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Ni-W/PTFE composite coatings were prepared on the surface of Q345 pipeline steel by 

electrodeposition technology, and the effect of the concentration of PTFE particles added to the plating 

solution on the composition, surface morphology, surface roughness, and corrosion resistance in 

simulated oilfield produced water was investigated. The results show that with the increase of PTFE 

particles concentration from 2 g/L to 12 g/L, the content of PTFE particles in the composite coating 

first increases and then decreases, while the crystal cell size and surface roughness first decrease and 

then increase, playing a big role on the corrosion resistance in simulated oilfield produced water. The 

Ni-W/PTFE composite coating prepared by adding 8 g/L PTFE particles is compact and dense with 

only 0.372 μm surface roughness, and the charge transfer resistance and coating resistance are about 

2.4 times higher than that of Q345 pipeline steel. The Ni-W/PTFE composite coating has a protection 

efficiency of 70.6%, which can significantly improve the corrosion resistance of Q345 pipeline steel in 

simulated oilfield produced water to prolong its service life. 
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1. INTRODUCTION 

 

The whole process of oilfield development has the problem of corrosion. The oilfield produced 

water contains sodium chloride, acetic acid, sodium bicarbonate and other substances, which seriously 

corroded the steel pipeline [1-7]. Therefore, how to improve the corrosion resistance of steel pipeline 

to prolong its service life has become the focus and direction of efforts. As a result, the focus and 

direction of the work has shifted to how to increase the corrosion resistance of steel pipeline in order to 

extend its service life. In recent years, surface coating technology has been proved to significantly 
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improve the corrosion resistance of steel pipeline. 

Many surface coating technologies can be used to improve the corrosion resistance of steel 

pipeline, such as electrodeposition, surface passivation, phosphorization, electroless deposition and so 

on [8-12]. Meanwhile, electrodeposition is a kind of common surface coating technology, which has 

the advantages of stabilization and controllability. It has been discovered that nickel based alloy 

prepared by electrodeposition has the best corrosion resistance and mechanical properties. Moreover, 

some nonmetal and metal particles doping could further improve the chemical and physical properties 

of nickel based alloy coating reported in some papers [13-17]. PTFE (Polytetrafluoroethylene) is a 

kind of polymer materials with higher impedance and lower friction coefficient, which has better 

corrosion resistance in the environment containing sodium chloride and acid solution [18-19]. 

Therefore, nickel based alloy coating doping with PTFE coating is suitable to protect steel pipeline for 

oil transportation.   

In this paper, Q345 pipeline steel is selected as the research object and simulated oilfield 

produced water is taken as the corrosion medium. Ni-W/PTFE composite coatings were 

electrodeposited by introducing PTFE particles based on the principle of codeposition mechanism. The 

aim is to improve the corrosion resistance of Q345 pipeline steel in simulated oilfield produced water 

by using the characteristics of Ni-W/PTFE composite coating. 

 

 

 

2. EXPERIMENTAL 

2.1 Pretreatment and materials 

The chemical composition of Q345 pipeline steel is 1.70%Mn, 0.20%C, 0.55%Si, 

0.02~0.15%V, 0.03%P, 0.03%S and residual Fe. The samples were polished, washed by alkali solution 

(45 g/L sodium hydroxide+12 g/L sodium carbonate, soaked at 60℃ for 8 min), dipped into acid 

solution (10% hydrochloric acid, soaked at room temperature for 1 min), cleaned and dried with 

distilled water in sequence.  

 

2.2 Component of simulated oilfield produced water 

The component of simulated oilfield produced water is listed in Table 1. The reagents used are 

all analytically pure grades, and distilled water is added to a constant volume of 1000 mL. Carbon 

dioxide gas is pumped into the simulated oilfield produced water for 2 h to remove oxygen. 

 

 

Table 1. Component of simulated oilfield produced water 

 

Reagents NaCl CH3COOH CaCl2 Na2SO4 NaHCO3 KCl 

Concentration/ (g·L-1) 16.6 2.0 1.8 1.3 3.2 0.4 
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2.3 Preparation of Ni-W/PTFE composite coatings 

Ni-W/PTFE composite coatings were prepared on the surface of Q345 pipeline steel by 

electrodeposition technology. The plating solution was composed of analytical pure nickel sulfate, 

sodium tungstate, boric acid, ammonium citrate dibasic and sodium dodecyl sulfate shown in Table 2. 

The bath heating keeps the bath temperature at (60±0.5)℃. KPS3040D DC regulated power supply is 

adopted and the current density is set to 2 A/dm2. During the electrodeposition process, the plating 

solution was continuously stirred at stirring rate of 300 r/min to ensure that the PTFE particles were 

fully wetted and evenly dispersed. After electrodeposition for 60 minutes, the sample was taken out 

and dried.  

 

 

Table 2. Component of plating solution for Ni-W/PTFE composite coatings 

 

Reagents Concentration/ (g·L-1) 

NiSO4·6H2O 24 

Na2WO4·2H2O 45 

H3BO3 30 

C6H14N2O7 100 

C12H25SO4Na 0.06 

PTFE particles 2, 5, 8, 12 

 

2.4 Characterization and testing of Ni-W/PTFE composite Coatings 

2.4.1 Surface morphology and composition 

The surface morphology of Ni-W/PTFE composite coating was characterized by Supra55 

scanning electron microscope, and the composition of Ni-W/PTFE composite coating was analyzed by 

X-Max energy dispersive spectrometer, and the mass fraction of each element was obtained. According 

to the relative molecular weight relationship between F element and PTFE, the content of PTFE 

particles in the composite coating was calculated. In addition, a Micro Phase 3D microscope camera 

was used to characterize the three-dimensional morphology of Ni-W/PTFE composite coating and 

measure the surface roughness. 

 

2.4.2 Corrosion resistance testing 

Q345 pipeline steel electrodeposited with Ni-W/PTFE composite coating was used as the 

working electrode, platinum sheet as the counter electrode and saturated calomel electrode as the 

reference electrode. The three electrode system was immersed in simulated oilfield produced water for 

a period of time, and the electrochemical impedance spectrum was tested after the open circuit 

potential was stabilized. 5 mV sine wave excitation signal was applied to scan from 100 kHz high 

frequency to 10 mHz low frequency. The test data were imported into ZSimpWin software for fitting, 
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and the charge transfer resistance, coating resistance and low frequency impedance values were 

obtained. According to the charge transfer resistance, the protective efficiency of different Ni-W/PTFE 

composite coatings on Q345 pipeline steel was estimated. A full immersion corrosion experiment was 

carried out in simulated oilfield produced water with Q345 pipeline steel sample and Ni-W/PTFE 

composite coating as the research objects. After 240 h, the sample was taken out, the corrosion 

products on the surface were cleaned with rust remover, and the corrosion weight loss was calculated 

with FA2204N electronic balance. The corrosion protection effect of Ni-W/PTFE composite coating on 

Q345 pipeline steel was studied using charge transfer resistance, coating resistance, low frequency 

impedance, protection efficiency, and corrosion weight loss. 

 

 

3. RESULTS AND DISCUSSION 

3.1 The composition of Ni-W/PTFE composite coatings 

Table 3 lists the composition of different Ni-W/PTFE composite coatings. Table 3 shows that 

different composite coatings are composed of Ni, W, C and F elements, among which F element comes 

from PTFE, which can confirm that PTFE particles are doped in the composite coatings along with the 

deposition process. When 2 g/L PTFE particles are added, the mass fraction of F element is relatively 

low, about 1.47%, and the content of PTFE particles in the composite coating is estimated to be about 

1.93%, as shown in Figure 1. As the concentration of PTFE particles increased, the mass fraction of F 

element increased first and then decreased, and the content of PTFE particles in the corresponding 

composite coating increased from 1.93% to 3.87% and then decreased to 2.96%, as shown in Figure 1. 

Analysis shows that the increase of the concentration of PTFE particles increases the number of 

uniformly dispersed particles in the plating solution, so the particles attached to the deposition surface 

and doped in the composite coating with the deposition process increase under the liquid flow 

disturbance. However, when the concentration of PTFE particles added is too high, the agglomeration 

effect of particles in the bath resulting in fewer particles attached to the deposition surface, so the 

content of PTFE particles in the composite coating decreases along with the deposition process. When 

the concentration of PTFE particles introduced is too high, the agglomeration effect of the particles in 

the bath causes fewer particles to adhere to the deposition surface, resulting in a drop in the content of 

PTFE particles in the composite coating during the deposition process.The agglomeration effect and 

mechanism of nano particles are found and reported by some people [20-22]. 

 

Table 3. Composition of different Ni-W/PTFE composite coatings 

 

concentration of PTFE 

particles/ (g·L-1) 

mass fraction 

of Ni/ % 

mass fraction 

of W % 

mass fraction 

of C % 

mass fraction 

of F % 

2 67.45 21.03 10.05 1.47 

5 67.11 20.32 10.09 2.48 

8 66.94 20.15 9.97 2.94 

12 67.03 20.27 10.45 2.25 
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Figure 1. Content of PTFE particles in Ni-W/PTFE composite coatings;  

 

3.2 The surface morphology of Ni-W/PTFE composite coatings 

Figure 2 shows the surface morphology of Q345 pipeline steel and different Ni-W/PTFE 

composite coatings. By comparison, Ni-W/PTFE composite coating was successfully prepared on the 

surface of Q345 pipeline steel. It can be seen from Figure 2(b) that when 2 g/L PTFE particle is added, 

the composite coating is in the shape of cauliflower, and uneven and approximately spherical crystal 

cells are distributed on the surface, but the crystal cells are not compact. With the increase of PTFE 

particles concentration, the crystal cell diameter of the composite coating decreases.  

 

         
     

     
 

 

Figure 2. Surface morphology of Q345 pipeline steel and different Ni-W/PTFE composite coatings; a-

Q345 pipeline steel; b-concentration of PTFE particles 2 g/L; c-concentration of PTFE particles 

5 g/L; d-concentration of PTFE particles 8 g/L; e-concentration of PTFE particles 12 g/L; 

automatic focusing mode and image contrast adjustment, acceleration voltage 15 kV; 
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the deposition process progresses, occupying the cell growth site and preventing cell growth [23-25]. 

The doping particles or metals are beneficial to inhibit cell growth resulting in dense structure which is 

also reported by many researchers [26-33]. As shown in Figure 2(d), the surface of Ni-W/PTFE 

composite coating prepared by adding 8 g/L PTFE particles is uniform and density with smaller crystal 

cell. But when PTFE particles concentration is too high, particle aggregation effect makes it difficult to 

effectively promote crystallization nucleation which resulted in increase of crystal cell size and 

decrease of composite coating density, as shown in Figure 2 (e). Figure 3 shows the three-dimensional 

morphology of different Ni-W/PTFE composite coatings. With the increase of PTFE particles 

concentration from 2 g/L to 8 g/L, the surface roughness of composite coating decreases from 0.784 

μm to 0.372 μm, as shown in Figure 4. It is confirmed that appropriate addition of PTFE particles 

concentration can improve the surface smoothness of composite coating and improve its compactness. 

However, with the increase of PTFE particles concentration from 8 g/L to 12 g/L, the surface 

roughness of the composite coating increases to 0.578 μm, which proves that the high concentration of 

PTFE particles is not beneficial to improve the surface flatness of the composite coating, but also 

reduces its compactness. The surface roughness of metal alloy films and effect of PTFE on surface 

structure are also investigated in some literatures [34-38].  

 

     

     
 

Figure 3. Three-dimension morphology of different Ni-W/PTFE composite coatings; b-concentration 

of PTFE particles 2 g/L; c-concentration of PTFE particles 5 g/L; d-concentration of PTFE 

particles 8 g/L; e-concentration of PTFE particles 12 g/L; The sample size is 10 mm×10 mm, 

the resolution is 752×480 pixels, and the repetition accuracy was 1 nm; 
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Figure 4. Surface roughness of different Ni-W/PTFE composite coatings; The sample size is 10 

mm×10 mm, scanning rate 10 μm/s, scanning length 4000 μm. 

 

3.3 Corrosion resistance of Ni-W/PTFE composite coating 

3.3.1 Electrochemical impedance spectroscopy 

Figure 5 shows the electrochemical impedance spectra of Q345 pipeline steel and different Ni-

W/PTFE composite coatings. Table 4 lists the fitting results of electrochemical impedance spectra. It 

can be seen from Figure 5(a) that compared with Q345 pipeline steel, the impedance spectrum radius 

of different Ni-W/PTFE composite coatings all increases first and then decreases with the increase of 

PTFE particles concentration from 2 g/L to 12 g/L. According to Table 4, when 2 g/L PTFE particles 

are added, the composite coating is weak in blocking the erosion of the corrosive medium in simulated 

oilfield produced water due to its large crystal cells and roughness surface. Charge transfer process is 

easy to occur on the surface of the composite coating. The charge transfer resistance is relatively low. 

In addition, the corrosion coating formed on the surface of the composite coating prepared by adding 2 

g/L PTFE particles is not too dense in the electrochemical corrosion process, which is difficult to 

effectively inhibit the further development of electrochemical corrosion, and also shows that the 

resistance of the coating layer is relatively low. As the concentration of added PTFE particles increases, 

the crystal cells of the composite coating are refined and the surface flatness and compactness are 

gradually improved resulting in gradual increase of the charge transfer resistance. The Ni-W/PTFE 

composite coating prepared by adding 8 g/L PTFE particles has the highest charge transfer resistance 

and coating resistance, which are 6578.4 Ω·cm2 and 877.1 Ω·cm2, respectively. Compared with Q345 

pipeline steel, the charge transfer resistance and coating resistance are increased about 2.4 times. The 

results show that the composite coating has good corrosion resistance and can effectively inhibit the 

electrochemical corrosion of Q345 pipeline steel. 

It can be seen from Figure 5(b) that compared with Q345 pipeline steel, the low frequency 

impedance values of Ni-W/PTFE composite coatings all increase first and then decrease with the 

increase of PTFE particles concentration from 2 g/L to 12 g/L. The low frequency impedance value 
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can reflect the blocking effect of the composite coating on the corrosive medium in simulated oilfield 

produced water, and is also an evaluation index of the corrosion resistance of the composite coating. 

The Ni-W/PTFE composite coating prepared by adding 8 g/L PTFE particles has the highest low 

frequency impedance, reaching 1.35×104 Ω·cm2, which is nearly 3 times higher than that of Q345 

pipeline steel. It also shows that the composite coating can block the corrosive medium in the 

simulated oilfield produced water well, thus delaying the corrosion of Q345 pipeline steel. 
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(b) Bode spectrum 

 

Figure 5. Electrochemical impedance spectra of Q345 pipeline steel and different Ni-W/PTFE 

composite coatings; a-Q345 pipeline steel; b-concentration of PTFE particles 2 g/L; c-

concentration of PTFE particles 5 g/L; d-concentration of PTFE particles 8 g/L; e-

concentration of PTFE particles 12 g/L; simulated oilfield produced water as the corrosive 

medium; Ni-W/PTFE composite coating was used as the working electrode, platinum sheet as 

the counter electrode and saturated calomel electrode as the reference electrode; 5 mV sine 

wave excitation signal was applied to scan from 100 kHz high frequency to 10 mHz low 

frequency; 

 

Table 4. Fitting results of electrochemical impedance spectra 

 

 Samples Charge transfer resistance 

/ (Ω·cm2) 

Coating resistance 

/ (Ω·cm2) 

Low frequency 

impedance/ (Ω·cm2) 

a 1932.6 257.7 3.66×103 

b 5082.3 677.6 9.08×103 

c 6220.5 829.4 1.16×104 

d 6578.4 877.1 1.35×104 

e 5479.0 730.5 1.09×104 
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Figure 6 shows the protective efficiency of different Ni-W/PTFE composite coatings on Q345 

pipeline steel. As shown in Figure 6, with the increase of PTFE particles concentration from 2 g/L to 

12 g/L, the protection efficiency of the composite coating on Q345 pipeline steel increased from 62.0% 

to 70.6% and then decreased to 64.7%. The composite coating prepared by adding 8 g/L PTFE 

particles has the highest protection efficiency of 70.6% on Q345 pipeline steel. The composite coating 

can play a good corrosion protection effect and effectively inhibit the corrosive medium in the 

simulated oilfield produced water, thus delaying the corrosion of Q345 pipeline steel. The corrosion 

resistance of Ni-W alloy coating was reported by some investigators [39-41]. Compare with Ni-W 

alloy coatings, the Ni-W/PTFE prepared in the paper possesses better corrosion resistance.  
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Figure 6. Protective efficiency of different Ni-W/PTFE composite coatings on Q345 pipeline steel; 

protective efficiency was estimated according to the charge transfer resistance; 

 

3.3.2 Immersion corrosion testing 

The corrosion weight loss of Q345 pipeline steel and different Ni-W/PTFE composite coatings 

are listed in Table 5. Compared with Q345 pipeline steel, the corrosion weight loss of different Ni-

W/PTFE composite coatings decreases first and then increases with the increase of PTFE particle 

concentration from 2 g/L to 12 g/L.  

 

Table 5. Corrosion weight loss of Q345 pipeline steel and different Ni-W/PTFE composite coatings; 

simulated oilfield produced water as the corrosive medium, immersion time 240 h 

 

Samples Corrosion weight loss/ (mg·dm-2) 

a 231.09 

b 99.45 

c 82.46 

d 73.08 

e 93.50 
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As the concentration of added PTFE particles increases, the surface flatness and compactness 

of the composite coating gradually improve, and the increased content of PTFE particles enhances 

corrosion resistance of coatings in the corrosive medium, so the corrosion weight loss decreases. The 

optimal corrosion resistance of PTFE particles was verified by many works [42-44]. However, when 

the concentration of PTFE particles added is too high, due to particle agglomeration effect, the content 

of PTFE particles doped in the composite coating is small with larger crystal cell and rougher surface. 

Therefore, the degree of corrosion becomes more serious, showing an increase in corrosion weight loss. 

The corrosion weight loss of Ni-W/PTFE composite coating prepared by adding 8 g/L PTFE particles 

is 73.08 mg/dm2, which is about 68% lower than that of Q345 pipeline steel. 

 

 

4. CONCLUSIONS 

(1) Ni-W/PTFE composite coating was successfully prepared on the surface of Q345 pipeline 

steel which is mainly composed of Ni, W, C and F elements with spherical crystal cells morphology. 

PTFE particles were doped in the composite coating along with the deposition process, which 

prevented the corrosion of corrosive medium in the simulated oilfield produced water and inhibited the 

electrochemical corrosion of Q345 pipeline steel. 

(2) The concentration of PTFE particles added in the plating solution has a certain effect on the 

composition, compactness, surface roughness, corrosion resistance of Ni-W/PTFE composite coatings. 

The Ni-W/PTFE composite coating prepared by adding 8 g/L PTFE particles has small crystal cell 

structure, smooth and compact surface. Compared with Q345 pipeline steel, the charge transfer 

resistance and coating resistance of Ni-W/PTFE composite coating is about 2.4 times higher and the 

low frequency impedance value is nearly 3 times higher. In addition, the protection efficiency of Ni-

W/PTFE composite coating can reach 70.6% and its corrosion weight loss is about 68% lower than 

Q345 pipeline steel. The composite coating can significantly improve the corrosion resistance of Q345 

pipeline steel in simulated oilfield produced water. 

 

 

References 

 

1. L. Li, W. X. Shi, L. H. Zang, C. Wang and S. L. Yu, J. Membr. Sci., 615 (2020) 118457. 

2. M. Fulazzaky, T. Setiadi and M. A. Fulazzaky, J. Environ. Chem. Eng., 8 (2020) 104417. 

3. J. Wu, R. J. X. Zeng, F. Zhang and Z. G. Yuan, Water Res., 154 (2019) 12. 

4. A. Benamor, A. G. Talkhan, M. Nasser, I. Hussein and P. C. Okonkwo, J. Electroanal. Chem., 808 

(2018) 218. 

5. Q. H. Zhang, B. S. Hou, N. Xu, W. Xiong, H. F. Liu and G. A. Zhang, J. Mol. Liq., 285 (2019) 223. 

6. H. W. Liu, T. Y. Gu, G. A. Zhang, H. F. Liu and Y. F. Cheng, Corros. Sci., 136 (2018) 47. 

7. J. C. Velazquez, J. C. Cruz-Ramirez, A. Valor, V. Venegas, F. Caleyo and J. M. Hallen, Eng. Fail. 

Anal., 79 (2017) 216. 

8. N. N. A. Azli, N. F. MohdAmin, S. T. Oluhende, S. N. A. Mohamad and N. A. Fadil, Mater. Today, 

39 (2021) 1071. 

9. S. Y. Chen, T. Liang, N. H. Wen, F. H. Liu, C. C. Tsao and C. Y. Hsu, J. Saudi Chem. Soc., 24 

(2020) 704. 

10. R. X. Li, Q. M. Yu, C. P. Yang, H. Chen, G. X. Xie and J. Y. Guo, J. Clean. Prod., 18 (2010) 1040. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220340 

  

11 

11. A. Kumar, S. K. Bhola and J. D. Majumdar, Surf. Coat. Technol., 206 (2012) 3693. 

12. Z. Q. Jin, C. S. Xiong, T. J. Zhao, Y. J. Du, X. Y. Zhang, N. Li, Y. Yu and P. G. Wang, Cem. Concr. 

Compos., 126 (2022) 104375. 

13. A. Sharma and B. Ahn, Appl. Surf. Sci., 550 (2021) 149335. 

14. B. H. Chen, H. L. Xie, L. G. Shen, Y. C. Xu, M. J. Zhang, H. Y. Yu, R J. Li and H. J. Lin, J. Membr. 

Sci., 640 (2021) 119820. 

15. O. Guler, T. Varol, U. Alver, G. Kaya and F. Yildiz, Mater. Today, 27 (2021) 102205. 

16. W. Jiang, M. Y. Huang, Y. X. Lao, X. G. Yang, C. A. Wang, Z. J. Tian, S. Q. Zhou, G. Mutschke and 

K. Eckert, Surf. Coat. Technol., 423 (2021) 127583. 

17. S. Singh, M. Tyagi, G. Seshadri, A. K. Yhagi and L. Varshney, Radiat. Phys. Chem., 141 (2017) 

213. 

18. J. Tam, Z. H. Jiao, J. C. F. Lau and U. Erb, Wear, 374-375 (2017) 1. 

19. F. S. Gill, S. Chandra, V. Panwar, D. Uniyal, G. S. Kalra, V. Kumar and P. Garg, Diam. Relat. 

Mater., 89 (2018) 227. 

20. T. R. Sippel, S. F. Son and L. J. Groven, Combust. Flame, 161 (2014) 311. 

21. S. H. Shahcheraghi, M. Schaffie and M. Ranjbar, Ultrason. Sonochem., 44 (2018) 162. 

22. S. V. Sokolov, E. Katelhon and R. G. Compton, J. Electroanal. Chem., 779 (2016) 18. 

23. Q. Zhao, Y. Liu, H. Muller-Steinhagen and G. Liu, Surf. Coat. Technol., 155 (2002) 279. 

24. I. R. Mafi and C. Dehghanian, Appl. Surf. Sci., 257 (2011) 8653. 

25. Z. D. Yang, D. Wu and M. F. Liu, Adv. Mater. Res., 291-294 (2011) 12. 

26. Y. D. Yu, G. Y. Wei, L. Jiang and H. L. Ge, Int. J. Electrochem. Sci., 15 (2020) 1108. 

27. J. Ding, Y. Zhang, Y. D. Huang, X. C. Wang, Y. Sun, Y. Guo, D. Z. Jia and X. C. Tang, J. Alloys 

Compd., 851 (2021) 156791. 

28. Q. Q. Guo, Y. C. Guo, D. Guo, Z. Yang, J. P. Li, W. Yang, Y. T. Yang, P. H. Gao and Y. P. Bai, Surf. 

Coat. Technol., 384 (2020) 125303. 

29. Y. D. Yu, G. Y. Wei, H. L. Ge, L. Jiang and L. X. Sun, Surf. Eng., 33 (2017) 483. 

30. W. Li, J. Sun, S. B. Liu, Y. D. Liu, L. B. Fu, T. G. Wang, S. M. Jiang, J. Gong and C. Sun, Corros. 

Sci., 164 (2020) 108354. 

31. X. F. Shen, Q. Zhang, T. X. Ning, J. L. Liu, T. Y. Liu, Z. W. Luo, Y. He, C. C. Qin and A. X. Lu, 

Solid State Ionics, 356 (2020) 115427. 

32. X. B. Bai, J. L. Li, L. H. Zhu and L. P. Wang, Appl. Surf. Sci., 427 (2018) 444. 

33. Y. H. Hu, Y. D. Yu, H. L. Ge, G. Y. Wei and L. Jiang, Int. J. Electrochem. Sci., 14 (2019) 1649. 

34. X. P. Hong, R. Zhang, S. P. Tong and C. N Ma, Chin. J. Chem. Eng., 19 (2011) 1033. 

35. Z. Ghalmi and M. Farzaneh, Cold Reg. Sci. Technol. 115 (2015) 42. 

36. A. Bayat, M. Ebrahimi and A. Z. Moshfegh, Vacuum, 101 (2014) 279. 

37. Y. D. Yu, Z. L. Song, H. L. Ge and G. Y. Wei, Pro. Nat. Sci.: Mater. Int., 24 (2014) 232. 

38. N. Zettsu, H. Ltoh and K. Yamamura, Surf. Coat. Technol., 202 (2008) 5284. 

39. M. Y. Wang, Z. Wang, Z. C. Guo and Z. J. Li, Int. J. Hydrogen Energy, 36 (2011) 3305. 

40. M. Y. Wang, Z. Wang and Z. C. Guo, Mater. Chem. Phys., 148 (2014) 245. 

41. H. J. Li, Y. He, P. Y. Luo, Y. Fan, T. He, Y. H. Zhang, Y. X. Xiang, Y. H. He and R. X. Song, Surf. 

Coat. Technol., 421 (2021) 127413. 

42. Y. Wan, Y. Yu, L. Cao, M. Zhang, J. Gao and C. Qi, Surf. Coat. Technol., 307 (2016) 316. 

43. Q. Zhao, Y. Liu and C. Wang, Appl. Surf. Sci., 252 (2005) 1620. 

44. S. Rossi, F. Chini, G. Straffelini, P. L. Bonora, R. Moschi and A. Stampali, Surf. Coat. Technol., 

173 (2003) 235. 

 

© 2022 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).   

http://www.electrochemsci.org/

