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The corrosion of metallic Bipolar Plates (BPs) has become a key bottleneck in the practical application of proton
exchange membrane fuel cells (PEMFCs). Environmental factors inside the PEMFCs significantly accelerate the
degradation of electrical conductivity and durability of metallic BPs. In this work, we investigated the corrosion
behavior and conductive properties of amorphous carbon coating (a-C) coated SS316L in a simulated PEMFC
environment at various operating temperatures. The results showed that the corrosion current density (Icor) of a-
C varied in a range of 2.3-8.7 nA/cm? when subjected to a temperature range of 40-80 °C. Additionally, the
interfacial contact resistance increased from 4.36 to 9.56 mQ/cm? with a rise in temperature. The reasons could
be ascribed to two aspects. First, the a-C maintained the good chemical stability of sp%/sp> bonds regardless of
temperature changes, favoring remarkable anti-corrosion and good conductivity. Second, the higher tempera-
tures intensified the penetration of corrosive species, accelerating the dissolution process of a-C coated SS316L

and leading to substantial corrosion failure.

1. Introduction

Due to the remarkable combination of high energy density, large
power efficiency, low-temperature operation as well as low emissions,
the proton exchange membrane fuel cells (PEMFCs) have gained the
increasingly attention as one of the most eco-friendly and popular fuel
cell technologies [1-4]. However, the key practical bottlenecks for
PEMFCs are the severe corrosive damage and easy dissolution of
metallic bipolar plates (BPs) under harsh acidic media [5,6], which
could significantly degrade the output power and lifetime of the PEMFC
systems. Different with the traditional nitride and carbide ceramic
coatings, amorphous carbon coatings (a-C) enable both strong corrosion
resistance and high electrical conductivity for metallic BPs in PEMFCs
[7-9]. The exceptional benefits of a-C coatings include high hardness,
outstanding chemical inertness to acidic and alkaline solution,
controlled electrical conductivity and facile low-temperature deposition
with large uniformity for mass productions. The evident observations

were that the commercialization of amorphous carbon-coated metallic
BPs had been successfully attempted for fuel cell vehicles by various
well-known automakers, such as Toyota and Mercedes-Benz [10,11].
Based on the US Department of Energy standardization (DOE-2025),
recently, it is becoming a great challenge to improve the performance
durability of a-C coated metallic BPs that require long-life service for
PEMFCs. In particular, if one considers the running parameter coupled
harsh acid solution used for practical PEMFCs, most of studies relevant
to the single working condition is not sufficient to simulate the protec-
tive performance of coatings and thereafter to identify the corrosion
failure accompanying with conductivity increment during actual pro-
cess [12-14]. For instance, the potential changes distinctly within start-
up/shutdown or transient stage, which would generate the highly
temporary potential and strongly accelerate the corrosion of coated
metallic BPs [15,16]. Compared to the pristine coating, the ICR value of
a-C coated 316 L sample increased almost 5 times after potentiostatic
test at 1.6 V [17]. In addition, the variety in pH value also affected the
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corrosion behavior of the metallic BPs [18,19]. The evidence could be
observed that, with increase of acidity, a longer time ranging from 1900
to 4700 s was required for SS304 to reach the steady state, accompa-
nying with the increase of stabilized corrosion current density (Icorr)
from 0.043 to 0.547 pA/cm2 [20]. Furthermore, by utilizing a double
cell device consisted of one side for hydrogen charging and another side
for electrochemical test, Wang et al. [21] found that the presence of
hydrogen improved I., approximately four times larger than that
without hydrogen, indicating the positive influence of hydrogen during
running process of PEMFCs.

Beyond of the above mentioned issues, another key concern would
be the temperature situation within PEMFC stacks, which could also
affected by current distribution [22], relative humidity [23], reactant
gas partial pressure [23], working gas flow rate [24] and running time
[22-24] during practical applications. An indication was that the stable
corrosion current density of SS316L was improved almost 5 times as the
temperature increased from 25 to 90 °C in a simulated PEMFC envi-
ronment [25]. Similar results were reported by Xuan et al. [26], where
the corrosion current density of SS304 even increased about 6 times
from 25 to 80 °C together with the severe degradation of ICR after 5 h
potentiostatic polarization at 0.6 V. In this case, it could be very
importance to clarify the dependence of corrosion behavior and con-
ductivity for a-C coated metallic BPs, especially because of the versatile
features in a-C families and the complex characteristics in hybridized
atomic bonds of carbon materials.

In our previous paper, we successfully prepared a-C coating with
high conductive and corrosion-resistant properties, and investigated the
protective behavior on SS316L. The results showed that enhancing the
density of a-C coating was crucial for prolonging its durability in harsh
environments [27,28]. Nevertheless, it is still far lack of study on the
dependence of electrochemical behavior upon the running environ-
mental factors for the a-C coated BPs. In this study, the optimized a-C
coating was specifically deposited on SS316L substrate by a hybrid
direct current magnetron sputtering technique. The focus was dedicated
to the understanding between corrosion resistance and electric
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conductivity of a-C coating samples in the simulated PEMFCs condition
with controlled operating temperature from 40 °C to 80 °C. The elec-
trochemical property and ICR were comprehensively discussed in terms
of the structural evolutions, which were deduced from surface
morphology, microstructure and atomic bonds after long-term corrosion
test. The work can provide valuable guidance for the designing and
developing of commercialized a-C coated metallic BPs in PEMFCs and
the insights into failure mechanism during long-time operating.

2. Experimental procedure
2.1. Sample preparation

The SS316L substrates were ground and polished using SiC abrasive
paste (HY401-J), subsequently following the cleaning process with
acetone and alcohol solution in an ultrasonic bath for 30 min. After the
wild cleaning, the substrates were installed on a rotation jig-holder in
the vacuum chamber. The a-C coatings were deposited on substrate by a
hybrid direct current magnetron sputtering (DCMS) technique, where a
rectangular graphite target (size of 400 mm x 100 mm X 7 mm, purity of
99.99 wt%) and a chromium target with same dimension and purity was
applied as carbon and chromium ions source, respectively. Fig. 1 shows
the schematic diagram of deposition system for a-C synthesis. Before
deposition, the substrates were etched by Ar* ions using glow discharge
at a DC pulsed bias of —600 V for 30 min, in order to remove the surface
contaminants and improve the adhesion strength of coating/substrate.
When the base pressure of chamber was evacuated down to 2 x 107> Pa,
a dense chromium buffer-layer with 100 nm was fabricated by high-
power impulse magnetron sputtering (HiPIMS) to enhance the coating
adhesion under a DC pulsed substrate bias of —50 V, in which the pulse
width and frequency was set at 100 ps and 500 Hz. Next, 200 nm-thick a-
C coating as top layer was synthesized by DCMS method with a supplied
substrate bias of -50 V, and the sputtering power for carbon source was
around 2 kW. More experimental details could be referred to our pre-
vious reports [27,28]. Noted that, beyond of SS316L substrate, the p-
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Fig. 1. The schematic diagram of hybrid deposition system for coating synthesis.
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type (100) crystalline Si wafer was also used as substrate for easier
measurement of coating surface and cross-section morphology
comparatively.

2.2. Morphology and composition analysis

The surface and cross-sectional morphologies of the coating were
characterized using a field-emission scanning electron microscopy
(FESEM, Verios G4 UC, USA) equipped with an energy dispersive X-ray
spectrometer (EDS, Oxford, UK) at a voltage of 15 kV. After corrosion
tests at different temperatures, the composition of the passive coating on
SS316L, as well as the composition and atom binding state of the a-C
coating after corrosion tests at different temperatures were elucidated
using the X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD,
Japan) with an Al Ka X-ray source (1486.6 eV). For the XPS depth
profile, the surface was sputtered by Ar" ion bombardment using an ion
beam of 2 kV. The C1s peak (284.8 eV) was used as a reference to correct
the standard electron binding energies for all XPS peaks, where the XPS
data were analyzed using the CaseXPS software. The microstructure of
the a-C coating before and after corrosion was characterized using high-
resolution transmission electron microscopy (HRTEM, Tecnai F20,
USA).

2.3. Electrochemical measurements

The Gamry electrochemical workstation (Reference 600+, US) was
employed to measure the electrochemical behavior of the coatings,
where a traditional three-electrode system was especially operated.
Particular, the Ag/AgCl electrode acted as the reference electrode, the
platinum sheet was used as the counter electrode, while the test sample
performed like a working electrode. To simulate the actual PEMFC
operating environment, all the samples were immersed into the 0.5Mol
H,SO4 + 5 ppm HF mixed solutions under various running temperatures
(40 °C, 60 °C, and 80 °C). Before the electrochemical corrosion tests, the
specimens were put in the solutions with an open circuit potential (OCP)
for 2 h to reach a steady-state potential. Then the potentiodynamic
polarization was conducted from —0.2 V vs. Ag/AgCl ranging to +1.2 V
vs. Ag/AgCl with a scanning rate of 0.5 mV/s. Electrochemical imped-
ance spectroscopy (EIS) was carried out in the frequency range from 10°
to 1072 Hz with a disturbing AC amplitude of 10 mV. Furthermore, the
EIS spectra were analyzed and fitted by the ZSimpWin software to gain
informative characteristics. Under the simulated PEMFC cathode
running situation, the long-time potentiostatic test was performed at 0.6
V vs. Ag/AgCl for the purpose of evaluating the durable life of a-C
coating modified SS316L plates. After 12 h and 24 h potentiostatic tests,
the acid solution was specifically collected and analyzed by inductively
coupled plasma-optical emission spectrometer (ICP-OES). According to
the analysis, the concentrations of released chromium and iron ions after
electrochemical tests could thereafter be determined [29,30]. In addi-
tion, the Mott-Schottky tests were employed to identify the character-
istic of charged species in the potential range from —0.2 V to 1.0 V and
DC steps was 10 mV.

2.4. Conductivity measurements

During the ICR test, two pieces of conductive carbon paper (Toray
TGP-H-060) were firstly sandwiched between the specimens and two
gold-coated copper plates. A constant electrical current at 1 A was
introduced via the two copper plates under test procedure, and the va-
riety of the total voltage was recorded by a precision multimeter. The
external pressure was supplied to the integrated plates and identified by
the universal testing machine (2 kN, Chine). The resistance of circuit was
calculated using voltammetry. The ICR test was repeated at least three
times to get the average value, where the representative ICR position
was selected at load of 1.38Mpa according to the DOE-2025 standardi-
zation. More details for ICR measurement could be found in the
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literature [31].
3. Result and discussion
3.1. Surface and cross-sectional morphology of a-C coating

Fig. 2 shows the cross-sectional image and top-view SEM
morphology of a-C coating deposited on typical Si substrate. It was
obvious that the thickness of Cr buffer-layer was about 100 nm, while
the top-layer a-C coating exhibited a thickness of 200 nm (Fig. 2a). In
addition, both the a-C/Cr interface and Cr/SS316L interface were pretty
clear, demonstrating free of distinct voids or defects in multilayer
structure. As shown in Fig. 2b, the a-C coating combined Cr buffer-layer
indicated the smooth and dense surface, even the obscure cauliflower-
like structure with an average size around 60 nm was visible from the
inserted image with magnification. In general, the a-C coating possessed
the typical amorphous characteristics, this observation of cauliflower-
like structure could be arisen from the columnar growth of the Cr
coating layer adjacent to a-C layer. However, it was noticeable that
introducing HiPIMS process significantly enabled the densely columnar
growth and crystalline refinement for Cr deposition compared to the
other reports [32].

3.2. Potentiodynamic polarization results

The potentiodynamic polarization curve of SS316L without and with
a-C coating is shown in Fig. 3a-b for comparison. Both two samples
exhibited the similar polarization behavior, as evidenced by the absence
of an active current peak on the polarization curves. However, it was
clear that the I o for both samples shifted upward as the temperature
increased, indicating that temperature accelerated the anodic reaction.
Furthermore, at the equivalent operating temperature, the a-C coated
SS316L reduced the I about 2 orders of magnitude than that of un-
coated one due to the promising corrosion resistance of a-C coating. As
the potential increased, the anode curves of two samples exhibited
different trends. When the potential exceeded 0.9 V, the I.o sharply
increased for SS316L, suggesting the occurrence of trans-passivation at
high potentials [20]. In contrast, the I, increased at a slow tendency
for a-C case. With the typical simulated operating potential of 0.6 V in
the cathodic environment of PEMFCs, the I, in a-C coated SS316L was
measured to be 3.4, 4.1, and 3.5 nA/cm? at temperature of 40 °C, 60 °C
and 80 °C, respectively, which were all pretty satisfied with the DOE
2025 standard value of 1 pA/cm?.

3.3. Potentiostatic polarization measurements

To assess the long-term corrosion resistance of bare SS316L and a-C
coated SS316L, Fig. 4 shows the potentiostatic polarization tests with 24
h conducted at 0.6 V. The I in both SS316L and a-C coated samples
exhibited a continuous downward trend initially, and substantially
reaching to the stable level. For comparison, the a-C coated SS316L
achieved a steady state more quickly, and the stable I o, was at least one
order of magnitude lower than that of SS316L. This revealed that the
electrochemical reactions were intensively suppressed in the a-C coated
SS316L. At 80 °C, all the curves for two sample fluctuated with presence
of abrupt spikes, indicating the occurrence of localized pitting corrosion.
Fig. 4c presents that the stabilized I.o. for both SS316L and a-C coated
SS316L. The stable Iy of a-C coated SS316L was 2.3, 4.7, and 8.7 nA/
cmz, respectively, which were lower than the I., of SS316L. The results
indicate that the a-C coating effectively enhances the ability of SS316L
to resist corrosion in the fluctuating temperatures of PEMFCs.

3.4. Dissolution of metal ions

Released metal ions are pivotal parameters in evaluating the extent
of damage to metallic BPs [31]. The corrosion solutions were collected
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Fig. 4. Potentiostatic polarization curves of SS316L (a) and coated samples (b) under different temperatures; (c) the stable corrosion densities of SS316L and

coated samples.

after 12 h and 24 h potentiostatic polarization tests, and the concen-
trations of primary metal ions mainly originated from Cr and Fe are
summarized in Table 1. Obviously, the concentrations of Fe and Cr ions
increased significantly with prolonging test durations and operating
temperatures. In the case of SS316L samples, the concentrations of Fe
and Cr ions demonstrated a nearly linear escalation with the rise in
temperature over the same duration, where the maximum values of 0.35
ppm and 1.54 ppm was achieved at 80 °C, respectively. However, in
contrast to SS316L, both the concentrations of Cr and Fe ions were
extensively reduced in a-C-coated SS316L, being close to zero at

temperatures below 60 °C, even the relevant ionic concentrations were
accelerated greatly at 80 °C. Based on this observation, it could be
suggested that higher operating temperature could accelerate the
corrosion of metallic bipolar plates and a-C coating to a great extent,
while the a-C coating still inhibited the ions releasement from SS316L
substrate comparatively.

3.5. EIS analysis

Fig. 5 presents the Nyquist and Bode plots of SS316L and a-C coated
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Table 1

The released metal ions of SS316L and a-C coated SS316L after 12 h and 24 h
potentiostatic polarization under different temperatures.

Samples Temperature Released metal ions/h
Cr-12h Cr-24 h Fe-12 h Fe-24 h
SS316L 40 °C 0.073 0.098 0.194 0.239
60 °C 0.132 0.171 0.440 0.590
80 °C 0.290 0.350 1.220 1.540
a-C 40 °C 0.013 0.014 0.093 0.118
60 °C 0.017 0.028 0.125 0.180
80 °C 0.101 0.117 0.507 0.695

SS316L in a 0.5 M HySO4 + 5 ppm HF mixed solution at different tem-
peratures. After analyzing the Nyquist curves in Fig. 5a for SS316L,
increasing temperature led to an obvious reduction in the diameters of
capacitive loops, indicating the exacerbated corrosion of the metallic
BPs. In the Bode diagrams (Fig. 5b), the impedance moduli consistently
decreased at low frequency with temperature ascending, accompanied
by a corresponding drop in phase angle. The Bode phase angle diagrams
exhibited a peak resulting from capacitance response in the range of low
and intermediate frequency. Especially, the presence of a low-frequency
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capacitive region evidenced the corrosion solution originated from
substrate or chromium buffer-layer, where the electrochemical reactions
were triggered at the interface [33]. Taking the analysis of Fig. 5b, an
equivalent circuit evolving two time constants (inserted in Fig. 5a) was
used for the fitting of EIS data.

Fig. 5c¢ displays Nyquist plots for the a-C coated SS316L. In contrast
to bare SS316L substrate, there was the semi-circle diameters expanded
for the a-C coated SS316L sample, indicating the enhanced corrosion
resistance. The relevant Bode plots (Fig. 5d) revealed a wider phase
angle plateau and higher low-impedance moduli compared to SS316L,
evidencing the superior capacitive behavior as well. Significantly, the
impedance moduli of a-C coating exhibited near-zero variation in tem-
perature range of 40-80 °C, confirming the excellent chemical stability
of a-C coating.

Nevertheless, if one regarded the data shown in Table 1, a small
amount of metal ions was still presented in the corrosion solution for a-C
coated sample. This proposed the permeation of the corrosive species
through a-C matrix, causing the corrosion of SS316L substrate. Thanks
to the chemical stability of a-C coating, it could be assumed there was a
passive layer formed on the SS316L, akin to the substrate’s condition.
Thereafter, same equivalent circuit model shown in inserted Fig. 5a was
suitable for EIS fitting in a-C coated case. Considering the concentration
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Fig. 5. Electrochemical impedance spectroscopy of SS316L (a, b) and a-C coated samples (c, d) under different temperatures: Nyquist curves (a, c), Bode plots (b, d).
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polarization and dispersion effect, the constant phase element (CPE) and
Warburg impedance (W) were introduced [34]. The impedance of the
Zcpg could be acquired by the following equation [33]:

Zerr = [Yo(2af)" ] €h)

where j is —1%5, f is the frequency, Yy is the magnitude of CPE and n is
the parameter related to the CPE. In this circuit model, Rg represents the
solution resistance, CPE; and R¢ denote the capacitance and resistance of
the protective coating, respectively. CPE; and R stand for the capaci-
tance of the double electrical layer and the charge transfer resistance at
the coating/substrate interface.

Table 2 shows the fitting parameters obtained from the EIS data. The
R exhibited a decrease with escalating solution temperature, indicating
a continuous reduction in the resistance of the protective layers for both
SS316L and a-C coated samples. Under identical temperatures, the R¢ of
a-C coated samples surpassed that of SS316L by one order of magnitude,
evidencing the significant deceleration of the corrosion process facili-
tated by the a-C coating. Generally, the protective efficacy of the formed
passive coating or deposited coatings could be evaluated through the R,
value, where a higher R signified the improvement of corrosive resis-
tance to ion diffusion [35,36]. It could be observed that, comparing with
the R of SS316L, a-C coating behaved the two orders of magnitude
increase, indicating superior resistance to corrosive ion diffusion and
strongly protective capability. In particular, the highest R value for the
a-C coated sample about 6.246 x 107 Q-cm? was observed at 40 °C,
while the lowest R data of 2.309 x 10° Q-cm? was recorded at 80 °C.
The decline in R suggested that higher temperature greatly sacrificed
the protection performance of the a-C coating.

3.6. Mott-Schottky study on the SS316L

In order to address the semiconductor characteristic of the formed
passive film on SS316L and a-C coated SS316L, we conducted the Mott-
Schottky test. It was empirically known that the correlation between the
applied potential and the capacitance could be described by the Mott-
Schottky equation, as follows [37-39]:

For n-type semiconductor

cro 2 (E B g) @

"~ eggeN,

And for p-type semiconductor

2 KT
Cc?=-— E—Ep—— 3
eggeNy e

where C is the capacitance of the space-charge layer (F-cm?), Np
and Ny are the donor and acceptor densities, respectively. While ¢ is
the dielectric constant of the passive coating (0.156 F/cm?) [40].
€g is the vacuum dielectric constant (8.854 x 10714 F/cmz), e is the
electronic charge about 1.602 x 10’19C, E is the potential, Eg, de-
notes the flat band potential, k is the Boltzmann’s constant (1.38 x

Table 2
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10723 J/K) and T is the absolute temperature.

Fig. 6a shows the Mott-Schottky curves of SS316L after 24 h polar-
ization in a simulated PEMFC cathode environment at 0.6 V. The plot
delineated two regions based on the positive or negative slope. A posi-
tive slope between 0.1 and 0.6 V demonstrated the electronic behavior
of an n -type semiconductor. Beyond of 0.6 V, the curve’s slope turned to
negative, signifying a transition from n-type to p-type semiconductor
characteristics. The variation in slope with applied potential might
commonly be attributed to the duplex structure and composition of the
passive coating on SS316L [41-44]. Fig. 6b illustrates the Mott-Schottky
plots of the a-C coated SS316L, which display linear relationship be-
tween 1/C2 and E with positive slopes, suggesting its n-type semi-
conductor character.

Table 3 presents the fitted donor and acceptor densities, as well as
the flat band potential. It was observed that all the value of Np, Ny and
Eg, exhibited an increasing trend with rising temperature. This incre-
ment became more pronounced as the solution temperature elevated
from 60 °C to 80 °C than those in range of 40-60 °C. According to the
point defect model (PDM) [31,45], elevated temperatures could easily
lead to higher rates of oxygen vacancies and anion interstitials genera-
tion at the interface between metal/coating, expediting the elimination
at the coating/solution interface. Furthermore, if the accumulation
exceeded the destruction, point defects would accumulate within the
passive coating, resulting in the increase of carrier densities [46]. The
higher carrier density indicated a greater probability of breakdown and
pitting corrosion in the passive coating. The carrier density of the a-C
coated SS316L is obviously lower than that of SS316L, indicating that
the a-C coating reduced vacancy type structural defects, which is
conducive to restraining the penetration of corrosive ions and improving
the corrosion resistance.

3.7. Surface morphology after the electrochemical tests

Fig. 7 illustrates the surface morphology and elemental distribution
of SS316L and a-C coated SS316L after 24 h potentiostatic polarization.
As shown in Fig. 7a-c, the number and size of corrosive sites on the
SS316L surface noticeably increased with the increase of solution tem-
perature. Especially at 80 °C, the corrosion pits with large-size of 75 pm
emerged on the surface of SS316L (Fig. 7c) following polarization.
Additionally, an accumulation of oxygen element was achieved in this
area, demonstrating the severe localized corrosion. In contrast, the a-C
coated SS316L exhibited an absence of apparent corrosive pits and
reactive dissolution even at the given temperatures (Fig. 7d-f),
evidencing the a-C coating could provide better corrosion resistance and
stability to the metallic BPs regardless of the temperature changes in the
PEMECs.

3.8. XPS analysis

Fig. 8a—c presents the distribution of O, Ni, Fe and Cr elements on the
SS316L after 24 h potentiostatic polarization. Analyzing the variety in
typical Cr and Ni element shown in Fig. 8a—c, the depth profiles under
different temperatures showed the similar tendency, which were

Fitting data of EIS results of SS316L and a-C coated SS316L under different temperature.

Samples Temperature Rs (Q-cmz) CPE, R¢ (Q-cmz) CPE, Rct (Q-cmz) w (Q~2'5-cm2)
Q; (@ lem™2sY) n Qy(Q lem™25sY) n
$S316L 40 °C 10.8 4.645 x 107° 0.970 148 9.80 x 107° 0.871 3.686 x 10° 3192 x 1074
60 °C 4.96 3.875 x 107° 0.917 95.45 6.61 x 107° 0.800 1.484 x 10° 1.651 x 1074
80 °C 4.03 2.605 x 10~° 0.945 14.49 4.84 x 107° 0.719 9.542 x 10* 1.891 x 10~*
a-C 40°C 19.72 1.683 x 107° 0.683 1340.1 6.261 x 10°° 0.943 6.246 x 107 3.540 x 1078
60 °C 15.87 1.094 x 10°° 0.734 960.31 4,995 x 10°© 0.899 4.268 x 107 3.190 x 1078
80 °C 11.25 1.507 x 107° 0.770 640.64 5.615 x 10°° 0.869 2.309 x 107 4.199 x 1078
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Fig. 6. The Mott-Schottky plots of SS316L (a) and a-C coated SS316L (b) after potentiostatic test (24 h, 0.6 V) with different temperatures of the solution (40 °C,

60 °C, and 80 °C).

Table 3
The donor densities, acceptor densities, and flat band of passive film on SS316L
and a-C coated SS316L.

categorized into three regions: Region I, where the Cr/Ni content
increased along the surface-to-bulk direction and reached its maximum
value. The change in this region was regarded as initial place in the
passive coating; Region II, where the Cr/Ni content gradually decreased
from the maximum value; and Region III, where the Cr/Ni content was
stabilized with detecting depth. As for the Fe content, it sharply
increased in Region I and II, and gradually reached to a stable value in
Region III

Fig. 8d illustrates the Cr/Fe ratio with detection depth in the passive
coatings. The Cr/Fe atomic ratios showed the highest value on the sur-
face and continuously decreased from over 1.2 at the superficial layer to
0.2 around at the inner layer for each specimen. This phenomenon was

Samples Elements ND (cm™3) NA (cm™3) Ep (V)

$S316L 40°C 1.062 x 102! 1.401 x 10% 0.06
60 °C 1.089 x 102! 2.597 x 10! 0.05
80 °C 1.186 x 10%! 8.217 x 10! 0.09

a-C 40°C 7.513 x 10'° \ —~1.342
60 °C 1.334 x 10'° \ -1.129
80 °C 3.226 x 10'© \ —~1.238

40°C

T9TESS

100um

Sad

Sad

60 °C

80 °C

100um

100um

Fig. 7. SEM images and EDS results of SS316L (a—c) and a-C coated SS316L (d-f) after potentiostatic tests under different temperatures (40 °C, 60 °C, and 80 °C). The

arrows point out some local corrosion spots.
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Fig. 8. The XPS depth profiles (a—c) and the Cr/Fe ratio with detection depth in the passive film formed on SS316L (d) after 24 h 0.6 V vs. Ag/AgCl polarization with

different temperature.

primarily attributed to the easier dissolution of iron oxides compared to
chromium oxides in the simulated solution, resulting in the highest Cr/
Fe ratio on the surface [20,41,47]. Subsequently, the content of iron
oxide went upwards sharply, illustrating a bi-layer structure in the
passive coating, which might predominantly consist of iron oxide and
chromium oxide.

Fig. 9 further shows the XPS C1s of the a-C coated samples before and
after 24 h potentiostatic polarization. Since the Cls spectra could be
deconvoluted into two peaks by fitting with 80 % Gaussian and 20 %
Lorentzian function [48,49], the peak around 284.8 eV and 285.6 eV
could be identified as sp>C and sp®-C, respectively. Clearly, the as-
deposited a-C exhibited a sp2/(sp? + sp°) ratio of 55.8 % and few O
atoms were detected, given the sample’s exposure to the air before XPS
test [50]. Following the electrochemical corrosion test, however, the
sp2/(sp? + sp°) ratio slightly decreased from 53.27 % to 48.49 % with
increasing temperature from 40 to 80 °C. This decline might be attrib-
uted to the enhanced susceptibility of sp>-C to corrosion in harsh acidic
electrolytes [51].

Fig. 9b-d shows the distributions of C, O, Cr, and Fe elements across
the a-C coated SS316L after a long-term polarization test at various
temperatures. It was found that the oxygen content reached the
maximum value, while the carbon content arrived the lowest level on

the coating surface. As the sputtering time was increased, the oxygen
content went downward, but the carbon content increased to a constant
value, indicating the maintained good stability in chemical composition
of a-C coating. Furthermore, traces of Cr and Fe elements were discov-
ered in the coating, which deduced that the corrosion reaction primarily
occurred on the SS316L substrate and the corrosion products could
diffused from coating defects to its surface [52].

3.9. ICR analysis

With the increase of applied pressure, the ICR value of both SS316L
and a-C coated SS316L continuously decreased (Fig. 10a). This phe-
nomenon was mainly the consequence of the expansion in effective
contact area between the test sample and carbon paper, thereby
enhancing the channel of electron transmission. When the compression
force exceeded 1 MPa, no significant decline was observed in ICR value.
Nevertheless, after the durability tests, the ICR values of all test samples
increased with both test temperature and time. As shown in Fig. 10b, the
ICR of the bare SS316L was notably larger at 85.88 mQ-cm? under 1.4
MPa (the typical stack compaction force for BPs), which could not meet
well with the required value of DOE2025 (10 mQ-cm?). After poten-
tiostatic test, the ICR further increased due to the generation of poorly
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conductive passive products on the SS316L surface. In comparison, a-C
coated SS316L presented the ICR around only 4.36 mQ-cm?, which was
slightly increased after the potentiostatic test. However, noted that such
a deteriorated ICR was still within the value of DOE 2025 standardiza-
tion. In could be thereafter concluded that the a-C coating significantly
reduced the ICR together with enhancing the electrochemical perfor-
mance of SS316L under PEMFC operating conditions.

3.10. Discussion on the role of test temperature

Based on the long-term corrosion test in Fig. 4, the Ico of SS316L
increased from 0.015 pA/cm? to 0.081 pA/cm? as the operating tem-
perature ascended from 40 °C to 80 °C, evidencing a significant dete-
rioration in the corrosion resistance of SS316L. The XPS analysis (Fig. 9)
showed that the synergistic effect of metallic corrosion and the formed
passive coating led to the performance degradation. Furthermore, ac-
cording to the Mott-Schottky characterization, the carrier density of the
passive coating increased abruptly with the temperature increment,
resulting in a serious acceleration of the corrosion failure of SS316L
substrate.

In contrast to SS316L, the a-C coated SS316L demonstrated the sig-
nificant improvement of corrosion resistance (8.7 nA/cmz), accompa-
nying with the lowed ICR value of 4.36 mQ-cm? The XPS analysis
(Fig. 9) and the HRTEM (Fig. S1) results identified the stable structure of
the a-C coating, which offered the remarkable protection even after the
long-term polarization tests. Nevertheless, according to our previous
work [28,33,52], there would be the existence of growth defects like
pinholes and macroparticles formed in a-C coating during physical
vapor deposition process, allowing corrosive electrolytes to penetrate
the metallic substrate easily along these defects. This would be the key
factor for the observed substrate corrosion at interface. Increasing
temperature stimulated the corrosion sacrifice of a-C coated samples
(Fig. 3), in which the higher Fe and Cr ions concentration (Table 1) and
larger ICR value (Fig. 10) were observed as expected. Noticeably, it was
likely that the corrosive ions such as H" and F~ possessed the more
strongly active mobility and higher ionic diffusion at higher temperature
[53-55]. Therefore, these corrosive species could easily reach to the
interface through defects in the a-C coating and induced more severe
corrosion of the substrate. Meanwhile, the emerged passive layer on the

(a) SS316L substrai‘:'e

Passive layer

SS316L substrate

>
H*

9 ) O
F- S0% Fe* Cr*
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SS316L substrate owned the larger conductivity at high temperatures, as
indicated by the Mott-Schottky test (Fig. 6), which might in turn
accelerate the corrosion at the interface. For easy understanding, Fig. 11
shows the dependence of corrosion failure of the SS316L without and
with a-C coating upon the operating temperature in PEMFCs for
comparison.

4. Conclusion

In this work, we fabricated a-C coatings on SS316L substrate by a
hybrid direct current magnetron sputtering system. The focus was
dedicated into the dependence of electrochemical behavior and elec-
trical conductivity of coatings upon solution temperature from 40° to
80° in a simulated PEMFC cathode environment. The microstructure
evolution was comprehensively characterized by SEM and XPS, in order
to identify the degradation mechanism of coatings before and after test.
After the 24 h potentiostatic polarization tests, increasing the solution
temperature led to the slight decrease of the corrosion resistance for
coatings. However, noted that the stabilized maximum value of I, and
the minimum conductivity of coating were only about 8.7 nA/cm? and
coating 9.56 mQ-cm?, respectively, which were all well agreed within
the standardization data of DOE 2025 (Icorr < 1 pA/cmz, ICR < 10
mQ-cm?). The reason behind of this phenomenon could be mainly
attributed to two aspects. First, the good chemical stability in a-C
coating was achieved regardless of temperature variety, corresponding
to the maintained sp?/sp® atomic bonds. Nevertheless, due to the exis-
tence of growth defects like macroparticle and pinholes in a-C coatings
by magnetron sputtering technique, increasing temperature distinctly
accelerated the penetration of corrosive ions along the defects, resulting
in the slight deterioration of a-C coating subsequently. An evident
observation was that the elemental concentrations of released Fe and Cr
ions became larger with temperature ascending, together with the
stimulated damage of corrosion and conductivity in the coatings. In this
case, the corrosion failure mechanism of a-C coated SS316L was suitably
suggested in terms of operating temperature comparing with the per-
formance of pristine SS316L for PEMFCs applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.surfcoat.2024.130767.
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Fig. 11. Schematic image of the corrosion behavior of a-C coated SS316L in the simulated PEMFC cathode environment at different temperatures.
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