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Tin oxide (SnO2) film was successfully coated on surface of austenite 304 stainless steels (304SS) by 

combining sol-gel dip-coating method with alcohol thermal method. The coated SnO2 film was used to 

enhance corrosion resistance of 304SS bipolar plates in a simulated proton exchange membrane fuel 

cell (PEMFC) environment. Bared 304SS and SnO2 coated 304SS were investigated via EIS, 

potentiodynamic polarization curves and potentiostatic polarization curves measurements in a 

simulated PEMFC cathodic, anodic environment, respectively. Compared with the bared 304SS, the 

corrosion current density for the SnO2 coated 304SS was decreased significantly from 33.22 μA/cm
2
 to 

0.1327 μA/cm
2
 in a simulated cathodic environment, and from 75.079 μA/cm

2
 to 0.1581 μA/cm

2
 in a 

simulated anodic environment. Surface structure and chemical composition of the samples were 

obtained by SEM, EDX, AFM, XRD and XPS. The result showed that a uniform and compact SnO2 

film was coated on the surface of 304SS, which enhanced the corrosion resistance of 304SS in a 

simulated PEMFC environment. 

 

 

Keywords: Proton exchange membrane fuel cell (PEMFC); 304 stainless steel; bipolar plate; tin oxide 

(SnO2) film; corrosion 

 

 

 

1. INTRODUCTION 

Proton exchange membrane fuel cell (PEMFC) is a clean energy system for conversing 

elementary energy of H2 and O2 into electric power. It is environmentally friendly, long life, easy start-

up at low temperatures and offers high energy efficiency and high specific power. It is not only with a 

good potential for use in military and portable instruments, but also suitable for mobile power supplies. 

Therefore, PEMFC is an ideal candidate for the optimal home power system [1-3]. 
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The bipolar plate, a multi-functional component, is one of the key elements in PEMFC system. 

It is used to collect the current, distribute fuel and oxygen, separate individual cells, and facilitate 

water and heat management [4]. The performance quality of the bipolar plate directly affects the output 

power and service life of the battery. Stainless steel is one of the most prospective bipolar plate 

materials because of its good chemical stability, high strength and low cost. However, corrosion and 

passivation of stainless steel bipolar plates in PEMFC environments is a long-study problem [5-12]. 

Thus, coating process has been adopted to protect the stainless steel bipolar plates.At present, a lot of 

methods, such as chemical vapor deposition (CVD) [13], electrodeposition method [8], arc ion plating 

[11] and ion sputtering [14, 15], have been developed for surface modification of stainless steel bipolar 

plates.  

Among them, CVD could prepare highly oriented nano-array, but went against large area 

preparation because of harsh conditions and complicated operation. Electrodeposition needs a high 

requirement of substrate, and easily forms some pinhole pore. Arc ion plating and ion sputtering 

operates complex and limited application. Compared with CVD method, electrodeposition method, arc 

ion plating and ion sputtering, hydrothermal method and alcohol thermal method have many 

advantages, such as mild reaction conditions, no pollution, large-scale synthesis, low production cost 

and simple operation and etc. It is an effective method for producing large- scale nano-array materials. 

Zhao [16] fabricated a porous TiO2 film onto the stainless steel plates via sol-gel dip-coating method 

and hydrothermal method. Qin [17] successfully synthesized nanostructure ZSM-5 zeolite with the 

TPABr and TPAOH as the templates by hydrothermal synthesis. Compared with conventional 

hydrothermal method, alcohol thermal method can accurately control the reaction rate of precursor and 

form uniform films with some morphology and crystalline structure. It has ample reaction time to 

precursor, and be helpful to assembly and aggregation. Currently, the application of alcohol thermal 

method on preparation of nano-wires, nano-rods, nano-particles have been studied deeply, but few 

researches carry out on thin film by alcohol thermal method. Zhang [18] prepared Cadmium Selenide 

nanocrystals/thin films on the substrate by using alcohol thermal method, which was well applied in 

solar cell devices with a high efficiency. You [19] successfully synthesized pentagonal silver nano-

wires with diameters in range of 20~40 nm, and lengths up to ~10μm via alcohol-thermal route. 

There have been a lot of reports about the oxide films [20, 21] to modify the surface of 

different material. Miao [22] applied a spray pyrolysis technique to deposite thin films of SnO2: F onto 

preheated glass substrates by using dihydrate stannous chloride (SnCl2·2H2O) and ammonium fluoride 

(NH4F) as the precursors. Inoue [23] used a polygonal barrel sputtering system to modify the surface 

of Al2O3 particles with Au. However, because of the excellent corrosion resistance and metal-like 

conductivity, SnO2 film could be used for corrosion protection and even used as a potential candidate 

to protect bipolar plate from corrosion in PEMFC. Wang [24, 25]
 
found that SnO2: F coated some 

ferritic stainless steels and austenite stainless steels in simulated PEMFC environments exhibited a 

good corrosion resistance.  

In this paper, SnO2 film was coated on 3044SS sample by using a combining method of sol-gel 

dip-coating and alcohol thermal. The anti-corrosion performance, surface structure and chemical 

composition of the SnO2 coated 304SS were investigated as well. 
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2. EXPERIMENTAL 

2.1 Preparation of SnO2 film 

 

2.1.1 Experiment material 

The substrates with dimensions of about 10mm×70mm×2mm were fabricated from a commercial 

304SS plate. SnCl2•2H2O, PEG2000, KCl, KNO3, HF, H2SO4 and ethanol were purchased from the 

Sinopharm Chemical Reagent Co, Ltd.(SCRC). All chemicals were used as received without further 

purification.  

 

2.1.2 Preparation 

SnCl2•2H2O, ethanol and PEG2000 were selected as starting materials. After 6.4 g SnCl2•2H2O 

was added into a 100ml ethanol solution with 0.46 g PEG2000, the solution was homogenized with a 

magnetic stirrer at 50 ℃ for 2 h, and then aged for 24 h. The 304SS (the composition was given in 

Table 1) substrates were polished step by step with W20~W5 metallographic abrasive papers and 

thoroughly degreased with ethanol by using an ultrasonic cleaner, and then were rinsed with distilled 

water. 

 

Table 1. Chemical composition of 304 stainless steel (wt %) 

 

Element C Si Mn P S Cr Ni Fe 

Content ( wt% ) 0.035 0.51 1.18 0.035 0.029 17.58 8.01 71.721 

  

            The 304SS substrate was dipped into the solution, withdrew at 2 mm/s and dried at room 

temperature, before it was baked in an oven at 100 °C for 0.5 h. For obtaining the thicker SnO2 film, 

the above steps were repeated several times. In a typical alcohol thermal route, the SnO2 coated 304SS 

substrates were reacted with the precursor sol solution in a Teflon sealed stainless steel autoclave with 

an 75% filling factor. The autoclave was put into an oven, heated to 180 ℃ for 3 h, and cooled 

naturally in air. Subsequently, the as-deposited substrates were rinsed repeatedly with deionized water 

and dried in an oven at 100 ℃ for 0.5 h for further characterization.  

 

2.2. Characterization methods 

 

2.2.1 Electrochemical measurements 

A conventional three-electrode system, with a platinum sheet as the counter-electrode and a 

saturated calomel electrode (SCE) as the reference electrode, was used for the electrochemical 

measurements. The corrosion tests of 304SS samples with a working surface area of 1 cm
2
 were 

conducted with a Princeton Applied Research (PAR) 273 potentiostat/ Galvanostat in PEMFC 

environment (0.05 M H2SO4 solution with 2 ppm HF solution) at 70 ℃. Potentiodynamic polarization 
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was undertaken from -0.25 V (SCE) OCP to 1.0 V (SCE) OCP at a scan rate of 1 mV/s. 

Electrochemical Impedance Spectroscopy （EIS） were made in the range 100 kHz-0.05 Hz, with an 

amplitude of 5mV for the input sine wave voltage. Potentiostatic current-time curves measurements 

were carried out in the simulated PEMFC cathodic (0.6 V, air bubbled, 70 ℃) and anodic（-0.1 V, H2 

bubbled, 70 ℃）environment, respectively. 

 

2.2.2 Surface morphology and chemical composition testing 

 

Surface morphologies of the bared 304SS and SnO2 film modified 304SS were observed by 

SEM (Hitachi SU-1500) equipped with an energy dispersive X-ray spectrometer (EDX) and AFM. 

AFM tip in tapping mode (Molecular Imaging Pico Scan 2100) was also preformed on the surfaces of 

samples. X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance diffractometer 

using a Cu Ka source (k = 0.154056 nm) at 40 kV and 40 mA. The X-ray photoelectron spectra of the 

films were obtained by X-ray photoelectron spectrometer (XPS, PHI-5000C ESCA system) with Al 

Kα radiation (hν = 1486.6 eV). The binding energy was corrected by taking the C1s level as 284.6 eV. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Electrochemical impedance spectroscopy (EIS) and polarization curve tests 

 

To better simulate PEMFC environment, electrochemical tests of the samples were performed 

at shutting down (room temperature) and working state (70 ℃). 

 

3.1.1 Electrochemical tests at shutting down  

 

EIS and polarization tests were carried out to investigate the behavior of bare 304SS and SnO2 

film modified 304SS in 0.05 M H2SO4 solution with 2ppm HF at room temperature. Fig. 1 shows the 

EIS data of bare 304SS and SnO2 film modified 304SS. It is notable that the Nyquist plots for the SnO2 

film modified 304SS is composed of a large semi-circle, and it’s the electrochemical impedance value 

is significantly higher than that of the bared 304SS. The modified 304SS exhibit high stability in the 

test solution. It is an effective barrier to the inward penetration, and thus significantly reduces the 

corrosion of the substrate alloy [26-28].  

Fig. 2 illustrates the polarization curves of bare 304SS and SnO2 film modified 304SS. The 

self-corrosion potential of the SnO2 film modified 304SS moved towards the positive direction by 525 

mV when compared with that of bare 304SS (Fig. 2 and Table 2). Furthermore, cathodic Tafel slopes 

(βc), which were shown in Table 2, could also be obtained by extrapolating the linear portions of the 

anodic and cathodic branches to their intersections. The corrosion current density decreased from 

6.204 μA/cm
2
 for the bare 304SS to 0.05065 μA/cm

2
 for the SnO2 film modified 304SS, decreased by 

about 2~3 orders of magnitude. These results indicated that the SnO2 film modified 304SS displayed 

better barrier properties in PEMFC environment. Besides, the film was quite stable during the 

http://dict.cnki.net/dict_result.aspx?searchword=%e5%bd%a2%e8%b2%8c%e5%92%8c%e7%bb%84%e6%88%90&tjType=sentence&style=&t=morphology+and+composition
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polarization, as evidenced by the absence of the current density fluctuation, suggesting no degradation 

was observed after potentiostatic measurement. In other words, the SnO2 film was very stable in the 

simulated PEMFC environment [25-28]. 
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Figure 1. Nyquist plots of the samples in simulated PEMFC environment at shutting down（0.05 M 

H2SO4 + 2 ppM F
-）(a) 304SS，(b)SnO2 modified 304SS 
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Figure 2. Potentiodynamic polarization curves of the samples in simulated PEMFC environment at 

stoppage. 

 

Table 2. The corrosion current density (Icorr), the corrosion potentials (Ecorr) and the cathodic Tafel 

slopes (βc) values for the samples in simulated PEMFC environment at stoppage 

 

Sample Ecorr (mV) (SCE) βc (mV·dec
-1 

) Icorr (μA/cm
2
) 

Bare 304SS -345.864 -249 6.204 

Modified 304SS 120.08 -196 0.05065 

 

3.1.2 Electrochemical tests at working state 

Fig. 3 shows the EIS of bare 304SS and SnO2 film modified 304SS in 0.05 M H2SO4 solution 

with 2 ppm HF at 70 ℃. The EIS were all semicircular and the chord was the symbol of resistance of 

film (Rf), the corrosion resisting properties increase as Rf increases [25-28]. As shown in Fig. 3, the 
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corresponding chord of the EIS of SnO2 film modified 304SS was significantly longer than that of bare 

304SS in both simulated PEMFC anodic and cathodic environment, but the impedance values of bare 

304SS and SnO2 film modified 304SS were bigger in simulated cathodic environment. Compared with 

the EIS results of samples that performed at shutting down, the impedance values of samples at 

working state decrease a little. This result indicates that the SnO2 film modified 304SS was an 

effective barrier to the inward penetration in test solution and had relatively better corrosion resistance. 
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Figure 3. Nyquist plots of the sample a, b in (1) simulated PEMFC cathodic environment (0.05 M 

H2SO4 with 2 ppm HF solution, bubbled with compressed air, 70 ℃) and (2) simulated anodic 

environment (0.05 M H2SO4 with 2 ppm HF solution, bubbled with H2, 70 ℃) 

  

The potentiodynamic polarization curves of bare 304SS and SnO2 film modified 304SS were 

displayed in Fig. 4. The polarization behavior of the bare 304SS was similar in the simulated PEMFC 

anodic and cathodic environment. The bare 304SS passivated spontaneously in PEMFC environment, 

where it was in active state at Ecorr in anodic environment, but the active region was very narrow [29]. 

However, some subtle differences between these two curves were observable. The bare 304SS 

exhibited a self-corrosion potential (Ecorr) of -330.221 mV vs SCE in the cathodic environment and a 

corrosion potential of -359.761 mV vs SCE in the anodic environment (Table 3), indicating that a 

stable passive film is easier to be established in the simulated PEMFC cathodic environment. Fig. 4(a) 

shows the potentiodynamic polarization results when the solution was bubbled with compressed air to 

simulate the PEMFC cathodic environment at 70 ℃. The current density of 304SS and the SnO2 film 

modified 304SS was measured to be 33.22 μA·cm
-2 

and 0.1327 μA·cm
-2

, respectively, in the cathodic 

environment. The SnO2 film modified 304SS showed a 2~3 orders of magnitude decreased current 

density compared with that of bare 304SS. 

Fig. 4(b) shows the potentiodynamic polarization results in the simulated anodic environment 

(bubbled with compressed air). Comparing with the curves, the self-corrosion potential of 304SS was -

359.761 mV vs SCE, whereas the SnO2 film modified 304SS had a more positive Ecorr, 117.373 mV 

(Table 3). Also, the results of cathodic Tafel slopes (βc) were shown in Table 3. The current density of 

304SS in the anodic environment was 75.079 μA/cm
2
, whereas the SnO2 film modified 304SS was 

0.1581 μA/cm
2
. The current density of SnO2 film modified 304SS decreased by about 2~3 orders of 

magnitude compared to that of bare 304SS. Besides, the SnO2 film was quite stable during the 

polarization, as evidenced by the absence of the current density fluctuation, suggesting no degradation 
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was observed after potentiostatic measurement and indicating the SnO2 film is very stable in simulated 

PEMFC (bubbled with H2). The bare 304SS showed a somewhat different performance from that of 

SnO2 film modified 304SS. As for the experiments in 0.05 M H2SO4 + 2 ppm HF solution at 70 ℃ (in 

simulated PEMFC working state environment) bubbled with air (Fig. 4(1) ) or H2 (Fig. 4(2)), the 

corrosion currents the corrosion currents were higher than that performed at 25 ℃. But SnO2 modified 

304SS exhibited a better corrosion resistance than bared 304SS in all simulated PEMFC environments. 
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Figure 4. Potentiodynamic polarization curves of the samples a、b in (1) simulated PEMFC cathodic 

environment and (2) simulated anodic environment. 

 

 

Table 3. The corrosion current density (Icorr), the corrosion potentials (Ecorr) and the cathodic Tafel 

slopes (βc) values for the samples a, b in simulated PEMFC environment 

 

Sample Ecorr (mV) 

(SCE) 

βc 

(mV·dec
-1 

) 
Icorr (μA/cm

2
) 

cathodic anodic 

Bare 304SS — -330.221 -254 33.22 

Modified 304SS — 140.651 -431 0.1327 

— Bare 304SS -359.761 -473 75.079 

— Modified 304SS 117.373 -218 0.1581 

 

3.2 Potentiostatic polarization 

Potentiostatic polarization measurements were used to further evaluate the performance of the 

modified SnO2 coating 304SS. Fig. 5 shows the potentiostatic polarization curves of the bare 304SS 

and the SnO2 film modified 304SS in stimulated cathodic and anodic environment. With a compressed 

air purge, the polarization current of bare 304SS and SnO2 film modified 304SS decreased instantly 

after polarization at 0.6V to the level of 10
-5.7 

A/cm
2
 and 10

-7.1 
A/cm

2
, respectively, in stimulated 

cathodic environment. With a hydrogen gas purge, the polarization current of bare 304SS and SnO2 

film modified 304SS decreased instantly after polarization at -0.1 V to the level of 10
-4

 A/cm
2
 and 10

-

5.6
 A/cm

2
, respectively, in stimulated anodic environment. It shows clearly that the SnO2 film could 

effectively inhibit corrosion of the substrate stainless steel in the PEMFC environment [30]. The SnO2 

film modified 304SS is then becoming much more stable than the bare 304SS. 
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Figure 5. Potentiostatic test for a, b at steady potential in (1) simulated cathodic environment (0.6 V vs 

SCE bubbled with compressed air, 70 ℃) and (2) simulated anodic environment (-0.1 V vs 

SCE bubbled with H2, 70 ℃) 

 

3.3 Surface morphologies of the SnO2 film coated 304SS  

 

AFM and SEM measurements were conducted to obtain the qualitative information of the film 

surface morphology. Fig. 6 shows the AFM images of the SnO2 film modified and unmodified 304SS 

samples. It is noted that a thin film was deposited on 304SS, and the thickness of the vertical SnO2 thin 

film was in the range of 220-320 nm. The micrograph shows that the film is continuous with a straight 

distribution with well-covered grains of different sizes averaging to 200-300 nm. This is the probably 

reason that higher substrate temperatures lead to the formation of larger SnO2 crystallites, resulting in a 

rougher surface, which could lead to the enhancement of corrosion resistance [31]. 

 

 

(a)                                   (b) 

Figure 6. 3D AFM surface images of samples, (a) 304 SS (b) SnO2 film modified 304SS 

 

          SEM/EDS is often used to determine the element distribution in a composite film [32-35]. 

Fig. 7 shows the SEM image of the SnO2 film modified 304SS. For comparison, the SEM image of 

304SS was also included in the figure. As shown in Fig. 7(b), the prepared SnO2 thin film 

demonstrated somewhat micro-structural morphology of the grains.  
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Figure 7. Surface morphology of samples with 5000 amplification (a) bare 304SS, (b) SnO2 film 

modified 304SS 

 

3.4 Chemical composition of the SnO2 film coated 304SS  

 

X-ray diffraction (XRD) is a effect way to study the crystalline structure [36] of SnO2 film. Fig. 8 

shows the XRD patterns of SnO2 thin film modified 304SS. As shown in the figure, several strong 

diffraction peaks at 42.2°, 45.7°, 48.1°, which could be attributed to the 304SS substrate, appears on 

the XRD patterns. A few broad peaks at 26.2°, 34.2°, 52.3° corresponding to the tetragonal rutile phase 

of SnO2 [22, 35, 37, 38] are also presented for the modified 304SS. The broad peaks indicate poor 

crystallinity and small crystallite size of SnO2 crystals in the film. 
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Figure 8. XRD patterns of samples (a) bare 304SS, (b) SnO2 film modified 304SS 

 

  The chemical state and composition for the SnO2 modified 304SS were measured by XPS 

analyses. Fig. 9 shows the XPS Sn3d and O1s spectral windows of using combing sol-gel dip-coating 

method with alcohol thermal method (180 ℃, 3 h). The binding energy of Sn 3d electron at 486.8 and 

495.4 eV, and the binding energy of O 1s electron at 531.3 eV was observed, which are in good 

agreement with reported data [39-42]. Moreover, the calculated O: Sn is 2.981, and oxygen content is 

sufficient in film layer, which suggest that they existed in the forms of SnO2. 

b       a       
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Figure 9. XPS spectra for O1s and Sn3d of SnO2 film coated 304SS 

 

 

4. CONCLUSIONS  

 

Austenite 304 stainless steels (304SS) have been coated SnO2 by combining sol-gel dip-coating 

method with alcohol thermal method at 180 ℃ for 3 h and investigated in a simulated proton exchange 

membrane fuel cell (PEMFC) cathodic and anodic environment, respectively. The electrochemical test 

results showed that the corrosion resistance of 304SS was significantly improved by SnO2 surface 

layer coating. In specific, the corrosion potential (Ecorr) of SnO2 film modified 304SS was shifted from 

-330.22 to 140.651 mV vs SCE in simulated PEMFC cathodic environment and from -359.76 to 

117.37 mV vs SCE in simulated PEMFC anodic environment. Corrosion current density decreased 

significantly from 33.22 μA/cm
2
 for the bare 304SS to 0.1327 μA/cm

2
 for the SnO2 coated 304SS in 

simulated cathodic environment, and from 75.079 μA/cm
2
 to 0.1581 μA/cm

2
 in simulated anodic 

environment. After 14400s potentiostatic polarization curves measurements in the simulated PEMFC 

environment, a sharp current decrease appears for the bare 304SS. In contrast, the sharpest current 

drop appears for the SnO2 film modified 304SS, the currents could finally reach an invariable value. 

The SEM and AFM results indicate that a SnO2 thin film was deposited on 304SS, and the thickness of 

the vertical SnO2 thin film was in the range of 220-320 nm. The XRD results show that SnO2 film 

formed on the surface of 304SS was a poor crystallinity. The XPS results obtained from the modified 
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SnO2 coating 304SS suggest that Sn existed in the forms of SnO2. Therefore, it is possible that SnO2 

film modified 304SS could be used as bipolar plates in a PEMFC. 
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