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A B S T R A C T   

In this study, the corrosion behavior and degradation mechanism of Ti–Pt-coated stainless steel 
bipolar plates were investigated through electrochemical tests and surface analysis in a polymer 
electrolyte membrane water electrolysis (PEMWE) operating environment. The coated bipolar 
plate has a corrosion current density of only 1.68 × 10− 8 A/cm2, which is an order of magnitude 
lower than that of the bare SS316L substrate (1.94 × 10− 7 A/cm2), indicating that its corrosion 
resistance is superior to that of bare SS316L substrate. However, in the PEMWE operating 
environment, the protection efficiency of the coating and the corrosion resistance of the coated 
bipolar plate decreased. The degradation of the coated bipolar plate can be attributed to elec-
trolyte penetration into the blistering areas of the coating layer with micro voids. Defects in the 
coating layer occur because of the pressure of oxygen gas generated within the coating layer 
under high-potential conditions, thereby exposing the substrate to the electrolyte and corrosion.   

1. Introduction 

With growing concerns regarding climate change caused by the excessive use of fossil fuels, interest in the development of 
alternative energy sources, such as solar and wind energies, is increasing [1–4]. Unlike other renewable energies, hydrogen energy can 
stably generate electricity regardless of weather or climate conditions, and it can be produced in an ecofriendly manner without 
concerns of depletion or regional imbalance. Furthermore, hydrogen can be stored in the form of a liquid or a high-pressure gas, 
making it easy to transport. Because of these advantages, hydrogen has attracted attention as a feasible alternative energy source 
[5–10]. Among various hydrogen production technologies, water electrolysis is the most environmentally friendly method because it 
produces hydrogen without emitting pollutants, such as greenhouse gases, because of the use of renewable energy sources such as solar 
and wind power [11,12]. 

Polymer electrolyte membrane water electrolysis (PEMWE) is a promising hydrogen production technology among various water 
electrolysis methods. Furthermore, it is being actively researched and developed because of its various advantages, such as high 

* Corresponding author. 
E-mail address: kimjg@skku.edu (J.-G. Kim).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e34551 
Received 29 January 2024; Received in revised form 11 July 2024; Accepted 11 July 2024   

mailto:kimjg@skku.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34551
https://doi.org/10.1016/j.heliyon.2024.e34551
https://doi.org/10.1016/j.heliyon.2024.e34551
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e34551

2

current density operations (1.0–2.0 A/cm2), high-purity hydrogen production in high-pressure and differential pressure environments, 
low gas permeability, excellent fast start-up/shutdown responsiveness, and component miniaturization applications [13–19]. Bipolar 
plates are a crucial component of the PEMWE stack and have various functions, including cell separation, current and heat transfer 
between cells, separation of hydrogen, oxygen, and cooling water, and supporting cells [20,21]. A bipolar plate should have high 
mechanical strength, electrical conductivity, thermal conductivity, and corrosion resistance [22,23]. In particular, the high corrosion 
resistance of bipolar plates helps them withstand the harsh operating environment of PEMWE, which involves high overpotential 
(1.6–2.0 V), hot environments (T = 60◦C-80 ◦C), and acidic environments (pH = 1–4) [24,25]. Therefore, to withstand such harsh 
environments, high corrosion-resistant metals, such as high-purity titanium, are used as bipolar plate materials [16,26,27]. The use of 
expensive materials in bipolar plates, accounting for 51 % of the cost of the PEMWE stack, contributes to its high manufacturing cost 
[28]. As an alternative, stainless steel has been suggested as a potential candidate to replace expensive metals used in bipolar plates for 
PEMWE to reduce the high manufacturing cost of PEMWE. Stainless steel has better machinability than titanium, making it more useful 
for designing complicated flow fields in bipolar plates. It also has a lower manufacturing cost than more difficult-to-machine titanium. 
Furthermore, stainless steel has superior formability compared with magnesium alloys and has greater corrosion resistance than 
copper and aluminum alloys [26,29–33]. However, despite these advantages of stainless steel, it is susceptible to corrosion in 
high-overpotential environments [34]. Moreover, iron ions released during the corrosion process can poison the membrane electrode 
assembly of PEMWE [35,36]. 

To overcome this drawback, many researchers have proposed the use of coated bipolar plates, where highly corrosion-resistant 
materials, such as gold, niobium, TiN, CrN, and platinum, are used to coat stainless steel [37–41]. Although many studies have 
been conducted on the coating of stainless steel bipolar plates with various corrosion-resistant metals for PEMWE, research on the 
degradation mechanism and corrosion characteristics of the coated bipolar plates under PEMWE operation conditions is insufficient. 
Therefore, it is essential to accurately understand the corrosion characteristics of coated bipolar plates and investigate their degra-
dation mechanisms in PEMWE operating environments. 

In this study, potentiodynamic polarization tests and electrochemical impedance spectroscopy (EIS) were performed before and 
after potentiostatic polarization tests to evaluate the corrosion characteristics of a coated bipolar plate. Potentiostatic polarization tests 
were conducted to analyze the corrosion behavior of the coated bipolar plate at the operating potential of a PEMWE cell. We analyzed 
the surface condition of the coated bipolar plate before and after the potentiostatic polarization tests using optical microscopy (OM), 
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and auger electron spectroscopy (AES). Further-
more, in situ OM monitoring was performed during the potentiostatic polarization tests to verify real-time changes in the plate surface 
and thus derive the corrosion mechanism. Finally, we verified the degradation mechanism of the coated bipolar plate through oxygen 
generation experiments. 

2. Materials and methods 

2.1. Specimen 

In this study, 316L stainless steel was used as the substrate material with a thickness of ~80 μm. Before magnetron sputtering, all 
substrate materials were polished using up to 1200-grit sandpapers. Subsequently, all 316L stainless steel materials were washed with 
ethanol and distilled water. Pure metal titanium and platinum were used as target materials to form a coating layer on the 316L 
stainless steel substrate under Ar (99.999 %) atmosphere. Before deposition, the chamber pressure was pumped below ~7.5 × 10− 4 

torr and the substrate temperature was maintained at 25 ◦C. Furthermore, the substrate was cleaned using Ar ions with a negative bias 
voltage of − 700 V to remove the oxide film and impurities on the surface. The power used for the target materials was 360 W, and the 
coating process yielded approximately a 350-nm titanium layer and a 50-nm platinum layer (Fig. S1). 

2.2. Electrochemical tests 

The corrosion properties of the specimens were evaluated using potentiodynamic polarization, potentiostatic polarization, and EIS 
tests. All electrochemical tests were conducted in a three-electrode system using a VSP-300 (Bio-Logic SAS, Seyssinet-Pariset, France). 
The specimens were connected to a working electrode; two pure graphite rods were used as the counter electrode, and a saturated 
calomel electrode with a Luggin capillary was used as the reference electrode. The area of the test specimen exposed to electrolytes was 
1 cm2. All experiments were conducted in an aerated 0.05-M H2SO4 solution containing 2 ppm of fluoride ions (pH = 1.25). The 
temperature was maintained at 65 ◦C to reflect the temperature of the PEMWE system. Before the potentiodynamic and potentiostatic 
polarization tests, the specimen was kept in the solution for 24 h to establish the open-circuit potential (OCP). Potentiodynamic 
polarization tests were conducted from − 250 mV (vs. OCP) to 1800 mVSCE at a potential sweep rate of 0.166 mV/s. A potentiostatic 
polarization test was conducted to simulate the potential applied to the bipolar plates on the anode side of an operating PEMWE cell. 
The coated bipolar plate and bare SS316L were maintained at 1.76 VSCE (2 VSHE) for 3 h to analyze their corrosion behavior under the 
PEMWE operation conditions. EIS measurements were performed in the frequency range of 100 kHz–10 mHz with an amplitude of 10 
mV. Moreover, the impedance plots were interpreted with respect to an equivalent circuit using a fitting procedure performed using 
the ZSimpWin software (ZSimpWin 3.20, Echem Software, Warminster, PA, USA). 
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2.3. Surface analyses 

Surface analysis of the experimental specimens was performed before and after the potentiostatic polarization tests. The mor-
phologies and cross-sectional images of the specimens were observed using OM (DM 2700 M, Leica, Wetzlar, Germany), SEM, and EDS 
(JSM-7900F, JEOL Ltd., Tokyo, Japan) to verify the degradation mechanism of the coated bipolar plate during PEMWE cell operation. 
Furthermore, the composition of the interior of the coating defects was observed using AES depth profiling (JAMP-9500F, JEOL Ltd, 
Tokyo, Japan). Compositional sputter depth profiling was performed by etching with 3-keV argon ions while observing the elemental 
peaks for Ti, Fe, Cr, Ni, and Pt. The chamber vacuum was maintained below 6.7 × 10− 8 Pa. In addition, during the potentiostatic 
polarization test, the bipolar plate surface was monitored in situ via OM. 

2.4. Oxygen generation experiment 

An oxygen generation experiment was conducted to verify the degradation mechanism of the coated bipolar plates by comparing 
the theoretical volume of generated oxygen with the experimentally obtained oxygen volume. Next, a potentiostatic polarization test 
was conducted using a three-electrode system by applying 1.76 VSCE (2 VSHE) for 3 h to generate oxygen gas. The generated gas was 
captured by displacement with water, and the amount of corrosion of the bipolar plate was measured by weighing it before and after 
the potentiostatic polarization test. 

3. Results and discussion 

3.1. Electrochemical tests 

3.1.1. Potentiodynamic polarization 
Fig. 1 shows the potentiodynamic polarization curves for the as-received coated bipolar plate, the coated bipolar plate after the 

potentiostatic polarization test, and the SS316L substrate. Table 1 lists the electrochemical parameters obtained from the potentio-
dynamic polarization curves for the SS316L substrate, the as-received coated bipolar plate, and the coated bipolar plate after the 
potentiostatic polarization test. The polarization resistance (Rp) was determined by the following Eq. (1) [42]: 

Rp =
βaβc

2.3 icorr(βa + βc)
, (1)  

where βa and βc denote the anodic and cathodic Tafel slopes, respectively, and icorr denotes the corrosion current density. In the case of 

Fig. 1. Potentiodynamic polarization curves of coated bipolar plates and SS316L substrate.  

Table 1 
Potentiodynamic polarization parameters of the substrate and coated bipolar plates.   

Ecorr (VSCE) icorr (A/cm2) βa (V/decade) βc (V/decade) Rp 
(
Ω ⋅cm2)

Porosity (P) Pi 

SS316L 0.041 1.94 × 10− 7 0.336 0.231 3.06 × 105 – – 
As-received bipolar plate 0.468 1.68 × 10− 8 0.170 0.068 1.26 × 106 0.013 92 % 
Bipolar plate after the potentiostatic test 0.443 5.4 × 10− 8 0.165 0.076 4.19 × 105 0.046 72 %  
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the as-received coated bipolar plate, the current density increases at approximately 1.2 VSCE without pitting potential. As the potential 
is sufficiently high to cause an oxygen evolution reaction (OER), the current density increases with an increase in this potential because 
of the occurrence of the OER instead of the corrosion reaction on the platinum surface, which is the top coating layer of the bipolar 
plate [43]. All coated bipolar plates (0.468 VSCE, 0.443 VSCE) exhibit more positive corrosion potentials (Ecorr) than the SS316L 
substrate (0.041 VSCE) because the top platinum coating layer exhibits a more noble corrosion potential than SS316L. Furthermore, all 
coated bipolar plates exhibit lower corrosion current density (icorr) than the SS316L substrate. The as-received coated bipolar plate has 
a corrosion current density of only 1.68 × 10− 8 A/cm2, which is an order of magnitude lower than that of the bare SS316L substrate 
(1.94 × 10− 7 A/cm2). In addition, the polarization resistance of the as-received coated bipolar plate is four times higher than that of the 
bare SS316L substrate. These results confirm that the coating of the bipolar plates results in superior corrosion resistance compared 
with that of the SS316L substrate. Porosity of the coating can be derived from the measured polarization resistance. The porosity of the 
coating was determined using the following Eq. (2) [44,45]: 

P=
R0

p

Rp
× 10− |ΔEcorr\/βa |, (2)  

where P represents the total coating porosity; Rp
0 denotes the polarization resistance of the substrate; Rp denotes the measured po-

larization resistance of the coated bipolar plate; ΔEcorr denotes the difference in the corrosion potential between the coated bipolar 
plate and substrate; βa denotes the anodic Tafel slope of the substrate. The porosity of the coated bipolar plate after the potentiostatic 
polarization test increased approximately four times compared with that of the as-received bipolar plate. These results demonstrate 
that defects occur on the coating layer of the coated bipolar plate after the potentiostatic polarization test, thereby reducing the 
corrosion resistance of the coated bipolar plate compared with that of the as-received bipolar plate. In addition, the protective effi-
ciency (Pi) of the coating can be determined using the following Eq. (3) [46]: 

Pi =100 ×

(

1 −
icorr

i0corr

)

, (3)  

where icorr and i0corr denote the corrosion current densities in the presence and absence of coating, respectively. The protective efficiency 
of the coating of the as-received bipolar plate was 92 %. However, after the potentiostatic polarization test, the protective efficiency of 
the coating decreased by 72 %, indicating reduced corrosion resistance of the bipolar plate because of defects in the coating layer. 

3.1.2. Potentiostatic polarization test 
The potentiostatic polarization test was conducted at 1.76 VSCE (2 VSHE) for 3 h to analyze the corrosion behavior of the coated 

bipolar plate and bare SS316L under PEMWE operation conditions. Fig. 2 shows the potentiostatic polarization test results for 3 h. 
When an overpotential of 1.76 VSCE (2 VSHE) was applied to the bipolar plate, a high current density of over 5 mA/cm2 was observed. 
The high current density can be attributed to the reaction of oxygen generation on the platinum surface, which is the top coating of the 
bipolar plate under high-overpotential conditions [43]. Furthermore, the current density gradually increased from 5 to 5.52 mA/cm2 

over time. Conversely, when an overpotential of 1.76 VSCE (2 VSHE) was applied to bare SS316L, a stabilized current density was 
observed. This occurs because the high-overpotential (1.76 VSCE) and low-pH conditions lead to the rapid dissolution of Cr and Fe in 
the passivation layer of stainless steel, causing the breakdown of passivation and resulting in uniform corrosion across the entire 
surface of the exposed bare SS316L substrate in the electrolyte [47]. Therefore, this result indicates that after the SS316L substrate was 
exposed to the electrolyte because of the increase in the number of defects in the coating layer of the bipolar plate, the SS316L substrate 

Fig. 2. Current density of coated bipolar plate and bare SS316L over time at Eapp = 1.76 VSCE.  
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corroded in a high-overpotential environment, thereby increasing the reaction area. 

3.1.3. Electrochemical impedance spectroscopy 
EIS measurements were performed before and after the potentiostatic polarization test. Nyquist and Bode plots of the data obtained 

from the electrodes of the as-received coated bipolar plate and the coated bipolar plate after the potentiostatic polarization test are 
depicted in Fig. 3(a) and (b), respectively. Fig. 3(c) shows a one-time equivalent electrical circuit for the as-received coated bipolar 
plate, where Rs denotes the solution resistance, Rpore denotes the pore resistance resulting from the formation of ionic conduction paths 
across the coating, and CPE1 denotes the dielectric characteristics of the coating layer [48]. Fig. 3(d) shows a two-time equivalent 
electrical circuit for the coated bipolar plate after the potentiostatic polarization test. The two-time circuit can explain the occurrence 
of defects in the coating layer and the exposure of the SS316L substrate after the potentiostatic test. In Fig. 3(d), Rs denotes the solution 
resistance; CPE1 denotes the dielectric characteristics of the coating layer; Rpore denotes the pore resistance; CPE2 denotes the constant 
phase element (CPE) of the double layer; Rct denotes the charge transfer resistance [49,50]. Because a depressed capacitive loop was 
observed in the Nyquist plot, a CPE was used instead of a capacitor to compensate for the nonhomogeneity of the system frequency. 
The impedance of a CPE is described by the following Eq. (4): 

Fig. 3. Electrochemical impedance spectroscopy test results for bipolar plates before and after potentiostatic polarization tests. (a) Nyquist plots, (b) 
Bode plots, (c) equivalent circuit diagram of as-received bipolar plate, and (d) equivalent circuit diagram of coated bipolar plate after potentiostatic 
polarization tests. 

Table 2 
EIS test results of bipolar plates before and after potentiostatic polarization tests.   

Rs CPE1   CPE2    χ2 

(
Ω ⋅cm2) Y0 (0 < n 

< 1) 
Rpore

(
Ω ⋅cm2) Y0 (0 < n 

< 1) 
Rct
(
Ω ⋅cm2) Rtotal

(
Ω ⋅cm2)

As-received bipolar 
plate 

26.96 7.278 ×
10− 6 

0.9621 1.89 × 106 – – – 1.89 × 106 8.66 ×
10− 4 

Bipolar plate after the 
potentiostatic test 

16.97 1.561 ×
10− 5 

0.9547 3.75 × 104 1.641 ×
10− 5 

0.4495 4.35 × 105 4.72 × 105 1.19 ×
10− 4  
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ZCPE =A− 1(jω)
− n
, (4)  

where A− 1 denotes the proportionality coefficient (with units Ω− 1 sn cm− 2), ω denotes the angular frequency (rad s− 1), j2 = − 1 is the 
imaginary number, and n represents the empirical exponent (0 ≤ n ≤ 1) that measures the deviation from the ideal capacitive behavior 
[51–53]. The EIS fitting data obtained using the ZSimpWin software are presented in Table 2. The fitting quality of the EIS data was 
assessed using the chi-squared values (χ2), which range from 1.19 × 10− 4 to 8.66× 10− 4. These chi-squared values suggest a favorable 
agreement between the EIS data and the fitting results of the coated bipolar plate specimens. The Nyquist plot provides indication of 
corrosion resistance through the radius of the capacitive loop, which represents the polarization resistance, as shown in Fig. 3(a). This 
shows that after the potentiostatic test, the capacitive loop radius for the coated bipolar plate becomes smaller than that for the 
as-received bipolar plate. Consequently, degradation of the protective coating occurs, thereby decreasing Rpore. 

Here, Rpore can be used to analyze the properties of the coatings. The value of Rpore is described by the following Eq. (5) [54]: 

Rpore =
ρl
PA

, (5)  

where ρ denotes the resistivity of the solution within the pores, l and A represent the pore length and area, respectively, and P rep-
resents the porosity of the coating. The Rpore value of the coated bipolar plate after the potentiostatic polarization test was lower than 
that of the as-received coated bipolar plate. This result indicates that for the coated bipolar plate, the number of pores and the pore area 
of the coating increased because of coating degradation after the potentiostatic polarization test. Moreover, as shown in Fig. 3(b), |Z|
impedance for the coated bipolar plate after the potentiostatic polarization test is lower than that for the as-received bipolar plate at 
low frequencies, indicating a lower corrosion resistance [55]. Therefore, the protective effect of the coating on the substrate decreased 
after the potentiostatic polarization test. In addition, Rtotal, which denotes the total corrosion resistance of the bipolar plate, decreased 
after the potentiostatic polarization test. In conclusion, in a PEMWE operating environment, where a high overpotential is applied, the 
corrosion resistance of a coated bipolar plate decreases with an increase in the pore area of the coating. 

3.2. Surface analyses 

Fig. 4(a and b) shows the surface OM images of the as-received bipolar plate and the coated bipolar plate after the potentiostatic 

Fig. 4. Surface optical microscopy images of bipolar plates: (a) as-received coated bipolar plate (45 × ) and (b) coated bipolar plate after 
potentiostatic polarization test (45 × ). 

Fig. 5. Cross-sectional optical microscopy image of bipolar plate after potentiostatic polarization test (45 × ).  
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polarization test at a magnification of 45 times. In the case of the as-received bipolar plate, no visible defects were observed on the 
surface. However, after the potentiostatic polarization test, coating defects were observed in the coating layer of the coated bipolar 
plate surface. In comparison, the as-received bipolar plate exhibited a defect-free surface. Furthermore, there was no evidence of 
corrosion within the coating layer, except for the coating defects. Fig. 5 shows the cross-sectional OM image of the coated bipolar plate 
after the potentiostatic polarization test at a magnification of 45 times. The results confirmed that the SS316L substrate was corroded 
in the area where defects occurred in the coating layer, thereby exposing the SS316L substrate to the electrolyte, indicating a pene-
tration risk to the bipolar plate. 

Fig. 6 shows the surface SEM images of the as-received coated bipolar and the coated bipolar plate after the potentiostatic po-
larization test. As shown in Fig. 6(a), multiple droplets and blistering of several micrometers in size were observed on the surface of the 

Fig. 6. Surface scanning electron microscopy images of bipolar plates: (a) as-received bipolar plate and (b) bipolar plate after potentiostatic po-
larization test. 

Fig. 7. (a) Surface scanning electron microscopy images of the interior of coating defect. (b) Energy-dispersive X-ray spectroscopy results for the 
interior of the coating defect. 

Table 3 
EDS results for the material interior of the coating defect shown in Fig. 7.  

Element Composition (Weight %) Composition (Atomic %) 

Ti 5.44 6.41 
Cr 15.68 17.01 
Fe 65.94 66.59 
Ni 9.31 8.95 
Pt 3.62 1.05 
Total: 100.00 100.00  

S.-J. Kang et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e34551

8

as-received bipolar plate. Blistering, which occurs during the heat treatment process after the PVD process, is considered a vulnerable 
area with micro voids and micro cracks in the coating [56–58]. In this area, defects could have occurred in the coating layer because 
the electrolyte may have penetrated the micro cracks, causing corrosion and cracking of the coating and substrate. As shown in Fig. 6 
(b), after the potentiostatic polarization test, a coating defect of approximately 10 μm and coating delamination around the defect were 
observed, and corrosion of the coating layer was not confirmed on the surface of the coated bipolar plate. It is determined that 
delamination of the coating layer and defects within the coating layer occurred because of pressure generated within the coating layer. 

Fig. 7(a) shows the SEM image of the interior of the coating defect that occurred after the potentiostatic polarization test. It was 
confirmed that corrosion occurred in the material suspected to be SS316L substrate. EDS analysis was conducted to confirm the 
material interior of the coating defect. The EDS analysis results are presented in Fig. 7(b) and Table 3. The results confirmed that the 
interior of the coating defect was SS316L because of its high composition ratio of Fe, Ni, and Cr. Fig. 8 shows the AES depth profiling 
result for the interior of the coating defect. A high composition ratio of Fe, Ni, and Cr compared with that of Ti and Pt was also 
observed, as shown in Fig. 8, indicating that corrosion of the SS316L substrate occurred after coating degradation. This supports the 
EDS analysis results. Fig. 9(a and b) shows the cross-sectional SEM image and EDS mapping analysis of the coated bipolar plate after 
the potentiostatic polarization test. We confirmed that corrosion of the SS316L substrate occurred in the area where defects of the 
coating layer occurred. Moreover, delamination of the coating layer was also observed in areas where the SS316L substrate had 
corroded. This delamination can be attributed to the pressure generated within the coating layer and the lack of support for the coating 
layer due to voids created by the corrosion of the SS316L substrate. Fig. 10 shows the captured image of the in-situ OM monitoring 
video of the bipolar plate surface during the potentiostatic polarization test. The video of Fig. 10 can be downloaded from the website 
of this Journal. At the beginning of the potentiostatic polarization test, oxygen bubbles were generated on the surface of the coating 

Fig. 8. AES depth profiling analysis (Atomic %) of interior of coating defect.  

Fig. 9. (a) Cross-sectional scanning electron microscopy images of bipolar plate after potentiostatic polarization test. (b) Energy-dispersive X-ray 
spectroscopy result for bipolar plate after potentiostatic polarization test. 
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layer, and coating defects were not visually observed as shown in Fig. 10(a). However, we confirmed that concentrated oxygen bubbles 
occurred in a specific area, and after the occurrence of concentrated oxygen bubbles, coating defects were also visually observed in that 
area, as shown in Fig. 10(b). As shown in Fig. 11, we confirmed that defects occurred in the coating layer of the coated bipolar plate in 
this area after the concentrated generation of oxygen bubbles. Furthermore, we confirmed that the SS316L substrate was exposed to 
the electrolyte. Therefore, it can be inferred that corrosion of the SS316L substrate occurs after coating defects and delamination of the 
coating layer. In conclusion, it is determined that electrolyte penetrates into blistering areas, not visible to the naked eye, where micro 
cracks exist in the coating layer. Subsequently, oxygen gas is generated within the coating layer under high-voltage conditions, leading 
to delamination and defects in the coating layer due to the pressure of the oxygen gas. Consequently, the substrate is exposed to the 
electrolyte. 

Fig. 12 shows the degradation mechanism of the coated bipolar plate owing to the reaction of oxygen gas generation during the 
PEMWE operation based on the above-mentioned results. The degradation mechanism of the coated bipolar plates can be divided into 
two stages: (i) the initial stage, which shows the failure of the coating; (ii) the final stage, which shows the corrosion of the substrate. 
Oxygen gas is generated within the coating layer because of the high-overpotential environment after the electrolyte penetrates the 
micro pits and micro cracks in the coating layer. The accumulation of oxygen gas within the coating layer results in the breakdown and 
delamination of the coating layer because of the pressure of oxygen gas. Finally, the electrolyte contacts the SS316L substrate through 
the area where the coating layer is damaged, and the SS316L substrate with low corrosion resistance is intensively corroded in the 
PEMWE operating environment with a high overpotential. 

Fig. 10. Captured image of in situ OM monitoring video of bipolar plate during potentiostatic polarization test: (a) image at the beginning of the 
test, and (b) image of concentrated oxygen generation. 

Fig. 11. Surface image of bipolar plate after potentiostatic polarization test.  
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3.3. Oxygen generation experiment 

To validate the derived degradation mechanism of the coated bipolar plate, we compared the theoretical volume of oxygen gas 
generated with the experimental volume of oxygen gas obtained through an oxygen generation experiment. When a PEMWE operating 
potential of 1.76 VSCE is applied, we assume the occurrence of only oxygen generation and corrosion reactions of the SS316L substrate 
and that the generated oxygen gas follows the ideal gas equation. Because the pH of the PEMWE simulation solution is acidic at 1.25, 
the OER was determined using the following Eq. (6): 

2H2O → O2 +4e− +4H+,E0 =0.989 VSCE (1.229 VSHE). (6) 

The electrical charge of oxygen generation can be calculated using the volume of oxygen generated under potentiostatic polari-
zation, the ideal gas equation, and Faraday’s law of electrolysis calculations and can be described using the following Eq. (7) [59]: 

QOER =
zFPV
RT

,

(

∵Q= nzF, n=
PV
RT

)

, (7)  

where z represents the number of electrons participating in the OER, F represents the Faraday constant (96,485C/mol), P represents the 
pressure, V represents the volume of the generated oxygen gas, R represents the gas constant (0.082 L atm/K⋅mol), and T represents the 
temperature of the PEMWE operation environment (338 K). 

The theoretical volume of the generated oxygen gas can be derived as follows. First, the Tafel slope of the cathodic reaction is 
determined by comparing the potentiodynamic polarization curves of the coated bipolar plate in the de-aerated and aerated states of 
the PEMWE simulation environment. Then, by using the Nernst equation, the standard reduction potential of the oxygen generation 

Fig. 12. Degradation mechanism of coated bipolar plates.  

Fig. 13. Tafel plot of oxygen evolution reaction under operating conditions of polymer electrolyte membrane water electrolysis.  
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reaction is calculated under experimental conditions, and the intersection of the extrapolated cathodic polarization curve is deter-
mined as the oxygen exchange current density. Finally, assuming that the OER dominates after the inflection point, where the current 
increases rapidly on the anodic polarization curve of the coated bipolar plate in Fig. 1, the Tafel slope of the anodic reaction is 
determined, as plotted in Fig. 13. Under the PEMWE operation potential of 1.76 VSCE, the current density of the oxygen generation 
reaction was calculated as 0.339 mA/cm2, and 3.66C of electrical charge was contributed to the oxygen generation reaction during 3 h 
of the potentiostatic polarization test. When the theoretical volume of generated oxygen gas was calculated using Eq. (7), approxi-
mately 0.26 mL of oxygen gas was generated theoretically. 

The experimental results of the oxygen generation reaction with the application of 1.76 VSCE for 3 h are presented in Table 4. When 
the electrical charge of oxygen generation is subtracted from the total electrical charge, the electrical charge of SS316L corrosion is 
calculated. The amount of corrosion of SS316L was determined using the following Eq. (8) [42]: 

wcorr =
E.W.× Qcorr

zF
, (8)  

where Qcorr denotes the electrical charge of corrosion, E.W. denotes the equivalent weight, z represents the number of electrons 
participating in the corrosion reaction, and F represents the Faraday constant (96, 485C/mol). The experimental results show an 
average of 0.247 mL of generated oxygen, which is similar to the corresponding theoretical volume of generated oxygen gas. In 
addition, the corrosion amount of SS316L in the experiment was also similar to the calculated corrosion amount. These similarities in 
the theoretical and experimental results verify oxygen gas generation and corrosion of the SS316L substrate in the coated bipolar plate 
during the PEMWE operation. 

4. Conclusion 

This study investigated the degradation mechanism and corrosion properties of a coated bipolar plate used in a PEMWE stack 
through electrochemical tests, OM, SEM/EDS, AES, in situ OM monitoring, and oxygen generation experiments. On the basis of the 
experimental results, the following conclusions can be drawn.  

• The corrosion resistance of the coated bipolar plate is superior to that of the bare SS316L substrate. The coated bipolar plate has a 
corrosion current density of only 1.68 × 10− 8 A/cm2, which is an order of magnitude lower than that of the bare SS316L substrate 
(1.94 × 10− 7 A/cm2). Furthermore, the polarization resistance of the coated bipolar plate is four times higher than that of the bare 
SS316L substrate. However, in the PEMWE operating environment, coating defects occurred, increasing the porosity of the coating 
and reducing its protective efficiency, thereby reducing the corrosion resistance of the coated bipolar plate.  

• The degradation mechanism of the coated bipolar plate is derived as follows: During magnetron sputtering, blistering forms in the 
coating layer, and the electrolyte penetrates the blistering. In a high-voltage PEMWE operating environment, oxygen gas is 
generated inside the coating layer, and delamination and defects occur because of the pressure of this gas. After the occurrence of 
defects in the coating layer, the SS316L substrate is exposed to the electrolyte, accelerating corrosion in the high-voltage 
environment. 
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Table 4 
Experimental results for oxygen generation.   

Qtotal (C) The volume of generated O2 gas (mL) QOER (C) Qcorr (C) wcorr calculation (mg) wcorr 

experimental (mg) 

1 12.61 0.24 3.34 9.27 2.68 2.61 
2 12.17 0.25 3.49 8.69 2.51 2.15 
3 12.74 0.25 3.49 9.25 2.64 2.35  

S.-J. Kang et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e34551

12

division. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e34551. 
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