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To enhance the corrosion resistance and conductivity of TC4 bipolar plates in Proton Exchange Membrane Fuel
Cells (PEMFCs) environments, a TiN/TaN bilayer coating was prepared using radio-frequency (RF) and direct-
current (DC) magnetron sputtering at various Ny ratios. The N ratio significantly affects the microstructure
and phase composition of the coating. As the N ratio increases, the thickness of the TiN layer increases while
that of the TaN layer decreases, resulting in an improved nitride content in the coating. At an optimal Ny ratio of
30 %, the columnar crystal structure is reduced, leading to improved coating compactness. Consequently, the
corrosion current density of the TiN/TaN-30 % sample is as low as 0.0654 pA/cm? with corrosion currents
remaining stable at 0.152 pA/cm? and 0.628 pA/cm? during constant potential polarization at 0.6 V (SCE) and
1.1 V (SCE), respectively. Additionally, the TiN/TaN-30 % sample exhibits exceptional interfacial contact
resistance (ICR) values of 6.85 mQ-cm? and high hydrophobicity of 95.5°. These results meet the U.S. Depart-
ment of Energy standards set for 2025. This work demonstrates that TiN/TaN composite coatings have significant

potential for surface modification of PEMFC metal bipolar plates.

1. Introduction

The increasing global greenhouse gas emissions and the rapid
depletion of fossil energy resources highlight the urgent need to explore
sustainable green energy alternatives [1]. Hydrogen, recognized as a
green and clean energy source, plays a pivotal role in meeting global
carbon neutrality targets [2-4]. Proton Exchange Membrane Fuel Cells
(PEMEFCs) are a non-polluting alternative to fossil fuels that use
hydrogen and oxygen as the reaction feedstock and exhibit a high energy
conversion rate (40 %-60 %) [5-7]. As a crucial component of PEMFCs,
bipolar plates perform essential functions, including separating oxidants
and reductants, collecting current, and facilitating the removal of re-
sidual water. Consequently, bipolar plates are required to exhibit high
corrosion resistance, excellent electrical conductivity, and significant
hydrophobicity [8-10]. The commonly used PEMFC bipolar plate ma-
terials mainly include metal, graphite, and composite materials [11-13].
Among these, metal bipolar plates are increasingly favored due to their
low production cost, superior machinability, and outstanding conduc-
tivity. The primary materials for metal bipolar plates are stainless steel,
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aluminum alloys, titanium, and titanium alloys. However, in the PEMFC
environment, stainless steel releases metal ions such as Fe® *, Cr®*, cr®™,
and Ni%", which accelerate the corrosion of the membrane electrode
assembly (MEA). Aluminum alloys, while possessing better conductiv-
ity, exhibit corrosion rates an order of magnitude higher than stainless
steel in the PEMFC environment, with the passivation film formed on
their surface significantly reducing the PEMFC’s service life [14-16].
Compared with other metals, titanium and titanium alloys have
garnered significant research attention due to their high specific
strength, exceptional corrosion resistance, and relatively low toxicity of
Ti ions to the MEA [17,18]. Nevertheless, titanium bipolar plates are
susceptible to minor corrosion in the acidic and high-temperature
environment of PEMFCs (pH=2-5, 70-80 °C). Furthermore, the corro-
sion products and passivation films that spontaneously form on titanium
surfaces increase the interfacial contact resistance (ICR), significantly
reducing conductivity and PEMFC output efficiency [19].

To address the challenges of titanium bipolar plate corrosion and
conductivity loss, surface modification has emerged as a mainstream
solution. Common surface modification techniques for metal bipolar
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plates include plasma nitriding [20], electroless plating [21,22],
high-velocity oxygen fuel (HVOF) spraying [23], physical vapor depo-
sition (PVD) [24], chemical vapor deposition (CVD) [25,26], electro-
chemical insertion [27], and thermal reaction deposition [28]. Among
these, PVD has gained prominence due to its advantages, such as low
deposition temperature, high efficiency, sound diffraction, and the
ability to produce a wide variety of coatings [29]. The preparation of
transition metal nitride coatings via PVD has been extensively studied as
a cost-effective and efficient approach to enhancing the corrosion
resistance and electrical conductivity of titanium bipolar plates [30,31].
TiN coatings, in particular, offer several advantages, including low cost,
high hardness, excellent corrosion resistance, and high conductivity (up
to 4.55 x10° S/m). Additionally, the thermal expansion coefficient
difference between TiN and titanium is minimal (only 0.63 %), which
effectively alleviates stress at the coating-substrate interface, promoting
strong adhesion [32-34]. Heo et al. [35] demonstrated that arc-ion
plating technology can produce TiN coatings with minimal porosity,
reducing the corrosion current density to below 1 pA/cm? in both anodic
and cathodic PEMFC environments. Tantalum-based coatings, such as
TaN, have also shown promise due to their low resistivity, exceptional
chemical stability, and broad passivation potential range, particularly in
harsh PEMFC environments. Choe et al. [36] reported that TaNx coat-
ings effectively improved the corrosion resistance of SS316L, achieving
an ICR of only 11 mQ-cm? under a compaction force of 150 N/cm?.
Nevertheless, metal nitride coatings prepared using physical vapor
deposition (PVD) technology will inevitably exhibit a columnar struc-
ture, as with most coatings. Corrosive liquids can penetrate the coating
through gaps in the columnar structure, leading to localized corrosion.
To address this, multilayer coatings have been explored to reduce the
pathways for corrosive liquid infiltration, thereby enhancing corrosion
resistance. For instance, Pan et al. [37] demonstrated that CrC/CrN
multilayer coatings deposited on SS304 using reactive magnetron
sputtering exhibited superior corrosion resistance and conductivity
compared to single-layer CrN coatings in PEMFC environments. Simi-
larly, studies by Jannat et al. [38] and Wang et al. [39] confirmed that
multilayer coatings effectively mitigate pinhole corrosion defects and
provide enhanced protection for metal bipolar plates. However,
although the design of a multilayer structure coating based on metal/-
metal nitride can reduce the probability of corrosive liquid invading the
substrate, there is often a significant potential difference between the
metal and the metal nitride. When corrosive liquids infiltrate the
interface between metal and nitride layers, galvanic corrosion can occur,
posing challenges for long-term PEMFC operation [40,41].

The growth of metal nitride coatings in PVD processes is typically
governed by the reaction between sputtered metal atoms and nitrogen
atoms in the chamber. Notably, variations in the nitrogen (N3) ratio
during deposition significantly influence the composition, structure, and
roughness of the resulting nitride coatings, which directly impact
coating defects, conductivity, and corrosion resistance [42]. Current
research on the effect of the N2 ratio has primarily focused on
single-layer nitride coatings [43], with limited understanding of its in-
fluence on multilayer structures and their corrosion mechanisms in
PEMFC environments. Therefore, it is significant to study the effect of
the Ny ratio on the microstructure and performance of multilayer ni-
trides in the PEMFC environment. Thus, this study employs RF and DC
reactive magnetron sputtering technology to fabricate a double-layer
TiN/TaN composite coating on the TC4 surface with different Ny ra-
tios (10 %, 20 %, 30 %, 40 %, 50 %). The effect of the N, ratio on the
structural properties, electrochemical behavior, conductivity, and hy-
drophobicity of the TiN/TaN coating was systematically characterized
and analyzed under a simulated PEMFC environment. Additionally, the
mechanism of the Ny ratio on coatings’ corrosion resistance and con-
ductivity was revealed, and valuable guidance was provided for
designing and optimizing protective coatings for bipolar plates.
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Fig. 1. Flow chart of coating preparation.
2. Experimental materials and methods
2.1. Deposition of coating

Single crystal silicon (001) and TC4 (Ti-6Al-4V) titanium alloy
(15 mm x 15 mm x 1 mm) were chosen as substrates. Cross-sectional
analysis of the coatings was conducted on the single-crystal silicon
substrate, while microscopic characterization and performance testing
were carried out on the TC4 samples. Prior to coating deposition, the
samples were ultrasonically cleaned in ethanol and acetone for 15 mi-
nutes to remove surface contaminants, followed by drying under an Ny
atmosphere. The coating preparation was conducted at a temperature of
300 °C using a magnetron sputtering system that employed a high-purity
titanium target as the RF target and a high-purity tantalum target as the
DC target. The vacuum chamber was pumped to below 1.5 x 1073 Pa
before deposition, and the substrate was bombarded with argon ions at
—800 V bias for 30 min to remove the contaminant from the sample
surface. During deposition, the bias voltage was adjusted to —50 V.
Initially, a radio frequency titanium target with a power of 200 W was
used to prepare the Ti bonding layer to ensure adhesion between the
coating and the substrate. Then, the titanium target power was reduced
to 150 W, and N, was introduced to facilitate the deposition of the TiN
transition layer. After the TiN layer deposition was completed, the RF
titanium target was turned off without changing the N ratio, the DC
tantalum target was turned on, and the current was set to 0.3 A to de-
posit the TaN layer. The deposition pressure for all coatings was main-
tained at 6 x 107! Pa. The Ti bonding layer was deposited in Ar
atmosphere, while the TiN transition layer and TaN layer were deposited
in a mixed atmosphere of Ar and N».The experiment was completed by
preparing five distinct TiN/TaN coatings at varying Ny ratio percentages
of 10 %/20 %/30 %/40 %/50 %. The detailed coating preparation
process and process parameters are shown in Fig. 1 and Table 1.

2.2. Microstructural characterization

The surface and cross-sectional micro-morphological and structural
characteristics of the coatings were analyzed using a scanning electron
microscope (SEM) type VEGA3SUB (TEScan, Czech Republic), with an
accelerating voltage of 15 kV. The bonding composition of TaN in the
surface layer was investigated using X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Fisher Scientific, USA). Monochromatic
Al-Ka radiation with an energy of 1486.76 eV was employed as the
excitation source, and the anode power was set to 72 W (12 kV, 6 mA).
The spot size was 2 mm?, and the system pressure was maintained below
1.0 x 10~° mBar. Prior to spectroscopic analysis, the coated surfaces
were cleaned via Ar" ion beam etching for 60 minutes at an energy of
2000 eV and an incidence angle of 45°. Since carbon was confirmed to
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Table 1
Deposition parameters of the coating.

Step Bias voltage (V) Temperature(°C) RF power(w) DC current(A) Air flow (sccm) N, flow (sccm) Time (min)

1 —800 0 0 0 60 0 30

2 -50 300 200 0 25 0 15

3 -50 300 150 0 22.5/20/17.5/15/12.5 2.5/5/7.5/10/12.5 60

4 —-50 300 0 0.3 22.5/20/17.5/15/12.5 2.5/5/7.5/10/12.5 90

be an external contaminant, the spectrum alignment was corrected
based on the sample work function (®#SA=4.63 eV), yielding a corrected
C 1 s peak position of E_ B= 289.58 eV-DSA = 284.95 eV [44].

2.3. Electrochemical measurements

According to the electrochemical test standard established by the U.
S. Department of Energy in 2025 [45], all electrochemical measure-
ments were performed in a simulated working environment of 70 °C,
0.5 mM H3SO0y4, and 5 ppm F". This work conducted the electrochemical
test using Huahui’s electrochemical corrosion, friction, and wear tester
(MFT-EC4000). The corrosion behavior of the sample was evaluated
using a standard three-electrode system. The counter electrode was a
platinum sheet, the reference electrode was a saturated calomel elec-
trode (SCE), and the working electrode was the sample (the test area was
1 cm?). Prior to electrochemical measurements, the system was stabi-
lized for 60 minutes at the open circuit potential (OCP). The potentio-
dynamic polarization test range was —0.6 V to 1.2 V, with a scan rate of
1 mV/s. Potentiostatic polarization tests were conducted at 0.6 V and
1.1 V, with 7200 s and 3600 s test times, respectively. Electrochemical
impedance spectroscopy (EIS) tests were carried out at an open circuit
potential within a frequency range of 100 kHz to 0.01 Hz with an
amplitude of 10 mV, and the test results were fitted using Zview3.3
software. Additionally, the Mott-Schottky analysis was performed at a
frequency of 1000 Hz, scanning from 1.4 V (SCE) to —0.6 V (SCE) at a
rate of 50 mV/s to further characterize the surface properties.

2.4. ICR and water contact angle measurements

The ICR values of the samples in this study were measured using the
Kumar method [46]. The sample was placed between two sheets of GDL
carbon paper (YLS-35, TORAY, Japan) and two pure copper plates.
Using a universal testing machine, the copper plate was subjected to a
compression force ranging from 20 N/cm? to 200 N/cm?. The resistance
value was measured using a resistance measuring instrument (TH2516B,
Tonghui, China), and the ICR value of the sample was finally calculated.
The average value was determined after measuring each sample three
times.

The sample’s water contact angle (0) at room temperature was
measured using a JC2000C contact angle meter. A 2 pm diameter
micropipette was used to control the volume of distilled water droplets
on the surface of the sample, and the contact angle was recorded after
the droplets had stabilized on the sample surface. The average value was
determined after measuring each sample three times to reduce the test
error.

2.5. Coating adhesion test procedures

The ASTM D3359 standard [47], approved by various agencies of the
U.S. Department of Defense, was used to evaluate coating adhesion.
According to this standard, adhesion performance is graded from O to 5.
Grade O represents the poorest adhesion performance, while grade 5
indicates the highest adhesion performance. In this study, the coating
adhesion test was conducted using the grid method specified in Section
12 of the ASTM D3359 standard. The test utilized 3 M transparent ad-
hesive tape (Scotch 600) and sharp razor blade.

3. Results and discussion
3.1. Micromorphology analysis

Fig. 2 illustrates the SEM microscopic morphology of the coatings
under varying N ratios. The coatings are continuous, free of cracks, and
exhibit strong adhesion to the substrate, with no apparent defects. In the
cross-sectional analysis, the Ti bonding layer is too thin to be distinctly
observed due to its short deposition time. Consequently, the coating
primarily consists of the outer TaN layer and the inner TiN layer. The use
of RF power effectively mitigates charge accumulation on the target
surface, prevents target poisoning, and enhances deposition stability. As
a result, the TiN layer remains dense and uniform across all N5 ratios,
with its thickness increasing from 111 nm to 268 nm as the Ny ratio
increases. Conversely, the TaN layer, deposited using DC power, exhibits
a typical columnar structure and a gradual thickness reduction from
662 nm to 231 nm with increasing Ny content. This reduction is attrib-
uted to target poisoning caused by the reaction of N atoms with the Ta
target surface, which decreases deposition efficiency. At a 10 % N ratio
(Fig. 2(a, b)), the columnar structure of the TaN layer is not prominent,
and the coating appears dense, albeit with a rough surface containing
cluster particles and voids. When the N5 ratio increases to 20 % (Fig. 2(c,
d)), the surface roughness improves, with fewer clusters and voids, while
the columnar structure becomes more distinct. At 30 % Nj ratio (Fig. 3
(e, ), the coating achieves better densification, and the gaps between
the columnar crystals in the TaN layer become less noticeable, elimi-
nating visible surface defects. However, at 40 % (Fig. 2(g, h)) and 50 %
Ny (Fig. 2(i, j)), larger voids emerge on the surface, and pronounced
columnar structures are evident across the coating thickness. These
features may negatively impact the corrosion resistance of the coating.

3.2. XPS analysis

To analyze the bonding composition of the TaN layers, the high-
resolution spectra of Ta4f and Ta4p/N1s were fitted using an 80 %
Gaussian and 20 % Lorentzian function. As shown in Fig. 3(a-e), the Ta4f
peak fitting results reveal an asymmetric double-peak structure, corre-
sponding to Ta4f 7/2 and Ta4f 5/2. Since the samples are inevitably
exposed to oxygen in the air during preparation, transfer, and storage,
the peaks at 26.3 eV and 28.3 eV in the high binding energy region of
Ta4f 5/2 are related to Ta-O bonds [48]. At a 10 % Nj ratio, the peak at
the low binding energy of 21.9 eV corresponds to pure metallic Ta [49].
The primary peaks of Ta4f 7/2 and Ta4f 5/2 are located at 23.1 eV and
24.95 eV, respectively, due to the contribution of Ta-N bonds [50-52].
As the N ratio increases from 20 % to 50 %, the main peaks of Ta4f 7/2
shift from 23.6 eV to 23.7 eV, and those of Ta4f 5/2 shift from 25.41 eV
to 25.52 eV, indicating a progressive formation of nitrogen-rich
tantalum compounds [43,49]. Similarly, the peak fitting results for
Ta4p/N1s (Fig. 3(f-j)) confirm the presence of N-Ta bonds, with binding
energies of 398 eV (Ta4p) and 402 eV (N1s) [53]. These binding en-
ergies shift with increasing Ny ratio, likely due to changes in coordina-
tion numbers within the TaN coating and the influence of nitrogen
content [54].

Fig. 4(a) depicts the variation in the peak area ratios of different
bonds in the Ta4f energy level as a function of the Nj ratio. Ata 10 % Ny
and 20 % N ratio, the Ta element exists primarily as Ta monomers, Ta-
N bonds, and Ta-O bonds. As the N ratio increases, the percentage of the
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Fig. 2. SEM images of surfaces and cross-sections of different samples: (a, b) 10 %, (c, d) 20 %, (e, f) 30 %, (g, h) 40 %, and (i, j) 50 %.

Ta-N bond peak area increases, while the percentage of the Ta-O bond
peak area decreases. Fig. 4(b) illustrates the relationship between the
peak area ratios of Ta4p 3/2 and N-Ta bonds with respect to N5 content.
As the Ny ratio increases, the peak area ratio of Ta4p 3/2 decreases,
whereas that of N-Ta bonds increases. This trend confirms that the ni-
trogen content in the TaN coating rises with increasing Ny ratio,

promoting the formation of more N-Ta bonds.

3.3. Electrochemical corrosion behavior test

3.3.1. Potentiodynamic polarization test
Fig. 5 shows the samples’ potentiodynamic polarization curves under
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Fig. 3. XPS spectra of the (a) Ta4f and (b) Ta4p/N1s core levels for the TaN coating deposited at varying Ny ratio: (a, f) 10 %, (b, g) 20 %, (c, h) 30 %, (d, i) 40 %,

and (e, j) 50 %.
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Table 2

Electrochemical parameters of different samples.
Samples Ecore/V(vs. Leor/ Ba/ B/ P/

SCE) A-cm ™2 V.-dec? V-dec! %

Bare TC4 —0.345 2.99 x 10°° 0.631 0.251 /
TiN/ —0.065 8.03 x 1078 0.149 0.18 97.3
TaN—-10 %
TiN/ -0.129 7.63 x 1078 0.168 0.187 97.4
TaN—-20 %
TiN/ —0.003 6.54 x 1078 0.151 0.184 97.8
TaN—-30 %
TiN/ —0.065 8.53x 1078 0.167 0.147 97.1
TaN—40 %
TiN/ —0.119 8.8 x 1078 0.171 0.151 97
TaN—-50 %

a simulated PEMFC cathode environment (air purge electrolyte,70 °C,
0.5 mM H3SO04, 5 ppm F). The electrochemical parameters obtained by
Tafel extrapolation are shown in Table 2. Compared with the TC4 sub-
strate, the corrosion potential (E.o) of all coating samples shifted to the
positive direction , suggesting that they possess higher chemical inert-
ness and thermodynamic stability [55]. Notably, the E.,,, values of all
coated samples exceed the potential of the PEMFC anode environment

(-0.1 V vs. Standard Hydrogen Electrode, SHE), implying that the
coating can be better cathodically protected and reduced risk to coating
corrosion under anodic conditions [56]. Significantly lower corrosion
current density (Ior) for all coated samples compared to TC4 substrate,
and all samples met the 2025 DOE standard (<1 pA/cmz). This indicates
that the TiN/TaN coating can be an effective protective layer for the TC4
substrate. Interestingly, the I.,, values exhibit a trend of initially
decreasing and then increasing with the Ny ratio. Among the coatings,
the TiN/TaN-30 % sample demonstrates the lowest I.o;, measured at
0.0654 pA/cm?, which is two orders of magnitude lower than that of the
TC4 substrate (2.66 pA/cmZ). This result is lower than the corrosion
current density of the NbN coating (Icorr=0.225 pA/cm?) studied by
Chen et al. [43], and even nearly an order of magnitude lower than the
CrC/CrN coating (Icory=0.538 pA/cmz) studied by Pan et al. [37]. The
superior performance of the TiN/TaN-30 % sample can be attributed to
its optimized microstructure, which minimizes the diffusion of corrosive
species into the coating, thereby enhancing corrosion resistance. The
protective efficiency (P;) of the coatings, calculated using the measured
Leorr values [57], further supports this conclusion. Here, P; is defined as:

I
P = 100% x (1 — %) (€))

corTs

Where I o and Iors denote the corrosion current density of the coating
samples and TC4 substrate, respectively. It can be found that the P; of all
coating samples exceeds 95 %, suggesting that the TiN/TaN coating has
the potential to improve the corrosion resistance of the TC4 substrate
substantially.

3.3.2. Potentiostatic polarization test

It is well established that the higher potential on the cathode side of
PEMFC is likely to aggravate the corrosion of the cathode plate by cor-
rosive media (HT, SO%’, F). Therefore, investigating the corrosion
resistance of coating samples under the PEMFC cathode environment is
crucial [58]. To study the long-term stability of the coating, Fig. 6(a) is
the potentiostatic polarization curve of different samples under 0.6 V
(SCE) simulated PEMFC cathode environment (air purge electrolyte, 70
°C, 0.5 mM H3SOy4, 5 ppm F) for 2 h. It can be seen that the corrosion
current density curves experienced a rapid decrease at the initial stage
and then stabilized at a constant value. Fig. 6(b) shows the corrosion
current density values (Ip¢v) of different samples. It is found that the
coated TC4 exhibits a significantly lower Ij ¢ y value, which is nearly an
order of magnitude lower than that of the TC4 substrate (2.15 pA/cmz).
This suggests that the electrochemical reaction on the surface of the
coated TC4 is strongly inhibited, especially in TiN/TaN-30 % samples
(0.152 pA/crnZ), indicating the best protective performance.



W. Liet al.

Materials Today Communications 42 (2025) 111415

0.254
0.159  0.152 0.232
20% 30% 40% 50%
Samples

1.0x10°8 2.5
(a) v —— Bare TC4 (b)
—10% 2.15
255107
~ 8.0x10°{ £ — 20% 2.0
Q H | — 30 % g
=] £ 2.0x10
; % 40% 29
- & o0 — o, =
Z 6ox1064 e 0% S15-
w :
Q 7000 7050 7100 7150 7200 é)
S 4.0x10° e = 1.0 1
- =
5 k 2
Q =]
=
2.0x10° 1 © 0.5 -
0.192
0.0 T T T T 0.0
0 1000 2000 3000 4000 5000 6000 7000 Bare TC4 10%
Time(s)
d)
3.5x10+4© 13
¥ . 16.5
£ 16
PRETHTEH I -
g | E 141
2.5 10-4_ gz.nxm‘—.—lx
g : glz 1
g - ' Z
g 20x10%9 Z 10
a
- 3500 3520 35‘0. 3560 3580 3600 s 8 i
£ 1.5x10™ - i) Z
E g 6
S 1.0x10%- =
O 44
-5 |
5.0x10° 9| 5]
0.0 T T T 0
0 500 1000 1500 2000 2500 3000 3500 Bare TC4 10%

Time(s)

20% 30%

Samples

40% 50%

Fig. 6. (a) potentiostatic polarization curves of various samples at 0.6 V (SCE). (b) the corrosion current density measured after polarization at 0.6 V (SCE) for 2 h.
(c) potentiostatic polarization curves at 1.1 V (SCE). (d) and the corrosion current density measured after polarization at 1.1 V (SCE) for 1 h.

crackles

e

(b)

\

crackles

|

|
crackles ‘
' d |
[

10pum |

(c)

local corrosion

el

10pum

local corrosion

)

local corrosion

10pm

crackles

local corrosion

/

crackles

10pm

Fig. 7. Surface SEM of different samples after polarization at 1.1 V (SCE) for 1 h: (a) Bare TC4, (b) 10 %, (c) 20 %, (d) 30 %, (e) 40 %, and (f) 50 %.

During the start-up and shutdown processes of PEMFC, high poten-
tials (0.9-1.1 V, SCE) are generated, significantly shortening the service
life of the bipolar plate [59-60]. Therefore, this study assessed the
long-term durability of the coating samples at a high potential of 1.1 V
(SCE). Considering that the high potential generated by the vehicle

under actual working conditions is instantaneous and the time is short,
the high potential polarization test for 1 h can fully meet the actual
operation requirements of the vehicle. The corrosion current density
curve of the sample polarized at 1.1 V (SCE) potentiostatic polarization
for 1 his depicted in Fig. 6(c). Unlike the 0.6 V (SCE) test, the corrosion
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Fig. 8. EIS plots for different samples: (a) Nyquist plots. (b) Bode plots for f to Z. (c) Bode plots for f to phase angle.

current density of the bare TC4 sample decreases rapidly at 0-100 s and
then rises at 100-300 s, indicating that the passivation film formed
initially is unstable and cannot prevent the entry of corrosive ions under
high potential. However, the passivation film form on the bare TC4
sample is thicker with the further increase of test time, so its corrosion
current density gradually decreases to 16.5 pA/cm? In contrast, the
corrosion current densities of all coated samples rapidly stabilize at
significantly lower values. However, the corrosion current density curve
of the TiN/TaN-10 % sample exhibited unstable fluctuations, which
were the consequence of corrosion induced by a certain degree of
galvanic corrosion of Ta and TaN. The corrosion current densities (I 7 v)
of different samples at a potential of 1.1 V (SCE) are shown in Fig. 6(d).
The results imply that the I; ; v of all coating samples is lower than that
of the TC4 substrate and shows a trend of initial decrease and subse-
quent increase as the Ny ratio increases. The lowest I; ; y value is only
0.628 pA/cm? for TiN/TaN-30 %, which indicate that the high chemical
stability of TiN/TaN coating even at high potentials.

The SEM morphology of the samples after the 1.1 V (SCE) poten-
tiostatic polarization test is depicted in Fig. 7. As a result of the high
potential, all samples were corroded by the corrosive ions to varying
degrees, following a period of polarization. Corrosion weakened the
grooves and stripes that were created by mechanical polishing. The TC4
substrate was the most severely corroded, resulting in a significant
number of cracks and pits appearing on the surface following the
corrosion (Fig. 7(a)). Pitting pits and local dark areas of corrosion were
observed on the sample surface to varying degrees for the coating
samples at lower (Fig. 7(b, c)) or higher (Fig. 7(e, f)) Ny ratio. This may
be attributed to the escalation of defects, such as holes, on the coating
surface at either a higher or lower Ny ratio. However, when the Ny ratio

was 30 %, the sample surface remained dense and uniform, with no
obvious local corrosion dark areas or pitting pits (Fig. 7(d)).

3.3.3. EIS test

To qualitatively analyze the impedance characteristics of the sam-
ples, electrochemical impedance spectroscopy (EIS) tests were con-
ducted. Fig. 8 presents the representative Nyquist and Bode plots for the
various samples. The corrosive properties of all samples are similar, as
evidenced by the two capacitance semicircles in the Nyquist diagram of
Fig. 8(a). The semicircle diameters of all coated samples in the low-
frequency region are significantly increased in comparison to the TC4
substrate, indicating that the TiN/TaN coating enhanced the corrosion
resistance of the substrate. Furthermore, the diameter of the capacitive
loops in the low-frequency region decreases for all samples except the
TiN/TaN-30 % sample, suggesting inferior corrosion resistance of the
coatings at both higher and lower Ny ratios [61]. The high-frequency
region of the Bode plot represents the contact properties between the
solution and the coating, the mid-frequency region represents corrosion
in the coating, and the low-frequency region represents the contact
properties between the coating and the substrate [42]. The Bode
impedance diagram in Fig. 8(b) and the Bode phase angle diagram in
Fig. 8(c) show that the phase angles of all coated samples exhibit a
plateau over a wider frequency range. Additionally, their maximum
phase angles approach 90 °, in contrast to the TC4 substrate. This
behavior indicates that all coated samples possess superior chemical
stability in the PEMFC environment [62]. Additionally, the phase angle
in the low-frequency region exhibits an initial increase followed by a
subsequent decrease with rising N ratios, suggesting that the suscepti-
bility to local microporous corrosion on the coating surface decreases
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initially but increases again as the Nj ratio continues to rise. Generally,
the IZ| value in the low-frequency region indicates the corrosion resis-
tance of the sample [5]. The TiN/TaN-30 % sample exhibits the highest
corrosion resistance, as indicated by the ranking of |ZI| values at 10 mHz
in the low-frequency region: TiN/TaN-30 % > TiN/TaN-20 % >
TiN/TaN-10 % > TiN/TaN-40 % > TiN/TaN-50 % > TC4.

To enable a qualitative analysis of the impedance characteristics of
the coating samples, Zview3.3 software was used to fit the EIS mea-
surement data. The Bode phase angle plots (Fig. 8(c)) display two
distinct phase angle peaks, indicating two independent time constants
for all samples. Considering that a passivation film with electrochemical
properties similar to those of the coating typically forms on the TC4
surface, the impedance characteristics of both the TC4 substrate and the
coating samples were fitted using an equivalent circuit model incorpo-
rating dual time constants (Fig. 9). Rs represents the solution resistance
between the coating sample and the SCE, R. represents the resistance of
the corrosion product, R.¢ denotes the charge transfer resistance, Q.
represents the capacitance of the corrosion product, and Q is the
double-layer capacitance between the coating and the substrate
[63-64]. The relevant electrochemical parameters obtained through
Zview3.3 software fitting are tabulated in Table 3. The R values of all
the specimens are not significantly different, indicating that the elec-
trochemical testing environment is relatively stable. The value of R is
significantly greater than that of R, so it can be assumed that the R
value is the resistance of the coating. The R value represents the
diffusion resistance of corrosive ions; a higher R value indicates better
coating protection and reduced risk to corrosion. As shown in Table 3,
the R values of all coating samples exceed those of the TC4 substrate,
with the R value of the TiN/TaN-30 % sample reaching 3.17 x 10°
Q-cm?, indicating that the coating can forms a robust physical barrier,
effectively preventing the ingress and diffusion of corrosive ions [65].

3.3.4. Mott-Schottky test

The passivation film formed on metals in acidic media often exhibits
semiconductor properties, and the Mott-Schottky analysis is a critical
method for investigating the electronic characteristics of metal passiv-
ation films [66]. Metal passivation films are generally classified as
n-type or p-type semiconductors based on their electronic properties.
When the applied voltage is adjusted so that the carrier concentration in
the space charge region of the oxide films is in a depleted state, the space
charge capacitance (C) has the following two Mott-Schottky
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relationships with the applied voltage (E) [67]:
For n-type semiconductors:
1 2 KT

o (m)(E—Eﬂn—?) (2)

For p-type semiconductors:

1 2 KT
&~ lengenua? B0 ) ®

Where ¢ is assumed to be the relative permittivity (60 for TiO2 and 25 for
Tap0s5 [68]), C denotes the space-charge capacitance, and gy is the
vacuum permittivity. Eg, is the flat band potential, A is the exposed area
of the specimen (1 cm? in this study), E is the applied potential, and Np
and Ny are the relative densities of the donor and acceptor, respectively.
e is the electron charge, k represents the Boltzmann’s constant, and T is
the temperature (K).

Fig. 10 presents the Mott-Schottky plots of surface passivation films
for various samples tested at 70 °C in an environment containing
5 x 10~* mol/L HySO4 and 5 ppm F-. All samples demonstrate a strong
linear correlation within the voltage range of 0.8-1.4 V, with a positive
slope (K), as depicted in Fig. 11. This result confirms that the passivation
films on all sample surfaces exhibit the electronic properties character-
istic of n-type semiconductors. The slope K is directly related to the
carrier concentration, with electrons serving as the primary carriers. The
donor density (Np) is commonly used to assess the performance of
passivation films. The Ny value can be calculated using Equation [69]:
Np = 2/egpeK. Table 4 summarizes the Np values for different samples.
According to the Point Defect Model (PDM), interface reactions are
primarily governed by the carrier concentration, such as cations or ox-
ygen vacancies. The Np, values of all coating samples are lower than that
of the TC4 substrate, indicating that the TiN/TaN coating effectively
reduces vacancy-type defects and prevents the penetration of corrosive
ions into the TC4 substrate. The Np values of the coating samples
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Fig. 10. Mott-Schottky plots of different samples in a simulated PEMFC
cathodic environment.

Table 3

Electrochemical parameters obtained from equivalent circuits simulation.
Samples R; (Q-cm?) R. (Q-cm?) Q. (F-cm?) Nc Ret (Q-cm?) Q¢ (F-em?) Net
Bare TC4 5.61 9.86 x 102 4.28 x 107° 0.925 3.06 x 10* 6.99 x 107> 0.891
TiN/TaN—10 % 5.20 1.68 x 10° 2x107° 1 3.69 x 10° 7.41 x 107° 0.928
TiN/TaN—20 % 5.09 8.68 x 102 1.59 x 10™° 0.951 9.21 x 10° 7.59 x 107° 0.904
TiN/TaN-30 % 5.33 1.21 x 10° 1.57 x 107° 0.982 3.17 x 10° 6.72 x 107> 0.968
TiN/TaN—40 % 5.06 1.08 x 10° 2.02 x 107° 0.955 4.28 x 10° 6.84 x 107> 0.916
TiN/TaN—50 % 5.17 1.57 x 10° 2.87 x 107° 1 1.82 x 10° 9.82 x 107° 0.966
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Table 4
Characteristic parameters of n-type semiconductors of surface passivation films
of different samples in a simulated PEMFC cathode environment.

Sample Potential range(V) Np(em™3)

Bare TG4 0.8V-1.4V 8.333 x 10%°
TiN/TaN—10 % 0.8V-1.4V 4.777 x 10%°
TiN/TaN—20 % 0.8V-1.4V 3.587 x 10%°
TiN/TaN-30 % 0.8V-1.4V 2.657 x 10%°
TiN/TaN—40 % 0.8V-1.4V 3.676 x 10%°
TiN/TaN—50 % 0.8V-1.4V 3.619 x 10%°

initially decrease and then increase with rising Ny ratios. The lowest Np,
value, measured at 2.657 x 102° cm™ for the 30 % N, ratio sample,
indicates minimal defect density, consistent with the electrochemical
corrosion test results.

3.4. ICR and water contact angle measurements

Excessive contact resistance in the bipolar plate during PEMFC
operation generates substantial heat within the fuel cell. This leads to
considerable power loss, adversely affecting the overall output
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performance of the PEMFC [70-71]. Fig. 11(a) illustrates the ICR curves
of fresh samples subjected to varying compaction forces. At the initial
stage of pressurization, the ICR values of all samples decreased sharply
with increasing compaction force. This phenomenon is attributed to the
increased compaction force, which improves the effective contact area
between the sample and the carbon paper, thereby enhancing electron
transfer efficiency. The ICR values of the TC4 substrate were consistently
higher than those of the coated samples across all test pressures, indi-
cating a significant enhancement in the conductivity of the coated TC4.
Fig. 11(b) illustrates a comparison of the ICR values of all fresh samples
under a compaction force of 140 N/ecm? The ICR value of the TC4
substrate in its initial state is the highest, measuring 98.25 mQ-cm?, due
to the presence of thick passivation films on its surface. In contrast, the
coating samples exhibited significantly lower ICR values, with the 30 %
N, ratio sample achieving the lowest value of 6.85 mQ-cm?. This value is
notably lower than the 9 mQ-cm? reported for single-layer TaN, coatings
in the study by Mendizabal et al. [72].

Notably, the ICR value of the TC4 substrate increases significantly
after polarization at 0.6 V (SCE) and 1.1 V (SCE) (Fig. 11(b)). This
phenomenon may be attributed to surface roughening caused by
corrosion, which reduces the contact area with the carbon paper and
promotes the formation of a more insulating passivation film in the
PEMFC environment. The ICR values of all coating samples exhibited
minimal changes after polarization at 0.6 V (SCE), indicating that the
coatings maintain high electrical conductivity at this voltage. However,
the ICR values of the coating samples increase significantly after po-
larization at a high potential of 1.1 V (SCE). This is attributed to the
more severe corrosion of the coating under high potential, leading to a
roughened surface and an increased number of pores and cracks (Fig. 8).

The cathodic reaction during PEMFC operation generates a signifi-
cant amount of water as a by-product. However, inadequate water
discharge can hinder fuel supply and reduce catalytic reaction effi-
ciency. The removal of water from the channels is influenced not only by
runner design but also by the hydrophobicity of the bipolar plate [73].
Therefore, in addition to good corrosion resistance and electrical con-
ductivity, bipolar plates should also exhibit high hydrophobicity. The
hydrophobicity of bipolar plates is typically influenced by their surface
energy and roughness. Fig. 12 presents the water contact angles of both
the bare and coated TC4 samples. The water contact angle of the bare
TC4 sample was only 66.6°, whereas, after coating, the contact angle
increased to over 90°, indicating the high hydrophobicity of the coating.
It is noteworthy that the contact angle of the coating initially increases
and then decreases as the N ratio rises, reaching a maximum of 95.5° for
the 30 % Ny ratio sample (Fig. 13(d)). This value is significantly lower
than the contact angle of the CryNy coating (89.4°) reported by Li et al.
[74], demonstrating its superior hydrophobic properties. This is pri-
marily due to the increase in TaN content with the rising Ny ratio,
leading to a gradual reduction in the surface energy of the coating.
However, when the N, ratio exceeds 30 %, increased surface defects
lead to higher roughness, which reduces the water contact angle of the
coating. The high hydrophobicity of the bipolar plate aids in water
management within the battery and reduces the contact between the
bipolar plate and the PEMFC electrolyte solution, thereby enhancing the
output power of the PEMFC.

3.5. Anti-corrosion and conductive mechanism

The corrosion resistance of the coating is mainly related to the
coating microstructure (such as defects and cracks) and coating chem-
ical stability. In this study, TiN and TaN layers, both exhibiting excellent
corrosion resistance, were chosen to form a bilayer structure, thereby
reducing the likelihood of pinhole penetration. Additionally, the low
potential difference between TiN and TaN minimizes the risk of galvanic
corrosion, thereby enhancing the overall corrosion resistance of the
coating. Ata 10 % Ny ratio, the coating exhibits a bilayer structure, with
a thicker TaN layer and a small, connected columnar crystal structure,
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resulting in a relatively compact coating. However, XPS analysis reveals
the presence of a small amount of Ta monomers in the TaN layer due to
the low Ny ratio. While the corrosion resistance of metal Ta is weaker
than that of the TaN phase, so even though its structure is relatively
dense, its corrosion current density is still high (0.0803 pA/cm?). The
cumulative invasion of corrosive liquid is expected to induce severe
galvanic corrosion, accelerating the dissolution of the TaN layer and
ultimately leading to the corrosion of the TC4 substrate (Fig. 13(a)). As
the Ny ratio gradually increases to 30 %, the TaN content rises, and the
TaN layer develops a more defined columnar structure. Meanwhile, the
dense TiN layer thickens, and diffusion channels for corrosive ions pri-
marily form in the TaN layer. Even if a small amount of corrosive liquid
enters the TaN layer, it will be blocked by the TiN layer, so the corrosion
current density of the coating gradually decreases to 0.0654 pA/cm?,
achieving better protection for the TC4 substrate (Fig. 13(b)). Poten-
tiodynamic polarization and Mott-Schottky tests show that the coating
exhibits the lowest defect density (2.657 %x10%° ¢m~3) and the highest
protection efficiency (97.8 %) when prepared with a 30 % Ny ratio.
Notably, at a high corrosion potential of 1.1 V (SCE), owing to the
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unique double-layer structure and the excellent corrosion resistance of
the TiN/TaN-30 % coating, the corrosion current remains stable at
0.628 pA/cm? under high-voltage corrosion conditions. However, at
higher Ny ratios (40 %, 50 %), columnar crystal structures that from the
surface penetrate to TC4 substrate appeared in the coating. The corro-
sive liquid can directly pass through the coating through these gaps
between the columnar crystals, resulting in the local corrosion of the
TC4 substrate (Fig. 8(e, f)), seriously reducing the corrosion resistance of
the coating (Fig. 13(c)).

The electrical conductivity of the bipolar plate surface is closely
related to the surface morphology (particle size, cavity) and the re-
sistivity of the surface phase. XPS analysis shows that the relative con-
tent of Ta-N bonds in the TaN layer increases with the rising N ratio. In
contrast, the relative content of Ta-O bonds decreases gradually (Fig. 4).
An increased Ta-N bond ratio and a decreased Ta-O bond ratio enhance
interfacial charge transfer efficiency, thereby improving conductivity.
However, the enhancement of coating conductivity results from the
combined effects of surface microstructure and the bonding composition
of the coating. At both lower and higher N ratios, the surface roughness
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Fig. 14. The photographs of different TiN/TaN coatings after adhesion test: (a, f) 10 %, (b, g) 20 %, (c, h) 30 %, (d, i) 40 %, and (e, j) 50 %.

of the coating increases due to the presence of more defects, including
particles and pores (Fig. 2). This leads to an uneven distribution of
compaction force, poor contact between the coating and the carbon
paper, and the formation of defects that obstruct the electron trans-
mission path. Therefore, despite the increased Ta-N bond content and
reduced Ta-O bond content in the TaN layer, the ICR value increases at
higher N, ratios. At an N; ratio of 30 %, the coating surface is dense with
a higher TaN content, resulting in the lowest ICR value of 6.85 mQ-cm?.
Even after a 2 h polarization test at a constant potential of 0.6 V (SCE),
the ICR value of the coating remains below 10 mQ-cm?. This indicates
that the coating exhibits high stability in the PEMFC environment.

3.6. Coating adhesion test

To investigate the adhesion properties of TiN/TaN coatings under
different N ratios, adhesion tests were performed on all fresh samples
using the grid method, as shown in Fig. 14. The results indicate that all
coatings remained intact with no noticeable spalling. Based on the ASTM
D3359 standard, all coatings achieved an adhesion grade of 5B,
demonstrating excellent adhesion performance across all Ny ratios. The
strong adhesion between the TiN/TaN coating and the TC4 substrate can
be attributed to several critical factors. Firstly, the Ti bonding layer
between the TiN/TaN coating and the TC4 substrate establishes a robust
metallic bond with both the substrate and the TiN transition layer.
Additionally, it mitigates the mismatch in thermal expansion co-
efficients between the substrate and the TiN transition layer, thereby
reducing interfacial stress and the risk of spalling, which collectively
enhance the coating’s overall adhesion. Secondly, cross-sectional
morphology analysis reveals that the coating maintains a relatively
thin profile across all Ny ratios (< 1pm). A thinner coating generally
exhibits lower internal stress, which enhances the bonding strength
between the coating and the substrate. Moreover, across all N, ratios,
the interfaces between the coating layers and between the coating and
substrate are distinct and continuous, free of visible cracks, voids, or
delamination. This structural integrity ensures the long-term stability of
the coating during operation.

4. Conclusions

In this study, novel TiN/TaN coatings were prepared using RF
magnetron sputtering and DC magnetron sputtering techniques at
varying Ny ratios for the surface modification of TC4 bipolar plates. The
effects of different Nj ratios on the surface structure, corrosion resis-
tance, conductivity, and hydrophobicity of the coatings were investi-
gated, and the main conclusions were as follows:
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(1) With the increase of the Ny ratio, the thickness of the TaN layer by
DC sputtering decreases. In contrast, the thickness of the dense TiN layer
by RF sputtering increases, and the proportion of nitride in the TaN layer
improves. Furthermore, the TiN/TaN double-layer structure exhibits the
highest compactness at a moderate N ratio (30 %).

(2) Electrochemical tests indicated that the TiN/TaN coatings
significantly improved the corrosion resistance of TC4 substrates. In
particular, the TiN/TaN-30 % sample has the smallest defect density
(2.657 x10%° ¢cm™%) and the largest coating protection efficiency
(97.8 %). Hence, its corrosion current density is as low as 0.152 pA/cm2
and 0.628 pA/cm? in constant potential polarization tests at 0.6 V (SCE)
and 1.1 V (SCE), respectively, this far below the 2025 DOE standard.

(3) The ICR tests and water contact angle tests show that the TiN/
TaN-30 % sample obtained the lowest ICR value of only 6.85 mQ-cm?
under a compressive force of 140 N/cm? and the water contact angle as
high as 95.5 °, which demonstrate that coating with excellent conduc-
tivity and hydrophobicity.
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