Chinese Journal of Polymer Science Vol. 31, No. 6, (2013), 853869 Chinese Journal of Polymer Science

© Chinese Chemical Society
Institute of Chemistry, CAS
Springer-Verlag Berlin Heidelberg 2013

Review

ECO-FRIENDLY WATER-BORNE CONDUCTING POLYANILINE"

Hong-ming Zhang and Xian-hong Wang™*
Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun 130022, China

Abstract Among the intrinsically conductive polymers, polyanilines have been of great interest in the past decades due to
their wide applications in many fields, thanks to their reasonably good conductivity, easy preparation, and special redox
properties. Ever-increasing environmental considerations make the processing of polyanilines shift from toxic organic
solvent-based system to eco-friendly water-based system. The present paper reviews the synthesis of water-borne conducting
polyanilines, and possible applications are discussed including supercapacitor electrode material, metal free corrosion
protection coating, lithium oxygen battery cathode material and ultraviolet curable resin.

Keywords: Water-borne; Polyaniline; Supercapacitor; Corrosion protection; Lithium oxygen battery; Ultraviolet curable.

INTRODUCTION

Polyanilines consisting of phenyl diamine and quinine diimine repeating units have been considered as very
important intrinsically conductive polymers receiving worldwide investigation, owing to their special electrical,
optical and electrochemical properties’' . Many promising applications in various fields are explored in the past
decades, such as metal free corrosion protection” ), electromagnetic interference shielding!”, electrostatic
discharge!'!), chemical and biological sensors!'>™"*! supercapacitor'® '), actuators!"® molecular wires!"”), gas
separation membranes>”’ and artificial muscles™™! efc. As far as polyaniline processing is concerned, organic
solvent-based system dominates in which conducting polyanilines are dispersed or dissolved in toxic solvents
like m-cresol and chloroform, or volatile organic solvents like xylene or toluene, which causes serious
environmental pollution and potential human health damage. Therefore, eco-friendly processings of water-borne
conducting polyanilines are badly needed® !, Currently, water-based polyanilines have been successfully
prepared by various techniques with electrical conductivity variable from 10~ to 10" S-cm™, and their
applications are explored.

Prof. Fosong Wang initiated academic research on conducting polymers since 1981, he founded a long last
research team in Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, for conducting
polyaniline since 1983. This research team has been active since then, covering from preparation, structure and
properties of polyaniline based materials to industrialization of polyanilines for transparent anti-static coating in
electronic industry and metal free anti-corrosion coating for steel or aluminum alloy. Wang was the pioneer for
commercialization of conducting polyaniline in China. This review will not go to the details of all the researches
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in polyaniline in this team, but will focus on the water-based processing of conducting polyaniline, including
synthesis of water soluble polyanilines with different electrical conductivity and their various applications such
as active electrode material in supercapacitor, anti-corrosive pigment in metallic corrosion protection, additive in
ultraviolet curable coating, and electrode material of lithium battery.

Synthesis of Water-borne Conducting Polyaniline

Various approaches have been reported to prepare water-borne polyanilines, including self-doping, template
polymerization and counter-ion induced method. The self-doping approach has been widely used to prepare
water-based conducting polyanilines, in which the sulfonic or phosphoric acid group linking onto the aromatic
ring or nitrogen atom!*®**” served as hydrophilic segment to provide water soluble or dispersible properties. The
hydrophilic unit can be connected to two active reaction sites, aromatic ring or amine nitrogen of polymer
backbone. Epstein and co-workers have successfully prepared water-based self-doped conducting polyaniline by
reaction of polyaniline emeraldine base with fuming sulfuric acid®*>*, where sulfonic acid groups were
functionalized onto the aromatic rings of polymer backbone (Fig. 1a) to give electrical conductivity from
107" S:em™ to 10 S-cm™. Chen et al. claimed that water-borne conductive polyanilines can be synthesized,
where the amine nitrogen in the polyaniline backbone was linked by hydrophilic segment, such as propane
sulfonic acid group?> *%!, p-(3-bromopropyl)benzenesulfonic acid group™” or benzoylsulfonic group®, by
reacting emeraldine base with 1,3-propanesultone (Fig. 1b), p-(3-bromopropyl)benzenesulfonic acid (Fig. 1c) or
o-sulfobenzoic anhydride (Fig. 1d), respectively. Recently, Jo er al.*” synthesized water soluble self-doped
conducting polyaniline graft copolymer, poly(styrenesulfonic acid-g-aniline), in which styrenesulfonic acid unit
served as water-soluble moiety and self-doping moiety, and its electrical conductivity can reach 10" S-cm™. We
prepared self-doped water-borne conducting polyanilines through the co-polymerization of 2-sulfoaniline and
aniline using potassium hexacyanoferrate (II) as oxidant, in which the doped state is directly obtained with
hexacyanoferrate (II) anion and sulfonate group surrounding imine and amine atoms in polyaniline backbone
(see Fig. 2). From the scanning electron microscope (SEM) morphology of the water-based polyaniline shown in
Fig. 3, it can be seen hollow spherical polyaniline particles with a diameter of 300—600 nm and a shell thickness
of 50-68 nm were readily obtained, whose electrical conductivity can reach ca. 1.5 S-cm™.
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Fig. 1 Self-doped approach to water-borne polyanilines by reaction between emeraldine base and
(a) fuming sulfuric acid, (b) 1,3-propanesultone, (c) p-(3-bromopropyl)benzenesulfonic acid and
(d) o-sulfobenzoic anhydride, respectively
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Fig. 2 Chemical structure of self-doped water-borne conducting polyaniline

Fig. 3 SEM image of self-doped water-borne conducting polyaniline

Water-borne conducting polyaniline can also be prepared using template polymerization, in which water
soluble polyacrylamide®™*¥, poly(2-acrylamido-2-methyl-1-propane-sulfonic acid)*> *®!, poly(4-styrene-
sulfonate acid)!*” ** or poly(vinysulfonic acid)*”’ was used as a template as well as hydrophilic segments. A
typical water-borne conducting polyaniline from template polymerization method is shown in Fig. 4, where
poly(stryrenesulfonic acid) was used as a template. First, the aniline monomers were protonated onto positively
charged anilinium ions and combined with negative charged sulfonate groups of the poly(4-styrenesulfonate
acid) in aqueous solution to form anilinium ion-PSS complex by electrostatic interaction’”. Then the
polymerization of aniline using ammonium persulfate as an oxidant led to water soluble polyaniline-poly(4-
styrenesulfonate acid) (PANi-PSSA), which was assumed to exhibit a double-strand structure and much
improved stability. Co-existence of polyaniline and insulated polymer for template polymerization was also not
beneficial for high conductivity, a low electrical conductivity ranging from 10 S-cm™ to 107 S-em ™' was
obtained.
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Fig. 4 Schematic illustration of the preparation of water-based polyaniline obtained from template polymerization
method, using poly(stryrenesulfonic acid) as a template (Reproduced with permission from the Ref. [50])
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Counter-ion induced method"®" "% was an important approach to water-borne conducting polyaniline

through a simple neutrallzation reaction between alkaline polyaniline emeraldine base and acidic dopant, in
which the hydrophilic segment of anion from dopant prompted the polymer to disperse or dissolve in water to
give water-borne conducting polyaniline. Phosphate ester dopant with different numbers of ethylene glycol
repeating units (x = 1-16) composed of monoester and diester was prepared®**", as shown in Fig. 5, and water-
borne conducting polyaniline can be obtained when the emeraldine base was doped by the acidic phosphate ester
through counter-ion induced method. When the number of repeating ethylene glycol unit x was set as 7, water
soluble polyaniline with electrical conductivity of 10" S-cm™ was prepared”®’. As the x decreased to 2, a stable
water-dispersible conducting polyaniline was obtained”””’ with electrical conductivity of 4.5 S-cm™. The
resultant dispersion with nano-particle diameter of 60—140 nm was very stable, no precipitation was observed
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Fig. 5 Structure of water-borne conducting polyaniline obtained from counter-ion
induced method (x is an integer, x = 1-16.)
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Fig. 6 Schematic illustration of the lamellar structure consisting of alternating polyaniline layers and
phosphate ester side chain layers (Reproduced with permission from the Ref. [58])
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Fig. 7 TEM images of water-borne conducting polyaniline with different numbers of ethylene glycol units
@x=16,b)x=12,(c)x=17,(d) x =4, (¢) x =2 and (f) x = 1; The WAXD patterns of polyaniline films
(g); The influence of x value on the average diameter (h) and electrical conductivity (i) (Reproduced with
permission from the Ref. [59])

after 3 months, and the particle size distribution was almost unchanged. When the number of ethylene glycol
repeating unit x further decreased to 1, water-borne conducting polyaniline™ ** nanoparticles with diameters
ranging from 20 nm to 80 nm was synthesized. Its electrical conductivity can reach as high as 25 S-cm™', which
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was much higher than that of the earlier reported water-based polyanilines”®®>”. More importantly, lamellar self-
assembly and crystalline structure (shown in Fig. 6) was found with alternating polyaniline and phosphate ester
side chain layers. The side chain crystalline structure showed the periodicity of ca. 1.2 nm. The high electrical
conductivity can be caused by the side chain crystalline forced lamellar structure. Lamellar structure due to side
chain crystalline confinement may be a new way to improve the electrical conductivity of conducting
polyaniline. This water-borne conductive polyaniline has been found to form supramolecular complex with
cellulose in aqueous systems'®”, and furthermore, it can improve the rheological behavior of cellulose!®". As
described above, properties of water-borne conducting polyanilines strongly depended on the phosphate ester
dopant with different numbers of repeating ethylene glycol units. The influence of the side chain length of the
dopant on the chain packing of conducting polyanilines was found to be highly dependent on the x value in
dopant side chains (Fig. 7), when x decreased from 16 to 2, the conducting polyaniline film changed slowly from
amorphous to partially crystalline’®”, as indicated by the increasing relative intensity of peak at 25.7° (Fig. 7g),
in the meantime, its electrical conductivity increased from 5.9 x 107° S-cm™ to 4.5 S-em™ (Fig. 7h), and the
average diameter of polyaniline particles in the dispersion decreased from 950 nm to 100 nm (Fig. 7i). The
transition from disorder to order structure may provide a new insight for preparation of highly conducting
polyaniline by means of highly crystalline or regular stacking.

In summary, each synthetic method has its advantage and shortcoming. As for self-doped approach, the
water-solubility of polyaniline is caused by the hydrophilic sulfonic acid group on the benzene ring or sulfonic
acid derivatives on amine nitrogen of polyaniline, however, it’s just the hydrophilic moieties that they damage
the conjugation structure of polyaniline backbone and thus high electrical conductivity can’t be obtained. Simple
and easy to operate is the advantage of this method. For template polymerization method, insulated water-soluble
polymers used as template prohibit the formation of a higher electrical conductivity. On the other hand, the
water-borne polymer templates promote the formation of excellent free standing films. For the counter-ion
induced technique, high conductivities over 10' S-cm™ can be achieved, but the film is found to be too fragile to
form an excellent free standing conducting film. An excellent free standing film with a high conductivity from
water-borne conducting polyaniline is very important for the application on high end electrical market, therefore,
an appropriate dopant needs to be further investigated for this method.

Electrode Material for Supercapacitor

Due to the ever-increasing environmental concerns and the up-coming depletion of fossil fuels, considerable
efforts have been devoted to the development of alternative energy storage/conversion devices with high power
and energy densities!® . Supercapacitors are energy storage devices with short charging times combining the
high energy-storage capacity of conventional batteries and high power-delivery capacity of conventional
capacitors'®> ®! higher power density, energy density and specific capacitance are required for corresponding
electrode materials'®”). So far, electrode materials mainly focus on carbon based materials!® "' intrinsically
conducting polymers'”>7> and transition metal oxide’® "' efc. Among the electrical conducting polymers,
polyaniline!”® 7 has been considered as one of the most promising electrode materials for supercapacitors’®”, not
only for its high electrical conductivity and superior redox properties, but also for its easy synthesis, good
environmental stability and relatively low cost. Li and co-workers™ reported that a super-hydrophilic
conducting polyaniline can give a specific capacitance of 500 F-g™' at a constant current density of 1.5 A-g™" in
0.1 mol/L H,SO,4 aqueous solution, moreover, the capacitance still maintained about 400 F-g™' after 5000
consecutive cycles, the super-hydrophilicity of electrode materials was considered for aqueous electrolyte system
redox supercapacitors, since good hydrophilic properties were beneficial for the diffusion of aqueous electrolyte
during the charge/discharge process. Self-doped water-based polyaniline nanofibers with diameters in range of
60-90 nm obtained from electrochemical polymerization of aniline and m-aminobenzoic onto the platinum,
reported by Mousavi ez al.*¥, can provide a specific capacitance (480 F-g™"), specific power (436 W-kg™") and
specific energy (9.40 Wh-kg™) in a 1 mmol/L HCI and 1 mol/L KCI aqueous electrolyte at a current density of
5 mA-cm™. After 900 cycles, the specific capacitance decreased from the initial 480 F-g™' to 247 F-g”', i.e., a
45% capacitance loss was found.
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Most researches are carried out in aqueous electrolyte, as mentioned above, especially for water-based
polyaniline system. However, practical supercapacitor is fabricated in organic electrolyte, obstacles such as the
poor stability for long-term charging and discharging exist, especially in organic electrolyte, which has much
higher resistance than aqueous analogue® *!. Therefore, investigation of water-borne polyaniline in organic
electrolyte is of great importance for this material of practical value for supercapacitor.

Aqueous dispersed polyaniline nanofibers with diameter of 17-26 nm were successfully prepared , in
which polyaniline nanofibers were prepared using ferric nitrate as oxidant through pseudo-high dilution
technique, and then doped by phosphate ester with one ethylene glycol repeating unit™!. The electrical
conductivity of the film from aqueous dispersed polyaniline nanofibers can reach as high as 32 S-cm™, where a
highly crystalline structure was found. The aqueous dispersible nanofibrous polyaniline is used as electrode
material for supercapacitor in non-protonic solvent system (Fig. 8). For polyaniline nanofibers of 17-26 nm
diameter, a specific capacitance as high as 160 F-g ' at a discharge rate of 0.4 A-g™' from —1 V to 1 V in
1 mol-L™" tetraethylammonium tetrafluoroborate/propylene carbonate (PC/EtyN"-BF,") solution was obtained,
and the discharge/charge efficiency reached 92%, indicating good electrochemical reversibility. For nanofibrous
polyaniline of 100—120 nm in diameter and non-fibrous polyaniline, the specific capacitance (SC) was only
120 F-g™' and 90 F-g', respectively. The difference was due to the various specific surface area, it was 70, 21
and 13 m’g™' for thin nanofibrous, thick nanofibrous and non-fibrous water-based polyaniline, respectively,
higher surface area can lead to higher SC value, as also found in the latest report®”),

[85-87]
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Fig. 8 (A) Cyclic voltammograms and (B) galvanostatic charge/discharge curves for (a) thin water-borne
polyaniline nanofiber electrode, (b) thick water-based polyaniline nanofiber electrode and (c) non-fibrous water
soluble polyaniline electrode (Reproduced with permission from the Ref. [85])

Scan rate for cyclic voltammograms: 20 mV-s™'; Current density for galvanostatic charge/discharge: 0.4 A-g™'

Aqueous dispersed conducting polyaniline can provide excellent SC, however, the cycle stability is
unsatisfactory, especially for the long-term charging/discharging processes, which is the main obstacle for its
commercial application. The instability of pure polyaniline electrode is mainly owing to the internal stress
change derived from the dopant anion intercalation and dissociation during the long-term charging and
discharging processes. In general, various strategies have been employed to promote the long-term cycle
stability, such as compositing polyaniline with carbon materials'® (carbon nanotubes or graphene) to improve
the porosity and allow room for the swelling and shrinkage of PANI composites. As a superior carbon-based
nanomaterial, graphene is extremely attractive. The single-layered graphene is composed of sp® hybrid carbon
atom with a honeycomb crystal structure, demonstrating many unprecedented properties, among which the high
specific surface area, excellent electrical and electrochemical performance are most interesting for its application
in electrochemical capacitors. In fact, it has been demonstrated that the graphene layers can be assembled onto
the surface of positive charged colloid spheres™, and Yang er al. reported that graphene-encapsulated
nanoparticles could be fabricated by ionic interactions between negatively charged graphene oxide and positively
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charged oxide nanoparticles'’). Graphene-wrapped aqueous dispersible polyaniline nanofiber electrode

material® was obtained by co-assembly of negatively charged graphene oxide with positively charged aqueous
dispersible polyaniline nanofibers with diameter of 120—150 nm in an aqueous dispersion, followed by the
reduction of the graphene oxide (Fig. 9a). The transmission electron microscopy (TEM) images of graphene-
wrapped polyaniline nanfibers (Fig. 9b) obviously revealed that polyaniline nanofibers were successfully
decorated by graphene layers, and in some cases, the neighboring polyaniline nanofibers were linked by the
graphene layers. As shown in Fig. 10(a), the maximum SC value of 250 F-g™' for Gral00-wrap-PANI-NF was
obtained at a current density of 0.5 A-g™' in a 1 mol/L Et,;N"-BF,/PC electrolyte, which was much higher than
that of the pristine polyaniline nanofibers. From the continuous charging/discharging cycle tests at a current
density of 1 A-g™" in a 1 mol/L Et;N"-BE,/PC electrolyte for pristine polyaniline nanofibers and Gral00-wrap-
PANI-NF shown in Fig. 10(b), the Gral00-wrap-PANI-NF displayed a higher initial SC of 236 F-g™', and
retained as 173.3 F-g™' after 1000 charging/discharging cycles with a 26.27% capacitance loss, which was a
sharp difference compared with that of pristine PANI (56.2% capacitance loss). Due to the superior chemical and
electrochemical stability, graphene can act as a good protecting layer of the active materials, retarding the
degradation of polyaniline material and the capacity fading during the long-term charging and discharging cycle
processes. This provided a route to improve the cyclic stability of water-borne conducting polyaniline based
electrode material for supercapacitor.
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Fig. 9 (a) Possible procedure to graphene-wrapped polyaniline nanofibers and (b)TEM image of
graphene-wrapped polyaniline nanofibers (Reproduced with permission from the Ref. [92])
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Fig. 10 (a) Galvanostatic charging/discharging curves and (b) cycle stabilities of pristine polyaniline
nanofibers and graphene-wrapped polyaniline nanofibers Gral0O-wrap-PANI-NF (Reproduced with
permission from the Ref. [92]).

Gral00-wrap-PANI-NF represents the mass ratio of polyaniline naofibers to graphene oxide is 1000:100.
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Cathode Material for Lithium Battery

Rechargeable lithium-ion batteries attract more and more attention, due to ever-increasing demands for
consumer devices such as mobile phones, personal computers and various electric vehicles!”> %!, therefore, it is
of great significance to develop high-energy-density rechargeable batteries. A potential way to improve the
performance of electrode materials of lithium-ion batteries is introduction of conducting polymers!'™. Up to
now, many electrode materials have been developed, e.g., SnO,/polypyrrole!®, sulphur/polypyrrole!'®®,
LiMn204/polypyrrole“07], LiFePO4/polypyrrole“08‘ 1091, LiV308/polypyrrole[“0’ Hy; LiV3Og/polyaniline[“2],
Li,SnOs/polyaniline!'"*!,  polyaniline/TiO,!"'"" and V,Os/polyaniline!'’®!, which show improved cycling
performance in lithium battery.

Cao et al"'® reported a novel electrode material for lithium battery with long cycle life through self-
assembled polyaniline nanotubes for sulfur encapsulation, it could retain a discharge capacity of 837 mA-h-g™'
after 100 cycles, indicating an excellent cyclic life. Rye et al. prepared polyaniline films doped with Li salt and
protonic acid, showing capacity of almost 90 mA-h-g™" at 100™ cycle in lithium secondary battery test!''” '8!,

Gu et al. prepared polyaniline/ carbon nanotube array composites for lithium-ion battery cathodes, giving a
capacity of 48 mA-h/g at 260 C rates!''”).

Huang et al"® '*!! reported cathode materials for lithium-ion batteries, where a composite was formed

from polyaniline and carbon-coated LiFePO4 (C-LFP) via the H-bond interaction between the H atom of the
—NH’" group in polyaniline and the O atom in LiFePO, particles. The composite exhibits a ca. 15% capacity
enhancement at 0.2 C and 40% enhancement at 5 C compared to the parent C-LFP.

We employed the aqueous dispersed polyaniline nanofibers®" as cathode of the lithium-oxygen battery, as
shown in Fig. 11, at a current density of 0.05 mA/cm’, after an initial degradation from 3260 mA-h/g to
2320 mA-h/g polyaniline (PANI) during the first three cycles, the discharge capacity kept relatively stable in the
next 27 cycles with only a 4% loss. The initial large degradation may be due to the deactivation of polyaniline
nanofibers directly exposed in the gas phase.
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Fig. 11 The discharge curves (a), charge-discharge curves (b) and discharge capacities versus

cycle number (c) for the lithium-oxygen battery based on polyaniline nanofibers cathode at current

density of 0.05 mA/cm? (Reproduced with permission from the Ref. [86])

The scan rate for cyclic voltammograms is 20 mV/s.
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Application on Corrosion Protection
Intrinsically conducting polymers such as polyaniline , polypyrrole , polythiophene and
polyindole!** ez, have been successfully used for anti-corrosion of various metals, not only for their excellent
anticorrosion capability, but also for their environment friendly property free of toxic heavy metals, which may
open a new route for environmental friendly anti-corrosion materials!'****”). Polyaniline is recognized to be one
of the best pigments for the anti-corrosion coatings due to their excellent environment stability and unique redox
property[ 1381411

Ever since DeBerry!'** found that stainless steel electrodes coated with thin layers of polyaniline remained
passive in acid solutions, polyaniline has been investigated for corrosion protection of various metals, such as
mild steell"* '*¥ stainless steel"* %) jron!!**!3, copper[9], zinc!™% ¥ aluminum!* ' and Mg-Li alloy“ﬁl]
etc. The increasing environmental considerations make the research on anti-corrosion coatings shift from
solvent-based systems to water-based systems!'*> %], Kalendova er al.l"*" claimed that polyaniline dispersions
can be utilized to prepare the water-based corrosion protection coating in a form of dispersion, this indicated the
water-borne anti-corrosive coatings can be easily obtained through the addition of water-based polyaniline to
water-borne resin. Liu e al.'®! reported the water-borne conducting polyaniline anti-corrosion coating, where
different contents of polyaniline/partially phosphorylated poly(vinyl alcohol) (PANI/P-PVA) spherical
nanoparticles were dispersed in water-based epoxy resin emulsion. They claimed that PANI/P-PVA coating
containing 2.5 wt% of PANI was highly protective in comparison with that containing 2.5 wt% PANI
emeraldine salt. Bagherzadeh e al."®! reported in an epoxy resin coating with excellent corrosion protection
properties even only 0.02 wt% nanoscale polyaniline was added.

[122, 123] [124, 125] [126, 127]
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Fig. 12 Impedance plots for steel coated with water-borne anti-corrosion coating with different
contents of polyaniline after different immersion time periods, (a) 0 wt%, (b) 0.1 wt%, (c) 1.0 wt%
and (d) 3.0 wt% (Reproduced with permission from the Ref. [167])
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We prepared a water-borne conducting polyaniline anti-corrosion coating!'®’!, where polyaniline doped with
phosphate containing ethylene units was used as anti-corrosive additive and water-borne epoxy was used as
matrix. Figure 12 shows the impedance plots for steel coated with water-borne anti-corrosion coating with
different contents of polyaniline after different immersion time periods, it can be seen that the value of |Z| 1y,
decreased from initial 1.6 x 10’ Q-cm” to 2.8 x 107 Q-cm? for pure water-borne epoxy (0 wt%), however, no
obvious change for anti-corrosion water-borne coatings, indicating that water-based polyaniline can improve the
anti-corrosion performance.

The coating was immersed in 3.0 wt% NaCl solution for different time periods, as shown in Fig. 13, the
peaks at 710.7 eV and 725 eV were found both in the water-borne epoxy resin-coated and the corrosive coating-
coated steel specimens, indicating that Fe,O; film was formed, since the peak at 710.7 eV and 725 eV can be
ascribed to Fe 2p*? and Fe 2p'? of Fe,0s, respectively!>*. The strong peaks at 706.8 ¢V and 720 eV ascribed to
iron!"?* 27 can be obtained after 19 min for water-borne epoxy resin, whereas they were found in a shorter time
(5 min) for anti-corrosion coatings, suggesting that the polyaniline accelerates the formation of a thinner and
compact protective passive layer and prevents further corrosion of steel.

b
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Fig. 13 XPS spectra of Fe 2p depth profiles for water-borne epoxy resin-coated mild steel (a) and
anti-corrosion coatings with 1 wt% of polyaniline coated mild steel (b) after different immersion
time periods in 3.0 wt% NaCl solution (Reproduced with permission from the Ref. [167])

The element P from phosphate ester dopant anion was found in the anti-corrosion coating-coated mild steel,
since the peak at 133.5 eV can be ascribed to P 2p** (shown in Fig. 14), implying the occurrence of redox
process of polyaniline. An insoluble phosphate ester anion-iron salt was formed and it further passivated the mild
steel. In fact, the corrosion protection performance of polyaniline with dopants like phosphoric!'®*'7",
hydrochloric!' "7, phosphonic!'”® and sulfonic acids!'’*""*!! has been reported in polyaniline solvent-system
corrosion protection coatings.

Water-borne polyaniline anticorrosion coatings were also prepared once the aqueous dispersed polyaniline
nanofibers were added to the epoxy resin, where nanofibrous polyaniline was prepared using ferric nitrate as
oxidant and phosphate ester containing one ethylene unit as dopant!"®. Another water-based polyaniline
corrosion protection coating!'™! was also obtained by adding water soluble conducting polyaniline to the water-
based polyurethane, where the resin was synthesized using polyethyleneglycol adipate or polybutyleneglycol
adipate as soft segment and trimethylolpropane was used as internal crosslinking agent to improve the
mechanical performance of the film. The strong H-bond between the water-borne polyaniline and polyurethane
formed a semi-interpenetrating network and improved largely the anti-corrosive properties.
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Fig. 14 XPS P2p spectrum of anti-corrosion coating with 1 wt% of polyaniline coated mild
steel (Reproduced with permission from the Ref. [167])

Ultraviolet Curable Coatings Containing Polyaniline

Since 1968, Germany's Bayer AG pioneered the use of ultraviolet (UV) curable technique, and developed the
first generation of commercial UV curable coatings, in which unsaturated polyester resin was used as main UV
group, styrene as active dilution agent and benzoin ether as photoinitiator. The UV coatings have achieved fast
growth in coating market, especially in the last 20 years, their application has widened from the first market of
furniture to fields including electronics, printing, automotive, medic devices and optical fibers, due to their fast
production rates, low temperature cure and volatile organic compound reduction. However, in the traditional
UV-curable coating system, the reactive diluents used to reduce the viscosity have strong odor, toxicity and
cause skin irritation. In order to reduce the use of volatile organic compounds and reactive diluents, water-borne
UV curable coatings have been developed recently.

Based on water-borne conducting polyaniline, an eco-friendly UV curable coating has been developed. The
pH value of water-borne conducting polyaniline should be ranged from 5 to 6, since the conducting polyaniline
can be de-doped by alkali compounds. Water-borne UV curable unsaturated resins can be divided into anionic,
cationic and non-ionic types, based on different hydrophilic groups. Considering the acidic system of water-
borne conducting polyaniline, the suitable water-borne UV curable resin must be cationic or non-ionic type,
since anionic resin can deteriorate the electrical conductivity and even demulsificate the water-borne polyaniline.
Cationic water-borne urethane acrylate!"*” was prepared using diethanolamine or its derivatives as hydrophilic
chain extender and acrylate monomer containing one hydroxyl as blocking agent, the product was obtained after
neutralization by acid. We prepared water-borne antistatic coatings by adding water-based conducting
polyaniline to cationic or non-ionic water-borne urethane acrylate!'*”), where an excellent transparent antistatic
film with 1.8 x 10° ohm/sq was found after UV curing process (Fig. 15). Compared with traditional solvent-type
heat-curable antistatic coatings, this coating owns excellent merits, such as, surface electric resistance can easily
be adjusted from 1 x 10’ ohm/sq to 1 x 10° ohm/sq, fast and completely curable with a speed of 20—26 M/min,
saving energy by 70%, everlasting antistatic properties with rate of rise 1.3%—8% after one year. A water-borne
UV-thermal dual-curable anti-corrosion coating!"*® '®" was also reported, in which water-borne polyaniline was
added as anti-corrosion pigment to the cationic or non-ionic water-borne urethane acrylate, polyurethane resin
and hydrophilically-modified polyisocyanate hardening agent to prepare a novel anti-corrosion coating, the dual
networks were formed after 15-30 s UV-curing and then 2—5 min heat-curing. A satisfied anti-corrosion effect
with over 570 h salt fog tests was found. Compared with the traditional solvent-type anti-corrosive coatings, this
water-borne coating is no doubt eco-friendly and energy saving.
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Fig. 15 Photograph of antistatic film based on water-borne conducting polyaniline
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With the increasing environmental concern, eco-friendly water-based polyaniline is showing increasing
importance compared with its solvent analogue. Water-based polyanilines with various structure and
morphology have been prepared by counter-ion induced strategy, the water-borne polyaniline nanoparticles
showed diameters from 20 nm to 80 nm, and the electrical conductivity can reach as high as 25 S-cm™ which
was comparable with that of solvent-based systems. Water-based polyaniline nanofibers with diameter of
17-26 nm and electrical conductivity of 32 S-cm™" were also obtained using the same method. Furthermore, as

an active electrode material, it can give a specific capacitance as high as 160 F-g™" in organic electrolytes.

Even though much progress has been made, further development of water borne polyaniline is full of
challenge, detailed work is necessary to improve the electrical conductivity and electrochemical cyclability for
future applications, such as anti-static application, electrode material for lithium battery or supercapacitor, also
the long-term anti-corrosion performance for the water-borne polyaniline coatings needs further improvement,
since the compact and adhesion of the water-borne coating is still an unsolved problem.

REFERENCES

O 0 3 O Li AW DN~

—_ = =
W NN = O

14
15
16
17
18
19
20

Huang, W.S., Humphrey, B.D. and MacDiarmid, A.G., J. Chem. Soc. Faraday Trans 1, 1986, 82: 2385
Wang, L.X., Jing, X.B. and Wang, F.S., Synth. Met., 1991, 41(1-2): 683

Zhu, K.Z., Wang, L.X., Jing, X.B. and Wang, F.S., Macromolecules, 2001, 34(24): 8453

Andretta, A., Cao, Y., Chiang, J.C., Heeger, A.J. and Smith, P., Synth. Met., 1988, 26(4): 383
Wessling, B., Synth. Met., 1998, 93 (2): 143

Li, Y.P., Zhang, HM., Wang, X.H., Li, J. and Wang, F.S., Corros. Sci., 2011, 53(12): 4044

Li, Y.P., Zhang, HM., Wang, X.H., Li, J. and Wang, F.S., Synth. Met., 2011, 161(21-22): 2312
Chen, Y., Wang, X.H., Li, J., Lu, J.L. and Wang, F.S., Corros. Sci., 2007, 49(7): 3052

Chen, Y., Wang, X.H., Li, J., Lu, J.L. and Wang, F.S., Electrochimica Acta, 2007, 52(17): 5392
Wang, Y.Y. and Jing, X.L., Polym. Adv. Technol., 2005, 16(4): 344

Luo, J., Wang, X.H., Li, J., Zhao, X.J. and Wang, F.S., Chinese J. Polym. Sci., 2007, 25(2): 181
Dhand, C., Das, M., Datta, M. and Malhotra, B.D., Biosensors and Bioelectronics, 2011, 26(6): 2811
Li, G.F., Martinez, C., Janata, J., Smith, J.A., Josowicz, M. and Semancik, S., Electrochem. Solid State Lett.,
2004, 7: H44

Virji, S., Huang, J.X., Kaner, R.B. and Weiller, B.H., Nano Lett., 2004, 4(3): 491

Huang, J.X., Virji, S., Weiller, B.H. and Kaner, R.B., J. Am. Chem. Soc., 2003, 125(2): 314

Zhang, X.Y., Goux, W.J. and Manohar, S.K., J. Am. Chem. Soc., 2004, 126(14): 4502

Zhang, X.Y. and Manohar, S.K., Chem. Commun., 2004, 20: 2360

Lu, W., Smela, E., Adams, P., Zuccarello, G. and Mattes, B.R., Chem. Mater., 2004, 16(9): 1615
Long, Y., Chen, Z., Zheng, P., Wang, N., Zhang, Z. and Wan, M., J. Appl. Phys., 2003, 93(5): 2962
Li, D., Huang, J. and Kaner, R.B., Acc. Chem. Res., 2009, 42(1): 135



866 HM. Zhang and X.H. Wang

21 Gu, B.K., Ismail, Y.A., Spinks, G.M., Kim, S.I., So, I. and Kim, S.J., Chem. Mater., 2009, 21(3): 511

22 Anastas, P.T. and Kirchhoff, M.M., Acc. Chem. Res., 2002, 35(9): 686

23 Wei, X.L., Wang, Y.Z., Long, S.M., Bobeczko, C. and Epstein, A.J., J. Am. Chem. Soc., 1996, 118(11): 2545

24 Tundo, P., Anastas, P., Black, D.S., Breen, J., Collins, T., Memoli, S., Miyamoto, J., Polyakoff, M. and Tumas, W., Pure
Appl. Chem., 2000, 72(7): 1207

25 Lee, W.P., Brenneman, K.R., Hsu, C.H., Shih, H. and Epstein, A.J., Macromolecules, 2001, 34(8):2648

26 Wang, X.H., Li, J., Wang, X., Jing, X.B. and Wang, F.S., Synth. Met., 1995, 69(1-3): 147

27 Chan, H.S.0., Ho, P.K.H., Ng, S.C., Tan, B.T.G. and Tan, K.L., J. Am. Chem. Soc., 1995, 117(33): 8517

28 Yue, J., Wang, Z.H., Cromack, K.R., Epstein, A.J. and MacDiarmid, A.G., J. Am. Chem. Soc., 1991, 113(7): 2665

29 Yue, J. and Epstein, A.J., J. Am. Chem. Soc., 1990, 112(7): 2800

30 Kabhol, P.K., Raghunathan, A., McCormick, B.J. and Epstein, A.J., Synth. Met., 1999, 101(1-3): 815

31 Lee, W., Du, G., Long, S.M., Shimizu, S., Saitoh, T., Uzawa, M. and Epstein, A.J., Synth. Met., 1997, 84(1-3): 807

32 Yue, J., Epstein, A.J. and Macdiarmid, A.G., Mol. Cryst. Liq. Cryst., 1990, 189: 255

33 Wei, X.L. and Epstein, A.J., Synth. Met., 1995, 74(2): 123

34 Wei, X.L., Fahlman, M. and Epstein, A.J., Macromolecules, 1999, 32(9): 3114

35 Chen, S.A. and Hwang, G.W., J. Am. Chem. Soc., 1995, 117(40): 10055

36 Chen, S.A. and Hwang, G.W., J. Am. Chem. Soc., 1994, 116(17): 7939

37 Hua, M.Y., Su, Y.N. and Chen, S.A., Polymer, 2000, 41 (2): 813

38 Lin, H.K. and Chen, S.A., Macromolecules, 2000, 33 (22): 8117

39 Bae, W.J., Kim, K.H., Park, Y.H. and Jo, W.H., Chem. Commun., 2003, 2768

40 Armes, S.P. and Aldissi, M., J. Chem. Soc. Chem. Commun., 1989, 88-89

41 Armes, S.P., Gottesfeld, S., Beery, J.G., Garzon, F. and Agnew, S.G., Polymer, 1991, 32(13): 2325

42 Wessling, B., Synth. Met., 2003, 135-136: 265

43 Kahol, P.K., Ho, J.C., Chen, Y.Y., Wang, C.R., Neeleshwar, S., Tsai, C.B. and Wessling, B., Synth, Met.,
2005, 151(1): 65

44 Ghosh, P., Chakrabarti, A. and Siddhanta, S.K., Eur. Polym. J., 1999, 35(5): 803

45 Sun, L., Liu, H., Clark, R. and Yang, S.C., Synth. Met., 1997, 84(1-3): 67

46 Lee, K.S., Blanchet, G.B., Gao, F. and Loo, Y.L., Appl. Phys. Lett., 2005, 86: 074102

47 Li, Y., Ying, B.Y., Hong, L.J. and Yang, M.J., Synth. Met., 2010, 160(5-6): 455

48 Roy, S., Fortier, J.M., Nagarajan, R., Tripathy, S., Kumar, J., Samuelson, L.A. and Bruno, F.F., Biomacromolecules,
2002, 3(5): 937

49 Shen, Y.P., Sun, J.Z., Wu, J.G. and Zhou, Q.Y., J. Appl. Polym. Sci., 2005, 96(3): 814

50 Jang, J.S., Ha, J.S. and Cho, J.H., Adv. Mater., 2007, 19(13): 1772

51 Cao, Y., Smith, P. and Heeger, A.J., Synth. Met., 1992, 48(1): 91

52 Heeger, A.J., Synth. Met., 1993, 55-57: 3471

53 Zhang, H.M., LiJ., Liu, N.J., Wang, X.H., Luo, J. and Wang, F.S., 2008, CN, Pat., 200810050650.1

54 Zhang, HM., Li, J., Wang, X.H. and Wang, F.S., 2011, CN, Pat., 201110278134.6

55 Rhee, S.B., Lee, C.J. and Wang, X.H., 1998, US Pat., 5795942

56 Geng, Y.H., Sun, Z.C,, Li, J., Jing, X.B., Wang, X.H. and Wang, F.S., Polymer, 1999, 40(20): 5723

57 Luo, J., Zhang, HM., Wang, X.H., Li, J. and Wang, F.S., Macromolecules, 2007, 40(23): 8132

58 Zhang, H.M., Wang, X.H., Li, J., Mo, Z.S. and Wang, F.S., Polymer, 2009, 50(12): 2674

59 Zhang, H.M., Lu, J.L., Wang, X.H., Li, J. and Wang, F.S., Polymer, 2011, 52(14): 3059

60 Shi, X.W., Zhang, L.N., Cai, J., Cheng, G.Z., Zhang, H.M., Li, J. and Wang, X.H., Macromolecules, 2011, 44 (12): 4565

61 Shi, X.W., Lu, A., Cai, J., Zhang, L.N., Zhang, H.M., Li, J. and Wang, X.H., Biomacromolecules, 2012, 13(8): 2370

62 Subramanian, V., Zhu, H., Vajtai, R., Ajayan, P.M. and Wei, B., J. Phys. Chem. B, 2005, 109(43): 20207

63 Mohana, A.L., Estaline, R. F., Imran, A. and Ramaprabhu, J.S., Nanoscale Res. Lett., 2008, 3: 145

64 Karina, A., C.G., Monica, L.C., Nieves, C.P. and Pedro, G.R., Adv. Funct. Mater., 2005, 15(7): 1125

65 Bao, S.J., Li, C.M., Guo, C.X. and Qiao, Y., J. Power Sources, 2008, 180(1): 676



Eco-friendly Water-borne Conducting Polyaniline 867

66 Liu, C., Li, F., Ma L.P. and Cheng, H.M., Adv. Mater., 2010, 22(8): E28

67 Zhao, X., Sanchez, B.M., Dobson P.J. and Grant, P.S., Nanoscale, 2011, 3(3): 839

68 Ghosh A. and Lee, Y.H., Chemsuschem, 2012, 5(3): 480

69 Frackowiak, E., Phys. Chem. Chem. Phys., 2007, 9(15): 1774-1785

70 Portet, C., Yushin, G. and Gogotsi, Y., Carbon, 2007, 45(13): 2511

71 Snook, G.A., Kao, P. and Best, A.S., J. Power Sources, 2011, 196(1): 1

72 Wang, H., Hao, Q., Yang, X., Lu, L. and Wang, X., Nanoscale, 2010, 2(10): 2164

73 Hu, C.C., Li, W.Y. and Lin, J.Y., J. Power Sources, 2004, 137(1): 152

74 Frackowiak, E. and Beguin, F., Carbon, 2001, 39(6): 937

75 Frackowiak, E., Khomenko, V., Jurewicz, K., Lota, K. and Beguin, F., J. Power Sources, 2006, 153(2): 413

76 Jiang, H., Li, C., Sun T. and Ma, J., Nanoscale, 2012, 4(3): 807

77 Prasad, K.R. and Munichandraiah, N., J. Power Sources, 2002, 112(2): 443

78 Cho, H.W., Hepowit, L.R., Nam, H.S., Kim, S.H., Lee, Y.M., Kim, J.H., Kim, K.M. and Ko, J.M., Synth. Met.,
2012, 162(3-4): 410

79 Guan, H., Fan, L.Z., Zhang, H. and Qu, X., Electrochim. Acta, 2010, 56(2): 964

80 Wang, D.W., Li, F., Zhao, J., Ren, W., Chen, Z.G., Tan, J., Wu, Z.S., Gentle, 1., Lu, G.Q. and Cheng, H.M., ACS Nano,
2009, 3(7): 1745

81 Li, X., Li, X., Dai, N., Wang, G. and Wang, Z., J. Power Sources, 2010, 195(16): 5417

82 Ghenaatian, H.R., Mousavi, M.F., Kazemi, S.H. and Shamsipur, M., Synth. Met., 2009, 159(17-18): 1717

83 Khomenko, V., Pinero, E.R. and Beguin, F., J. Power Sources, 2010, 195(13): 4234.

84 Ganesh, V., Pitchumani, S. and Lakshminarayanan, V., J. Power Sources, 2006, 158(2): 1523.

85 Zhang, HM., Zhao, Q., Zhou, S.P., Liu, N.J., Wang, X.H., Li, J. and Wang, F.S., J. Power Sources, 2011, 196(23): 10484

86 Lu, Q., Zhao, Q., Zhang, H.M., Li, J., Wang, X.H. and Wang, F.S., ACS Macro Lett., 2013, 2: 92

87 Zhang, H.M., Zhao, Q., Li, J., Wang, X.H. and Wang, F.S., 2011, CN, Pat., 201110455202.1

88 Zhang, H.M., Wang, X.H., Li, J. and Wang, F.S., Synth. Met., 2009, 159(14): 1508

89 Zhang, H.M, Chen, Y., Wang, X.H., Li, J. and Wang, F.S., Acta Polymerica Sinica (in Chinese), 2012, (5): 498

90 Ju, S.A., Kim, K., Kim, J.H. and Lee, S.S., ACS Appl. Mater. Interfaces, 2011, 3(8): 2904

91 Yang, S., Feng, X., Ivanovici, S. and Mullen, K., Angew Chem. Int. Ed., 2010, 49(45): 8408

92 Zhou, S.P., Zhang, H.M., Zhao, Q., Wang, X.H., Li, J. and Wang, F.S., Carbon, 2013, 52: 440

93 Tarascon, J.M. and Armand, M., Nature, 2001, 414: 359

94 Whittingham, M.S., Chem. Rev., 2004, 104(10): 4271

95 Zu, C.X. and Li, H., Energy Environ. Sci., 2011, 4(8): 2614

96 Lee, J.S., Kim, S.T., Cao, R.G., Choi, N.S., Liu, M.L., Lee, K.T. and Cho, J., Adv. Energy Mater., 2011, 1(1): 34

97 Bruce, P.G., Freunberger, S.A., Hardwick, L.J. and Tarascon, J.M., Nat. Mater., 2012, 11(1): 19

98 Gao, X.P. and Yang, H.X., Energy Environ. Sci., 2010, 3(2): 174

99 Hou, Y., Vidu, R. and Stroeve, P., Ind. Eng. Chem. Res., 2011, 50(15): 8954

100 Yang, Z., Zhang, J., Kintner-Meyer, M.C.W., Lu, X., Choi, D., Lemmon, J. P. and Liu, J., Chem. Rev.,
2011, 111(5): 3577

101 Yuan, X., Matsuyama, Y. and Chung, T.C.M., Macromolecules, 2010, 43(9): 4011

102 Sathiya, M., Prakash, A.S., Ramesha, K., Tarascon, J.M., and Shukla, A K., J. Am. Chem. Soc., 2011, 133(40): 16291

103 Guan, F., Pan, J., Wang, J., Wang, Q. and Zhu, L., Macromolecules, 2010, 43(1): 384-392

104 Gong, Q., He, Y.S., Yang, Y., Liao, X.Z. and Ma, Z.F., J. Solid State Electrochemistry, 2012, 16: 1383

105 Yuan, L., Wang, J., Chew, S.Y., Chen, J., Guo, Z.P., Zhao, L., Konstantinov, K. and Liu, H.K., J. Power Sources,
2007, 174(2): 1183

106 Wang, J., Chen, J., Konstantinov, K., Zhao, L., Ng, S.H., Wang, G.X., Guo, Z.P. and Liu, H.K., Electrochim. Acta,
2006, 51(22): 4634

107 Pasquier, A.D., Orsini, F., Gozdz, A.S. and Tarascon, J.M., J. Power Sources, 1999, 81-82: 607

108 Boyano, 1., Blazquez, J.A., Meatza, 1., Bengoechea, M., Miguel, O., Grande, H., Huang, Y. and Goodenough, J.B., J.



868 HM. Zhang and X.H. Wang

Power Sources, 2010, 195(16): 5351

109 Wang, G.X., Yang, L., Chen, Y., Wang, J.Z., Bewlay, S. and Liu, H.K., Electrochim. Acta, 2005, 50(24): 4649

110 Chew, S.Y., Feng, C., Ng, S.H., Wang, J., Guo, Z. and Liu, H., J. Electrochemical Society, 2007, 154(7): A633

111 Feng, C.Q., Chew, S.Y., Guo, Z.P., Wang, J.Z. and Liu, H.K., J. Power Sources, 2007, 174(2): 1095.

112 Gao, X.W., Wang, J.Z., Chou, S.L., Liu, H.K., J. Power Sources, 2012, 220: 47

113 Wang, Q.F., Huang, Y., Miao, J., Zhao, Y. and Wang, Y., Appli. Surf. Sci., 2012, 258: 9896

114 Lai, C., Zhang, H.Z., Li, G.R. and Gao, X.P., J. Power Sources, 2011, 196(10): 4735

115 Park, K., Song, H., Kim, Y., Kim, Y., Mho, S., Cho, W. and Yeo, l.H., Electrochim. Acta, 2010, 55(27): 8023

116 Xiao, L.F., Cao, Y.L., Xiao, J., Schwenzer, B., Engelhard, M.H., Saraf, L.V., Nie, Z., Exarhos, G.J. and Liu J., Adv.
Mater., 2012, 24(9): 1176

117 Ryu, K.S., Kim, K.M., Kang, S.G., Lee, G.J. and Chang, S.H, Solid State Ionics, 2000, 135(1-4): 229

118 Ryu, K.S., Jeong, S.K., Joo, J. and Kim, K.M., J. Physical Chemistry B, 2007, 111(4): 731

119 Zhang, H., Cao, G.P., Wang, Z.Y., Yang, Y.S., Shi, Z.J. and Gu, Z.N., Electrochem. Solid State Lett., 2008, 11: A223

120 Chen, W.M., Huang, Y.H. and Yuan, L.X., J. Electroanaly. Chem., 2011, 660:108

121 Zhang, H.M,, Li, Y.P., Wang, X.H., Li, J. and Wang, F.S., Polymer, 2011, 52(19): 4246

122 Brusic, V., Anglopoulos, M. and Graham, T., J. Electrochem. Soc., 1997, 144: 436

123 Talo, A., Passiniemi, P., Forsen, O. and Ylassari, S., Synth. Met., 1997, 85(1-3): 1333

124 Jiang, F., Guo, X.W.and Wei, Y.H., Synth. Met., 2003, 139(2): 335

125 Ocon, P., Cristobal, A.B., Herrasti, P. and Fatas, E., Corros. Sci., 2005, 47(3): 649

126 Tuker, T., Yazici, B. and Erbil, M., Prog. Org. Coat., 2004, 51(3): 205

127 Kousik, G., Pitchumani, S. and Renganathan, N.G., Prog. Org. Coat., 2001, 43(4): 286

128 Tuker, T., Duduku, M., Yazici, B. and Erbil, M., Prog. Org. Coat., 2004, 50(4): 273

129 Akbarinezhad, E., Ebrahimi, M., Sharif, F., Attar, M.M. and Faridi, H.R., Prog. Org. Coat., 2011, 70(1): 39

130 Karpakam, V., Kamaraj, K., Sathiyanarayanan, S., Venkatachari, G. and Ramu, S., Electrochim. Acta,
2011, 56(5): 2165

131 Radhakrishnan, S., Siju, C.R., Mahanta, D., Patil, S. and Madras, G., Electrochim. Acta, 2009, 54(4): 1249

132 Sathiyanarayanan, S., Karpakam, V., Kamaraj, K., Muthukrishnan, S. and Venkatachari, G., Surf. Coat. Technol.,
2010, 204(9-10): 1426

133 Tallman, D.E., Spinks, G., Dominis, A. and Wallace, G.G., J. Solid State Electrochem., 2002, 6: 73

134 Williams, G. and McMurray, H.N., Electrochim. Acta, 2009, 54(17): 4245

135 Dominis, A.J., Spinks, G.M. and Wallace, G.G., Prog. Org. Coat., 2003, 48(1): 43

136 Spinks, G.M., Dominis, A. and Wallace, G.G., Corrosion, 2003, 59: 22

137 Twite, R.L. and Bierwagen, G.P., Prog. Org. Coat., 1998, 33(2): 91

138 MacDiarmid, A.G., Angew Chem. Int. Ed., 2001, 40(14): 2581

139 Gospodinova, N. and Terlemezyan, L., Prog. Polym. Sci., 1998, 23: 1443

140 Ray, A., Richter, A.F., MacDiarmid, A.G. and Epstein, A.J., Synth. Met., 1989, 29(1): 151

141 Geoff, A.H.L. and Bernar, M.C., Synth. Met., 1993, 60(2): 115

142 DeBerry, D.W., J. Electrochem. Soc., 1985, 132(5): 1022

143 Pawar, P., Gaikawad, A.B. and Patil, P.P., Sci. Technol. Adv. Mater., 2006, 7: 732.

144 Sathiyanarayanan, S., Muthkrishnan, S. and Venkatacharin, G., Electrochim. Acta, 2006, 51(28): 6313

145 Malik, M.A., Galkowski, M.T., Bala, H., Grzybowska, B. and Kulesza, P.J., Electrochim. Acta, 1999, 44(12): 2157

146 Wessling, B., Adv. Mater., 1994, 6(3): 226

147 Zhong, L., Zhu, H., Hu, J., Xiao, S.H. and Gan, F.X., Electrochim. Acta, 2006, 51(25): 5494

148 Sazou, D. and Kosseoglou, D., Electrochim. Acta, 2006, 51(12): 2503

149 Ozyilmaz, A.T., Erbi, M. and Yazici, B., Thin Solid Films, 2006, 496: 431

150 Kinlen, P.J., Silverman, D.C. and Jeffreys, C.R., Synth. Met., 1997, 85(1-3): 1327

151 Fahlman, M., Jasty, S. and Epstein, A.J., Synth. Met., 1997, 85(1-3): 1323

152 Bernard, M.C., Goff, A.H.L., Joiret, S., Dinh, N.N. and loan, N.N., J. Electrochem. Soc., 1999, 146: 995



Eco-friendly Water-borne Conducting Polyaniline 869

153 Camalet, J.L., Lacroix, J.C., Aeiyach, S., Ching, K.C. and Lacaze, P.C., Synth. Met., 1998, 93(2): 133

154 Williams, G. and McMurray, H.N., Electrochem. Solid State Lett., 2005, 8(9): B42

155 Jeyaprabha, C., Sathiyanarayanan, S. and Venkatachari, G., Appl. Surf. Sci., 2006, 253(2): 432

156 Torresia, R.M., Souza, S., Silva, J.E.P. and Torresi, S.I.C., Electrochim. Acta, 2005, 50(11): 2213

157 Laroix, J.C. and Camalet, J.L., J. Electroanal. Chem., 2000, 481: 76

158 Williams, G., Holness, R.J., Worsley, D.A. and McMurray, H.N., Electrochem. Commun., 2004, 6(6): 549

159 Cecchetto, L., Ambat, R., Davenport, A.J., Delabouglise, D., Petit, J.P. and Neel, O., Corros. Sci., 2007, 49(2): 818

160 Conroy, K.G. and Breslin, C.B., Electrochim. Acta, 2003, 48(6): 721

161 Shao, Y., Huang, H., Zhang, T., Meng, G.Z. and Wang, F.H., Corros. Sci., 2009, 51(12): 2906

162 Lai, M., Chang, K., Yeh, J., Liou, S., Hsieh, M. and Chang, H., Eur. Polym. J., 2007, 43(10): 4219

163 Chen, F., Ye, F.Y., Chu, G.C., Guo, J.S. and Huo, L.X., Prog. Org. Coat., 2010, 67(1): 60

164 Kalendova, A., Sapurina, I., Stejskal, J. and Vesely, D., Corros. Sci., 2008, 50(12): 3549

165 Chen, F. and Liu, P., ACS Appl. Mater. Interfaces, 2011, 3(7): 2694

166 Bagherzadeh, M.R., Mahdavi, F., Ghasemi, M., Shariatpanahi, H. and Faridi H.R., Prog. Org. Coat., 2010, 68(4): 319

167 Zhang, C., Zhang, HM., Li, Y.P., Li, J. and Wang, X.H., Chin. J. Appl. Chem., 2012, 29: 504

168 Kinlen, P.J., Menon, V. and Ding, Y., J. Electrochem. Soc., 1999, 146: 3690

169 Kinlen, P.J., Ding, J. and Silverman, D.C., Corrosion, 2002, 58: 490

170 Plesu, N., Ilia, G., Pascariu, A. and Vlase, G., Synth. Met., 2006, 156(2-4): 230

171 Cook, A., Gabriel, A., Sien, D. and Laycock, N., Curr. Appl. Phys., 2004, 4: 133

172 Rout, T.K., Jha, G., Singh, A K., Bandopadhyay, N. and Mohanty, O.N., Surf. Coat. Technol., 2003, 167(1): 16

173 Samui, A.B., Patenkar, A.S., Rengarajan, J. and Deb, P.C., Prog. Org. Coat., 2003, 47(1): 1

174 Sathiyanarayanan, S., Muthukrishnan, S., Venkatachari, G. and Trivedi, D.C., Prog. Org. Coat., 2005, 53(4): 297

175 Bernard, M.C., Joiret, S., Goff, A.M.L. and Phang, P.V., J. Electrochem. Soc., 2001, 148: B12

176 Souza, S., Silva, J.E.P., Torresi, S.I.C., Temperini, M.L.A. and Torresi, R.M., Electrochem. Solid State Lett.,
2001, 4: B27

177 Silva, J.E.P., Torresi, S.I.C. and Torresi, R.M., Corros. Sci., 2005, 47(3): 811

178 Huh, J.H., Oh, E.J. and Cho, J.H., Synth. Met., 2003, 137(1-3): 965

179 Holness, R.J., Williams, G., Worsley, D.A. and McMurray, H.N., J. Electrochem. Soc., 2005, 152: B73

180 Talo, A., Forsen, O. and Ylasaari, S., Synth. Met., 1999, 102(1-3): 1394

181 Talo, A., Passiniemi, P., Forsen, O. and Ylasaari, S., Synth. Met., 1997, 85(1-3): 1333

182 Zhang, HM., Li, J., Wang, X.H. and Wang F.S., 2012, CN, Pat., 201210192962.2

183 Zhang, H.M., Li J., Wang X.H. and Wang F.S., 2012, CN, Pat., 201210215967.2

184 Zhang, H.M., Li J., Wang, X.H. and Wang, F.S., 2008, CN, Pat., 200810051575.0

185 Zhang, HM., Li, J., Wang, X.H. and Wang, F.S., 2010, CN, Pat., 201010295085.2

186 Zhang, H.M., Sun, Y., Li, J., Wang, X.H. and Wang, F.S., 2012, CN, Pat., 201210192961.8

187 Zhang, H.M., Li, J., Wang, X.H. and Wang, F.S., 2010, CN, Pat., 201210216001.0




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


