlm.nih.gov/pubmed/25555076
http://dx.doi.org/10.1002/marc.200600672
http://dx.doi.org/10.1021/jp101424b
http://dx.doi.org/10.1021/cm071102s
http://dx.doi.org/10.1021/nl061786n
http://dx.doi.org/10.1021/la0155799
http://dx.doi.org/10.1002/polb.21703
http://dx.doi.org/10.1002/app.31441
http://dx.doi.org/10.1016/j.matlet.2008.11.041


Polymers 2019, 11, 681 21 of 24

84. Pahovnik, D.; Zagar, E.; Vohlidal, J.; Zigon, M. Ionic liquid-induced formation of polyaniline nanostructures
during the chemical polymerization of aniline in an acidic aqueous medium. Synth. Met. 2010, 160, 1761–1766.
[CrossRef]

85. Li, G.C.; Zhang, Z.K. Synthesis of dendritic polyaniline nanofibers in a surfactant gel. Macromolecules 2004,
37, 2683–2685. [CrossRef]

86. Meng, L.; Lu, Y.; Wang, X.; Zhang, J.; Duan, Y.; Li, C. Facile synthesis of straight polyaniline nanostick in
hydrogel. Macromolecules 2007, 40, 2981–2983. [CrossRef]

87. Hsieh, B.-Z.; Chuang, H.-Y.; Chao, L.; Li, Y.-J.; Huang, Y.-J.; Tseng, P.-H.; Hsieh, T.-H.; Ho, K.-S. Formation
mechanism of a nanotubular polyanilines prepared by an emulsion polymerization without organic solvent.
Polymer 2008, 49, 4218–4225. [CrossRef]

88. Zhang, Z.M.; Wei, Z.X.; Wan, M.X. Nanostructures of polyaniline doped with inorganic acids. Macromolecules
2002, 35, 5937–5942. [CrossRef]

89. Zhang, Z.M.; Wei, Z.X.; Zhang, L.J.; Wan, M.X. Polyaniline nanotubes and their dendrites doped with
different naphthalene sulfonic acids. Acta Mater. 2005, 53, 1373–1379. [CrossRef]

90. Zhang, L.J.; Wan, M.X.; Wei, Y. Nanoscaled polyaniline fibers prepared by ferric chloride as an oxidant.
Macromol. Rapid Commun. 2006, 27, 366–371. [CrossRef]

91. Tavandashti, N.P.; Ghorbani, M.; Shojaei, A. Morphology transition control of polyaniline from nanotubes to
nanospheres in a soft template method. Polym. Int. 2015, 64, 88–95. [CrossRef]

92. Wang, J.; Wang, J.; Yang, Z.; Wang, Z.; Zhang, F.; Wang, S. A novel strategy for the synthesis of polyaniline
nanostructures with controlled morphology. React. Funct. Polym. 2008, 68, 1435–1440. [CrossRef]

93. Yang, C.H.; Chih, Y.K.; Tsai, M.S.; Chen, C.H. Self-doped polyaniline nanostructures for casting metal
nanorods. Electrochem. Solid State Lett. 2006, 9, G49–G52. [CrossRef]

94. Zhang, L.; Peng, H.; Zujovic, Z.D.; Kilmartin, P.A.; Travas-Sejdic, J. Characterization of polyaniline nanotubes
formed in the presence of amino acids. Macromol. Chem. Phys. 2007, 208, 1210–1217. [CrossRef]

95. Wang, F.; Wang, Z.; Tana, M.B.H.; He, C. Uniform Polyaniline Nanotubes Formation via Frozen Polymerization
and Application for Oxygen Reduction Reactions. Macromol. Chem. Phys. 2015, 216, 977–984. [CrossRef]

96. Janosevic, A.; Ciric-Marjanovic, G.; Marjanovic, B.; Trchova, M.; Stejskal, J. 3,5-Dinitrosalicylic acid-assisted
synthesis of self-assembled polyaniline nanorods. Mater. Lett. 2010, 64, 2337–2340. [CrossRef]

97. Yang, Y.S.; Wan, M.X. Chiral nanotubes of polyaniline synthesized by a template-free method. J. Mater. Chem.
2002, 12, 897–901. [CrossRef]

98. Shinde, S.D.; Jayakannan, M. Probing the Molecular Interactions at the Conducting Polyaniline Nanomaterial
Surface via a Pyrene Fluorophore. J. Phys. Chem. C 2010, 114, 15491–15498. [CrossRef]

99. Zhang, L.X.; Zhang, L.J.; Wan, M.X.; Wei, Y. Polyaniline micro/nanofibers doped with saturation fatty acids.
Synth. Met. 2006, 156, 454–458. [CrossRef]

100. Qiu, H.J.; Wan, M.X.; Matthews, B.; Dai, L.M. Conducting polyaniline nanotubes by template-free
polymerization. Macromolecules 2001, 34, 675–677. [CrossRef]

101. Sarno, D.M.; Manohar, S.K.; MacDiarmid, A.G. Controlled interconversion of semiconducting and metallic
forms of polyaniline nanofibers. Synth. Met. 2005, 148, 237–243. [CrossRef]

102. Zu, X.H.; Zhang, Z.; Yi, G.B.; Deng, Y.L.; Huang, H.L.; Zhong, B.B.; Wang, C.; Luo, H.S.; Wang, H. A novel
density-controlled growth of vertical polyaniline nanowire arrays using diblock copolymer as a template.
Mater. Exp. 2016, 6, 83–87. [CrossRef]

103. Qiu, H.; Qi, S.; Wang, D.; Wang, J.; Wu, X. Synthesis of polyaniline nanostructures via soft template of sucrose
octaacetate. Synth. Met. 2010, 160, 1179–1183. [CrossRef]

104. Yu, Y.J.; Si, Z.H.; Chen, S.J.; Bian, C.Q.; Chen, W.; Xue, G. Facile synthesis of polyaniline-sodium alginate
nanofibers. Langmuir 2006, 22, 3899–3905. [CrossRef] [PubMed]

105. Li, Y.; Zhao, X.; Xu, Q.; Zhang, Q.; Chen, D. Facile Preparation and Enhanced Capacitance of the
Polyaniline/Sodium Alginate Nanofiber Network for Supercapacitors. Langmuir 2011, 27, 6458–6463.
[CrossRef]

106. Gu, Z.J.; Ye, J.R.; Song, W.; Shen, Q. Synthesis of polyaniline nanotubes with controlled rectangular or square
pore shape. Mater. Lett. 2014, 121, 12–14. [CrossRef]

107. Gu, Z.J.; Wang, J.T.; Li, L.L.; Chen, L.F.; Shen, Q. Formation of polyaniline nanotubes with different pore
shapes using α-, β- and γ-cyclodextrins as templates. Mater. Lett. 2014, 117, 66–68. [CrossRef]

http://dx.doi.org/10.1016/j.synthmet.2010.06.016
http://dx.doi.org/10.1021/ma035891k
http://dx.doi.org/10.1021/ma062366n
http://dx.doi.org/10.1016/j.polymer.2008.07.008
http://dx.doi.org/10.1021/ma020199v
http://dx.doi.org/10.1016/j.actamat.2004.11.030
http://dx.doi.org/10.1002/marc.200500760
http://dx.doi.org/10.1002/pi.4758
http://dx.doi.org/10.1016/j.reactfunctpolym.2008.07.002
http://dx.doi.org/10.1149/1.2150168
http://dx.doi.org/10.1002/macp.200700013
http://dx.doi.org/10.1002/macp.201400611
http://dx.doi.org/10.1016/j.matlet.2010.07.041
http://dx.doi.org/10.1039/b107384m
http://dx.doi.org/10.1021/jp106022b
http://dx.doi.org/10.1016/j.synthmet.2006.01.011
http://dx.doi.org/10.1021/ma001525e
http://dx.doi.org/10.1016/j.synthmet.2004.09.038
http://dx.doi.org/10.1166/mex.2016.1276
http://dx.doi.org/10.1016/j.synthmet.2010.03.005
http://dx.doi.org/10.1021/la051911v
http://www.ncbi.nlm.nih.gov/pubmed/16584273
http://dx.doi.org/10.1021/la2003063
http://dx.doi.org/10.1016/j.matlet.2014.01.133
http://dx.doi.org/10.1016/j.matlet.2013.11.121


Polymers 2019, 11, 681 22 of 24

108. Zou, F.; Li, Y.; Yu, X.; Zhang, J.; Huang, X.; Qu, Y. β-Cyclodextrin improves the linearity of polyaniline
synthesized enzymatically in AOT micellar solution. J. Mol. Catal. B Enzym. 2014, 104, 35–41. [CrossRef]

109. Sk, M.M.; Yue, C.Y.; Jena, R.K. Facile growth of heparin-controlled porous polyaniline nanofiber networks
and their application in supercapacitors. RSC Adv. 2014, 4, 5188–5197. [CrossRef]

110. Sk, M.M.; Yue, C.Y. Synthesis of polyaniline nanotubes using the self-assembly behavior of vitamin C: A
mechanistic study and application in electrochemical supercapacitors. J. Mater. Chem. A 2014, 2, 2830–2838.
[CrossRef]

111. Li, Y.; Zhang, C.; Li, G.; Peng, H.; Chen, K. Self-assembled necklace-like polyaniline nanochains from elliptical
nanoparticles. Synth. Met. 2010, 160, 1204–1209. [CrossRef]

112. Ma, Y.F.; Zhang, J.M.; Zhang, G.J.; He, H.X. Polyaniline nanowires on Si surfaces fabricated with DNA
templates. J. Am. Chem. Soc. 2004, 126, 7097–7101. [CrossRef] [PubMed]

113. Nickels, P.; Dittmer, W.U.; Beyer, S.; Kotthaus, J.P.; Simmel, F.C. Polyaniline nanowire synthesis templated by
DNA. Nanotechnology 2004, 15, 1524–1529. [CrossRef]

114. Li, X.; Wan, M.X.; Li, X.N.; Zhao, G.L. The role of DNA in PANI-DNA hybrid: Template and dopant. Polymer
2009, 50, 4529–4534. [CrossRef]

115. Niu, Z.; Bruckman, M.; Kotakadi, V.S.; He, J.; Emrick, T.; Russell, T.P.; Yang, L.; Wang, Q. Study and
characterization of tobacco mosaic virus head-to-tail assembly assisted by aniline polymerization. Chem.
Commun. 2006, 28, 3019–3021. [CrossRef] [PubMed]

116. Niu, Z.; Bruckman, M.A.; Li, S.; Lee, L.A.; Lee, B.; Pingali, S.V.; Thiyagarajan, P.; Wang, Q. Assembly of tobacco
mosaic virus into fibrous and macroscopic bundled arrays mediated by surface aniline polymerization.
Langmuir 2007, 23, 6719–6724. [CrossRef]

117. Niu, Z.; Liu, J.; Lee, L.A.; Bruckman, M.A.; Zhao, D.; Koley, G.; Wang, Q. Biological templated synthesis of
water-soluble conductive polymeric nanowires. Nano Lett. 2007, 7, 3729–3733. [CrossRef]

118. Long, Y.Z.; Chen, Z.J.; Zheng, P.; Wang, N.L.; Zhang, Z.M.; Wan, M.X. Low-temperature resistivities of
nanotubular polyaniline doped with H3PO4 and beta-naphthalene sulfonic acid. J. Appl. Phys. 2003, 93,
2962–2965. [CrossRef]

119. Xia, H.B.; Narayanan, J.; Cheng, D.M.; Xiao, C.Y.; Liu, X.Y.; Chan, H.S.O. Formation of ordered arrays of
oriented polyaniline nanoparticle nanorods. J. Phys. Chem. B 2005, 109, 12677–12684. [CrossRef]

120. Li, G.C.; Pang, S.P.; Xie, G.W.; Wang, Z.B.; Peng, H.R.; Zhang, Z.K. Synthesis of radially aligned polyaniline
dendrites. Polymer 2006, 47, 1456–1459. [CrossRef]

121. Dai, T.; Lu, Y. Water-soluble methyl orange fibrils as versatile templates for the fabrication of conducting
polymer microtubules. Macromol. Rapid Commun. 2007, 28, 629–633. [CrossRef]

122. Zhang, Z.M.; Wan, M.X.; Wei, Y. Highly crystalline polyaniline nanostructures doped with dicarhoxylic acids.
Adv. Funct. Mater. 2006, 16, 1100–1104. [CrossRef]

123. Gu, Z.-J.; Zhang, Q.-C.; Shen, Q. Synthesis and comparison of polyaniline nanofibers templated by alpha-,
beta- and gamma-cyclodextrin. J. Poly. Res. 2015, 22, 7. [CrossRef]

124. Anilkumar, P.; Jayakannan, M. Single-molecular-system-based selective micellar templates for polyaniline
nanomaterials: Control of shape, size, solid state ordering, and expanded chain to coillike conformation.
Macromolecules 2007, 40, 7311–7319. [CrossRef]

125. Stejskal, J.; Sapurina, I.; Trchova, M. Polyaniline nanostructures and the role of aniline oligomers in their
formation. Prog. Polym. Sci. 2010, 35, 1420–1481. [CrossRef]

126. Tran, H.D.; Wang, Y.; D’Arcy, J.M.; Kaner, R.B. Toward an understanding of the formation of conducting
polymer nanofibers. ACS Nano 2008, 2, 1841–1848. [CrossRef]

127. Huang, J.X.; Kaner, R.B. Nanofiber formation in the chemical polymerization of aniline: A mechanistic study.
Angew. Chem. Int. Ed. 2004, 43, 5817–5821. [CrossRef]

128. Huang, J.X.; Virji, S.; Weiller, B.H.; Kaner, R.B. Polyaniline nanofibers: Facile synthesis and chemical sensors.
J. Am. Chem. Soc. 2003, 125, 314–315. [CrossRef]

129. Huang, J.X.; Kaner, R.B. A general chemical route to polyaniline nanofibers. J. Am. Chem. Soc. 2004, 126,
851–855. [CrossRef]

130. Liu, Y.D.; Kim, H.Y.; Kim, J.E.; Kim, I.G.; Choi, H.J.; Park, S.-J. Enhanced effect of dopant on polyaniline
nanofiber based electrorheological response. Mater. Chem. Phys. 2014, 147, 843–849. [CrossRef]

131. Pramanik, S.; Karak, N.; Banerjee, S.; Kumar, A. Effects of solvent interactions on the structure and properties
of prepared PAni nanofibers. J. Appl. Polym. Sci. 2012, 126, 830–836. [CrossRef]

http://dx.doi.org/10.1016/j.molcatb.2014.03.007
http://dx.doi.org/10.1039/c3ra45774e
http://dx.doi.org/10.1039/C3TA14309K
http://dx.doi.org/10.1016/j.synthmet.2010.03.009
http://dx.doi.org/10.1021/ja039621t
http://www.ncbi.nlm.nih.gov/pubmed/15174880
http://dx.doi.org/10.1088/0957-4484/15/11/026
http://dx.doi.org/10.1016/j.polymer.2009.07.024
http://dx.doi.org/10.1039/b603780a
http://www.ncbi.nlm.nih.gov/pubmed/16832523
http://dx.doi.org/10.1021/la070096b
http://dx.doi.org/10.1021/nl072134h
http://dx.doi.org/10.1063/1.1544653
http://dx.doi.org/10.1021/jp0503260
http://dx.doi.org/10.1016/j.polymer.2005.12.062
http://dx.doi.org/10.1002/marc.200600697
http://dx.doi.org/10.1002/adfm.200500636
http://dx.doi.org/10.1007/s10965-014-0647-5
http://dx.doi.org/10.1021/ma071292s
http://dx.doi.org/10.1016/j.progpolymsci.2010.07.006
http://dx.doi.org/10.1021/nn800272z
http://dx.doi.org/10.1002/anie.200460616
http://dx.doi.org/10.1021/ja028371y
http://dx.doi.org/10.1021/ja0371754
http://dx.doi.org/10.1016/j.matchemphys.2014.06.029
http://dx.doi.org/10.1002/app.36950


Polymers 2019, 11, 681 23 of 24

132. Chiou, N.-R.; Lee, L.J.; Epstein, A.J. Porous membrane controlled polymerization of nanofibers of polyaniline
and its derivatives. J. Mater. Chem. 2008, 18, 2085–2089. [CrossRef]

133. Pham, Q.M.; Kim, J.-S.; Kim, S. Polyaniline nanofibers synthesized in compressed CO2. Synth. Met. 2010,
160, 394–399. [CrossRef]

134. Bhadra, S.; Lee, J.H. Synthesis of Higher Soluble Nanostructured Polyaniline by Vapor-Phase Polymerization
and Determination of its Crystal Structure. J. Appl. Polym. Sci. 2009, 114, 331–340. [CrossRef]

135. Kumar, S.; Singh, V.; Aggarwal, S.; Mandal, U.K. Synthesis of 1-Dimensional polyaniline nanofibers by
reverse microemulsion. Colloid Polym. Sci. 2009, 287, 1107–1110. [CrossRef]

136. Su, C.; Wang, G.; Huang, F.; Li, X. Effects of synthetic conditions on the structure and electrical properties of
polyaniline nanofibers. J. Mater. Sci. 2008, 43, 197–202. [CrossRef]

137. Ding, H.; Shen, J.; Wan, M.; Chen, Z. Formation mechanism of polyaniline nanotubes by a simplified
template-free method. Macromol. Chem. Phys. 2008, 209, 864–871. [CrossRef]

138. Wang, P.-C.; Dan, Y.; Liu, L.-H. Effect of thermal treatment on conductometric response of hydrogen gas
sensors integrated with HCl-doped polyaniline nanofibers. Mater. Chem. Phys. 2014, 144, 155–161. [CrossRef]

139. Hu, Z.; Xu, J.; Tian, Y.; Peng, R.; Xian, Y.; Ran, Q.; Jin, L. Layer-by-layer assembly of poly(sodium
4-styrenesulfonate) wrapped multiwalled carbon nanotubes with polyaniline nanofibers and its
electrochemistry. Carbon 2010, 48, 3729–3736. [CrossRef]

140. Huang, J.X.; Kaner, R.B. The intrinsic nanofibrillar morphology of polyaniline. Chem. Commun. 2006, 367–376.
[CrossRef]

141. Rezaei, F.; Tavandashti, N.P.; Zahedi, A.R. Morphology of polyaniline nanofibers synthesized under different
conditions. Res. Chem. Intermed. 2014, 40, 1233–1247. [CrossRef]

142. Chiou, N.R.; Epstein, A.J. A simple approach to control the growth of polyaniline nanofibers. Synth. Met.
2005, 153, 69–72. [CrossRef]

143. Zhang, H.; Wang, X.; Li, J.; Wang, F. Facile synthesis of polyaniline nanofibers using pseudo-high dilution
technique. Synth. Met. 2009, 159, 1508–1511. [CrossRef]

144. Zhao, Y.; Arowo, M.; Wu, W.; Chen, J. Effect of Additives on the Properties of Polyaniline Nanofibers Prepared
by High Gravity Chemical Oxidative Polymerization. Langmuir 2015, 31, 5155–5163. [CrossRef]

145. Zhang, X.Y.; Goux, W.J.; Manohar, S.K. Synthesis of polyaniline nanofibers by “nanofiber seeding”. J. Am.
Chem. Soc. 2004, 126, 4502–4503. [CrossRef]

146. Wang, D.; Ma, F.; Qi, S.; Song, B. Synthesis and electromagnetic characterization of polyaniline nanorods
using Schiff base through ‘seeding’ polymerization. Synth. Met. 2010, 160, 2077–2084. [CrossRef]

147. Wu, W.; Pan, D.; Li, Y.; Zhao, G.; Jing, L.; Chen, S. Facile fabrication of polyaniline nanotubes using
the self-assembly behavior based on the hydrogen bonding: A mechanistic study and application in
high-performance electrochemical supercapacitor electrode. Electrochim. Acta 2015, 152, 126–134. [CrossRef]

148. Hatano, T.; Takeuchi, M.; Ikeda, A.; Shinkai, S. New morphology-controlled poly(aniline) synthesis using
anionic porphyrin aggregate as a template. Chem. Lett. 2003, 32, 314–315. [CrossRef]

149. Kuila, B.K.; Stamm, M. Fabrication of oriented polyaniline nanostructures using block copolymer
nanotemplates and their optical, electrochemical and electric properties. J. Mater. Chem. 2010, 20, 6086–6094.
[CrossRef]

150. Li, X.; Tian, S.J.; Ping, Y.; Kim, D.H.; Knoll, W. One-step route to the fabrication of highly porous polyaniline
nanofiber films by using PS-b-PVP diblock copolymers as templates. Langmuir 2005, 21, 9393–9397. [CrossRef]

151. Cao, Y.; Mallouk, T.E. Morphology of Template-Grown Polyaniline Nanowires and Its Effect on the
Electrochemical Capacitance of Nanowire Arrays. Chem. Mater. 2008, 20, 5260–5265. [CrossRef]

152. Liu, J.; Lin, Y.H.; Liang, L.; Voigt, J.A.; Huber, D.L.; Tian, Z.R.; Coker, E.; McKenzie, B.; McDermott, M.J.
Templateless assembly of molecularly aligned conductive polymer nanowires: A new approach for oriented
nanostructures. Chem. Eur. J. 2003, 9, 604–611. [CrossRef]

153. Kemp, N.T.; Cochrane, J.W.; Newbury, R. Characteristics of the nucleation and growth of template-free
polyaniline nanowires and fibrils. Synth. Met. 2009, 159, 435–444. [CrossRef]

154. Wang, K.; Huang, J.; Wei, Z. Conducting Polyaniline Nanowire Arrays for High Performance Supercapacitors.
J. Phys. Chem. C 2010, 114, 8062–8067. [CrossRef]

155. Zhang, H.; Wang, J.; Wang, Z.; Zhang, F.; Wang, S. Electrodeposition of polyaniline nanostructures: A lamellar
structure. Synth. Met. 2009, 159, 277–281. [CrossRef]

http://dx.doi.org/10.1039/b719320c
http://dx.doi.org/10.1016/j.synthmet.2009.11.015
http://dx.doi.org/10.1002/app.30524
http://dx.doi.org/10.1007/s00396-009-2078-0
http://dx.doi.org/10.1007/s10853-007-2133-5
http://dx.doi.org/10.1002/macp.200700624
http://dx.doi.org/10.1016/j.matchemphys.2013.12.035
http://dx.doi.org/10.1016/j.carbon.2010.06.035
http://dx.doi.org/10.1039/B510956F
http://dx.doi.org/10.1007/s11164-013-1035-1
http://dx.doi.org/10.1016/j.synthmet.2005.07.145
http://dx.doi.org/10.1016/j.synthmet.2009.03.022
http://dx.doi.org/10.1021/la504996c
http://dx.doi.org/10.1021/ja031867a
http://dx.doi.org/10.1016/j.synthmet.2010.07.027
http://dx.doi.org/10.1016/j.electacta.2014.11.130
http://dx.doi.org/10.1246/cl.2003.314
http://dx.doi.org/10.1039/c0jm00352b
http://dx.doi.org/10.1021/la0514009
http://dx.doi.org/10.1021/cm801028a
http://dx.doi.org/10.1002/chem.200390064
http://dx.doi.org/10.1016/j.synthmet.2008.11.001
http://dx.doi.org/10.1021/jp9113255
http://dx.doi.org/10.1016/j.synthmet.2008.09.015


Polymers 2019, 11, 681 24 of 24

156. Zhang, H.; Li, H.; Zhang, F.; Wang, J.; Wang, Z.; Wang, S. Polyaniline nanofibers prepared by a facile
electrochemical approach and their supercapacitor performance. J. Mater. Res. 2008, 23, 2326–2332.
[CrossRef]

157. Langer, J.J.; Czajkowski, I. Polyaniline Microrods. Adv. Mater. Opt. Electron. 1997, 7, 149–156. [CrossRef]
158. Okamoto, H.; Okamoto, M.; Kotaka, T. Structure development in polyaniline films during electrochemical

polymerization. II: Structure and properties of polyaniline films prepared via electrochemical polymerization.
Polymer 1998, 39, 4359–4367. [CrossRef]

159. Chen, X.; Tang, Q.; He, B. Efficient dye-sensitized solar cell from spiny polyaniline nanofiber counter electrode.
Mater. Lett. 2014, 119, 28–31. [CrossRef]

160. Liang, L.; Liu, J.; Windisch, C.F.; Exarhos, G.J.; Lin, Y.H. Direct assembly of large arrays of oriented conducting
polymer nanowires. Angew. Chem. Int. Ed. 2002, 41, 3665–3668. [CrossRef]

161. Kellenberger, A.; Plesu, N.; Mihali, M.T.-L.; Vaszilcsin, N. Synthesis of polyaniline nanostructures by
electrochemical deposition on niobium. Polymer 2013, 54, 3166–3174. [CrossRef]

162. Smith, J.A.; Josowicz, M.; Janata, J. Polyaniline-gold nanocomposite system. J. Electrochem. Soc. 2003, 150,
E384–E388. [CrossRef]

163. Jiang, H.-F.; Liu, X.-X. One-dimensional growth and electrochemical properties of polyaniline deposited by a
pulse potentiostatic method. Electrochim. Acta 2010, 55, 7175–7181. [CrossRef]

164. Yu, X.; Li, Y.; Zhu, N.; Yang, Q.; Kalantar-zadeh, K. A polyaniline nanofibre electrode and its application in a
self-powered photoelectrochromic cell. Nanotechnology 2007, 18, 015201. [CrossRef]

165. Wei, D.; Kvarnstrom, C.; Lindfors, T.; Ivaska, A. Polyaniline nanotubules obtained in room-temperature
ionic liquids. Electrochem. Commun. 2006, 8, 1563–1566. [CrossRef]

166. Ghanbari, K.; Mousavi, M.F.; Shamsipur, M. Preparation of polyaniline nanofibers and their use as a cathode
of aqueous rechargeable batteries. Electrochim. Acta 2006, 52, 1514–1522. [CrossRef]

167. Gupta, V.; Miura, N. Large-area network of polyaniline nanowires prepared by potentiostatic deposition
process. Electrochem. Commun. 2005, 7, 995–999. [CrossRef]

168. Yeager, E.; Bockris, J.O.M.; Conway, B.E.; Sarangapani, S. Comprehensive Treatise of Electrochemistry vol.6;
Springer: Boston, MA, USA, 1983; pp. 242–277.

169. Zhang, H. Preparation and Characterization of Polyaniline Nanomaterials. Ph.D. Thesis, Tianjin University,
Tianjin, China, 2009.

170. Zhou, C.F.; Du, X.S.; Liu, Z.; Ringer, S.P.; Mai, Y.W. Solid phase mechanochemical synthesis of polyaniline
branched nanofibers. Synth. Met. 2009, 159, 1302–1307. [CrossRef]

171. Bhadra, S.; Kim, N.H.; Rhee, K.Y.; Lee, J.H. Preparation of nanosize polyaniline by solid-state polymerization
and determination of crystal structure. Polym. Int. 2009, 58, 1173–1180. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1557/jmr.2008.0304
http://dx.doi.org/10.1002/(SICI)1099-0712(199705)7:3&lt;149::AID-AMO308&gt;3.0.CO;2-0
http://dx.doi.org/10.1016/S0032-3861(97)10105-7
http://dx.doi.org/10.1016/j.matlet.2013.12.094
http://dx.doi.org/10.1002/1521-3773(20021004)41:19&lt;3665::AID-ANIE3665&gt;3.0.CO;2-B
http://dx.doi.org/10.1016/j.polymer.2013.04.031
http://dx.doi.org/10.1149/1.1589762
http://dx.doi.org/10.1016/j.electacta.2010.07.056
http://dx.doi.org/10.1088/0957-4484/18/1/015201
http://dx.doi.org/10.1016/j.elecom.2006.07.024
http://dx.doi.org/10.1016/j.electacta.2006.02.051
http://dx.doi.org/10.1016/j.elecom.2005.07.008
http://dx.doi.org/10.1016/j.synthmet.2009.02.033
http://dx.doi.org/10.1002/pi.2646
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Complexity of the Polymerization Process of PANI 
	Characters of the Various Synthesis Methods of 1D Nano-PANI 
	Hard Template Methods 
	Soft Template Methods 
	Chemical Polymerization with Template-Free Approaches 
	Interfacial Polymerization 
	Dilute Polymerization 
	Rapid Mixing Methods 
	Seeding Polymerization 

	Electrochemical Approaches 
	Other Methods 

	Conclusions 
	References

