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In this study, a compact poly(3,4-ethylenedioxythiophene) (PEDOT) film was deposited onto the surface 

of stainless steel (SS) to prepare PEDOT/SS by chronoamperometry. The porous polymer film is highly 

hydrophobic with a water contact angle of ~ 140o after the modification by fluorinate agents. 

Perfluorinated lubricant/PEDOT/SS (PFL/PEDOT/SS) was prepared by the infusion of perfluorinated 

lubricant. The corrosion inhibition properties of SS, PEDOT/SS and PFL/PEDOT/SS in acidic, neutral 

and alkaline solutions were investigated by electrochemical impedance spectroscopy and 

potentiodynamic polarization techniques. It is found that the PEDOT/SS matrix has a compact surface, 

and the biphase composites show significant corrosion inhibition effects on SS in alkaline solutions. 

 

 

Keywords: Stainless steel; poly(3,4-ethylenedioxythiophene); slippery liquid-infused porous surfaces; 

perfluorinated lubricant; corrosion inhibition. 

 

1. INTRODUCTION 

Stainless steel (SS) is an important construction material due to its high strength, workability, 

weldability and resistance to general corrosion. However, intergranular or pitting corrosion would still 

occur in solutions containing oxygen and Cl- [1, 2]. Surface coating is capable of protecting SS against 

corrosion in harsh environments [3-5]. Conductive coatings such as polypyrrole and polyaniline (PAni) 

could prevent pitting corrosion of SS in chloride medium [6-9]. It is noted that insulating coatings act 

only as a barrier against diffusion of corrosive ions to the polymer/metal interface, whereas conductive 

coatings could stabilize the metal in the potential range of the passive region. The corrosion inhibition 

mechanisms of conducting polymers are likely to be related to the formation of a stable polymer/metal 

interphase during the electrosynthesis, the barrier properties of polymers against corrosive ions and the 

inhibition of charge transfer from the metal surface to the corrosive solution due to the electrically 

conductive nature of these polymers. However, conducting polymers are far from perfect in corrosion 
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inhibition and they also have some disadvantages that may greatly limit their applications. For example, 

polypyrrole may be not very stable in some aqueous solutions [10-11]; and some toxic or carcinogenic 

products can be released during the degradation of polyaniline. 

Recent several decades have witnessed a growing interest in poly(3,4-ethylenedioxythiophene) 

(PEDOT), which is a conjugated conducting polymer with excellent environmental stability and a high 

electrical conductivity (ca. 2000 S/cm with nanotubes). It is now widely used in antistatic materials, 

supercapacitors, electrochromic devices, organic light emitting diodes, biosensors, etc., due to its good 

properties such as non-toxicity, high electrical conductivity, high environmental compatibility and easy 

synthesis [12-15]. An epoxy paint containing a small amount of commercial PEDOT/poly(styrene 

sulfonate) and polyethylene glycol as the anti-corrosion additive can significantly decrease the pitting 

corrosion and enhance the mechanical performance [4]. It has been shown that PEDOT, either alone or 

mixed with other materials such as graphene, can excellent corrosion protection for metals such as SS, 

magnesium and titanium alloys [16-19]. 

Aizenberg et al. have recently developed a new type of ice-repellent material based on slippery, 

liquid-infused porous surfaces (SLIPS), which showed extremely excellent anti-icing, anti-frosting and 

anti-fouling behaviors [20-21]. During the fabrication process, the hydrophilic surfaces were modified 

by fluorides to obtain oleophilic properties. And the  micro/nanoporous substrate was infiltrated with a 

lubricating liquid to form a thin, ultra-smooth lubricating layer. The high capillary force caused by 

miro/nanoscale channels allows for a firm attachment of the lubricant. As the lubricating liquid is 

immiscible with water, the diffusion of water containing O2 or Cl- through the layer can be effectively 

blocked. Thus, SLIPS could be a promising candidate for both fouling and corrosion inhibition. There 

is convincing evidence that SILPS on the surface of Al matrix has excellent anti-corrosion behaviors 

[22-23]. 

 The objective of this study is to study the anticorrosion performance of the micro/nano porous 

surface infiltrated with a lubricating liquid in alkaline, acidic and neutral media, respectively. It is found 

that the composite consisting of both solid PEDOT and liquid lubricant shows excellent corrosion 

inhibition to SS in alkaline media. 

 

2. EXPERIMENTAL 

2.1 Preparation of PEDOT/SS samples 

Electrochemical measurements were performed in a standard three-electrode cell with SS disc  

having an exposed area of 1 cm2 as the working electrode, platinum-niobium wire as the counter 

electrode and saturated calomel electrode (SCE) as the reference electrode. The working electrode was 

polished with wet emery papers of successively finer grades (800, 1200 and 1500, respectively) prior to 

the measurement. The steel electrode was ultrasonically cleaned in acetone for several minutes and 

washed with double distilled water. Electropolymerization was performed by chronoamperometry on an 

ACM (Gill AC) workstation to deposit PEDOT films onto the SS surface with aqueous solutions 

containing 0.02 M 3, 4-ethylenedioxythiophene (EDOT) (C. P. Sinopharm), 0.1 M LiClO4 (A. R. 

Sinopharm) as the supporting electrolyte and 0.02 M sodium dodecyl sulfate (SDS, A. R. Sinopharm) as 
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the surfactant. Then, the film was cleaned with double distilled water in order to remove the residual. 

The surface morphology of PEDOT films was characterized by scanning electron microscopy (SEM, 

Zeiss Ultra 55), and the phase composition was determined by X-ray diffraction (XRD, Bruker D8 

Advance).  

 

2.2 Preparation of perfluorinated lubricant/PEDOT/SS (PFL/PEDOT/SS) 

PEDOT was deposited onto the surface of SS and dried in air, and then PEDOT/SS was dipped 

in 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane (Aldrich). The matrix was stored in a vacuum 

desiccator for 24 h to produce a hydrophobic surface (indicated as M-PEDOT/SS). M-PEDOT/SS was 

infused with a perfluorinated lubricant, perfluoroalkylether (Nascent FX-6200), to form 

PFL/PEDOT/SS. The wettability properties of as-prepared PEDOT and M-PEDOT/SS were measured 

using a contact angle meter (CAM-101, KSV Instruments), and the water droplet used was ca. 3 L. 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization were performed on a 

Model 283 potentiostat/galvanostat (EG&G Princeton Applied Research). EIS was performed at an open 

circuit potential with a frequency range of 105 Hz to 10-2 Hz and a perturbation voltage of ±10 mV. The 

EIS results were fitted by Zsimpwin. Potentiodynamic polarization was carried out from −0.5 V to 0.7V 

vs. OCP at a scan rate of 1 mV/s. The corrosion inhibition performance was tested in 3.5 wt.% NaCl, 

0.1 M HCl (pH=1) and 0.1 M NaOH (pH=13) aqueous solutions, respectively, in the ambient 

environment if not otherwise specified. 

 

3. RESULTS AND DISCUSSION 

3.1 Electrochemical synthesis and surface analysis of PEDOT films. 

PEDOT films were prepared using a conventional potentiostatic electropolymerization method 

in aqueous solutions. EDOT monomers were electrochemically oxidized on the active metal surface. 

However, it is necessary to choose proper electrochemical conditions to deposit PEDOT and avoid the 

dissolution of the SS substrate.  
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Figure 1. Linear potentiodynamic polarization of SS electrodes in aqueous solutions containing (a) SDS; 

(b) SDS and LiClO4; and (c) SDS, LiClO4 and EDOT. 
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Figure 2. SEM images of the PEDOT coating deposited on SS in aqueous solutions. 

 

SS shows a passivation process, as shown in Fig. 1. The formation of a passive film can reduce 

the loss of substrate during the electropolymerization process. At a potential of about 0.9-1.2 V, the E–

I curves for the solution containing EDOT, LiClO4 and SDS are different from that for other solutions 

containing only SDS or SDS/LiClO4, thus indicating the electropolymerization of EDOT. Also, a current 

density jump can be observed. As the potential is higher than 1.2 V, SS is dissolved again. It is clear that 

the electropolymerization of EDOT is initiated at a potential of 0.9 V, while the SS substrate is still at 

the potential of passivation. Then, a Cr2O3 film can be formed, which could effectively prevent the 

dissolution of SS [24]. In addition, PEDOT films grow at an electrochemical deposition potential of 1.1 

V and 900 s.  

Fig. 2(a) shows that SS has a uniform and dense layer, which can act as a physical barrier to 

effectively prevent the substrate from oxygen and water vapor in air. Fig. 2(b) shows that the PEDOT 

coating is composed of small cauliflower-like grains with an average size of tens of microns, which is 

the characteristic microstructure for PEDOT [25-26]. There is an increase in the surface roughness and  

area of the PEDOT coating [27]. The matrix with a rough surface and a microporous structure favors the 

infusion and attachment of the perfluorinated lubricant.  

0 20 40 60 80 100

5

10

15

20

25

30

 

In
te

n
si

ty
/ 

a
. 

u
.

2/deg.

 b    PEDOT/SS

 a   SS

 
Figure 3. XRD patterns of (a) 304 SS; and (b) 304 SS with a PEDOT coating. 

 

The XRD pattern confirms the presence of non-crystalline phase of PEDOT. Fig. 3 shows that 

the bumps detected at ca. 18° indicate that PEDOT has a lower crystallinity compared to pure SS, which 

is in agreement with the results of Chougule et al. [28]. This can be attributed to the strong interactions 
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within the polymer and the scattering from chains of the polymer at the interplanar spacing [29]. 

However, no spike peaks are observed, thus indicating no long-range order in the amorphous polymer. 

As PEDOT has a rough surface, there are many gaps of micrometer dimensions around the granular 

PEDOT. However, corrosion would still occur as the dissolved corrosive species can easily penetrate 

into the gaps and reach the metal surface, which can be easily overcome by surface hydrophobilization. 

1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane is used to modify the structure of PEDOT films in order 

to induce hydrophobic and oil-loving surfaces that could admit the perfluorinated lubricant, which can 

act as an effective corrosion inhibition barrier [24].  

Fig. 4 shows the wettability properties of unmodified and modified PEDOT films. The contact 

angle of unmodified PEDOT coating on the SS is 21°, indicating a hydrophilic surface; while that of 

pure SS is about 83°, which can be assumed to be an intrinsic Young contact angle. Therefore, PEDOT 

shows hydrophilic characteristics compared to bare steel. Kumar et al. also found that the contact angle 

of the PEDOT coating was about 32-44° but that of base metal was 89° [19]. According to the Wenzel 

equation cosθW= rcosθY, the surface roughness is calculated to be 8.9, indicating the formation of a rough 

surface at a potential of 1.1 V [30]. The contact angle is increased to 140°, which is lower than that 

(160°) of Al oxide after modification by the fluorinating agent, suggesting substantial changes in surface 

properties [22], and the contact angle lower than 150° is characteristic of superhydrophobicity. The 

surface modification results in a change in the wettability from hydrophilicity to hydrophobicity, which 

can be attributed to the oleophilic characteristics of the organic fluorine. In addition, the surface is 

intrinsically porous, making it possible to accommodate the lubricant. The porous structure can be 

regarded as capillary channels of micro/nano scale. The high capillary force caused by miro/nanoscale 

channels allows for a firm attachment of the lubricant, and the out layer of the fluid can also be anchored 

to the inner layer to avoid free flowing due to the large van der Waals force of macromolecules. The 

infusion of lubricant results in the formation of the material composed of stationary lubricant and 

PEDOT with a smooth and nearly defect-free surface [22]. 

 
 

Figure 4. The contact angle of PEDOT/SS film (a) and PEDOT/SS modified by 1H, 1H, 2H, 2H-

perfluorooctyl trichlorosilane (b) . 

 

3.2 Corrosion inhibition performance 

The corrosion resistance of bare and coated samples in aggressive electrolytes (0.1 M HCl, 3.5 

wt % NaCl and 0.1 M NaOH aqueous solutions) was characterized by EIS, and the equivalent circuits 

and simulation results are shown Fig. 5 and Table 1, respectively. In the equivalent circuits, Rs represents 

the electrolyte resistance; and the passivation SS layer, PEDOT film and lubricant infused in PEDOT 
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are characterized by the resistance R3 and associated capacitance Q3, resistance R2 and associated 

capacitance Q2, and resistance R1 and associated capacitance Q1, respectively. 

 

 

 

 
Figure 5. Equivalent circuits for bare and coated samples in aggressive electrolytes (0.1 M HCl, 3.5 wt 

% NaCl and 0.1 M NaOH aqueous solutions); (a) SS; (b) PEDOT/SS and (c) PFL/PEDOT/SS 

 

Table 1. EIS simulation results for SS, PEDOT/ SS and PFL/PEDOT/SS in 0.1 M HCl, NaCl and NaOH 

solutions. 

 

Media          Samples 
Rs  

Ωcm2 

Q1 

μFcm-2 

n1 R1 

Ωcm2 

Q2 

μFcm-2 

n2 R2 

Ωcm2 

Q3 

μFcm-2 

n3 R3 

Ωcm2 

HCl   

SS 9.21       9.27×10-5 0.844 4.92×104 

PEDOT/SS 7.78    7.78×10-4 0.661 1.97×104 1.44×10-2 1 2.86×104 

PFL/PEDOT/SS 9.79 4.39×10-7 1 1.48×104 2.05×10-4 0.226 8874 8.45×10-5 1 1.98×104 

NaCl  

SS 8.67       1.11×10-4 0.802 1.78×104 

PEDOT/SS 6.64    5.02×10-5 0.906 2.11×104 3.01×10-4 1 2816 

PFL/PEDOT/SS 8.77 7.88×10-9 1 8.22×104 3.41×10-4 0.394 1.14×104 4.01×10-5 1 7586 

NaOH  

SS 9.64       4.13×10-5 0.881 1.458×105 

PEDOT/SS 6.33    2.13×10-4 0.737 2.27×106 9.31×10-5 1 4339 

PFL/PEDOT/SS 6.06 4.03×10-4 1 7.58×106 1.71×10-5 0.273 2.09×104 3.16×10-9 1 1807 
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Figure 6. (a) Nyquist plots and (b) phase angle–log (frequency) diagrams of three matrices in 0.1 M HCl 

solution. 

 

Fig. 6 shows representative Nyquist plots and phase angle–log (frequency) diagrams of SS, 

PEDOT/SS and PFL/PEDOT/SS in 0.1 M HCl aqueous solution. It shows that there is no significant 
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difference in the Nyquist plots between SS and PEDOT/SS with a time constant. The PFL/PEDOT/SS 

matrix has a relatively depressed semi-circular shape with two time constants. Although inherently 

conductive, the PEDOT polymer film is still frail in the highly aggressive acid solution, and the extra 

time constant can be attributed to the perfluorinated lubricant attached to the polymer. It is easily seen 

that the arc capacitive impedances of PEDOT/SS and PFL/PEDOT/SS are smaller than that of SS, which 

can be attributed to the dispersion effect as both PEDOT/SS and PFL/PEDOT/SS matrices have a 

rougher surface.  

The corrosion performance of the three matrices in neutral (NaCl) media is shown in Fig. 7. The 

Nyquist plots and phase angle–log (frequency) diagrams of SS show that no oxide layer is formed on SS 

and it has a capacitive impedance with one time constant. The impedance data show that PEDOT/SS has 

a traditional capacitance loop at high frequencies and an irregular line with a slope of ca. 1 at low 

frequencies, indicating tangent hyperbolic diffusion in the passive process (Fig. 7 a). This is 

characteristic of the impedance for a thin layer cell, and PEDOT as an electroactive film can have high 

oxidation activity to SS to form a passivity layer. The SS covered by the polymer film is dipped into 

electrolyte solution containing a redox couple. In this case, there exist two interfaces, including a 

metal/polymer film interface where only electrons may be exchanged and a polymer film/electrolyte 

solution interface where electrons, ions and solvent molecules are exchanged [24, 31]. For the 

PFL/PEDOT/SS matrix, the Nyquist plot shows a larger semi-circular shape. The Bode diagrams show 

that the maximum phase angles decrease and the peaks become broader.  
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Figure 7. (a) Nyquist plots and (b) phase angle–log (frequency) diagrams of the three matrices in 3.5 

wt % NaCl solution. 

 

The impedance data of SS, PEDOT/SS and PFL/PEDOT/SS in NaOH media are shown in Fig. 

8. It shows that PEDOT/SS has the largest semi-circular shape, indicating that the conductive polymer 

film can act as a good physical barrier against corrosion. The results are supported by the phase angle–

log (frequency) plots (Fig. 8b), in which an increase in the phase angle is observed at low frequencies. 

The resistance of lubricant (R1) is as high as 7.58×106 in 0.1M NaOH solution, which indicates that the 

lubricant with low surface energy can inhibit the penetration of corrosive medium into the film (PFL). 
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Figure 8. (a) Nyquist plots and (b) phase angle–log (frequency) diagrams of the three matrices in the 

0.1 M NaOH solution for electrodes tested. 
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Figure 9. (a) Potentiodynamic polarization behaviors of the three matrices in 0.1 M HCl solution; (b) 

3.5 wt % NaCl solution; and (c) 0.1 M NaOH solution 
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Fig. 9 shows the potentiodynamic polarization curves for the three matrices in various solutions, 

and Table 2 shows the curve-fitted results from the potentiodynamic polarization experiments. Fig. 9a 

shows that compared to SS and PFL/PEDOT/SS, the corrosion potential of PPEDOT/SS shows a large 

positive shift, while the corrosion current Icorr also shows a distinct decrease in HCl aqueous solution. 

Fig. 8b shows the potentiodynamic polarization results of the three matrices in NaCl aqueous solution. 

However, PEDOT/SS and PFL/PEDOT/SS show no significant improvement in corrosion performance 

compared to SS, which is in agreement with the results of Aguirre et al.[27]. It is assumed that PEDOT 

or perfluorinated lubricant could temporarily prevent the formation of oxide layers, while the bare SS is 

covered with a passivation layer containing compact Cr2O3 [32]. However, the formation of the compact 

passivation layer is inhibited due to the blocking effect of PEDOT or PFL/PEDOT, so that the conductive 

film or the biphase composition would have no obvious advantages. The corrosion inhibition of these 

composite materials in NaOH aqueous solution is shown in Fig. 9c and Table 2. The corrosion 

performance of PEDOT/SS and PFL/PEDOT/SS is significantly improved, and their  corrosion 

potentials show a positive shift compared to SS. The Icorr of PFL/PEDOT/SS decreases dramatically. The 

Icorr of PEDOT/SS and PFL/PEDOT/SS is ca. 1 and 3 order of magnitude lower than that of SS, 

respectively. Therefore, it can be concluded that the corrosion inhibition performance of 

PFL/PEDOT/SS is significantly improved in NaOH aqueous solution after the modification by 

fluorinating agent and perfluorinated lubricant. 

 

 

Table 2. Icorr and linear polarization resistances of SS, PEDOT/SS and PFL/PEDOT/SS matrices in 0.1 

M HCl, NaCl and NaOH solutions. 

 

Media          Samples Icorr (mA·cm-2) LPR (Ohm·cm2) -βc(mV·dec-1) βa(mV·dec-1) 

HCl  solutions 

SS 0.0072 3873 244 378 

PEDOT/SS 0.0031 11324 145 249 

PFL/PEDOT/SS 0.0141 2031 118 512 

NaCl solutions 

SS 0.5945 46.7 148 191 

PEDOT/SS 3.0275 8.3 220 364 

PFL/PEDOT/SS 3.8442 7.1 156 313 

NaOH solutions 

SS 0.0375 681 247 427 

PEDOT/SS 0.0036 7793 265 630 

PFL/PEDOT/SS 4.27×10-5 628445 122 228 

 

 

4. CONCLUSIONS 

In this study, a PEDOT film was deposited onto the SS surface to prepare PEDOT/SS by 

chronoamperometry. The porous polymer film is highly hydrophobic with a water contact angle of ~ 

140o after the modification by the fluorinate agent. PFL/PEDOT/SS was prepared by the infusion of 

perfluorinated lubricant. The results show that the PEDOT/SS matrix has a compact surface, and the 

PFL/PEDOT/SS show significant corrosion inhibition effects on SS in alkaline media. 
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