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Abstract: In this study PANI/titanium silicon oxide (PTS) nanoflower coated nanofiber has been synthesized by chemical 

oxidation method. PANI nanocomposite has been applied as a corrosion protective material which helps in improving the 

corrosion resistance of various metal oxides such as titanium silicon dioxide which has been renowned as most promising 

electrode material for corrosion inhibition. The possible interactions between PANI and titanium silicon oxide and 

morphological characteristics of the synthesized nanocomposite were investigated by FTIR, XRD, TEM and SEM. The 

anticorrosion performance of different PANI/titanium silicon oxide (PTS) nanocomposites coatings were investigated in 0.5 M 

HNO3 medium by the potentiodynamic technique and electrochemical impedance spectroscopy (EIS) on mild steel. The most 

pronounced improvement in anticorrosion property of PANI was obtained by using 15% PTS composition of synthesized 

nanocomposite. The performance of this nanocomposite as an anticorrosive material has been investigated through EIS on mild 

steel. 
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1. Introduction 

Recently conducting polymer has been considered as 

promising corrosion inhibitors for metals and anticorrosion 

coatings [1]. Polyaniline (PANI) is an exceptional conducting 

polymer by the properties of chemical and environmental 

stability, its simplistic process and it’s gamely controlled doping 

level, Conductive polymers have received much attention in 

recent years due to their potential application in sensors [2-7]. 

Mild steel are broadly used in the field of industry and 

machinery. To decrease the corroded metal, corrosion inhibition 

programs are compulsory by the addition of inhibitor to the 

system for the prevention of corrosion of the metal surface [8]. 

For the corrosion protection of metal structures against corrosive 

species epoxy coating has been used extensively. On the other 

hand epoxy is a solvent based coating and epoxy results in 

creation of micro pores into coating matrix leading to poor 

corrosion resistance [9-12]. One of the applications of PANI 

nanocomposites is corrosion protection. And numerous studies 

have expose that different PANI nanocomposites can improve 

the corrosion resistance of different metals (carbon steel, mild 

steel, carbon steel, aluminium, reinforced steel, cold –rolled steel 

(CRS), AX91D Mg alloy) [13-22]. 

Among all metal oxides, titanium silicon dioxide (TiSiO4) is 

recognised as one of the most promising electrode materials for 

electrochemical corrosion inhibitor. TiSiO4 has a wide band-gap 

semiconductor, with a high dielectric constant, which upon 

compression could become an ultrahard material and because of 

these features make of titanium silicon oxide an interesting 

nanocomposite for many technological applications. The 

excellent thermal stability of TiSiO4 nanoparticles can vouch for 

its application in the investigation and bring about a substantial 

enhancement in its performance and compact intercalated Ti 

layer that effectively interrupted the corrosive ions pathways 
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[23-26]. 

The aim of this work is to investigate the effect of 

PANI/TiSiO4 nanocomposites coatings as anticorrosion 

performance on mild steel through EIS investigations. 

2. Experimental 

2.1. Materials 

Commercial titanium silicon oxide nano-powder ˂50nm 

(BET), 99.8% was supplied by Sigma Aldrich product of 

USA. Aniline, hydrochloric acid (HCl), ammonium persulfate 

(APS), ethanol, DMF were of analytical grade and used as 

received. Supplied distilled water obtained from Milli-Q 

assembly. Mild steel coupons having percent composition of C 

(0.18), Si (0.19), Mn (0.51), P (0.044), S (0.057), Cr (0.14), Ni 

(0.09), Mo (0.02), Cu (0.06), V (less than 0.01) and remaining 

Fe were used. The specimens were abraded into the uniform 

surface successively using the emery papers of 150, 180, 320, 

400, 600 and 1000 grade till mirror surface. All the mild steel 

coupons surface were subjected to ultrasonicaton in a solution 

with acetone and washed with doubled distilled water to 

degrease before the coating. 

2.2. Synthesis of PANI/TiSiO4 Nanocomposites 

The PANI/TiSiO4 was prepared by sol-gel method 

through chemical oxidation polymerisation of aniline and 

TiSiO4. 1M of aniline dissolved in 100 mL of double 

distilled water in three different conical flasks (A, B and C) 

and stirred for 1 h till the aniline was spread uniformly. 

After that 1M HCI was added drop wise from the burette to 

the above mixture and stirred it till appearance of clear 

solution. Afterwards different concentration of TiSiO4 

nanopowder was added to conical flask A (5% of aniline), B 

(10% of aniline) and C (15% aniline) with different 

concentration followed by the addition of 1M of APS 

solution drop wise from the burette then keeps the solution 

for 6 to 12 h at 10°C then filtered washed with distilled 

water well and at last washed with methanol and collect the 

residue in a petridish to keep it in the air oven at 70°C for 

24 h. Similarly for comparison of properties of different 

percentage PTS1 (5%), PTS2 (10%), PTS3 (15%) of aniline 

to TiSiO4 was also been prepared. 

2.3. Fabrication of PANI/TiSiO4 Composite Coatings on 

Mild Steel 

The prepared PANI, PTS1, PTS2 and PTS3 

nanocomposites powder were crushed. Then 5mg prepared 

nanocomposites (PANI, PTS1, PTS2 and PTS3) slurry was 

prepared with 5 mL DMF with continuous stirring for 4 h at 

room temperature and then in an ultrasonicator for another 20 

min at room temperature. After sonication a uniform 

dispersion of PANI, PTS1, PTS2 and PTS3 nanocomposites 

in DMF solution is observed respectively. The mild steel 

coupons were coated with 100 µL solution of PANI, PTS1, 

PTS2 and PTS3 with DMF respectively, and dried for 30 min 

at room temperature and kept in an oven at 30°C for 3 h to 

form a uniform film on mild steel substrates. 

2.4. Characterization of PANI/ TiSiO4 Nanocomposites 

Fourier transformation infrared (FTIR) spectroscopy using 

KBr pellets was performed on PERKINELMER to 

characterize the synthesized nanocomposite. X-ray 

diffraction (XRD) analysis of the nanocomposite powder was 

conducted using Rigaku Miniflex600. Then the surface of the 

previously applied coating was characterized by using SEM 

(Scanning electron morphology). 

Electrochemical Impedance Spectroscopy (EIS), 

measurements were analysis between the frequency range of 

100Hz to 10 mHz and an amplitude of 20 mV using an 

AUTOLAB 112 Potentiostate galvanostate 302 N (the 

Netherlands) with software NOVA 1.1. 0.5 M HNO3 was 

used as the electrolyte. The coated mild steel coupon area 

1x1 cm
2
 was used as working electrode and Ag/AgCl 

(saturated KCl) electrode used as reference electrode. The 

experimental data was analysed using software NOVA 1.1.1 

differently coated mild steel coupon was also recorded their 

change of OCP with immersion time. The measurements are 

performed in 0.5 M HNO3 solution at 5°C. 

3. Results and Discussions 

3.1. Structure and Characterisation of Nanocomposites 

Powder FTIR 

 
Figure 1. FTIR spectra of PANI, PTS1, PTS2 and PTS3. 

Several well defined peaks are observed from the FTIR-

spectra [Figure 1]. The FTIR spectrum showed peaks at 

515.71cm
-1

 (C-N-C bonding mode of aromatic), 592.85 cm
-1

 

and 700 cm
-1

 (C-C, C-H bonding mode of π peak aromatic) 

831.98 cm
-1

 (C-H out of plane bonding in benzenoide), 

1040.26 cm
-1

 and 1155.97 cm
-1

 (S=O bonding) 1505.09 cm
-1

 

(C-N stretching benzoid ring and 1572.52 (C=N- bonding) 

respectively. The characteristics absorption band of PANI 

2900 cm
-1 

(C-H stretching), 3290 cm
-1

 (NH stretching for 

PTS2), 3200 cm
-1

 (NH stretching for PTS1 and PTS3). 

Absorption bands of PANI/TiSiO4 were slightly shifted to 
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lower wave numbers when compared with that of PANI. The 

shift may be due to some electronic interaction between 

PANI chain and surface of PANI/TiSiO4. 

3.2. XRD 

The XRD patterns of pure PANI, TiSiO4 and different 

composition of PANI/TiSiO4 nanocomposites coating are 

shown in Figure 2. The diffraction peak at 2θ=13°C and 

27°C can be attributed to the characteristics peak of PANI, 

titanium silicon oxide and polyaniline titanium silicon 

oxide nanocomposites with different composition of 

titanium silicon oxides, respectively. 2θ is 28
o
 for TS at 27 

28°C, 2θ is 27
o
 for PTS1 at 27°C, 2θ is 29

o
 for PTS2 at 

28°C, 2θ is 30
o
 for PTS3 at 28°C and 2θ of PANI is 29

o
 at 

30
o
C. The broad peak of PANI become sharper on 

increasing the percentage of titanium silicon oxide (PTS1, 

PTS2 and PTS3) in the composites and shows the 

amorphous in nature. As the result indicated that 2θ value 

of nanocomposite shifted as the concentration of TiSiO4 

increases peak become sharper which concluded that the 

surface of PANI covered by TiSiO4. 

 
Figure 2. XRD spectra of the prepared PANI materials, different 

composition polyaniline titanium silicon oxide nanocomposites and titanium 

silicon oxide (PTS1, PTS2, PTS3) and TS (titanium silicon oxide). 

3.3. Surface Morphological Studies 

All the mentioned composites TiSiO4, PANI and 

PANI/TiSiO4 were synthesized in situ with single step 

chemical oxidative polymerization. Figure 3 shows the 

images of the electrodes, recorded for mild steel. Figure 3(1) 

represents SEM for mild steel which shows clear visible 

polishing marks on the surface. Figure 3(B), represents SEM 

for TiSiO4, Figure 3(2), represents SEM for PANI and Figure 

3(3), and represents SEM for PANI/TiSiO4. Figure 3(4) 

represent SEM for mild steel after running EIS in 0.5M 

HNO3. This SEM images shows that the morphology of the 

polyaniline polymer is similar to the nodular structure formed 

by the aggregation of spherical grains. 

 

 

 

 
Figure 3. SEM micrographs of (1) bare steel (2) Polyaniline (3) titanium 

silicon oxide (4) PANI/ titanium silicon oxide. 
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3.4. Transmission Electron Microscopy (TEM) 

 

Figure 4. TEM images of (1) Polyaniline (2) Polyaniline titanium silicon oxide. 

Figure 4, TEM images shows the (A) Polyaniline (B) 

Polyaniline titanium silicon oxide. TEM studies were 

performed on a 120kv JEOL (model JEM-1230 Electron 

Microscope). The TEM image of polyaniline shows the 

formation of PANI nanoparticles in 50 nm which is attributed 

to use of ultrasonic irradiation during synthesis Figure 4(1). 

TEM images of polyaniline titanium silicon oxide 

nanocomposites confirm the uniform distribution of titanium 

silicon oxide in PANI Figure 4(2). Also it has been 

established titanium silicon oxide are finely dispersed in 

PANI matrix measured in 200 nm. Furthermore it has been 

clearly observed that the improvement of uniformly 

dispersion of increased concentration of titanium silicon 

oxide during polymerisation into PANI matrix. 

3.5. Corrosion Resistance of Coatings 

EIS measurements 

 

 

Figure 5 (1). 

 

Figure 5 (2). 

Figure 5. (1). EIS plots of (a) mild steel and coated mild steel with PANI and 

different concentration of (b) PANI, (c) PTS1, (d) PTS2 and (e) PTS3 

immersion for 1 h at 5°C. Figure 5 (2) is electrical equivalent circuits used 

for modelling the impedance results of EIS of PANI and PTS3. 

B 

C 

D 

E 
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Table 1. Electrochemical Impedance Parameters at 5°C. 

Conc. (1mg 

nanocomposites per 

1mL of DMF) 

Rct (Ω cm-2) fmax (Hz) Cdl (Fcm-2) I.E. (%) 

Mild Steel 5.29 115.14 0.00026 - 

PANI 22.54 0.54 0.013 76.53 

PTS1 12.32 X103 15.99 2.39 X 10-6 99.95 

PTS2 119.08x107 49.417 2.7059E-12 99.99 

PTS3 336.16x107 65.513 7.23047E-13 99.99 

Electrochemical impedance measurements were used for 

analysis of corrosion inhibition of polyaniline 

nanocomposites coatings. EIS technique was applied to 

investigate the electrode/electrolyte interface and corrosion 

processes that occur on mild steel surface in the presence and 

absence of PANI and PTS nanocomposites. To ensure 

complete characterization of the interface and surface 

processes, EIS measurements were made at OCP in a wide 

frequency range at 5°C. Figure 5 (1) shows Nyquist plots for 

mild steel electrode and coated mild steel by PANI/TiSiO4 

immersed in 0.5 M HNO3 solution at 5°C in absence and 

presence of various concentrations of the nanocomposites. It 

is cleared from the Figure 5(1) that the diameter of the 

semicircle increases with the increase in concentration of the 

extract, indicating an enhancement of corrosion resistance 

capacity of metal. Also Figure 5(2) shows the fitting of mild 

steel and PTS3, the fitting of uncoated of mild steel and the 

electrochemical circuit fitting of coated mild steel by PTS3. 

In case of impedance measurement, the inhibition 

efficiency was evaluated from the measured charge transfer 

resistance (Ret) value as  

'

'
% 100et et

et

R R
I

R

−
= ×                        (1) 

Where Ret and R
’
et

 
are the charge transfer resistance value 

in the absence and presence of inhibitors. 

The value of electrochemical double layer capacitance 

(Cdl) was calculated at the frequency, fmax using the following 

equation 

Cdl = 1/2πfmax Rct                            (2) 

Where, fmax is the frequency at which the imaginary 

component of the impedance is maximal. 

The impedance data listed in the Table 1 indicate that the 

values of both Rct and I.E % are found to increase with 

increase in concentration of the PANI/TiSiO4, while the 

values of Cdl are found to decrease.  

3.6. Potentiodynamic Polarization 

Potentiodynamic polarization curves for mild steel in 0.5 

M HNO3 solutions in absence and presence of various 

concentrations of PANI and PTS nanocomposites at 5°C are 

shown in Figure 3 (a). The extrapolation of Tafel straight line 

allows the calculation of the corrosion current density (icorr). 

The values of icorr, the corrosion potential (Ecorr), cathodic and 

anodic Tafel slopes (βc and βa) and the percentage of 

inhibition efficiency (I.E.%) are given in the Table 2. 

Inspections of the data in Figure 6 reveal that at a given 

temperature, the addition of the PANI and PTS 

nanocomposites to the acid solution increases both the anodic 

and cathodic overpotentials, decreases the corrosion current 

density (icorr). The change in cathodic and anodic Tafel slopes 

(βc and βa) shown in the Table 2 indicates that adsorption of 

PANI and PTS nanocomposites modify the mechanism of the 

anodic dissolution as well as cathodic hydrogen evolution. 

From Figure 6, it is cleared that both cathodic and anodic 

reactions are inhibited and the inhibition increases as the 

inhibitor concentration increases in acid media, but the anode 

is more polarized, indicating the process of metal dissolution 

is more inhibited. From Table 2, it is also cleared that there is 

no definite trend in the shift of Ecorr values, in presence of 

various concentration of the extract in 0.5 M HNO3 solutions. 

This result indicates that PANI and PTS nanocomposites can 

be classified as mixed type of inhibitor in 0.5 M HNO3 

solutions. Figure 6 shows the tafel plot of (a) uncoated mild 

steel, coated mild steel by (b) PANI (c) PTS1 (d) PTS2 and 

(e) PTS3 nanocomposites. 

Inhibition Efficiency (IE %) was calculated using the 

relationship 

��	%	 = 	
���		
���		(��)	

���		
	× 100                (3) 

Where Icorr and Icorr (inh) represent the corrosion current 

density values without and with inhibitor, respectively. 

Table 2. Potentiodynamic polarization parameters for the corrosion of mild steel. 

Temp (K) Conc. (1mg nanocomposites per 1mL of DMF) -Ecorr (mV vs. SCE) ba (mV/decade) bc (mV/decade) Icorr (mA cm-2) I.E. (%) 

5°C 

Mild Steel 420.7 510.95 292.54 14.619 - 

PANI 422.08 210.82 172.38 3.70 74.67 

PTS 1 427.87 149.65 231.82 95X 10-6 99.99 

PTS2 430.62 133.30 195.90 52.48x10 -6 99.99 

PTS3 439.38 54.75 97.12 126 X 10 -6 99.99 
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Figure 6. Tafel plots for a (a) uncoated mild steel, coated mild steel by (b) PANI, (c) PTS1, (d) PTS2, (e) PTS3 nanocomposites samples. 

4. Conclusion 

PANI, PTS1, PTS2 and PTS3 nanocomposites are 

synthesized in the presence of PANI and titanium silicon 

oxide by using oxidative polymerization of aniline with 

ammonium sulphate (APS). The synthesized nanocomposites 

are characterized by SEM, FTIR and XRD. SEM 

morphology shows a unique hierarchical morphology of the 

polyaniline polymer is similar to the nodular structure formed 

by the aggregation of spherical grains of TiSiO4. By using 

potentiodynamic polarization measurements the coated mild 

steel with PANI, PTS1, PTS2 and PTS3 is exposed to 0.5 M 

HNO3 for the corrosion protection performance has been 

investigated. Corrosion inhibition efficiency has been 

calculated from EIS and tafel data. It is confirmed from the 

parametric estimation that the PANI, PTS1, PTS2 and PTS3 

nanocomposites with DMF coating formulation shows the 

higher anticorrosion performance. PANI, PTS1, PTS2 and 

PTS3 nanocomposites showed good corrosion inhibition 

efficiency with mixed type inhibitor. 
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