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Abstract: Bipolar plates in proton exchange membrane fuel cells (PEMFCs) are confronted by the
dilemma of low contact resistance and high corrosion resistance; this study aimed to simultaneously
satisfy these dimensions in a harsh environment. Using thick multilayer coatings can improve the
corrosion resistance, but the contact resistance would be largely compromised. To address this
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challenge, we propose compatible tantalum/titanium-based coatings on 316L stainless steel (SS316L)
as bipolar plates for PEMFCs. With the transition layer, the optimal TaN/(Ta, Ti)N/TiN/Ti coating
exhibits an ultralow corrosion current density of 0.369 pA-cm~2 (at +0.6 V vs. SCE) and a contact
resistance of 6 mQ) cm? at 138 N/cm? after 5 h of potentiostatic polarization, both of which meet the
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standard of the U.S. Department of Energy. Electrochemical impedance spectroscopy (EIS) and an
equivalent electrical circuit model further elucidated that TaN/(Ta,Ti)N/TiN/Ti coating significantly

B. Boinovich impedes the oxidation reaction and dissolution of metals and provides good protection for the SS316L.
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Proton exchange membrane fuel cells (PEMFCs) represent an ideal zero-emission
power generation device in automotive applications [1-3]. Despite many attractive ad-
vantages such as short refuel time, long driving range, and less pollution [4], the broad
dissemination of PEMFCs has been largely impeded, mainly due to their high cost. In
particular, the cost of bipolar plates accounts for 28% of the overall cost of a PEMFC stack [5].
Therefore, it is critical to improve the performance of bipolar plates while reducing the
usage of the materials to lower their cost. Typical materials for bipolar plates include
graphite, metal, and composite materials [6,7], owing to their excellent conductivity and
robust corrosion resistance under fuel cell working conditions [8]. Compared to metals,
graphite and its composite materials are generally costly. In addition, they are fragile with
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high air permeability, which makes them difficult to be processed, thus largely imped-
ing their commercialization [9]. In contrast, stainless steel, which features high electrical
conductivity, robust mechanical properties, and low cost, is considered one of the most
promising candidates for bipolar plate materials. However, corrosion resistance of stain-
less steel remains insufficient, especially under PEMFC working conditions, with direct
contact to the acidic electrolyte (pH = 3) [10]. In the acidic PEMFC operating environment,
the operating temperature is 80 °C, and the electrolyte contains F~, SO42~, Cl~, etc. [1].
Stainless steel in this harsh working environment is prone to corrosion, leading to cation re-
lease. Furthermore, dealloyed Fe metal cations from corrosion can deactivate the exchange
membrane [11,12], leading to large ohmic loss at the high current region. Meanwhile, the
surface of stainless steel forms a dense oxide film, which increases the interface contact
resistance to an unacceptable value [13].

To address the above-mentioned severe corrosion problems, surface coating on stain-
less steel is generally adopted as an effective strategy to protect the surface. The excellent
electrical conductivity and chemical stability of noble metals make them the first-used
protective coating materials for bipolar plates. For example, Yun et al. [14] reported an Au
film on a metal bipolar plate, which showed good corrosion resistance and high electrical
conductivity. In another example, Kumar et al. [15] reported a gold film on SS316L. Electro-
chemical test results show that it has excellent corrosion resistance under simulated fuel cell
working conditions. Although noble metal coatings show excellent overall performance,
their high cost limits their commercialization. Therefore, the selection of appropriate techni-
cal means to prepare metal nitride films has become a popular research direction. Common
coating methods include chemical vapor deposition (CVD), physical vapor deposition
(PVD), and surface nitriding [16]. To date, PVD methods such as magnetron sputtering
have been widely used to prepare functional thin films. In particular, magnetron sputtering
technology has attracted extensive attention in the field of thin film preparation due to its
advantages of low deposition temperature, the precise ratio of coating components, and
the well-controlled preparation of gradient coatings [17]. However, the PVD coating is
bound to have defects, such as pinholes and micropores, which may become penetration
channels for the corrosive medium to reach the substrate. Due to the different corrosion
potentials of the coating material and the base material, a corrosion galvanic couple will be
generated at the interface [18,19]. In this case, the corrosion of the substrate will be more
serious; even collapse of the coating can occur [20]. Using a multi-layer coating structure
instead of a single-layer structure can effectively reduce the influence of inherent defects
because most of the defects are located in the first layer [20]. In addition, multilayered
structure coatings can discontinue crystallite boundaries in the columnar structure, which
eliminates the formation of pores [21]. For example, Feng et al. [21] reported a C/Cr-Ti-N
multilayer coating deposited on S5316L, which showed good corrosion resistance and
low resistance. Unfortunately, however, its long-term stability is poor due to insufficient
protection of the stainless steel. In another example, a polylaminate TaN/Ta coating on
a SS316L bipolar plate [22] has excellent corrosion resistance, but its conductivity does
not meet the Department of Energy (DOE) target (interfacial contact resistance is less than
1 mQ cm?) [23]. This represents an intrinsic dilemma where the stability of coatings can
be largely improved via multilayered structures, but usually with a substantial sacrifice of
conductivity. Such a trade-off makes it challenging to achieve the DOE target [23].

Herein, we propose tantalum/titanium-based coatings (TaN/(Ta,Ti)N/TiN/Ti) on
a S5316L substrate via unbalanced DC magnetron sputtering, which can simultaneously
improve the corrosion resistance and electrical conductivity of multilayered coating struc-
tures. Based on the high corrosion resistance and conductivity of Ta and its good com-
patibility with Ti, we expect that such a design can largely improve the corrosion re-
sistance of SS316L bipolar plates without the tremendous sacrifice of film conductivity.
The TaN/(Ta,Ti)N/TiN/Ti coating exhibited a higher corrosion potential (—0.084 V) and
a lower corrosion current density (0.28 wA/cm?, at 0.6 V). In addition, the ICR of the
TaN/(Ta, Ti)N/TiN/Ti coating (6 mQ2 cm?, at 138 N/cm?) after the corrosion test was lower
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than that of the TaN/TiN coating (38 m() cm?, at 138 N/ cmz), which helps to reduce the
power loss of PEMFCs. The results confirm the feasibility of TaN/(Ta, Ti)N/TiN/Ti-coated
5S316L as bipolar plates for PEMFCs, meeting the DOE target (corrosion current less than
1 uA/cm?) [24] for both corrosion resistance and interfacial conductivity.

2. Experimental
2.1. Deposition of Coatings

The TaN/(Ta,Ti)N/TiN/Ti coatings were prepared on a SS316L substrate and Si
substrate via the magnetron sputtering method [24]. The SS316L substrates were first
polished using a diamond suspension with a particle size of 3 um to guarantee a smooth
surface. Before deposition, the SS316L and Si (100) substrates were cleaned using acetone
and ethanol, which were subsequently placed in an ultrasonic bath for 15 min and then into
the sputtering chamber. The chamber was first evacuated to a base pressure of 8 x 10~* Pa
by a molecular pump. The coatings were prepared onto substrates by sputtering Ti and Ta
targets (purity 99.95%, 50 mm in diameter) under Ar (99.999%) and Ny (99.999%) discharge.
The deposition temperature was controlled to be 350 °C for all samples. Target base spacing
was controlled to be 90 mm. Four typical coatings were prepared as shown in Figure 1a. The
thicknesses of the Ti layer, TiN layer, and TaTiN layer were controlled to be 100 nm, 100 nm,
and 127 nm, respectively. The TaN layer thicknesses of Samples 3 and 5 were controlled
to be 245 nm and 310 nm, respectively, to study the effect of thickness on resistivity and
corrosion resistance.

TaN
TaTiN
TaN TaN TaN
TaTiN TaTiN TaTiN
SS: SS: SS:
Sample 2 Sample 3 Sample 4 Sample 5

500 nm

Figure 1. Structural and compositional characterizations of coatings. (a) Design of coating structures
(not to scale). Cross-sectional SEM images of (b) Sample 1, (c) Sample 2, (d) Sample 3, (e) Sample 4,
and (f) Sample 5. Surface morphology SEM images of (g) Sample 1, (h) Sample 2, (i) Sample 3,
(j) Sample 4, and (k) Sample 5.

2.2. Compositional and Structural Characterizations of Coatings

The phase composition of the samples was determined by X-ray diffraction (XRD, Ultima,
Rigaku, Japan Rigaku Corporation, Tokyo, Japan) using Cu K« irradiation (A = 0.1546 nm) in
the 620 mode. The scanning range was from 30° to 70°. The surface and cross section of
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the samples were characterized by scanning electron microscopy (SEM, Quanta-250, FEI,
Houston, TX, USA, at 20 kV) with energy dispersion spectroscopy (EDS).

2.3. Corrosion Resistance Measurements

Potentiostatic and potentiodynamic tests were performed on the bare SS316L and
TaN/(Ta,Ti)N/TiN/Ti coating (samples 1, 2, 3, 4, and 5) to evaluate the corrosion resistance
of the coating. Electrochemical measurements of the TaN/(Ta,Ti)N/TiN/Ti coatings and
uncoated SS316L substrate were performed using an electrochemical system (CHI660E
Electrochemical Workstation, Shanghai CH Instruments Co., Ltd., Shanghai, China) in an
accelerated corrosion solution (0.5 M HySO4 + 2 ppm HF) at 70 °C. The counter electrode
was a Pt sheet. The reference electrode was a saturated calomel electrode. A sample with
an exposed circle area of 1 cm? was the working electrode. After stabilization at open
circuit potential (OCP) for 1 h, the potentiodynamic polarization curve was measured at a
scanning rate of 0.01 Vs~ 1.

The potentiostatic measurements were carried out to investigate the stability of the
bare S5316L and TaN/(Ta, Ti)N/TiN/Ti coatings in the 0.5 M H»SO4 + 2 ppm HF at 70 °C.
The potentiostatic test was conducted at a potential of 0.6 V vs. SCE for 18,000 s, with air
bubbling to simulate the cathode environment in the PEMFCs.

2.4. Electrochemical Impedance Spectroscopy (EIS)

The three-electrode electrochemical cell, test solution, temperature, and working
surface were kept identical for the potentiodynamic polarization measurements described
above. The measurements were also performed after 1 h of stabilization at OCP. The
frequencies were swept between 100 kHz and 10 mHz. The AC voltage was —10 mV (rms).

2.5. Interfacial Contact Resistance (ICR)

According to the existing references, the interface contact resistance between the
carbon paper (Toray TGP-060 carbon paper) and the sample was tested by a special sample
fixture [25] (see Supplementary Materials Figure S1 for detailed structure). The copper
plate, coating sample, and carbon paper were all square, with a side length of 20 mm.
We clamped the sample with two sheets of carbon paper and two sheets of gold-plated
copper. During the test, continuous pressure was applied to the sample using a universal
testing machine.

3. Results and Discussion
3.1. Morphology and Composition of the Coatings

To investigate the effects of the modulation period, coating thickness, transition
layer on the corrosion resistance, and electrical conductivity of the coatings, we designed
five different structures (Figure 1a). We first prepared the TiN/Ti and TaN/TiN coat-
ings as the benchmark. To study the effect of the transition layer, we prepared the
TaN/(Ta,Ti)N/TiN/Ti coating (Sample 3). The effects of multiple junctions (Sample 4)
and layer thickness (Sample 5) were also investigated. We further characterized the mor-
phology and thickness using scanning electron microscopy (SEM) (Figure 1b-k). The
multilayer coatings well adhered to the substrate. All the coatings were continuous and
intact without microcracks or vacancies in the deposited multilayer (Figure 1b-k). The
coating thicknesses were 857 and 572 nm for Samples 2 and 3, respectively, which were
both thinner than in previous reports [22,26-31] and satisfied the requirements of the De-
partment of Energy (DOE) [23]. The finishing surface morphology of all samples was flat,
continuous, and dense without cracks, and the columnar crystal structure of the coating was
separated by the interface without continuity. Compared to conventional arc ion plating
technology [32], which features detrimental microparticles scattering on the surface of the
coating, our coatings showed much reduced particles, which indicated their promising
mechanical behaviors [17] (Figure 1g—k).
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We further analyzed the phase composition using X-ray diffraction (XRD) (Figure 2).
The main characteristic diffraction peaks are located at around 35.9°, 41.7°, and 60.4°,
corresponding to the (111), (200), and (220) crystal planes of the cubic B1 NaCl-type-
structured TaN, respectively. This corresponds to the standard XRD data recorded in JCPDS
cards (No. 89-5196, marked with an orange line in Figure 2). The diffraction peaks of
o-TiN are at 36.7°, 38°, 42°, and 61.7°, corresponding to the (112), (103), (004), and (204)
crystallographic planes, respectively. This corresponds to the standard XRD data recorded
in JCPDS cards (No. 76-1834, marked with a purple line in Figure 2). The diffraction peaks
of Ti are at 56.4°, corresponding to the (201) crystallographic plane. This corresponds to the
standard XRD data recorded in JCPDS cards (No. 51-0631, marked with a dark green line
in Figure 2). The lower diffraction peak intensity of TiN may be due to poor crystallinity,
which is also a common phenomenon in magnetron sputtering coatings [17]. The intensity
of diffraction peaks increases significantly with the increase of the outermost layer of TaN,
and the thickness of the coating significantly affects the crystallinity.
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Figure 2. X-ray diffraction patterns recorded for the as-deposited TaN/(Ta,Ti)N/TiN/Ti coatings.

The orange reference peak is TaN PDF#89-5196. The purple reference peak is TiN PDF#76-1934. The
dark green reference peak is Ti PDF#51-0613.

We also carried out cross-sectional SEM characterizations and EDS line-scan analysis
(Figure 3), which showed the composition evolution due to the change of coating structures.
Specifically, Samples 3 and 5 showed TaN layers with a thickness of 200 nm and 300 nm,
respectively, as the top layer. The TaTiN transition layer of about 120 nm thickness was
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underneath this layer. In Sample 4, the change of composition for Ta and Ti was more
synchronous compared to Samples 3 and 5, which may because the highly similar crystal
structures of TaN and TiN facilitate the diffusion between layers to form the solid solution
at a high deposition temperature (350 °C) [33]. We also analyzed the atomic compositions
for coatings (Figure 3g). The atomic percentages of Sample 3 were 27.05% Ta, 14.02% Ti,
and 58.92% N. The atomic percentages of Sample 4 were 36.12% Ta, 5.28% Ti, and 58.60%
N. The atomic percentages of Sample 5 were 33.05% Ta, 11.03% Ti, and 55.91% N. With
the increase in TaN layer thickness and modulation period, the atomic composition of Ti
decreased, which was consistent with our experimental design. The composition of metal
(Ti and Ta) versus N was close to 1.

(b)
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0 120 240 360 480 600

Distance (nm)

(d) |mm Ta

Intensity (a.u.)
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Figure 3. Cross-sectional SEM images of (a) Sample 3, (c) Sample 4, and (e) Sample 5. Energy-
dispersive spectroscopy (EDS) line analysis results of (b) Sample 3, (d) Sample 4, and (f) Sample 5.
(g) Atomic percentages of Samples 3, 4, and 5.
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3.2. Corrosion Resistance and Interfacial Contact Resistance (ICR)

We further evaluated the corrosion resistance performance of coatings as the bipolar
plate. As shown in Figure 4a, the potentiodynamic polarization method was applied to
the coated sample and bare SS316L in 0.5 M H,SO4 + 2 ppm HF at 70 °C. As expected,
between —0.2 and —0.1 V, the uncoated SS316L substrate has an obvious anode active
dissolution area, which is due to the passivation film not being stable [13]. Nevertheless, all
samples with coatings do not show the passivation behavior of the activation—passivation
transition zone; the passivation reaction is rapid under the corrosive solution environment.
This process from the main dynamic to the passive dynamic changes rapidly with the
increase in electric potential, indicating that the coating has stronger chemical stability than
the bare SS316L substrate. The corrosion potential of SS316L was —0.202 V (Figure 4a),
which was lower than that of Sample 4 (—0.15 V), and much lower than those of Sample 3
(—0.082 V), Sample 5 (—0.054 V), and Sample 2 (—0.021 V). In principle, high corrosion
potential suggests high chemical inertness and better corrosion resistance [34]. Therefore,
Sample 2 may have the best corrosion resistance performance. Importantly, it is noteworthy
that the self-corrosion potential of the coating decreased with the increasing layers within
the coatings, which was due to the corrosion potential difference between Ta and Tj, leading
to the generation of a corrosion galvanic couple at the interface. Therefore, when the etching
solution reaches the interface through the channel formed by the columnar crystals, these
vulnerable galvanic couples can be readily attacked and corroded [35].

The corrosion currents at the cathode operating potential (0.6 V vs. SCE) of Samples 1,
2,3,4,and 5 were 25.7, 3.01, 0.369, 0.28, and 0.408 pwA /cm?, respectively (Figure 4a,b). With
the increase of the layers/interfaces within the coatings, the corrosion current decreased
significantly. In general, the electrolyte passes through the layers along the gap channels
of the columnar crystals formed during the magnetron sputtering process, which causes
corrosion and structural failures. Therefore, the multiple layered coating can effectively
prevent the continuous growth of columnar crystals and block the channel towards the
interface [35].

To further evaluate the stability of the TaN/(Ta,Ti)N/TiN/Ti multilayer coating de-
posited on SS316L in the corrosive environment of fuel cells, we also performed con-
stant potential measurements at cathode potential (0.6 V vs. SCE) for the coated samples
and the uncoated SS316L substrate. At the beginning of life stage, uncoated SS316L
showed a current density of 0.177 A /cm?, which was much higher than those of Sample 2
(0.114 pA/cm?), Sample 3 (0.075 pA/cm?), Sample 4 (0.042 pA/cm?), and Sample 5
(0.062 A /cm?) (Figure 4c,d). Over the course of the stability test, the corrosion current
gradually decreased and then stabilized after 5 h. The stability of the potentiostatic polariza-
tion curve may result from the cathode operating potential of 0.6 V being in the passivation
region of the polarization curve [32]. The corrosion current density of the coated sample is
much lower than that of the uncoated sample, which indicates that fewer electrochemical
reactions occur at the interface between the coating and the adjacent electrolyte [30]. The
amount of metal ions dissolved is less, which improves the performance of the SS316L
bipolar plate. Based on this stability test, Sample 4 had the lowest corrosion current and
thus showed the best corrosion resistance, which was attributed to the fact that Sample 4
had a thicker coating thickness and more interfaces than Samples 3 and 5, despite similar
surface microstructures. Therefore, it is difficult for the electrolyte to diffuse through the
flow channel and corrode the structure of matrix, which is also consistent with the lowest
corrosion current from the potentiodynamic polarization test (Figure 4a,b). Together, in-
creasing the thickness of coatings and layers of coatings within the coating can improve the
corrosion resistance of the TaN/(Ta, Ti)N/TiN/Ti coating.
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Figure 4. Electrochemical and electrical performance of coatings. (a) Potentiodynamic polarization
curves of bare SS316L and coated samples in 0.5 M HySO4 + 2 ppm HF solution at 70 °C. (b) Self-
corrosion potential and corrosion current at 0.6 V measured by potentiodynamic polarization curves.
(c) Potentiostatic polarization curves of uncoated SS316L and coated samples in 0.5 M HpSO4 + 2 ppm
HF solution at 70 °C (at 0.6 V vs. SCE). (d) Current magnitude at 18,000 seconds after the potentiostatic
program test (at 0.6 V vs. SCE). (e) Interface contact resistance test results after 5 h of potentiostatic
polarization. (f) Contact resistance at the applied pressure of 138 N/ cm?.

In addition to corrosion resistance performance, the overall conductivity of fuel cell
stacks is critical for the efficiency of fuel cells, especially under high-current density re-
gions [36]. In principle, the interface conductivity should be maximized to improve the
largest output. As shown in Figure 4e, as the applied pressure increased, the actual contact
area between the carbon paper and the sample became better; thus, the contact resistance
decreased with the applied pressure [37]. The contact resistances of the coated samples at
138 N/cm? were 4 (Sample 1), 38 (Sample 2), 6 (Sample 3), 22 (Sample 4), and 11 mQ) cm?
(Sample 5). Among them, the contact resistance of Samples 1 and 3 met the DOE 2020 tar-
get [23] of 10 mQ) cm?, and Sample 5 closely approached the DOE targets; the performance
of our Sample 3 was comparable with the recently reported Tantalum series protective
coating (Table S2). However, the contact resistance of SS316L is 143 m() cm? at 138 N/cm?,
far beyond the DOE requirement. The reasons for the improved interface conductivity may
be attributed to the following: (1) TaN (30 mQ)-cm) in the outer layer has excellent electrical
conductivity [26]; (2) The structure of TaN is similar to TiN, and Ta and Ti have similar
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atomic radii and the same coordination number, which has been leveraged to grow their
epitaxial films [38]; (3) The existence of the transition layer reduces the grain boundaries at
the interface, reduces the phenomenon of electron scattering, and improves the electrical
conductivity [13,39]. Compared to Sample 2, Sample 3 (with the transition layer) effectively
reduces the electron scattering phenomenon between the TaN layer and the TiN layer and
significantly improves the overall conductivity of the coating. However, increasing the
thickness of the TaN layer and the number of interfaces of the coating may lead to an
increase in the resistance of the coating, which was evidenced in Samples 4 and 5.

3.3. Electrochemical Impedance Spectroscopy (EIS)

The Nyquist plots and Bode-phase angle plots for the TaN/(Ta, Ti)N/TiN/Ti coatings
and bare SS316L at their respective Egcp are shown in Figures 5 and 6a—f, respectively.
Both the coated samples and bare SS316L are an incomplete semicircle in 1072 Hz to
10° Hz. The capacitive semicircle diameter of the coated sample was larger than that of the
bare SS316L. In general, the capacitive arc diameter is an indicator of corrosion resistance.
A larger diameter usually represents better corrosion resistance [40]. From the Bode plots
(Figure 6a—f), the coated samples show a broader plateau around the maximum phase angle
of —85°, which corresponded to the slope of the linear change between log | Z1 and log f
(frequency), which is almost —1 from 10~! Hz to 103 Hz. This major feature of capacitive
behavior suggested that the TaN/(Ta,Ti)N/TiN/Ti coating is an isolation layer with high
resistance and low capacitance [41]. The bare S5316L substrate has a maximum phase angle
of —80° and presents a narrower peak. The impedance modulus value in the low-frequency
area was lower, and it decreased with the decreasing phase angle. These data indicate
that the passive coating of the coated sample exhibits a more purely capacitive behavior in
corrosive media compared to the bare SS316L [42].

-8.0x10°
@® Sample1
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® Sample3
-6.0x105} Sample 4
& Sample 5
g ® ss316L
G -4,0x10°
'
N .
2.0x105F 4
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0.0 ' ' '
0.0 2.0x10° 4.0x10° 6.0x105 8.0x10°

Z' (Q cm?)

Figure 5. EIS measurements and analysis of coatings. Representative Nyquist plots of uncoated
5S316L and coated samples at their respective Egcp in a 0.5 M HpSO4 + 2 ppm HF solution at 70 °C.
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Figure 6. EIS measurements and analysis of coatings. Bode phase angle plots of (a) SS316L,
(b) Sample 1, (c) Sample 2, (d) Sample 3, (e) Sample 4, and (f) Sample 5.

We further utilized equivalent electrical circuits to simulate and calculate EIS data. For
the bare SS316L substrate, since the Bode phase diagram from 1072 Hz to 10° Hz presents
a one-time constant process, an equivalent circuit was used (Figure 7a). In this corrosion
system, R is the solution resistance and Qp is a CPE with capacitive characteristics. Rt
is passivation film resistance. In the case of coated samples, their Bode phase diagrams
show asymmetrically wide peaks, which are caused by two-time constant processes corre-
sponding to the mid-low frequency region of electrochemical behavior [43]. Therefore, an
equivalent circuit diagram (as shown in Figure 7b) was adopted, where R represents the
charge transfer resistance at the solution/coating interface and Qg represents the double-
layer capacitance associated with the passivation film. R¢ in the main circuit represents
the resistance. Qc is the capacitance of the coating. The fitting results are summarized in
Figure 7c.

Rt stands for charge transfer resistance, and its value reflects the speed of the elec-
trochemical reaction. The Rt value represents the corrosion resistance of the coating; the
greater the value, the better the corrosion resistance. This is because a dense and stable
passivation layer (TA-O-N) is formed on the coating, which can protect the coating from
corrosive PEMFCs [22]. A lower double-layer capacitance (Qg4;) was observed for the coated
samples in an accelerated corrosion environment. The double-layer capacitance (Qg;) re-
lates to the charge accumulation caused by the corrosion reaction and the thickness of the
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passivation film. The lower the double-layer capacitance (Qq;), the better the corrosion
resistance [44]. A higher double-layer capacitance of SS316L is related to the instability
of its passive film in the corrosive liquid [44]. In comparison, the passivation film of the
coated sample showed stronger stability, which is also consistent with the constant potential
polarization test result. Furthermore, the leakage capacitance, which deviates from the
ideal capacitance, is described by the phase element and the coefficient n. When CPE is
the ideal capacitance, n = 1. When CPE describes the dispersion of the time constant due
to porosity, roughness, and other possible inhomogeneity, n is less than 1. The larger the
value of n, the denser the structure of the coating, the fewer the defects, and the better the
corrosion resistance [45]. The coated samples all had a high n value, which was attributed
to the high ionization rate of the dual-target unbalanced magnetron sputtering technology,
leading to a compact coating structure. The existence of the transition layer improves the
compatibility between the layers and reduces the defects at the interface. The R¢t of SS316L
was 9.4 x 10* O-cm? (Figure 7c), which was lower than that of Sample 2 (4.8 x 10° Q-cm?),
and much lower than those of Sample 3 (7.2 x 10° Q-cm?), Sample 4 (4.1 x 10° Q-cm?),
and Sample 5 (2.9 x 10° Q-cm?). Compared with the Rt and Qg; values of the individual
sample under the OCP potential environment of the accelerated corrosion solution, the
coated sample has better corrosion resistance than the uncoated substrate, and Sample 4 has
the best corrosion resistance (Re¢ = 4.1 x 10° Q-cm?), consistent with the conclusion above.

(a) Qp (b) Q.

R
S
O—/N— —O
Rct
(c)
R (Q-cm?) | Ry (Q-cm?) | Qg (Q"-cm™?-8™) ng R, (Q-cm?) |Q. (Q"-cm?-8™) ne

Sample 1 13.54 1.8x10° 8.2x10° 0.56 5122 2.1x10% 0.91
Sample 2 15.79 4.8x10° 2.8x10° 0.62 3.1x10° 2.1x10° 0.94
Sample 3 14.15 7.2x10° 1.20x10°° 0.69 1.2x10° 4.5x10° 0.94
Sample 4 14.42 4.1x10° 2.0x10° 0.54 3.3x10° 1.1x10° 0.93
Sample 5 13.67 2.9x10° 1.1x10° 0.5 8.6x10* 1.4x10° 0.93
SS316L 14.56 9.4x10* 3.6x10° 0.96 Not Available | Not Available |Not Available

Figure 7. An equivalent circuit was used to simulate experimental EIS data of (a) Rs(QpRt) and
(b) Rs(QcRc(QqgiRet)). (c) Fitted data based on the equivalent electrical circuits.

Rt values of coated samples were two orders of magnitude higher than those of
uncoated SS316L in each simulated fuel cell corrosion environment. The results show that
the charge transfer resistance of TaN/(Ta,Ti)N/TiN/Ti coating is much higher than that
of uncoated SS316L. The TaN/(Ta,Ti)N/TiN/Ti coating significantly inhibits the chemical
reaction and ion dissolution of the metal substrate, and has excellent corrosion resis-
tance protection.

3.4. Contact Angle Measurements

As the product of a proton exchange membrane fuel cell, water can keep the mem-
brane electrode wet [46], but excessive water will hinder the reaction gas from entering
the electrode, increase the corrosion rate of the bipolar plate [47], and cause flooding in
the catalyst layer. Therefore, the bipolar plate needs to be hydrophobic to prevent water
flooding. As shown in Figure 8, the water contact angles of TaN/(Ta,Ti)N/TiN / Ti-coated
and uncoated SS316L were measured. The water contact angles between the bare SS316L
substrate and TaN/(Ta, Ti)N/TiN/Ti coating were 54.0° (SS316L), 84.0° (Sample 3), 88.5°
(Sample 4), and 91.5° (Sample 5), respectively. Compared with SS316L, the water contact an-
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gle of the TaN/(Ta,Ti)N/TiN/Ti coating increases significantly, which suggests that 55316L
with coating is more hydrophobic due to the non-polar nature of metal nitride surface
chemistry [48]. Therefore, the TaN/(Ta, Ti)N/TiN/Ti coating improves the hydrophobicity

of the SS316L bipolar plate.
(b) i : 84.0°

54.0°

=3

88.5°

Figure 8. Photographs of water droplet on (a) SS316L, (b) Sample 3, (c) Sample 4, and (d) Sample 5.

91.5°

4. Conclusions

In summary, we demonstrated a TaN/(Ta,Ti)N/TiN/Ti coating multilayer on SS316L
by direct current unbalanced magnetron sputtering, showing much improved corrosion re-
sistance without harming the conductivity. The corrosion current of the TaN/(Ta, Ti)N/TiN/Ti
coating multilayer was only 0.369 pA-cm~2 (at +0.6 V vs. SCE) under 0.5 M H,SOy + 2 ppm
HF at 70 °C, surpassing the DOE standard. The corrosion current was only 0.075 pA-cm 2
(at +0.6 V vs. SCE) upon 5 h of electrostatic potential polarization testing. Importantly,
the TaN/(Ta,Ti)N/TiN/Ti multilayer coating showed low contact resistance (6 m(} cm?
at 138 N/cm?) and met the DOE standard simultaneously. Based on EIS and an equiva-
lent circuit model, the oxidation reaction and dissolution of metal were largely impeded.
The design of the TaN/(Ta,Ti)N/TiN/Ti coating multilayer provides a valid pathway to
overcoming the dilemma between low electric resistance and high corrosion resistance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12050689/s1, Table S1: Deposition parameters of Ta/(Ta,Ti)
N/TiN/Ti multilayer coatings; Figure S1: Schematic diagram of interface contact resistance measuring
fixture; Figure S2: Electrochemical performance of thin films; Table S2: Tantalum series protective
coating test data reported in literature; Table S3: Comparison of graphite bipolar plate and SS316L.
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