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Abstract: This study further investigates the effect of potential on the corrosion resistance, the self-
healing performance and the durability of CrN/Cr-coated SS316L bipolar plates with artificial defects
(CR-316) in simulated cathodic HT-PEFC environments by means of electrochemical methods. The
self-healing ability initiated by oxygen is relatively weak and needs the assistance of the cathode
working potential for sealing. In some cases, the defects have spread over large parts of the bipolar
plate. The influence of the potential on the corrosion resistance of the bare 316L and CR-316 specimens
in the simulated cathodic HT-PEFC environments were investigated by electrochemical impedance
spectroscopy. Moreover, the durability of the CR-316 specimens was examined under the various
potential cycles in the simulated cathodic environment of HT-PEFC and O, atmosphere. After
5000 CV cycles in the potential range of 0.4-1.0 V vs. RHE, the CR-316 specimens could maintain the
integrity and good corrosion resistance against the hot phosphoric acid. The results demonstrate the
superior performance of CR-316 and make it a prime candidate as a non-precious coating for metallic
bipolar plates on the cathode side of HT-PEFCs.

Keywords: corrosion; resistance; HT-PEFC; coating

1. Introduction

Nowadays, electricity is vital to modern life. However, the most common way to
obtain electricity is from burning fossil fuels like coal, gas, oil, etc., which are inefficient,
non-renewable and environmentally unfriendly. Among a series of new technologies,
people consider the hydrogen-fueled proton exchange membrane fuel cells (PEMFCs) to
be a powerful potential approach for energy conversion due to their high energy density,
zero-emissions, quiet operation and their use for various applications [1].

PEMFCs can be divided into two categories according to their working tempera-
ture. Low-temperature PEMFCs (LT-PEMFCs) commonly operate at temperatures below
100 °C. [2]. Moreover, only pure hydrogen can be used as a fuel. At present, hydrogen
is still mainly produced by the steam reforming of gas and fossil fuels with inevitable
impurities, such as CO [3-5]. Also, the massive storage technologies of pure hydrogen
are not yet mature. Obviously, the pure hydrogen production cost is one of the main
challenges in the LT-PEMFCs, where the existence of CO would cause serious poisoning of
the catalysts [6].

An optional technology is the operation of PEMFCs at high temperatures. Compared
to LT-PEMECs, the following reasons make HT-PEMFCs commercially more attractive:
Under high-temperature operation, there is no formation of liquid water and thus no
requirement for a water management system. As the temperature increases, the reaction
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kinetics become faster. Moreover, at temperatures above 140 °C, the CO tolerance increases
significantly [7]. Therefore, hydrogen produced by steam reforming is suitable for HT-
PEMFCs, thus lowering the production costs. Additionally, the cooling system can be
simplified [8]. With these advantages, HT-PEMFCs have drawn a lot of attention from
scientists and engineers all over the world [9-16].

The bipolar plate is fundamental to the performance of PEMFCs, especially power
density [17]. A thickness of >2~5 mm of graphite-based BBPs is needed, which dramatically
decreases the power density of the fuel cell [18]. Generally, graphite-based bipolar plates
are produced by expensive computer numerical control (CNC) milling processes, which
raises the cost [19]. Moreover, the poor mechanical properties limit the mass production
of graphite-based BBPs [20]. For this reason, graphite-based BBPs are mainly used in
stationary applications and for research purposes, where weight, volume and costs are not
vital parameters [15].

In recent years, metallic BPPs have become the most attractive way to build PEMFC
stacks owing to their good mechanical properties, low cost of mass production and reason-
able electrical conductivity [21]. Various metals and metallic alloys have been investigated
in making BBP substrates [20,22,23]. However, most studies have focused on stainless
steel. Stainless steel (SS) can be a promising candidate for metallic BPPs because it is
easy accessible and has good electrochemical properties [18]. Unfortunately, the harsh
acidic and humid operating conditions of PEMFCs would easily attack metallic bipolar
materials, leading to the release of metal cations and the formation of a passive oxide layer.
Additionally, the increased interfacial contact resistance causes an additional voltage loss.
A possible solution is an appropriate coating of the metallic BPPs to ensure both sufficient
corrosion resistance and conductivity [24].

Significant studies have focused on coatings on metallic BPPs in LT-PEMFCs [25-34]. Due
to the extremely harsh environments of HT-PEMFCs, most of the coatings that withstand
LT-PEMEC conditions are ineffective in HT-PEMFCs. In a previous study, the influence
of oxygen on the stability of the passivation layer (a type of a Cr-rich layer) formed on
bare SS316L in hot phosphoric acid was investigated [35]. Then, a bi-layer chromium
nitride/chromium (CrN/Cr) coating for HT-PEMFC application was designed, whose
corrosion rates and interfacial contact resistance (ICR) in the simulated HT-PEMFC environ-
ments (85 wt.% H3POy at RT and 130 °C) met the requirements of the U.S. Department of
Energy (DOE) [36]. In particular, the CrN/Cr coating showed a self-healing ability initiated
by oxygen in simulated cathodic HT-PEMFC environments when defects appeared on the
surface of the coating [37].

As is known, the potential of fuel cell electrodes depends on the operation conditions.
The constant variety of working potential will have a powerful influence on the properties
of metallic bipolar plates. Therefore, it is important to investigate the influence of potential
on the anti-corrosion performance of bipolar plates and its durability in the simulated
HT-PEMEFC environments. CrN/Cr-coated SS316L bipolar plates with artificial defects
(CR-316) were chosen as the test objects of this study because they allow the electrochemical
performance of CrN/Cr coatings to be checked at different locations (places with or without
defects) by advanced impedance analysis. Uncoated (bare) SS316L specimens were used
as the reference group. This study investigated the effect of the cathode potential on the
self-healing performance, corrosion resistance and durability of CrN/Cr-coated and bare
5S316L alloys in simulated cathodic HT-PEFC environments. It provides a way to extend
the durability of the coating without the need for component replacement, and is expected
to play a role in the practical application of fuel cell stacks.

2. Experimental Details

A special three-electrode cell that allows operation at temperatures higher than
100 °C was used in this study [14,38]. In brief, 85 wt.% H3PO, was used as the electrolyte,
which was purchased from VWR Chemicals (Radnor, PA, USA) (AnalaR NORMAPUR); the

specimen served as the working electrode (WE), while a reversible hydrogen electrode RHE
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(HydroFlex, Gaskatel GmbH, Kassel, Germany) was employed as the reference electrode
(RE) and a platinum mesh was used as the counter electrode (CE) [35]. Characterization
of the SS316L samples by EDX has been carried out in a previous study [35]. The sam-
ples conformed to the characteristics of the nameplate and were from the same batch.
The SS316L with a 0.1 mm thickness were chosen as the substrates in this study, using a
closed-field unbalanced magnetron sputtering system with a background vacuum level of
10~* Pa. The stainless steel substrate was polished with sandpaper with a particle size
of 1400, 1200, and 600, and the surface was cleaned with acetone before rapid drying.
After the substrate was placed in the coating equipment, argon gas was introduced, and
a Cr layer was first deposited at 200 °C, followed by an appropriate amount of nitrogen
gas to assist in depositing a CrN layer by means of PVD (Teer Coating Ltd., Droitwich,
UK) [37].

All measurements were performed with 85 wt.% H3POjy as the electrolyte at 130 °C in
order to simulate the HT-PEFC environments. Electrochemical impedance spectroscopy
(EIS) measurements were performed either under OCV (open circuit voltage) conditions or
specific potentials in the range of 0.4-1.0 V (vs. RHE). The EIS data were then simulated
by the THALES software (ZAHNER-Elektrik, Kronach, Germany). For a durability test,
5000 cycles of CV measurements were conducted in the potential range of 0.4-1.0 V vs.
RHE with a scan rate of 500 mV s~!. The chosen potential range corresponds to that of
an HT-PEFC under varying operation conditions [39]. EIS spectra used for evaluating the
stability of the CR-316 over the course of the durability test were recorded every 1000 cycles
under OCV conditions, as soon as the free corrosion potential reached a stable value.

The surface morphologies of the CrN/Cr-SS316L before and after the 5000 CV cycles
durability corrosion tests were investigated under high magnification using a Zeiss Gemini
Ultra Plus scanning electron microscope (SEM) (Jena, Germany).

3. Results and Discussion

Potential assistant self-healing ability. The self-healing ability of the CR-316 specimens
initiated by oxygen in simulated HT-PEFC environments has been validated in a previous
study [29]. When the CR-316 specimens were actively damaged by applying a potential
of 0.05 V under an N, atmosphere until the corrosion current density reached 1 uA cm =2
(case A), the damaged areas could be sealed by introducing oxygen into the electrolyte, as
shown in Figure 1a. In contrast, when the CR-316 specimens were damaged more seriously
by reaching a higher corrosion current density under the same operation, for example,
3 uA cm~? (case B), the increase in the free corrosion potential was very slow and the
increment was small when purging the electrolyte with O, at stage II (case B), as shown
in Figure 1b. The potential stabilized at ca. 0.05 V in case B, which was much smaller
than that of case A (ca. 0.35 V). However, after polarization at 0.65 V for 10 min, the free
corrosion potential of the specimens stabilized at around 0.35 V again after removing the
applied potential, as shown in red color for better visibility at stage IV in Figure 1b. This
phenomenon indicates that the self-healing ability of the CR-316 specimens initiated by
oxygen is moderate and can only be used for minor damages (e.g., case A). In the case of
more serious damage (case B), the self-healing ability initiated by oxygen does not work
properly and needs the assistance of the working potential of the HT-PEFC cathode, which
is usually around 0.65 V. The free corrosion potential of case B with oxygen is 0.05 V, while
the free corrosion potential of case B becomes higher after the assistance of polarization at
0.65 V for 10 min. The higher the free corrosion potential, the larger is the corresponding
corrosion resistance. The increase in the free corrosion potential is attributed to the self-
healing ability. According to Figure 2, the impedance at low frequencies of N purged and
O, purged samples were almost identical. However, when combining oxygen purging and
a potential in the passive region, the low frequency impedance increased by one order of
magnitude. This means that the corrosion resistance can be significantly improved with the
assistance of potential and oxygen.
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Figure 1. The healing process of the CR-316 specimens with defects under different conditions:
(a) the self-healing process initiated by oxygen [37]; (b) the potential assistant self-healing process.
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Figure 2. EIS spectra for CR-316 under OCV conditions in stages I, Il and IV of Figure 1b.

A detailed analysis of the self-healing mechanism was carried out by EIS. The EIS
spectra recorded at different stages are shown in Figure 2. The related equivalent circuits
(ECs) used for the fitting of the spectra are presented in Figure 3a,b and the related simulated
parameters are displayed in Table 1. R represents the resistance of the electrolyte, Rpore
and Cpore describe the electrochemical behavior of a coating or a passive layer with defects,
while the charge transfer resistance and double-layer capacitance (R¢t and Cgq1) depict the
behavior of the substrate at the defects. As the charge transfer resistance is associated with
corrosion processes, Rt may also be considered as corrosion resistance. For the EIS data
recorded prior to the onset of the potential assistant self-healing process, EC (c) including
two time constants and an additional Warburg impedance is the most appropriate. The
Warburg impedance represents a mass-transfer-dominated process in pitting corrosion.
Attempts of fitting the above-mentioned impedance data without Warburg impedance were
unsuccessful and resulted in large fitting errors. Figure 2 shows that the Bode plots of the
CR-316 specimens recorded during stage I and II of case B (Figure 1b) were almost identical,
except for the low-frequency area. The Warburg impedance in stage II was approximately
three times smaller compared to that of stage I. It is assumed that the Warburg impedance
represents the diffusion of corrosion products, e.g., metal ions, which is caused by localized
corrosion at the defects in the CrN/Cr protection layer [37]. Thus, the Warburg impedance
is associated with localized corrosion. For this reason, the decrease in the W-R value at
stage I compared with that at stage I indicates that the presence of oxygen decreases the
localized corrosion to some extent. However, the slight increment in corrosion potential
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during phase II suggests that oxygen merely initiates a small self-healing effect in the case
of a seriously damaged CrN/Cr coating (case B). The slight decrease in R¢t and Rpore at
stage Il compared with the values at stage I indicate that the degradation of the coatings
continues at sites with and without defects.
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Figure 3. Equivalent circuits (EC) for the fitting of EIS spectra: (a) one time constant; (b) two time
constants; (c¢) two time constants with a Warburg element.

Table 1. Fit results of EIS spectra of CR-316 shown in Figure 2.

Rs Cal Ret Cpore Rpore W-R
Stage () cm?) (Q1em—2sn) M (Q cm?) (Q-1cm—2g-n) Tpore (Q2 cm?) (Q cm?)
I-N, 1.78 1.75 x 1073 0.63 793 x 102 1.26 x 10~* 0.92 563 x 102 16.84
-0, 1.77 226 x 1073 0.72 554 x 102 1.81 x 1074 0.92 496 x 10> 6.21
IV-O, 1.79 1.08 x 10~4 0.87 116 x 104 2.03 x 10~% 0.93 7.05 x 102 /

After passivation at 0.65 V (the normal working potential of the HT-PEFC cathode) for
ca. 10 min, the Warburg impedance disappeared and, after removing the applied potential,
the corrosion resistance increased by approximately one order of magnitude (comparative
low-frequency impedance is included in Figure 2). As is shown in Table 1, it is the tenfold
increase in the corrosion resistance, R, that is responsible for the observed increase in the
low-frequency resistance. Together with the corresponding disappearance of the Warburg
impedance, this indicates that localized corrosion no longer takes place and the damaged
areas are sealed after passivation under 0.65 V. Obviously, both small and large defects are
sealed under these conditions, as is schematically shown in Figure 4c.

Potential effect on the corrosion resistance. From the anodic polarization of bare
5S316L in simulated HT-PEFC environments, it has been shown that the passive region
of this alloy lies within a potential range of 0.4-0.8 V [40,41]. At higher potentials, the
anodic current steeply increases, indicating severe corrosion in the transpassive region.
Figure 5 shows the EIS spectra of the bare and CR-316 specimens as a function of the
applied potential in a simulated cathodic HT-PEFC environment. For bare SS316L, only
one time constant (corresponding to one semi-arc in the Nyquist plot) was observed within
the whole potential range, regardless of whether the electrolyte was purged by N; or O,.
Therefore, the EIS spectra could be simulated by using the EC in Figure 3a, and the related
fit values are shown in Table 2. The occurrence of only one time constant indicates that the
bare surface was fully covered with a stable oxide film. When comparing the EI spectra
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in Figure 5a,b, and the related simulated values in Table 2, the electrochemical properties
of the passive layers formed under N, and O, atmospheres turn out to be quite similar.
For both N, and O, atmospheres, the total resistance of the impedance, which is almost
identical to Ry, increases with the applied DC potential and reaches a maximum at around
0.6 V. At higher potentials, it starts to decrease in both N»- and O,-purging atmospheres.
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Figure 4. Schematic representation of the interface CR-316/85 wt.% H3POj, at 130 °C: (a) CR-316 with
small defect (A) and large defect (B) under N,-purging atmosphere; (b) CR-316 with small defect (A)
and large defect (B) under O,-purging atmosphere; (c) CR-316 with small defect (A) and large defect
(B) under O,-purging atmosphere after polarization.
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Figure 5. EIS spectra of bare and CrN/Cr-coated SS316L as a function of potential: (a) Nyquist plots
of bare SS316L, Ny; (b) Nyquist plots of bare SS316L, O,; (c) Nyquist plots of CrN/Cr-coated SS316L,
O;; (d) Bode plots of both bare and CrN/Cr-coated SS316L, 0.65 V.
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Table 2. Fit results of EIS spectra of bare SS316L shown in Figure 5a,b.

Sample

Rs
(Q cm?)

Cal

Q- lem—2sm) MM (@Qcm?)

Ret Cdl Ret

S
Sample (7 m?) @ lem2sm MM (Qem?)

N,-0.4
N,-0.5
N,-0.6
N,-0.7
N,-0.8
N,-0.9
N,-1.0

1.67
1.69
1.67
1.69
1.71
1.69
1.63

7.82 x 107° 088 192 x10* 0,-04 1.60 7.83 x 1075 0.89 1.88 x 10*
5.67 x 107> 091 226 x10* 0,-05 1.63 5.50 x 10~° 091 246 x 10*
481 x 107> 091 253 x10* 0,-0.6 1.63 467 x 107> 092 267 x 104
420 x 1075 092 246 x 104  0,-0.7 1.62 415 x 107> 093 2.61 x 10*
3.74 x 10~° 092 260 x10* 0,-0.8 1.63 3.77 x 10~° 093 237 x 104
372 x 107> 093 199 x 10* 0,-09 1.61 3.81 x 107° 093  1.74 x 10%
5.81 x 107° 092 79x10% 0,-1.0 1.55 9.02 x 107° 0.92 443 x 103

As with the CR-316 samples, the EIS spectra of CrIN/Cr-coated SS316L show two
time constants without Warburg impedance, as shown in Figure 5c,d. This applies to the
whole potential range investigated. Therefore, the EIS spectra of the CR-316 specimens
were fitted by using the EC in Figure 3b. Table 3 shows the fit results of the Nyquist
plots of CrN/Cr-coated SS316L, whereas Table 4 refers to the Bode plots of both bare and
CrN/Cr-coated SS316L. The corrosion resistance of the coating (Rt) shows a similar trend
compared with the passive film formed on the surface of bare SS316L. This is reasonable
because the passive layer formed on the surface of a bare SS316L specimen in the simulated
cathodic HT-PEFC environment is also a type of a Cr-rich layer. This finding indicates that
the corrosion resistance of the CrN/Cr coating is highly influenced by potential-induced
passivation. Another interesting effect is that the corrosion resistance of the coating via the
defects (Rpore) shows a trend of continuously decreasing with increasing applied potential.
The decreasing Rpore under passivation conditions indicates increasing local corrosion at
the defects. When increasing the potential from 0.65 to 1.0 V, the corrosion resistance of the
bare and CrN/Cr-coated SS316L specimens decreases by approximately 80%. The same
trend for both CrN/Cr-coated and uncoated SS316L can be explained by the fact that their
passivation layers are both Cr-rich. The similar behavior of coated and uncoated S5316L
in the passive region might suggest that the coating may be unnecessary. However, this
is not the case. CrN/Cr-coated SS316L has clear advantages compared to the bare alloy:
(i) without applying a (passive) potential, the coating is much more stable; (ii) the interfacial
resistance of the CrN/Cr coating and thus the bipolar plate with the MEA is significantly
reduced; (iii) in terms of corrosion, only Cr ions are released, whereas several metal ions
are released in the case of the bare alloy; and (iv) the durability of the coated sample is
orders of magnitude higher than that of the bare alloy (see durability section).

Table 3. Fit results of EIS spectra of CrN/Cr-coated SS316L shown in Figure 5c.

Stage

() cm?)

Cal n Rt Cpore n Rpore
(Q1lem2sn) di (Q ecm?) (Qlem2sn) pore (Q cm?)

0,-0.4
0,-0.5
0,-0.6
0,-0.7
0,-0.8
0,-0.9
0,-1.0

1.76
1.81
1.80
1.81
1.80
1.80
1.77

559 x 107> 0.95 2.25 x 104 1.28 x 1074 0.87 3.24 x 102
2.68 x 107> 0.95 3.39 x 104 1.20 x 1074 0.89 1.35 x 102
2.71 x 107> 0.96 3.04 x 104 132 x 1074 0.89 1.13 x 102
252 x 107° 0.98 2.54 x 10% 139 x 1074 0.89 70.08
2.76 x 107> 1.0 1.50 x 10% 1.66 x 1074 0.88 57.58
292 x 107> 1.0 8.34 x 103 1.83 x 1074 0.86 48.97
464 x 107° 1.0 5.30 x 103 230 x 1074 0.83 47.83

Durability. In order to simulate the various working conditions, the influence of
time and the electrode potential on the durability of CR-316 specimens was investigated.
For this purpose, 5000 CV cycles with a scan rate of 500 mV s~! were performed in the
potential range of 0.4 to 1 V vs. RHE. Figure 6a shows the free corrosion current densities
of the CR-316 specimen as a function of the number of cycles. It turns out that the free
corrosion current densities remain stable within 5000 CV cycles in the simulated cathodic



Energies 2023, 16, 7528

8of 11

environment of HT-PEFCs. The observed fluctuations in current density during the first
500 cycles can be explained by active dissolution and repassivation of the sample, be-
fore more or less stable conditions are achieved after 500 cycles (approximately 20 min).
Figure 6b shows the EIS spectra of the CR-316 specimens as the function of the number of
cycles. The EIS spectra were fitted by using the EC in Figure 3b, and the values are shown
in Table 5.

Table 4. Fit results of EIS spectra of bare and CrN/Cr-coated SS316L shown in Figure 5d.

Rs Cdl Rt Cpore Rpore
Stage (Q cm?) QO 1em—2s1n) Ndi (Q cm?) Q1em—2sn) Npore (Q em?)
bare-N, 1.76 5.11 x 107 0.94 2.29 x 10 / / /
bare-O, 1.70 419 x 107> 0.95 2.36 x 10* / / /
coated-O, 1.80 323 x107° 0.94 2.88 x 10* 1.28 x 1074 0.89 69.01
1.4
(a) 14000 |- (b)
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Figure 6. Durability performance of the CR-316 specimens with potential cycles: (a) free corrosion
current density; (b) EIS.
Table 5. Fit results of EIS spectra of CR-316 shown in Figure 6b.
Rs C'dl Ret Cpore Rpore
Stage (Q cm?) Q1ecm2s1n) Nl (Q cm?) Q1cm2sn) Tpore (Q cm?)
pre 1.80 1.01 x 1074 0.9 2.76 x 10% 6.72 x 107° 0.91 6.17 x 102
1000 1.77 1.56 x 1074 0.92 217 x 10* 1.16 x 107* 0.87 2.80 x 102
2000 1.76 1.75 x 1074 0.92 1.77 x 10* 1.45 x 1074 0.85 1.83 x 102
3000 1.76 1.81 x 1074 0.93 1.41 x 10* 1.68 x 1074 0.84 1.25 x 102
4000 1.78 1.38 x 1074 0.93 1.92 x 10* 1.69 x 10~ 0.85 94.89
5000 1.77 1.45 x 1074 0.93 1.70 x 10* 1.95 x 1074 0.83 77.19

It was observed that the coating showed degradation in the first 3000 cycles, while
maintaining stability after 3000 CV cycles in the simulated cathodic HT-PEFC environments.
Moreover, the corrosion resistance (Rct) of the coating after 5000 CV cycles is hundreds
of times higher than that of bare SS316L [29]. The corrosion current density of the CR-
316 specimen was still ca. 1 pA cm 2. These results indicate that the influence of the
continuously changing potential on the durability of the CrN/Cr-coated SS316L bipolar
plates in the simulated cathodic HT-PEFC environments was very small. This suggests that
CrN/Cr-coated SS316L bipolar plates are durable, even under the dynamic operation of
an HT-PEMEC. This is particularly important for mobile applications such as use in cars
or airplanes, where the bipolar plates and other components of the HT-PEMFC ought to
withstand frequently changing currents.
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The surface morphologies of the CR-316 specimens before and after 5000 CV cycles
are shown in Figure 7. The surface of the CR-316L specimen after 5000 CV cycles shows no
spalling of the coating (Figure 7b). This indicates that the CrN/Cr coating still maintains
its integrity after 5000 CV cycles in the simulated cathodic HT-PEMFC environments.
Therefore, the CrIN/Cr-coated SS316L specimens with defects showed good durability
performance in the simulated cathodic HT-PEMFC environments.

References

Figure 7. SEM of CrN/Cr-coated SS316L specimens before and after 5000 h durability tests: (a) fresh
sample; (b) after 5000 CV cycles.

4. Conclusions

This study demonstrated the potential assistant self-healing ability and durability
of CrN/Cr-coated SS316L specimens with defects in simulated cathodic HT-PEFC en-
vironments. The self-healing ability initiated by oxygen is relatively weak and can be
considerably enhanced by the cathode potential. By means of impedance spectroscopy,
the effect of the electrode potential on the corrosion resistance of the CrN/Cr coatings
and the passive layers on the surface of bare SS316L were analyzed in detail. It became
apparent that the CrN/Cr-coated SS316L specimen remained intact, even after the dynamic
operation of 5000 CV cycles and the harsh conditions of simulated cathodic HT-PEFC
environments. This study suggests that CrN/Cr-coated SS316L bipolar plates have high
durability in the cathodic environment of HT-PEFCs, and should be suitable for mobile
applications of HT-PEFCs with frequently varying currents and potentials.
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