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Nano-scale TiO2 and micro-scale PTFE were used to fabricate a series of coatings on steel substrate 

through a facile approach. Scanning electron microscopy, thermal analysis, contact angle analyzer and 

electrochemical tests were obtained to describe the coatings’ surface morphologies, optimum 

temperature, wetting properties and anti-corrosion performances, respectively. The results indicated 

that the optimum temperature of these coatings was 200 °C. Under this temperature, rich composite 

interface structures would form on the coating surface. Further more, the as-formed coating would 

exhibit the best super-hydrophobic with water contact angle as 154.5° and excellent anti-performance 

with the biggest Ecorr, ßa and ßb as -0.65 V, 0.13 V/dec, 0.25 V/dec, respectively, the smallest jcorr as 

4.45×10
-5 

A.cm
-2

 and the largest diameter as shown. 
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1. INTRODUCTION 

In recent years, the solid surface with super-hydrophobic (water static contact angle exceeding 

150° and water sliding angle less than 10°) has attracted considerable interest thanks to its special 

advantages and potential prospects in both fundamental research and practical applications.[1] Many 

studies found that the combination of hierarchical micro/nano dual roughness and low surface energy 

were two key factors for the super-hydrophobic of such solid surfaces.[2,3] Therefore, creating 

suitable texture with micro/nano rough structure on hydrophobic materials has become a 

significant method to fabricate super-hydrophobic surface as well as modifying a rough substrate with 

low surface energy. 
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It’s generally known that nanotechnology is the science of materials at the molecular or 

subatomic level and its application prospect is very extensive. Nowadays, the application of this fast-

evolving technology to super-hydrophobic scientific research has drawn much attention.[4] Nano-

particles such as TiO2 have been applied extensively onto metal substrates and subsequent 

hydrophobic modification with fluorinated silane[5] or stearic acid[6] due to their non-toxicity, low 

price, high availability biocompatibility and cost-effectiveness. For instance, Jiang et al.[7] used both 

micro-arc oxidation technique and self-assembling reaction to fabricate functional TiO2 patterns with 

super-hydrophobicity, good anti-corrosion and high hemocompatibility on biomedical Ti-6Al-4V 

alloys. The results indicated that the water contact angle between water and the as-formed patterns 

arrived at 153.39°. what’s more, to be compared with those of uncoated, these patterns’ corrosion 

resistance values increased obviously by raising one order of magnitude. Nishimoto et al.[8] made it 

possible to quickly fabricate superhydrophobic–superhydrophilic samples without photomask through 

a new formation method. According to the research, the TiO2-based printing samples were fabricated 

on an anodized aluminum plate followed by surface modification of TiO2 film, patterning of aqueous 

ink by the ink-jet technique, UV light irradiation and water washing. Furthermore, the wettability 

plates were reusable and applicable to offset printing. Given above, there is no doubt that the 

incorporation of super-hydrophobic properties into TiO2 device surface can widen its application area.  

Increased attention has recently been paid to Polytetrafluoroethylene(PTFE) which can be easy 

to manufacture and typically possess excellent properties including low surface energy and adhesion, 

high temperature and biological stability, excellent resistance to chemical reagents and degradation.[9] 

It is commonly thought to be a good choice as a versatile fluoropolymer material widely used to 

fabricate super-hydrophobic surfaces due to such advantages. The contact angle (CA) between 

commercially available PTFE and water droplet usually reaches104-108°.[10,11] Morever, considering 

surface energy, the descending order of -CH2- > -CH3- > -CF2- > -CF2H- > -CF3- may help us 

to learn more about super-hydrophobic scientific studies, especially on fluorine-containing 

materials.[12] Dong et al.[13] got several films by changing the amount of PTFE micro-powder in the 

mixed solution (mix polyvinylidene fluoride with polytetrafluoroethylene) from 0 wt.% to 12 wt.%, 

the results showed that the contact angle between the films and water are range from 130.4° to 152.2°. 

Zheng et al.[14] fabricated super-hydrophobic and heat-resistant membranes on glass plate by sol-gel 

method. SiO2 sol and PTFE emulsion were used as raw materials and γ-Glycidoxypropyl 

trimethoxysilane was used to increase the compatibility between the two former phases so to reduce 

the phase separation. It was observed that the as-prepared membranes had good hydrophobic with 

average water contact angle of 156° and sliding angle of 6°. 

In this letter, we fabricated a series of coatings on the basis of organic (PTFE emulsion) and 

inorganic (TiO2 nanoparticles) through sol-gel method. Steel coupon and stearic acid were used as 

metal substrate and surface modifier, respectively. The thermal analysis, surface morphologies and 

wetting properties of the as-formed coatings were observed as well anti-corrosion performances. The 

results demonstrated that all the covered-specimens showed better anti-corrosion performance than the 

bare steel, and, the composite coating exhibited the best super-hydrophobic when the heat-treatment 

temperature was at 200 °C. 
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2. EXPERIMENTAL DETAILS 

2.1 Sample preparation 

First of all, orderly add TiO2 (5 g, purchased from Shanghai jiang titanium dioxide chemical 

products co., LTD with average particle size 10-30 nm) and stearic acid (0.4 g, purchased from 

Guangdong Shantou Xinlong chemical plant) that was well dissolved in 40 mL of ethanol into 40 mL 

of DI water under magnetic stirring for more than 2h at 80 °C followed by adding suitable Sodium 

Dodecyl Benzene Sulfonate (SDBS, obtained from Shantou guanghua chemical plant). Then, the 

amount of 2.4 g PTFE emulsion (60 wt.%, 1.2 g.mL-1, obtained from Guangzhou Songpo Chemical 

Company with average particle size 0.2-0.3 um ) and 1 mL ammonia solution (NH3H2O) were slowly 

joined as well as 1 mL silane coupler (G-570). After that, the reaction mixture’s pH was adjusted to 5.0 

by 2 M acetic acid. What’s more, it was kept stirring for another 3 h and aged at room temperature for 

8 h until a homogeneous white viscous liquid was obtained. Finally, uniform hybrid coatings were 

formed on steel substrate after dip-coating process and heat treatment with 130, 170, 200, 230 and 

270°, respectively. The schematic illustration of fabricating composite coatings was showed as Fig. 1. 

 

 
 

Figure 1. The schematic illustration of fabricating composite coatings 

 

2.2 Characterization 

The water contact angles of as-prepared coatings and their surface morphology structures were 

characterized by sessile drop method (Dataphsics OCA20) and digital scanning electron microscopy 

(SEM, S-3400N) respectively. The stability of composite powders were tested with thermo gravimetric 
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analysis (TG, Netzsch STA449F3A-1103-M). Electrochemical methods including polarization curve 

measurement and alternating current impedance were measured by CHI 660D electrochemical 

analyzer to characterize the corrosion of composite coatings at room temperature. All specimens were 

immersed in 3.5 wt. % NaCl electrolyte solution for 36 h with a scanning rate of 5 mV/s, the potential 

range was from -1.4 V to -0.1 V. The tests were performed by a three-electrode method, which consists 

of a working electrode, a reference electrode and an auxiliary electrode.  

 

3. RESULTS AND DISCUSSION 

3.1 Thermal analysis and hydrophobic studies    

As we all know, the hydrophobicity of the solid surface is determined by both the chemical 

composition and microstructure of the surface.[15-17] What’s more, the heat-treatment temperature 

has certain kinds of relationships with these two factors.[18]  

In order to understand the effect of the heat-treatment temperature on the wettability of the as-

prepared surface coverage, we fabricated a series of coatings under different heat-treatment 

temperatures such as 130, 170, 200, 230 and 270 °C for 1 h. According to Fig. 2 and Tab.1, We can 

see that the CA and surface appearance on coating changed significantly with the increase of 

temperature. Further more, the CA attained maximum (CA = 154.5°) when the heat-treatment 

temperature was 200 °C. However, the CA reduced apparently either as the temperature of below 170 

°C or exceed 230 °C. This may due to the change of organic molecules, resulting to the change of the 

surface structure. Fig. 3 presents the thermal analysis curves (TG-DTG) of the TiO2/PTFE particles 

when the heat-treatment temperature was 200 °C. The quality was not changed obviously when the 

temperature was below 200 °C, This may due to the molecular-level physical adsorption or desorption 

behaviors of the surface chemical reagents and water. The high heat resistance of PTFE up to 260 °C 

may account for this as well.[19] In addition, The obvious mass-loss rate of composite particles 

achieved at about 18% when the temperature was between 250 °C and 800 °C especially at about 550 

°C, which meant the composite particles were suffering from thermal damage. This mainly attributed 

to the complete oxidative decomposition of organic materials like the methyl groups, stearic acid and 

PTFE molecular chain. 
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Figure 2. Effect of heat treatment on WCA 
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Table 1. Effect of the heat-treatment on CA of coating 

 

Sample    Heat-treatment temperature/ °C      CA/°          Coating appearance 

1               130                                                130.5              no cracks 

2               170                                                147.0              no cracks 

3               200                                                154.5              no cracks 

4               230                                                151.5              A few of cracks 

5               270                                                144.0              A lot of cracks 
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Figure 3. Thermal analysis curves of TiO2/organic composite particles 

 

3.2 Surface morphology  

The surface morphology is one of the most critical factors on the hydrophobicity of the solid 

coating.[20,21] 

In our case, we use nano-sized TiO2 (Fig. 4a) and micro-level PTFE (Fig. 4b) as raw materials. 

The results showed that the TiO2 powders were well dispersed on PTFE surface with a narrow 

size distribution. Besides, the PTFE exhibited homogeneous networks with good cross-linking and 

unique hierarchical air-cushion structures. After reacted with each other, the surface morphology of 

composite particles became more abundant (Fig. 4c). To be specific, the air-cushion structures were 

filled with nano-sized TiO2 powders and a large fraction of air were trapped within the grooves among 

such micro/nano dual structure, which can dramatically increase the surface roughness of the 

composite coating and prevent the coating from being corroded by corrosive species.[22] 

Theoretical basis are important for us to understand the behaviors of the hydrophobized 

TiO2/PTFE coatings. According to the Cassie-Baxter model[23] (shown as Fig.5) and the 

mechanism  of anti-corrosive[24] (shown as Fig. 6), the coatings that with good hydrophobicity always 

have both low surface energy and hierarchical micro/nano dual structures[25]. Of the two, the 

micro/nano dual structures are closely related to gas-liquid-solid composite interface that can trap the 

air into “ravines’’ between ‘‘peaks’’ easily to form an “air protection shield” when it’s in corrosive 

solution, which is important to prevent the corrosion medium penetrating into the substrate directly. 

The configuration of the Cassie-Baxter model can be described as the following equation[26-28]: 
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cosθCB=(1-ƒ) cosθ-ƒ    (1) 

Where ƒ is the the fraction of air in contact with water, θCB is the contact angle of a water 

droplet on a rough surface while θ is on a smooth surface. Both θCB and θ are in the range of 0-180° 

where the cosine value will monotonically decreases as the angle increases. In our case, the CA value 

on the best as-prepared composite coating (θCB) and bare smooth steel surface(θ) are 154.5° and 76°, 

respectively. It is easy to know from Eq. (1) that the ƒ value is 0.916, which indicates that the air 

contacted with water occupies about 91.6% of the contact area between water and micro/nano 

structure. The final image of the hydrophobic properties of TiO2/PTFE coating sintered at 200 °C is 

showed in Fig. 7 as well as the uncoated steel surface. 

 

 
 

Figure 4. Morphologies of samples:(a) modified TiO2 particles, (b) pure PTFE, (c) TiO2/PTFE 

particles sintered at 200 °C 

 
 

Figure 5. Schematic diagram of Cassie-Baxter model 

c 

b a 
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Figure 6. Anti-corrosive mechanism of TiO2/ organic composite coating 

 

 
 

Figure 7. The water droplets on the specimens’ surfaces:(a-b) TiO2 /PTFE specimen sintered at 200 

°C, (c-d) uncoated steel specimen 

 

3.3 Electrochemical measurements   

In order to evaluate the anti-corrosion behaviors of the as-prepared coatings, electrochemical 

measurements like Potentiodynamic polarization measurement and Electrochemical impedance 

measurement (EIS) are described. Corrosion potential (Ecorr) and Corrosion current density (jcorr) 

calculated from extrapolation of these curves to their point of intersection are given as the parameters 

to evaluate the anti-corrosion performance of coatings, anodic Tafel constants (ßa) and cathodic Tafel 

constants (ßc ) are given in Tab. 2 as well. Generally, a high Ecorr or a low jcorr corresponds to a large 

corrosion resistance a good anti-corrosion performance.[29] According to the former study, we choose 

six different samples (bare steel, modified TiO2, pure PTFE, composite TiO2/PTFE treated with 170, 

200, 230 °C) to be measured. The results are showed in Fig. 8, Tab. 2 and Fig.9 for comparison.  

Fig. 8 shows the Tafel plots of uncoated steel substrate and a series of coated samples. 

In particular, Tafel curve (a), (b), (c) is the bare steel substrate, modified TiO2 and pure PTFE, 

respectively. The next series of specimens denoted with (d), (e) and (f) represent the composite 

coating(TiO2/ PTFE) treated with 170, 230 and 200 °C. As shown in Fig. 8. Both Tafel constants (ßa 

and ßc) and the corrosion potential (Ecorr) of all coated-specimens are more positive while their 

corrosion current density (jcorr) are decreasing obviously compared to the uncoated one. All 

calculated values (Ecorr, ßa, ßc, jcorr) of specimens coated with  pure TiO2  and PTFE are very close, 

which may due to their single component, leading to poor protection against NaCl solution. In 
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addition, the Ecorr (ßa, ßc) value of specimens coated with TiO2/ PTFE coating exhibit better anti-

corrosion performance than pure PTFE coating and modified TiO2 coating.  This may be a result of the 

good dispersion of TiO2 particles on PTFE, when the nano-particles uniformly distribute and has a 

good combination with micro-scale organic material, the composite coating will exhibit better 

properties than that of simple material.[30]  

Combine with the computational results (corrosion potential (Ecorr) and corrosion current 

density (jcorr)) in Tab. 2. We can easily see that the bare steel has the smallest Ecorr,  ßa,  ßc as -0.95 V 

0.13 V/dec, 0.25 V/dec, respectively. This may due to the direct contact with NaCl corrosive medium 

so there has little protection. More specifically, the sodium ions, chlorine ions, water molecules, 

oxygen and many other active ingredients may easily penetrate into the uncoated steel, resulting to no 

protection against the corrosion medium.[31,32] However, according to Tab. 2, the corrosion current 

density (jcorr) of the TiO2/ PTFE specimen that heat-treated at 200 °C was 4.45×10
-5 

A/cm
2
, which is, 

1.62, 4.16, 7.57, 12.02, 131.69 times lower than that of 170, 230 °C, pure PTFE, modified TiO2 and 

uncoated sample, respectively. The results may because of the changes of chemical compositions and 

the hydrophobicities of the coating surfaces. 

Electrochemical impedance spectroscopy (EIS), which is investigated as well to evaluate the 

samples’ anti-corrosion performance, confirms these results. Generally, we use the diameter of EIS 

curves to describe the specimens’ anti-corrosion performance, larger the diameter is, better the anti-

corrosion performance is.[33-35] 
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Figure 8. Tafel curves of steel specimens: (a) uncoated; coated with: (b) modified TiO2,  (c) pure 

PTFE, (d)TiO2/PTFE sintered at 230 °C, (e) TiO2/PTFE sintered at 170 °C, (f)TiO2/PTFE 

sintered at 200 °C in 3.5% NaCl solution for 36 h 
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Fig. 9 shows the Nyquist plots of the specimens mentioned above. According to these results, 

both heat-treatment temperature and polymer material have prominent effects on the impedance of the 

specimens. We can easily observe that the coated specimens have larger diameter than the bare steel 

substrate, besides, the diameter of specimen that covered by TiO2/PTFE treated with 200 °C is the 

largest. The reason is due to the coatings’ rich gas-liquid-solid composite interface structures and good 

hydrophobicities. Morever, combined with the air(acting as a barrier layer to the electrolyte by 

impeding its contact with steel subtrate) trapped within pores, a secondary physical barrier is formed to 

protect the underlying steel from being corroded by the harmful ions such as sodium 

ions, chlorine ions and other corrosive ions.[36]  

 

 

Table 2. Corrosion potentials and corrosion current densities of different samples 

 

coating corrosion  

potential/V 

corrosion current  

density(A/cm
2
) 

ßa(V/dec)  ßb(V/dec) 

Bare steel substrate 

Nano modified TiO2 

Polytetrafluoroethylene 

TiO2/PTFE (170 °C) 

TiO2/PTFE (200 °C) 

TiO2/PTFE (230 °C) 

-0.95 

-0.71 

-0.77 

-0.68 

-0.65 

-0.73 

5.86×10
-3

 

5.35×10
-4 

3.37×10
-4 

7.21×10
-5 

4.45×10
-5 

1.85×10
-4 
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0.16 
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0.37 

0.42 
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0.27 

0.33 
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0.36
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Figure 9. EIS curves of steel specimens: (a) uncoated; coated with: (b) modified TiO2,  (c) pure PTFE, 

(d)TiO2/PTFE sintered at 230 °C, (e) TiO2/PTFE sintered at 170 °C, (f)TiO2/PTFE sintered at 

200 °C in 3.5% NaCl solution for 36 h 
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4. CONCLUSION 

In this letter, we prepared a series of coatings on steel substrate through a simple method. The 

nano-TiO2 particles and micro-PTFE emulsion were used as raw materials in order to fabricate the 

micro-nano surface structure. Scanning electron microscopy and thermal analysis were obtained to 

describe both the surface structures and the best heat-treatment temperature of the coatings. 

Electrochemical tests including polarization method and Electrochemical impedance measurement 

were obtained to investigate the samples’ anti-corrosion performances. The results showed that coating 

would have rich surface structure and best anti-corrosion performances (the biggest Ecorr, ßa and ßb, the 

smallest jcorr, the largest diameter) when the heat-treatment temperature was at 200 °C, neither higher 

nor lower temperature was suit for the coating fabricating. Morever, the contact angle analyzer proved 

the hydrophobicities of samples were different as the temperature changing, the biggest water contact 

angle achieved at 154.5, which was 178.5 positive shift compared to the bare steel sample at 76. 
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