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Electrosynthesis of PANI-Nano TiO; Composite Coating on Steel
and Its Anti-Corrosion Performance

V. Karpakam, K. Kamaraj, and S. Sathiyanarayanan”

CSIR-Central Electrochemical Research Institute, Karaikudi-630006, India

PANI-nano TiO, composite coatings on a steel electrode have been successfully electrosynthesized from aniline in aqueous oxalic
acid solution containing nano TiO; using cyclic voltammetry. Formation of the PANI-TiO, coating was found to be strongly
dependent on the number of cycles. Smooth and strongly adherent PANI-TiO; coatings were obtained during sequential scanning of
the potential region between —0.5 to 1.6 V, at a scan rate of 10 mV s~!. During the repetitive cyclic voltammetry scans the presence of
TiO; nanoparticles inhibits the polymer oxidation process. Good adhesion of composite coatings on the steel electrode, with superior
electro-active characteristics in comparison with pure polyaniline, was demonstrated. PANI-TiO, coatings were characterized by FT-
IR, SEM, and XPS techniques. The corrosion behaviour of coated steel was investigated by Electrochemical Impedance Spectroscopy
and Tafel studies in 1 % NaCl solution and it was found that the PANI-TiO, coating was found to be more corrosion resistant than

that of pure PANI coating due to compact coating formation.
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Conducting polymers are found to be highly attractive among re-
searchers because of their unique electronic, magnetic and optical
properties. The nano composite form of conducting polymers has
attracted special attention for their universal applications in drug de-
livery systems, plastic transistors, and in microwave components after
coating metal, electronic, and electro optical devices. These types of
organic polymers have been shown to be excellent hosts for trapping
nano particles of metals and semiconductors because of their ability to
act as stabilizers or surface capping agents.'”” When the nanoparticles
are embedded or encapsulated in a polymer, the polymer terminates
the growth of the particles by controlling the nucleation. For appli-
cation in electronics the control of particle size and their uniform
distribution within the polymer is the key to technology. Among the
conducting polymers, polyaniline (PANI) is one of the most studied
electrically conducting polymers because of its good processibility,
environmental stability, and potential in the catalyst field, biosensors,
batteries and electronic technology.®

Heterogeneous-conducting polymer nanocomposites, especially
for organic/inorganic nanocomposites, have drawn the attention of
scientists over the last few years.” The most studied composites
are polyaniline-widly BaTiO3; composite,'® polyaniline-molybdenum
trisulfide composites!! polyaniline-inorganic salt composite'> and
polyaniline-V,0s composite.'?

There are variety of attempts to achieve polymer grafted nano-sized
silica composites,'* several inorganic nanoparticles such as CdS and
Cu,S," clay,'® magnetite,'” MnO,,'® TiO,," and ZrO,.?*° Conductive
PANI-metal nano composites such as 2! gold, silver and titanium pro-
vide a very exciting research field because of their excellent physical
and chemical properties. Therefore the composite of PANI with inor-
ganic nano particles have potential uses in technological applications.
Among them, TiO, nano particles are appealing because of their excel-
lent physical and chemical properties as well as extensive use in many
areas, such as coatings, solar cells, and photo catalysis.?>* There have
been many efforts toward the PANI-TiO, nano particles synthesized
by in situ polymerization, ultrasonic irradiation, and sol-gel methods.

In the present work, we have illustrated the synthesis of
polyaniline- nano TiO, (Rutile) composites on mild steel electrodes
from aqueous oxalic acid solution by using cyclic voltammetry tech-
nique. Smooth and adherent coatings have been obtained. The protec-
tive performance of these coatings against corrosion was evaluated by
using electrochemical impedance spectroscopy (EIS) and tafel polar-
isation in 1 % NaCl solution.

* E-mail: sathya_cecri@yahoo.co.in

Experimental

A solartron 1280B potentiostat/galvanostat was used in the cyclic
voltammetry (CV) studies. A conventional three-electrode system was
employed during the electrosynthesis and corrosion experiments. In
all cases, the working electrode was a piece of mild steel containing
(in wt %) C (0.10), Mn (0.45), S (0.035) and P (0.06) with 1 cm?
surface area. Large area Pt was employed as counter electrode. All
potentials were measured against a saturated calomel electrode (SCE).
Cyclic voltammetry experiments were carried out by scanning the
potential of working electrode from —0.5 to 1.6 V vs SCE at a scan
rate of 10 mV s~!. An aqueous bath containing 0.3 M oxalic acid,
0.1 M aniline and 0.01 M nano TiO, (Rutile) was used for PANI-nano
TiO, composite coating formation. During electropolymerisation, the
solution was constantly stirred so as to keep the nano TiO, particles
in dispersed state. Before each experiment, the working electrode was
polished with emery paper (1200 grit) and finally rinsed with distilled
water.

Cal
Rs
Ret
(a)
CC
11
Rs 11
—%— Ca b=
RC
Ret
(b)

Figure 1. (a) Equivalent circuit for uncoated steel (b) Equivalent circuit for
coated steel.
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Figure 2. (a) First cycle CV of Electro synthesized polyaniline on steel (b) Electro synthesis of PANI on steel.

Characterization—FTIR Spectroscopy— The electrosynthesized
PANI-TiO, coating over steel was characterized using Nicolet 380
FTIR instrument having ATR attachment.

Morphology studies— The morphology of the electrosynthesized
PANI-TiO, coating was analysed using Hitachi (Model s3000H) Scan-
ning electron microscopy and EDX analysis were performed using a
Philps XL 30 instrument.

XPS studies — X-ray photoelectron spectra (XPS) of the steel sam-
ple with PANI-TiO, polymer coating were recorded on Multilab 2000
(Thermofisher scientific, UK) fitted with a twin anode X-ray source
using MgKua radiation (1253.6 eV). The sample was mounted on the
stainless steel sample stubs using conducting silver paint (Agar scien-
tific Ltd, UK). The stub was initially kept in the preparatory chamber
overnight for desorbing any volatile species at 10~° mbar was in-
troduced into the analysis chamber having a base pressure of 9.8
x 10~1° mbar for recording positive spectra. High-resolution spectra
averaged over 5 scans with dwell time of 100 ms in steps of 0.05 eV
obtained at pass energy of 20 eV in constant analyzer energy mode.
The binding energy was referenced with C (1 s) at 284.98 eV with an
accuracy of £ 0.05 eV.
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Corrosion resistance property evaluation— The electrosynthe-
sized polyaniline and polyaniline-nanoTiO, composite (PnTC) coat-
ings were evaluated for their corrosion resistance property in 1%
NaCl by electrochemical impedance spectroscopy (EIS) and Tafel
polarization.

In the case of electrochemical impedance spectroscopy, a.c signals
of 20 mV amplitude and various frequencies from 10 kHz to 0.1Hz
were impressed to the coated steel at open circuit potential. The results
were analyzed in the Nyquist format using the Z view software. Since
the Nyquist curves show single semi circle in the case of uncoated
steel, the semicircular fit was made and the charge transfer resistance
(R.t) and the double layer capacitance (Cgy;) values were obtained by
analyzing the data using the Randles equivalent circuit (Fig. 1a). In
the case of coated steel, the equivalent circuit consisting of two time
constants (Fig. 1b) was used in which R, and C, represents coating
resistance and coating capacitance respectively.

From the measured charge transfer resistance values, the protection
efficiency (PE) of the coating has been obtained from the relationship.

R, = Re
PE(%) = ————— x 100
R
where R} and R are the charge transfer resistance values in the
presence and absence of coating.
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Figure 3. (a) Electrosynthesis of PANI- nano TiO; coating on steel by cyclic voltammetry (First 5 cycles) (b) Electrosynthesis of PANI-nano TiO; coating on

steel by cyclic voltammetry.
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Figure 4. FTIR spectrum of PANI coating.

In the case of Tafel polarization, the potential of the working elec-
trode was scanned from —0.2 V to + 0.2 V vs open circuit potential
(OCP) at the scan rate of 1 mv/sec using Corrware software. From the
anodic and cathodic polarization curves, the Tafel regions were iden-
tified and extrapolated to corrosion potential (E..) to get corrosion
current (ico;) by using the auto tafel fit feature of Corrview software.
From the corrosion current values, the protection efficiencies were
obtained from

Leorr — Loy
PE(%) = =< % 100
lcorr
where ico, and 1*c,, are the corrosion current values in the absence
and presence of the coating.

Results and Discussion

Electrosynthesis of poly (aniline-nano TiO, composite)— The
electropolymerization of aniline in 0.3 M oxalic acid solution was
carried out by sweeping the potential between —0.5 and +1.6 V vs
SCE at a scan rate of 10 mV s~!. In the first scan, as shown in Fig 2a,
an oxidation wave appears starting at about —0.5 V vs SCE, which
corresponds to the dissolution of iron and then a weak wave after
about +0.5 V vs SCE which is attributed to the oxidation of Fe** ions
produced during the dissolution interact with the oxalate electrolyte
to form insloluble iron(II) oxlate film which adhers to the electrode
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Figure 5. FTIR spectrum for PANI- nano TiO, coating.
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Figure 6. SEM micrograph of PANI coating on steel.

surface. The dissolution peak of iron appears only during the first
positive scan and disappears completely in subsequent scans [Fig 2b]
and beyond —0.3 V vs SCE, the steel electrode is passivated.?>"> This
layer isolates the electrode surface and the metal behaves like an inert
metal. More soluble iron(III) oxalate is also formed during this initial
positive scan which created micropores in the insoluble iron(Il) ox-
alate film and oxidation of the underlying iron to iron (III) oxide has
occurred within these pores.?® During the first reverse sweep, a sharp
oxidation current appears at about —0.10 V(repassivation peak).?%-2*
This sharp peak correponds to the restoration of the iron (II) ox-
alate passive film from iron (III) species which were formed during
the initial positive sweep.”®** The intensity of the repassivation peak
gradually decreases with subsequent scans.

After the initial oxidation of the monomer, the oxidation and re-
duction peaks of PANI appear after the first scan, indicating the
growth of the polymer layer (Fig 2b). This indicates the buildup
of an electroactive polymeric material on the steel surface. The CV
curves recorded for PANI-TiO, coating formation for 5th & 15th
cycles are shown in Figs 3a & 3b. There is a broad oxidation and
reduction peak which indicates the redox property of nano-TiO, in-
coporated PANI. Increase in the peak current of peaks show that
the deposition thickness increases with cycles.The thickness of the
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Figure 7. SEM micrographs of PANI- nano TiO; coating on steel.

Downloaded 11 Jan 2012 to 210.212.252.226. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 158 (12) C416-C423 (2011) C419

Full scale counts: 6702

7000 -

6000 -

5000

4000

3000+

2000

1000 0

PANI Alone

Fe

keV

Quantitative EDAX results of PANI coating on steel

Element

Cc 9348

N 813

(0] 6901

Fe 117304
Total

Weight %

37.09 62.66
5.02 7.28
9.97 12.65

47.92 17.41

100.00 100.00

Figure 8. EDAX analysis of PANI coated steel.

electrosynthesized polyaniline-nano TiO, composite coating on steel
was measured using Elcometer. After 15 cycles it was found to be
78 £5 pm.

FTIR spectroscopy— The FTIR spectra of the PANI and PANI-
nanoTiO, composite coatings are shown in Figs 4 and 5. The

PANI spectra (Fig. 4) is in correlation with previously reported
results.>31733 The bands at 1592 and 1570 cm™! show the charac-
teristic C=C stretching of the quinoid and benzenoid rings. The
peaks at 1313 and 817 cm™' can be assigned to the C-N stretch-
ing of the secondary aromatic amine and an aromatic C-H out-
of-plane bending vibration respectively.The relatively small peak at

Table I. Corrosion protection performance of electrosynthesized polyaniline coating on steel in 1 % NaCl.

Impedance Tafel polarization

Number Coating Coating Double Charge Protection Protection
of capacitance resistance layer transfer efficiency Ecorr icorr efficiency
cycles C, (Flcm? Re Q,cm? capacitance Cg (F/cm? resistance R¢ Q,cm? (%) mV vs SCE (LA/ cm?) (%)
Blank - - 1.863x10~* 27 - —0.701 114 -

5 3.76x1078 11 5.626 x1073 150 81 —0.692 18 84

10 1.83x1078 15 8.186x1073 164 83 —0.653 14 87

15 3.42x1077 22 7.671x1074 245 88 —0.644 13 88
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Figure 9. EDAX analysis of PANI — nano TiO; coated steel.

3271 cm™! can be attributed to the N-H stretching mode.In the region
of 1000-1170 cm™!, aromatic C-H in-plane bending modes are usually
observed.**

The FTIR spectra of PANI — TiO, (Fig. 5) indicate all characteris-
tic bands of PANI present between 700 and 1600 cm~'. The relative
intensity of some bands have changed due to presence of nano-TiO,,
and the presence of TiO, nano particles led to the shift of some
peaks of PANI macromolecules. For example, the peaks at 1506 and

1313 cm™' shift to 1494 and 1302 cm™! respectively and the peak
associated with the doping of PANI also shifts from 1155 cm™' to
1140 cm™!. Moreover, higher bands at 3271 cm™! for the N-H stretch-
ing of PANI is not present in the PANI — TiO, composite. This is prob-
ably due to the formation of hydrogen bonding between the surfaces
of the TiO, nano particles and the N-H groups in the PANI macro-
molecules. Besides, it is found that the ratio between quinoid and ben-
zenoid rings is changed for PANI-TiO, composite. Since titanium is a

Table II. Corrosion protection performance of electro synthesized PANI — nano TiO; coating on steel in 1 % NaCl.

Impedance Tafel polarization

Number Coating Coating Double Charge Protection Protection
of capacitance resistance layer transfer efficiency €corr icorr efficiency
cycles C. (F/cm? R. Q,cm? capacitance Cq (F/cm? resistance Ry €2,cm? (%) mV vs SCE (WA/ cm?) (%)
Blank 1.8x107* 27 - —0.701 114 -

5 4.65%107° 18 6.1x1073 104 74 —0.606 25 78

10 7.39x107° 85 13x1073 608 95 —0.687 11 90

15 2.66x 107 99 8.0x107* 1231 97 —0.605 42 96
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transition metal, titania has an intense tendency to form co-ordianation
compound with nitrogen atom in PANI macromolecule.

These two types of bonding decrease the force constant between
atoms and cause the absorption peaks to move to lower wavenumbers.
Further in the case of PANI — TiO, coating, strong absorption around
670 cm~! for TiO, does not appear which is due to the uniform
coverage of PANI on TiO,.%¢

SEM analysis — Scanning electron microscopic images of PANI
and PANI-TiO, nano composites are displayed in Figs 6 and 7 re-
spectively. From Fig 6 one can see that the PANI synthesized without
TiO; nanoparticles shows non homogenous morphology. Fig 7 shows
that the coating is homogenous and the PANI-TiO, nano sized com-
posites with the diameter between 50 and 200 nm are produced by the
electro polymerization method. EDAX analysis of PANI (Fig. 8) and
PANI-nanoTiO, composite coating (Fig. 9) indicates the presence of
various elements present in the coating. Besides, it is found that PANI
— TiO; coating is relatively more homogenous and less porous which
is evidenced from the lower iron count.

XPS analysis— In the XPS spectra of the PANI-TiO, nano com-
posite (Fig. 10) the elements C,0,Ti and N are detected with binding
energies of 284,529,458, and 400 eV respectively. This result implies
that TiO, nanoparticles are trapped in the PANI matrix in the process
of polymerization. The O 1s signal at 529 eV confirms the presence of
Ti-O bond in TiO,. The binding energy (400 eV) of N1 s in the nano
composite, which is higher than that of PANL* also indicates that
there is a strong interaction (eg. Hydrogen bonding) between TiO,
and PANIL

Corrosion protection evaluation— The corrosion behaviour of
PANI and PANI- nanoTiO, coated steel in 1 % NaCl has been studied
by EIS and polarization methods. Fig. 11 shows the Nyquist repre-
sentation of impedance behaviour of PANI coated steel by 5, 10, and
15 cycles of deposition in 1 % NaCl and the impedance parameters
such as Coating resistance (R, ), Coating capacitance (C.), Charge
transfer resistance (R.) and Double layer capacitance (Cq) obtained
from these curves are given in Table I. The charge transfer resistance
is increased from 27 ©2.cm? for the case of PANI free steel surface to
150 Q .cm? and 245 Q. cm? respectively for 10 and 15 cycles of
PANI deposited steel surface. Besides the Cq values are found to be
increased by several folds due to the coverage of iron surface with
conducting PANI. Similar behaviour is observed in polarization stud-
ies as shown in Fig 12. The corrosion kinetic data obtained from these
curves are also included in Table 1. The corrosion current density
is decreased to 18 wA/cm? for PANI coated steel at 5 cycles from
114 wA/cm? corresponding to that of PANI free steel surface. With
increase in potential cycling, the i., values are decreased and after
15 cycles, the coating offers nearly 88 % corrosion protection. The
impedance and polarization behaviour of PANI-nano TiO, composite
coated steel in 1 % NaCl are shown in Figs 13 and 14 and the param-
eters obtained from these figures are given in Table II. In the case of
5 cycles of deposition, the protection efficiency of PANI-nano TiO,
is less than that of pure PANI coating. This may be due to the fact
that the adsorption of nano TiO, particles on PANI — steel surface
might have caused some heterogeneity which is probably due to the
difference in size of nano TiO, and thickness of deposited PANI film.
With increase in number of potential cycling viz 10 cycles, the Ry
value is increased considerably and showed a protection efficiency of
97 %. The i.o values also indicate a higher protection efficiency in
comparison with pure PANI coating. Besides, the coating resistance
(R.) values of PANI-TiO, composite is found to be more in compar-
ison with that of PANI coating. This indicates that the PANI-TiO,
composite coating is more compact than that of PANI coating. Since
nano-TiO, particles act as anchoring sites during the formation of
PANI coating, denser and homogenous coating is formed.

In general, TiO, particles are electronegative in aqueous acidic
solution and the anilinium cations might have a possibility to get
adsorbed on the surface of TiO, nano particles due to electrostatic
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Figure 10. XPS Survey spectra of PANI- nano TiO; coated steel.

attraction. As per nucleation and growth theory, nano particles are in-
trinsically produced in the initial stage of polymerization.’” As aresult,
free aniline cation-radicals adsorb on the surface of TiO, nanoparti-
cles growing together during the electro polymerization and produce
coatings of denser and more compact morphology.*®* The dense and
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compact PANI-TiO, composite coating at the metal-solution interface
forms a highly protective passive layer due to redox property of the
conducting polymer. The formation of more protective passive layer in
the case of PANI-nanoTiO, composite coating than that of PANI coat-
ing is evidenced from the shift in open circuit potential values (OCP)
to more noble direction for PANI-nanoTiO, composite coating.

Stability of the PANI-nano TiO, composite coating on steel —
In order to obtain further knowledge about electrochemical properties
and stability of the PANI-nano TiO, composite coating on steel, cyclic
voltammetry was run in monomer free 0.3 M oxalic acid solutions
with PANI and PANI - nano TiO, covered steel surface as work-
ing electrodes (Figs. 15 & 16) respectively. The figure exhibits redox
property of PANI- nanoTiO, composite film through its oxidation and
reduction peak. It is well known that PANI undergoes electrochemi-
cal degradation by application of sufficiently high anodic potential.*!
Though the current peaks in the cyclic voltammogram of composite
film diminish in height during prolonged potential cycling it is found
that the PANI-TiO, composite film withstands up to 50 cycles which
lead to the conclusion that the electrosynthesized polyaniline nano
TiO, composite exhibits relatively better stable electro activity.*?
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Figure 12. Polarization behavior of electropolymersied polyaniline coated
steel in 1 % NaCl—Blank [1 5 cycles:l 10 cycles o 15 cycle.
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on steel in monomer free 0.3 M oxalic acid solution.
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Figure 16. Cyclic voltammogram of electrosynthesized polyaniline nanoTiO,
composite coating on steel in monomer free 0.3 M oxalic acid solution.

Conclusion

Highly adherent PANI-nanoTiO, composite coatings on steel can
be formed by electro polymerization of aniline in the presence of
nano TiO,. The composite film is mainly composed of TiO, core
encapsulated by PANI which is evidenced from the FTIR study. The
PANI-nano TiO, composite coating has more corrosion resistance on
steel compared to that of pure PANI coating due to the formation of
denser and homogenous compact film.
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