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A B S T R A C T

Titanium (Ti) is considered as one of the promising substrates for bipolar plates (BPPs) used in proton exchange 
membrane fuel cells (PEMFCs) due to its resistance to corrosion and low weight. However, its surface undergoes 
rapid passivation, forming a stable oxide layer that results in high interfacial contact resistance (ICR) with its 
adjacent components, ultimately degrading cell performance. In this study, niobium nitride (NbN) and tantalum 
nitride (TaN) coatings were deposited on Ti substrates using magnetron sputtering to suppress passivation and 
improve conductivity. A thin titanium nitride (TiN) interlayer is pre-deposited to enhance adhesion and prevent 
delamination. Under harsh accelerated corrosive conditions, TaN coating reduced the corrosion current density 
and lowered the ICR, fulfilling the 2025 U.S. Department of Energy (DOE) targets for BPPs. Chronoamperometry 
tests were conducted under conditions simulating PEMFC cathode-side exposure, and at an elevated potential 
simulating start-up/shut-down and fuel-starvation conditions demonstrated that TaN remained stable and 
exhibited greater resistance to degradation under both conditions, whereas NbN showed more pronounced 
degradation. The superior performance of TaN compared to NbN was attributed to its lower electron donor 
density, as indicated by Mott–Schottky analysis, which reflected the presence of a more stable and less reactive 
passive film. This finding underscored the critical role of nitride chemistry and electronic structure in governing 
corrosion and interfacial properties. Overall, the findings established TaN as an effective coating for potential 
usage to increase the performance, durability, and conductivity of Ti-based BPPs for PEMFCs.

1. Introduction

Hydrogen, as a clean and efficient energy carrier, plays a crucial role 
in transition from fossil fuels in power generation [1]. Proton exchange 
membrane fuel cells (PEMFC) are highly efficient at producing elec
tricity from hydrogen gas, offering fast start-up and zero emissions [2]. 
With their small size, high energy density, low operating temperature, 
and zero pollution, PEMFCs are suitable for mobility-related applica
tions such as automotive and aerospace systems [3]. Different compo
nents in a single cell of PEMFC are shown in Fig. 1. In a PEMFC, 
hydrogen gas undergoes oxidation at the anode surface of the 
catalyst-coated membrane (CCM), releasing electrons that flow through 

an external circuit and protons (H⁺) that migrate through the per
fluorosulfonic acid (PFSA)-based membrane to the cathode surface. At 
the cathode, a reduction reaction occurs where these protons and elec
trons combine with oxygen to form water [4]. On both sides of the CCM, 
there are gas diffusion layers (GDLs), which have the role of transporting 
the reactant gases and water removal [5]. Bipolar plates (BPPs) are 
multifunctional components adjacent to GDLs which have the re
sponsibility of conducting electrical current from cell to cell, distributing 
reactant uniformly on the catalyst surface, and managing heat and water 
transport [6].

To ensure the performance and reliability, BPPs must exhibit excel
lent corrosion resistance, mechanical strength, long-term stability, and 
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superior electrical and thermal conductivity. Hydrophobic surfaces are 
preferred to enhance water management and facilitate drainage from 
the cell [7]. Graphite and composite BPPs are generally used for sta
tionary applications with long operational lifespans, however, they are 
brittle and have low mechanical strength which limits their usage in 
application with mobility such as automotive technology [8]. Metallic 
BPPs, on the other hand, can be machined easier than graphite-based 
BPPs and have higher electrical and thermal conductivity with a lower 
weight, volume, and cost, therefore, they have attracted more attention 
from researchers [9]. With proper mechanical properties, such as higher 
ductility, metallic BPPs are mostly used in motion-oriented applications 
such as automotive, aerospace and marine. Stainless-steel (SS) is the 
state-of-the-art material widely used in manufacturing of BPPs regarding 
its properties like being highly accessible in the market, having high 
mechanical strength, and possessing exceptional thermal and electrical 
conductivity. However, SS is prone to localized corrosion in acidic en
vironments like the one exist in PEMFC. Titanium (Ti) is considered as 
the next generation material and a substitute for SS due to its excep
tional resistance to corrosion, lower density, and higher specific 
strength, making it ideal for reducing system weight in automotive and 
aerospace applications [10].

Metallic BPPs cannot be used without protective coatings due to 
multiple reasons. The hydrophilic nature of metallic BPPs can lead to 
water accumulation, avoiding gas diffusion and disrupting water man
agement [11]. Additionally, under acidic and humid PEMFC conditions 
and temperature ranging between 60◦C - 90◦C, they are susceptible to 
corrosion, which may release metal ions that degrade membrane per
formance which is considered as common in SS. Furthermore, the for
mation of passive films, especially on the Ti surface leads to increase in 
interfacial contact resistance (ICR) between BPPs and the adjacent 
components, reducing the overall efficiency of the cell [12]. Protective 
and electrically conductive surface coatings are essential to address 
mentioned issues and to meet the U.S. Department of Energy’s (DOE) 
targets for 2025, determined for metallic BPPs, requiring a corrosion 
current density (icorr) below 1 μA.cm⁻2 and ICR below 10 mΩ.cm2 [13, 
14].

Niobium (Nb) and tantalum (Ta) as transition metals are known as 

metals that have significantly high resistance to corrosion and exhibit 
lower icorr compared to commonly used metals in BPPs such as molyb
denum, tungsten, and corrosion-resistant alloys like SS. According to the 
literature, Nb- and Ta-based coatings are widely recognized as effective 
materials for enhancing the corrosion resistance as well as the electrical 
and thermal conductivity of metallic BPPs [15–17]. Transition metals’ 
nitrides have also attracted considerable attention since they are stable 
chemically and posses acceptable electrical and thermal conductivity 
[18]. TiN is among the potential coatings for PEMFC BPPs because of 
their good electrical conductivity. In a study, Li et al. applied TiN coating 
on the surface of Ti using magnetron sputtering and the results showed 
low icorr around 0.08 μA.cm− 2, and the ICR was measured around 4.2 
mΩ.cm2, however the TiN coating thickness was measured 4.15 μm 
which is considered high compared to the coating applied in present 
study [19]. The long-term chronoamperometry (CA) test was conducted 
on this coating and after 12 h the current density was around 65 μA. 
cm− 2 which is significantly higher than the DOE target. These results 
show that while TiN can be a candidate for usage as coating for BPPs in 
PEMFC, it may still suffer from limited long-term corrosion resistance 
and surface oxide formation under aggressive PEMFC operating condi
tions, which can increase ICR during operation. Therefore, in this study, 
other transition metal nitride coatings, such as NbN and TaN, were 
investigated to further improve corrosion resistance while maintaining 
high electrical conductivity and low ICR.

Despite their potential, there are not much research articles 
exploring the potential of TaN and NbN as protective coatings for Ti- 
based BPPs in PEMFCs. NbN and TaN coatings are mentioned as high
ly potential coatings since they have high integrity with balanced con
ductivity and oxidation resistance [20,21]. This study aims to develop 
coatings with desirable microstructure which are resistant to corrosion 
and possess high electrical conductivity to avoid the passivation of Ti 
substrate and to enhance the stability and performance of the PEMFC 
stack. To achieve this, TaN and NbN coatings were deposited on Ti 
substrates using the magnetron sputtering technique as an efficient 
deposition method. The magnetron generates a magnetic field that 
ionize the argon gas as the sputtering gas. It efficiently transfers energy 
to the target, causing atoms to be ejected from the target and deposited 

Fig. 1. The schematic of a proton exchange membrane (PEMFC) single cell.
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on the substrate to form a thin film [22]. In this study, the physical and 
electrochemical properties of Ti substrates with and without nitride 
coatings were investigated using electrochemical measurements such as 
electrochemical impedance spectroscopy (EIS), potentiodynamic po
larization, CA, Mott-Schottky and physical analyses like ICR and contact 
angle measurements. The aim of these tests is to evaluate the coatings’ 
performance and to determine the best coating configuration for BPP 
applications within PEMFC environments. While previous studies have 
investigated Nb- and Ta-based coatings, including multilayer and alloy 
systems, as well as the optimization of TaN coatings, a direct compar
ative evaluation of NbN and TaN coatings under similar deposition 
method with desirable cubic microstructures and a consistent interlayer 
design remains limited. In this work, NbN and TaN coatings are sys
tematically compared in terms of their corrosion behavior, ICR, and 
coating stability on Ti substrates. The corrosion protection mechanism 
and its relation to electrical conductivity of the NbN and TaN coatings 
are elaborated. Moreover, compared to recent studies on TaN optimi
zation, this work emphasizes a comparative framework that links 
corrosion behavior, ICR, and coating stability, rather than focusing 
solely on parameter optimization.

2. Experimental and methods

2.1. Sample preparation and coating procedure

Titanium Grade 2 (TA2), with the chemical composition in Table 1, 
was used as the substrate. TA2 was used due to a better balance between 
availability, cost, and mechanical strength while maintaining excellent 
corrosion resistance which is needed for bipolar plates used in PEMFC 
[23,24]. 2 cm × 2 cm samples with a thickness of 1.2 mm were me
chanically polished using abrasive grinding papers ranging from 1000 to 
3000 grit to remove any traces of Ti oxide on the surface [25]. After
ward, the samples were immersed in isopropyl alcohol, rinsed with 
double-distilled water, and subjected to ultrasonic cleaning for 15 min 
[26]. The coating was applied using radio frequency (RF) magnetron 
sputtering with high-purity Ta or Nb targets under a base pressure of 
9.0 × 10⁻5 Pa and a total working pressure of 1 Pa. To ensure a uniform 
and well-adhered coating, the substrate was rotated at 3 rpm during the 
process [27]. Before deposition, the substrate was bombarded with 
argon ions at − 800 V bias for 30 min to remove the contaminant and 
traces of Ti oxide on the surface. A TiN interlayer was deposited at 
400 W on the Ti substrate to improve coating adhesion by promoting 
dense interfacial growth and stronger ion bombardment during depo
sition. NbN and TaN top layers were subsequently deposited at 300 W 
[28] and 250 W, respectively, using the Ar/N2 ratios listed in Table 2 to 
obtain the desired nitride phases and crystallographic structures. In 
reactive magnetron sputtering, the applied power strongly influences 
the energy of sputtered particles, which affects phase formation, 
preferred orientation, crystallinity, and defect density of nitride coatings 
[29]. Previous studies have shown that altering sputtering power can 
modify the preferred orientation and phase evolution of NbN and TaN 
coatings, particularly promoting the formation of dense face-centered 
cubic (FCC) δ-phases with improved crystallinity [29,30].

2.2. Physical characterization

The morphological characteristics of the NbN and TaN coatings were 
analyzed using scanning electron microscopy (SEM) with a Hitachi 
SU1510 VP SEM. The system was equipped with an energy-dispersive X- 

ray (EDX) spectroscopy unit and operated at an acceleration voltage of 
20 kV. The X-Ray diffraction (XRD) patterns were obtained for all 
coatings and for the Ti substrate utilizing the New D8 ADVANCE in
strument manufactured by Bruker AXS. This analysis employed both 
Bragg–Brentano geometry with a full scan between 2θ = 20◦ – 80◦, 
employing Cu kα radiation with a wavelength of 1.54 Å at 40 kV and 
30 mA. X-ray photoelectron spectroscopy (XPS) spectra were also ob
tained using a PHI Quantes XPS equipped with an aluminum anode that 
operates at a photon energy of 1486.6 eV (kα). The cross-section anal
ysis for thickness measurement was conducted using a ThermoFisher 
Helios 5 UXe Dual Beam Plasma focused ion beam (FIB)-SEM. This 
method utilizes a focused ion beam to mill a defined cross-section of the 
coating, followed by high-resolution SEM imaging to measure the 
thickness. This technique is particularly well-suited for thin coatings, 
offering precise and localized measurements.

As having low ICR is one of the critical properties for BPPs, it was 
measured through a precise measurement process using a Zwick/Roell 
GDL tester device under a continuous pressure ranging between 0.5 MPa 
and 4 MPa for coated and uncoated samples before and after corrosion 
tests from three separate measurements for each sample (n = 3, p-value 
< 0.05). In the setup, the samples were placed between two carbon 
papers, and then two gold-coated copper pistons put pressure on both 
sides of the assembly [31]. A current of 2.0 A was applied, and the 
resulting voltage was recorded from the upper gold-coated copper plate.

To measure the contact angle, the Ramé-Hart 100–25-A goniometer, 
was used. This device dispenses a controlled 5 μl water droplet onto the 
surface, and an image of the droplet is captured by the goniometer’s 
camera. The software DROPimage processes the image and calculates 
the contact angle using the circle method, which considers the droplet’s 
height and radius. The measurements were done on 3 different spots on 
the surface of the samples.

2.3. Electrochemical characterizations

A conventional three-electrode electrochemical setup was used to 
evaluate the electrochemical behavior of the coated samples. Working 
electrode was the sample needed to be observed, graphite electrode was 
employed as the counter electrode, and saturated Hg/Hg2SO4 electrode 
was used as the reference electrode with a potential of 0.680 V versus 
normal hydrogen electrode (NHE). The solution used for electro
chemical analysis was 0.5 M H2SO4 at 70 ◦C to accelerate electro
chemical degradation. Before conducting the electrochemical tests, 
samples were immersed in the solution for 2.0 h in an open circuit po
tential (OCP) mode for stabilization [32]. Potentiodynamic tests were 
also carried out at a scan rate of 1.0 mV.s− 1 at − 400 to + 1000 mV 
versus OCP. In addition, chronoamperometric (CA) testing at 0.2 V vs. 
Hg/Hg2SO4 (0.8 VNHE) for 6 h was selected to investigate an accelerated 
durability analysis on the coatings which is determined by DOE [16, 
33–35]. To further evaluate the coating quality, CA was conducted at 
0.8 V vs. Hg/Hg2SO4 (1.4 VNHE) to simulate harsher conditions that may 
occur during processes like startup, shutdown, or fuel starvation (when 
fuel supply is interrupted even when H2 supply is full), where the cell 
potential increases and oxidative degradation intensifies. The combined 
testing strategy led to better evaluation of coating under both stable and 
dynamic operations [36].

Table 1 
Chemical composition of titanium grade 2 (TA2) substrate.

Element Ti Fe O C Ni H

Mass fraction 
(%)

≥ 98.9 ≤ 0.30 ≤ 0.25 ≤ 0.080 ≤ 0.030 ≤ 0.015

Table 2 
Process parameters including total working pressure while sputtering, Ar gas 
and N2 ratio, and deposition power.

Coating Total Pressure (Pa) Ar gas (%) N2 (%) Power (W)

TiN
1

90 10 400

NbN
1

85 15 300

TaN
1

80 20 250

M. Johar et al.                                                                                                                                                                                                                                  Corrosion Science 270 (2026) 113993 

3 



EIS was conducted using an SP300 BioLogic potentiostat, by sub
jecting the samples to a sinusoidal voltage of 10 mV amplitude at OCP, 
in a frequency range between 100 kHz and 10 mHz [37,38]. EIS is a 
powerful analysis being employed to evaluate and compare the effec
tiveness of corrosion-resistant coatings [39]. Due to significant vari
ability and existence of challenges in producing identical coating 
samples, this method is generally used in a qualitative or 
semi-quantitative manner. To facilitate the interpretation of EIS studies, 
equivalent circuit models are commonly utilized, based on passive 
electrical engineering and physics principles [40]. Data analysis usually 
involves nonlinear, complex least squares fitting of these models to the 
EIS data. However, ongoing debates have arisen over the physical 
interpretation of the apparent discrepancies observed in the fitted re
sponses of the circuit elements [39,41]. The electrochemical measure
ments in this work were conducted 3 times to evaluate the consistency of 
the results to confirm the precision of the tests. The experimental pa
rameters such as solution temperature, electrolyte concentration, etc. 
were carefully controlled during each electrochemical test to minimize 
any variation.

Mott-Schottky test was carried out on the NbN and TaN coating after 
the CA test where a passive film was produced on the surface. With this 
method the electrical conductivity of the coatings could be compared. 
The test was conducted in a potential range between − 1–0.6 V vs. Hg/ 
Hg2SO4 in a specific frequency of 1000 Hz to analyze the characteristics 
and corrosion resistance mechanism of the semiconductor coatings [42].

3. Results and discussion

3.1. Thickness measurements and surface characterization

The NbN and TaN coatings’ thicknesses were measured with FIB- 
SEM and the measurements are shown in Fig. 2 (a) and (b) for TiN- 
NbN and TiN-TaN coatings, respectively. The thicknesses difference is 
relatively small (less than 10 %) compared to the total coating thickness 
and is not expected to significantly influence the electrochemical or ICR 
results [43,44]. In dense nitride coatings, corrosion protection is pri
marily governed by coating integrity, defect density, and chemical sta
bility rather than minor variations in thickness [45]. Only the top 
surface is expected to interact with the corrosive medium and after a 
certain limit, the thickness of coating does not matter if it is passivating 
[45]. ICR also mostly depends on the surface chemistry and the oxide 
formation on the surface and the conductivity of the top surface. As 
shown, a very thin TiN interlayer was properly deposited in both sam
ples to enhance the adhesion of the top layer, which was subsequently 
coated with NbN and TaN, respectively. TiN aligns well structurally with 
many transition-metal nitrides such as AlN, CrN, NbN and TaN [46,47]. 
In addition, since Ti has a high affinity for nitrogen, during the coating 
process, nitrogen atoms diffuse into the Ti surface and a strong bonding 
forms which leads to a high adhesion between Ti and the TiN layer [48, 
49] and due to the dense nucleation of the deposited material, the TiN 

structure is found to be compact and homogeneous [50]. The TiN 
interlayer is also expected to reduce surface roughness which results in a 
denser and smoother top coating resulting in higher resistance to ion 
diffusion from the solution to the surface of the Ti substrate, and lower 
ICR [51]. Based on these considerations, the TiN interlayer is expected 
to contribute to improved coating integrity and adhesion, as reported in 
the literature. However, the role of the interlayer is not the focus of this 
study, and its effect is interpreted qualitatively. The differences further 
observed in this study between NbN and TaN coatings, particularly in 
terms of delamination behavior, therefore arise from a combination of 
factors, including coating microstructure, electrical conductivity, and 
intrinsic electrochemical stability, rather than being attributed solely to 
adhesion effects. The XRD patterns of NbN and TaN coatings on TiN 
interlayer in Fig. 3, confirm the successful formation of crystalline 
nitride phases. NbN coating exhibits characteristic peaks at approxi
mately 35.1◦, 41.7◦, 60.5◦, 70.5◦, and 74.3◦ which can be related to 
(111), (200), (220), (311), and (222) planes of the face-centered cubic 
(FCC) δ-NbN phase, respectively. The diffraction pattern of the TaN 
coating also shows distinct peaks at 35.8◦, 41.6◦, and 60.2◦, which 
correspond, in order to (111), (200), and (220) planes of the cubic δ-TaN 
phase. In both samples, Ti substrate shows visible peaks, especially near 
38.4◦ and 40.2◦, since the coatings are thin, and X-Ray penetration oc
curs through the coating to the substrate. The XRD results proved that 
both NbN and TaN coatings were successfully developed in a stable FCC 
(NaCl-type) structure, which is known to provide high electrical con
ductivity and chemical stability with reduced internal stress in the 
structure [52,53]. These properties contribute to improved corrosion 
resistance and low ICR, making them suitable for protective coatings on 
titanium BPPs in PEMFCs.

3.2. Electrochemical analyses

EIS test was conducted on the Ti substrate before and after applying 
NbN and TaN coatings. The Nyquist plots provided in Fig. 4 (a) revealed 
two capacitor loops for Ti substrate without coating. The existence of 
two capacitor loops indicates that the passive film formed on the surface 
is porous and significantly damaged [54]. The low-frequency and 
high-frequency capacitor loops are related to the dissolution of the oxide 
film on the Ti surface (slower process), and the electrical double layer at 
the interface between the passive layer and the solution, respectively 
[37,55]. The Nyquist plot for TaN coating exhibited the largest semi
circle, indicating the highest charge transfer resistance (Rct) and supe
rior electrochemical stability. NbN coating displayed a semicircle with 
smaller diameter, showing lower corrosion resistance compared to TaN. 
Ti substrate exhibited the smallest semicircle, indicating poor Rct and 
higher tendency to degradation. Higher frequency region is magnified 
and shows the significantly lower impedance of the uncoated Ti sub
strate. These results indicate that TaN formed a highly protective passive 
film which prevented the charge transfer providing better resistance to 
corrosion-related degradation.

Fig. 2. Cross-section micrographs of (a) TiN-NbN and (b) TiN-TaN coatings, indicating thickness of each layer by focused ion beam (FIB)-SEM.
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The Bode plots provide insight into the electrochemical behavior of 
the coatings by recording the impedance magnitude (|Z|) and the phase 
angle versus frequency. The Bode plot for TaN coating in Fig. 4 (b) 
confirms that this coating posses the highest impedance in all of the 
frequencies exhibiting its superior protection against the penetration of 
the electrolyte. NbN demonstrates a moderate impedance response, 
while the Ti substrate exhibits the lowest impedance, suggesting weak 
corrosion resistance. The phase angle plot for TaN has an angle between 
55◦ to 65◦ in a broad frequency range that is relatively high which shows 
a sign of capacitive behavior and a stable passive layer that inhibits 
charge transfer. NbN had a lower phase angle indicating partial capac
itive behavior, whereas Ti displays a resistive response with a very low 
phase angle of around 10◦, suggesting poor protection on the surface. 
These findings highlight that the TaN coating effectively impedes charge 
transfer and prevents electrolyte interaction with the substrate, while 
NbN offers moderate protection.

An equivalent electrical circuit model with solution resistance (Rs), 
Rct, film resistance (Rf ), and a constant phase element (CPE) to account 
for non-ideal capacitive behavior, was chosen. The equivalent electrical 
circuits for samples with single and double time constants with fitted 
lines are provided in Fig. 4 (a) and the extracted parameters are pro
vided in Table 3. The fitting error (χ) between the experimental data and 
the fitted model was below 1% for all samples, indicating a satisfactory 
level of fit. A CPE is used to model the surface capacitance of the coating, 
accounting for the non-uniformity and irregularity of the coating surface 
or passive film [56–60]. The impedance of the CPE is expressed as 
follows: 

Y = Y0 (j.ω)n (1) 

where Y0 represents the constant admittance, j2 = − 1, ω denotes the 
frequency, and n is an exponent typically ranging between 0 and 1.

Fig. 3. X-Ray diffraction (XRD) patterns of NbN and TaN coatings on the surface of Ti substrate.

Fig. 4. (a) Nyquist and (b) frequency-phase angle plots for titanium (Ti) substrate, NbN, and TaN coatings.

Table 3 
Fitting results of impedance spectra for the corrosion of Ti substrate and coated samples in 0.5 M H2SO4 electrolyte at 70 ◦C.

Sample Rs (Ω.cm2) CPE1 (F.cm− 2) nf Rf (Ω.cm2) CPE2 (F.cm− 2) nf Rct (Ω.cm2) RP(Rf + Rct)(Ω.cm2) χ(%)

Ti Sub 1.1 7.1 × 10− 2 0.89 38.6 1.8 × 10− 3 0.92 18.5 57.1 0.9
NbN 1.0 3.9 × 10− 2 0.91 19.1 1.1 × 10− 3 0.97 1450.4 1471.1 0.8
TaN 1.8 1.4 × 10− 3 0.89 2.7 8.4 × 10− 4 0.88 12009 12012 0.8
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Rf is the resistance of the passive film or the resistance in coating- 
solution interface which shows the ability of the coating as a barrier 
against the diffusion of corrosive ions from the solution through the 
coating [61]. A stable passive film possesses a higher Rf value with 
higher protective properties which can effectively reduce the rate of 
corrosion [62]. The fitting results confirmed that TaN has the highest 
Rct, showing superior electrochemical stability, whereas NbN exhibited 
moderate values, offering some level of protection, however, may 
require further optimization for use in highly aggressive environments. 
Polarization resistance (RP) is the sum of the Rct and Rf . For the TaN 
coating, the combination of low Rf and higher Rct has a physical inter
pretation and a lower Rf indicates the presence of a thin passive layer 
with conductive properties while high Rct shows slow charge transfer at 
coating/electrolyte interface, explaining that despite having lower film 
resistance, it significantly suppresses corrosion reactions by limiting 
charge transfer processes. Ti substrate, in contrast, demonstrated the 
lowest Rct and least capacitive behavior, confirming its poor corrosion 
resistance. TaN coating on Ti substrate significantly enhanced its elec
trochemical stability which can result in improving the longevity and 
performance of Ti-based BPPs in harsh operating conditions.

Before applying potentiodynamic polarization tests, it is necessary to 
keep the samples in the solution under OCP for a period to become 
stable. This ensures the accuracy and repeatability of the electro
chemical measurements. In this study, samples were immersed in the 
electrolyte solution for 2 h, which was sufficient to reach a stable OCP 
[63], indicating that equilibrium between the sample surface and the 
electrolyte had been established, as illustrated in Fig. 5 (a). OCP analysis 
offers valuable insights into the thermodynamic tendency of a material 
to corrode in each environment. A higher (more noble) OCP suggests 
enhanced corrosion resistance, whereas a lower (more active) OCP im
plies increased vulnerability to corrosion. According to the OCP results, 
the TaN coating exhibited the highest OCP value compared to Ti sub
strate and NbN coating, indicating superior electrochemical stability 
and corrosion resistance. Ti substrate shows the lowest OCP values, and 
the sharp OCP drop suggests the breakdown of their passive protective 
films, making them more prone to corrosion.

Potentiodynamic polarization tests are necessary for evaluating the 
electrochemical behavior and to analyze the stability and corrosion 
resistance of coated and uncoated Ti substrates in terms of corrosion 
potential (Ecorr) and corrosion current density (icorr) [64,65]. Such in
sights are crucial in selecting materials and in designing effective 
corrosion protection approaches. Tafel plots are shown in Fig. 5 (b) and 
the data are extracted from the plots can be seen in Table 4. The anodic 
branch for Ti substrate reveals distinct regions including active disso
lution, active-passive transition, and trans-passive, with noticeable 

fluctuations indicating an unstable passive film. The points near − 0.7 
and − 0.5 V vs. Hg/Hg2SO4 are attributed to changes in the oxide layer, 
indicating oxide formation, partial breakdown or thinning, and repas
sivation of the bare material when becoming exposed to the solution 
again [66]. These fluctuations confirm the instability of the titanium 
oxide layer under the tested condition. NbN demonstrates a more stable 
passive behavior compared to Ti with a reduced passive current plateau 
and a lower icorr of 34.3 μA.cm− 2. More positive Ecorr shows more elec
trochemical stability for TaN compared to NbN and Ti substrate. 
Although TaN coating does not exhibit full passivation behavior, and its 
anodic current density gradually increases with increasing the potential. 
This suggests that the TaN coating provides a barrier effect rather than 
forming a self-repairing passive film like conventional passive materials. 
This coating shows the lowest icorr (0.8 μA.cm− 2), implying superior 
protection and higher resistance to electrochemical degradation.

The chronoamperometry (CA) test results accompany the potentio
dynamic results by assessing the stability of the passive films over time 
at a fixed potential [67,68]. The CA tests were conducted at a constant 
potential of 0.2 V vs. Hg/Hg2SO4 or + 0.8 VNHE to simulate the oxidative 
environment at the cathode side of PEMFCs based on DOE target [69]. 
This test provides information on the coatings' electrical conductivity, 
adherence to the substrate, and any potential interactions with the 
electrolyte or reactants present in the fuel cell environment [70]. In 
Fig. 6 (a), the Ti substrate exhibited an unstable passivation behavior, 
and the current density decreased from higher to lower values showing 
continued dissolution and passivation of Ti during the time [16,71]. In 
contrast, NbN shows a relatively stable current density, suggesting 
moderate protection but some degree of passive film degradation. TaN 
demonstrates the most stable passivation behavior and resistance to 
corrosion by exhibiting lowest current density during the time. The 
current density for TaN and NbN coating after 6.0 h corrosion process 
was measured around 0.67 μA.cm− 2 and 7.93 μA.cm− 2, respectively. 
The current density for TaN was less than 1.0 μA.cm− 2 (DOE target for 
BPPs determined for 2025), making it as a promising candidate for 
corrosion protection in aggressive environments.

As mentioned earlier, the normal operating potential of a PEMFC 

Fig. 5. (a) Open circuit potential, and (b) potentiodynamic polarization plots for NbN and TaN coatings compared to titanium (Ti) substrate.

Table 4 
Electrochemical parameters obtained from potentiodynamic polarization 
curves.

Sample Ecorr (mV) icorr (μA.cm− 2) βa (mV) βc (mV)

Ti Substrate − 1008.3 376.2 66.0 99.0
NbN − 635.6 34.3 476.5 66.0
TaN − 433.5 0.8 300.1 171.2
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cathode is roughly 0.2 V vs. Hg/Hg2SO4; yet during unavoidable tran
sients such as start-up, shut-down, or brief fuel-starvation events, the 
potential can surge to 1.3–1.6 VNHE [15,72]. These short-duration 
voltage spikes accelerate surface oxidation, metal dissolution, and ni
trogen loss, thereby shortening the service life of metallic or 
nitride-coated BPPs. To evaluate coating durability under harsh elec
trochemical excursions, NbN- and TaN-coated Ti BPPs were subjected to 
a 6.0 h CA test hold at 0.8 V vs. Hg/Hg2SO4 which is within the range of 
1.3–1.6 V compared to NHE (Fig. 6 (b)). This test is intentionally more 
severe than typical operating conditions and offers a stringent measure 
of long-term coating durability [36]. Upon applying the potential, NbN 
coating exhibited an initial increase in current density due to the rapid 
oxidation of surface. This increase in current density for the TaN coating 
was not significant and stabilization occurred at approximately 0.05 
mA.cm− 2. The current density remained nearly constant, showing only a 
slight increase to about 0.06 mA.cm− 2, indicating excellent stability 
under sustained oxidative conditions. In contrast, the current density for 
NbN increased throughout the test, ultimately exceeding 0.30 mA.cm− 2. 
This gradual rise showed progressive degradation of the protective film 
due to the existence of defects and porosities in the passive, which leads 
to repeated breakdown and re-passivation processes under high poten
tial stress.

The superior resistance to corrosion of TaN coatings is attributed to 
both thermodynamically stability and favorable kinetic behavior. In 
potentials more than 0.8 V vs. Hg/Hg2SO4, TaN tends to form a dense 
and stable tantalum oxide (Ta2O5 or TaOxNy), which acts as a barrier 
against ion transport and the penetration of the solution [73–75]. In 
contrast, niobium nitrides become susceptible to degradation at high 
voltages. NbN can undergo partial oxidation when nitrogen is depleted, 
leading to the formation of a more porous and defect-rich Nb2O5 layer 
[76]. This transformation of the nitride coating to defect-rich passiv
ation layer results in deeper diffusion of the acidic solution through the 
coating, accelerating anodic dissolution. While the current densities at 
0.8 V vs. Hg/Hg2SO4 do not meet the U.S. DOE’s icorr of 1 μA.cm− 2, 
which is due to the extremely harsh conditions, the significant gap be
tween TaN and NbN illustrates the superior durability of TaN.

By combining the CA results in two different potentials, it can be 
concluded that TaN outperforms NbN based on presenting stable 
behavior, making it the most suitable coating for titanium-based BPPs. 
The test at 0.8 V vs. Hg/Hg2SO4 confirms that TaN offers superior pro
tection in highly corrosive conditions, which is essential for the stop- 
start dynamics typical of PEMFC systems.

TaN generally exhibits n-type semiconducting behavior based on the 
literature [77,78], with a relatively high concentration of free electrons. 

From a qualitative perspective, this electron-rich character may influ
ence surface electrochemical processes by affecting the tendency for 
oxidation and passive film formation. The n-type semiconducting nature 
of TaN tends to suppress oxidation reactions due to the high concen
tration of free electrons. This electronic structure may promote the 
formation of stable passive layers, which may reduce anodic dissolution 
processes. This reduces metal ion release and improves the corrosion 
stability. The significantly lower icorr and more positive Ecorr for TaN 
suggest that it provides the best protection among the tested samples 
[79,80]. The lower icorr indicates improved corrosion resistance. This 
may be related to changes in defect structure (e.g., oxygen vacancies) 
and electronic properties; however, these aspects are inferred and would 
require further characterization for direct confirmation. The schematic 
image in Fig. 7 is therefore intended only as a qualitative representation 
of this concept, showing TaN as an n-type material with a higher density 
of electrons in the conduction band (i.e., the energy range in which 
electrons are delocalized and contribute to electrical conduction). 
Within this simplified framework, the electronic structure of TaN may 
contribute to more stable passive film formation and reduced anodic 
activity during polarization. However, this interpretation is not based on 
a quantitative Mott–Schottky analysis in the present work and should 
not be considered as a direct extraction of semiconductor parameters. 
Similarly, differences observed for NbN coatings are discussed in a 
qualitative manner, as their electronic properties can vary significantly 
depending on composition, stoichiometry, and microstructure [81]. 
These variations can influence charge transport and surface reactions, 
potentially leading to less stable passive film formation and higher 
current densities observed in the polarization curves. The semi
conductive behavior of the nitride coatings was analyzed by 
Mott-Schottky measurements (Fig. 8) using the below equation: 

C− 2 = 2 (εε0ND)
− 1
(E − Efb − KTe− 1) (2) 

where, C represents semiconductor electrode under depletion condition, 
e is the electron charge, K is Boltzmann’s constant, E is the applied 
electrode potential and Efb is the flat band potential, ε0 the vacuum 
permittivity, ε the relative dielectric constant of the semiconductor, T is 
the absolute temperature, and ND is the donor density for n-type coat
ings. Since NbN and TaN have different properties, the ε for them is 
different and can be measured with this formula: 

ε = Cd/ε0A (3) 

where, d is the dielectric thickness and A is the surface area. By calcu
lating the linear region’s slope (m) in the Mott-Schottky plot, and from 

Fig. 6. Chronoamperometry (CA) plots for NbN and TaN coatings compared to titanium (Ti) substrate at (a) 0.2 V vs. Hg/Hg2SO4, and (b) at 0.8 V vs. Hg/Hg2SO4.
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the below formula, ND can be measured for NbN and TaN coatings: 

ND = 2 (εε0em)
− 1 (4) 

By measuring the ND for TaN and NbN coatings, the value is signif
icantly higher for NbN compared to TaN. Lower ND indicates the fewer 
holes or oxygen vacancies, which results in denser passive layer with 
superior protective properties [82].

It must be noted, however, that the electronic properties of transition 
metal nitrides are highly sensitive to factors such as stoichiometry, 
microstructure, and the presence of oxide/nitride phases. The above 
discussion is intended as a qualitative interpretation. The improved 
corrosion resistance of TaN observed in this work is more reliably 
attributed to its higher chemical stability, denser morphology, and the 
formation of a more stable passive layer under PEMFC conditions, while 
electronic structure effects are considered a secondary contributing 
factor.

3.3. Morphology and chemical composition analysis of coatings

The SEM micrographs provided a comparative view of the surface 
morphology of TaN and NbN coatings both before CA (BCA) and after 
CA (ACA). For TaN coating, Fig. 9 (a) shows a smooth and dense surface 
with no obvious defects and cracks, even at higher magnification in 
Fig. 9 (b). After corrosion, as seen in Fig. 9 (c) and (d), the TaN surface 
remained intact. While some surface roughening and fine scratches were 

observed, there was no evidence of severe degradation such as pitting, 
cracking, or delamination. This demonstrates that TaN offered excellent 
corrosion resistance, likely due to the formation of a stable passive layer 
that hindered the access of aggressive species. In contrast, NbN coating 
showed a significantly different behavior. Fig. 9 (e) and (f) reveal a 
rougher and more heterogeneous surface even before corrosion, with 
visible microcracks and uneven features. According to the literature, 
NbN coatings deposited by magnetron sputtering can commonly exhibit 
columnar structure during growth, which may lead to increased surface 
roughness and non-uniformity. Such features are also influenced by 
shadowing effects inherent to sputtering processes, which can further 
amplify surface roughness and heterogeneity [83]. These imperfections 
act as initiation points for corrosion. After CA test, in Fig. 9 (g) and (h), 
an extensive damage to the surface coating including crack propagation 
and delamination is evident, indicating that the coating failed to 
maintain its protective function. This severe degradation suggests that 
NbN either did not have the ability to form a stable passive or if the 
passive film was formed, it rapidly broke down in corrosive condition. 
This degradation may also be partially related to the relatively lower 
electrical conductivity of NbN, where hole carriers at the surface could 
facilitate electrochemical oxidation reactions. Nevertheless, the corro
sion behavior likely results from the combined influence of coating 
morphology, microstructural defects, electrical properties, and intrinsic 
electrochemical stability. The porous and fragmented morphology seen 
after corrosion further indicates poor coating cohesion and structural 

Fig. 7. Schematic illustration of the proposed corrosion behavior of TaN and NbN coatings, highlighting differences in electronic properties and their possible 
influence on corrosion resistance.

Fig. 8. (a) Mott-Schottky plots for NbN and TaN coatings, (b) zoom-in for NbN plot.
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resilience.
TaN showed superior corrosion resistance because of its higher 

chemical stability and the formation of a denser, more stable Ta2O5 
passive layer compared to the more porous and defect-rich Nb2O5 layer. 
Therefore, the enhanced corrosion resistance of TaN is not solely 
attributed to differences in the initial coating morphology, but also to 

the inherently superior stability and protective nature of the Ta passive 
film. The preservation of surface integrity under corrosive conditions 
was consistent with TaN's reported n-type semiconducting behavior, 
where the presence of excess electrons could suppress anodic dissolution 
by lowering the availability of holes, facilitating passive film stabiliza
tion [84,85].

Fig. 9. SEM morphological micrographs for (a, b) TaN before CA, (c, d) TaN after CA, (e, f) NbN before CA, (g, h) NbN after CA, showing extreme coating 
detachment of NbN coating after CA.
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Fig. 10 shows high-resolution XPS spectra of the Nb 3d and Ta 4 f 
regions for NbN- and TaN-coated Ti-based BPPs before and after six 
hours of CA, revealing the surface chemical evolution of the nitride 
coatings under harsh electrochemical conditions. Before CA (Fig. 10 (a) 
and (c)), the Nb 3d spectrum can be fitted into NbN (~204.2–205.6 eV, 
31.85 at%), NbO2 (~206.0–206.8 eV, 18.44 at%), and Nb2O5 
(~206.9–210.2 eV, 49.87 at%), indicating partial surface oxidation of 
the NbN layer. The Ta 4 f spectrum consists of TaN (~23.5–25.0 eV, 
54.44 at%), Ta–N–O (~25.2–26.0 eV, 12.36 at%), and oxidized Ta 
species (~26.0–26.8 eV, 33.20 at%), which are attributed to Ta2O5 as 
the dominant oxide phase. These assignments are consistent with pre
vious reports for NbN and TaN coatings.

After 6 h of CA in 0.5 M H2SO4 at 70 ◦C (Fig. 10 (b) and (d)), both 
coatings exhibit further oxidation, although to different extents. For the 
Nb coating, the NbN fraction decreases to 16.29 at%, while NbO2 and 
Nb2O5 increase to 28.99 at% and 54.72 at%, respectively, indicating 
progressive oxidation of Nb–N bonds toward higher oxidation states. In 
contrast, the Ta 4 f spectra show comparatively smaller changes. 
Although an increase in oxide contribution is observed after polariza
tion, the overlap between Ta–N and Ta–O components introduces some 
uncertainty in the quantitative analysis. For consistency, all spectra 
before and after CA were analyzed using identical fitting constraints 
with 4 at% uncertainty, background subtraction procedures, and sensi
tivity factors, allowing for a meaningful comparison of relative changes 
in atomic fractions. It should be noted that XPS is a surface-sensitive 
technique, probing only the top ~5–10 nm of the coating. Therefore, 
the results primarily reflect the composition of the outermost reacted 
layer rather than the entire coating thickness. The observed increase in 
oxide species indicates the formation of a surface oxide layer during 
polarization, while the underlying nitride layer may remain largely 
intact.

Overall, the XPS results demonstrate that both coatings undergo 
partial surface oxidation under acidic, high-temperature conditions, 
forming Nb2O5 and Ta2O5 surface layers. However, the extent of 
oxidation is more pronounced for NbN than for TaN. The relatively 
smaller change in TaN-related signals suggests a more limited degree of 
surface transformation, consistent with the higher stability of Ta–N 
bonds, rather than implying that the coating remains entirely 
unchanged.

3.4. Interfacial contact resistance

ICR measurements were performed on the Ti substrate and coated 
samples before and after the CA test to assess the electrical contact 
resistance between the samples and the GDL across a pressure range of 
0.5–4 MPa. ICR measurement provides valuable insights into optimizing 
coatings with the aim of minimizing contact resistance between com
ponents. For all the samples, the ICR decreased with increasing 
compaction force which is because of the increased contact area be
tween the samples and the GDLs [86]. At 1.5 MPa, as the actual 
compaction force in PEMFCs [87,88], the performance of the Ti sub
strate, NbN, and TaN coatings before and after corrosion showed sig
nificant differences both before and after CA test as shown in Fig. 11. Ti 
substrate exhibited a contact resistance of 14.2 mΩ.cm2 which can be 
considered as a low contact resistance. However, after CA, the ICR raised 
to 38.6 mΩ.cm2, likely due to the thickening of the TiO2 layer, indicating 
poor conductivity for applications requiring high electrical conductivity. 
This presents a significant challenge when using uncoated Ti substrates 
in PEMFCs [89,90]. In contrast, NbN demonstrated improved conduc
tivity compared to the Ti substrate. Before CA test, the ICR was 
measured around 8 mΩ.cm2, suggesting that NbN effectively reduced 
contact resistance, however, after corrosion, the ICR increased to around 

Fig. 10. X-ray photoelectron spectroscopy (XPS) analysis for NbN coating (a) before, (b) after CA, and for TaN coating (c) before, and (d) after CA.
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~16 mΩ.cm2 due to the formation of Nb oxide on the surface. TaN 
outperformed both Ti and NbN in terms of electrical conductivity and 
before CA test, the ICR was the lowest, around 6 mΩ.cm2, demonstrating 
excellent electrical performance. Even after CA test, the ICR remained 
almost unchanged about 7 mΩ.cm2, which was lower than 10 mΩ.cm2 as 
the DOE technical target for BPPs in PEMFCs [91].

From the observations, it was clear that TaN exhibited the best 
overall performance by having the lowest increase in the ICR after CA 
test, making it the most stable and corrosion-resistant coating. The 
minimal change in ICR indicates that the continuous conductive path
ways through the TaN sublayer remain intact, despite the oxide signal 
observed by XPS. NbN, although showed better conductivity compared 
to Ti, the degradation on the surface resulted in an increase in ICR. Ti 
substrate performed the worst, with a significant ICR increase, which 
confirmed the crucial need of protective coatings to prevent severe 
electrical and mechanical degradation. These findings suggest that TaN 
is the suitable coating for BPP for fuel cell applications, where main
taining low ICR under moderate compression is critical for efficiency 
and longevity.

3.5. Contact angle measurement

Water handling is critical to the performance and longevity of 
PEMFCs. Inadequate water handling by BPPs, particularly on the cath
ode side of the stack, can result in water accumulation in the cell by not 
being able to properly remove the water out of the cell [16]. Surface 
wettability, a key factor in water management, refers to how water 

interacts with the surface, influencing whether water tends to spread out 
(hydrophilic surface) or bead up (hydrophobic surface). By measuring 
the static contact angle, an insight into the interaction between the solid 
surface, liquid, and the surrounding air will be obtained [92]. Static 
contact angle measurements were performed prior to the electro
chemical tests to evaluate and compare the wettability of the NbN- and 
TaN-coated surfaces with that of the bare Ti substrate. In general, 
increased hydrophobicity enhances the water management efficiency of 
titanium BPPs [93,94]. The contact angle measurement on the Ti sub
strate (Fig. 12 (a)) and coated substrates was done, and the results 
showed that for Ti the contact angle was around 80◦ while it increased to 
around 101.5◦ for NbN (Fig. 12 (b)), and 124.5◦ for TaN coatings. TaN 
coating (Fig. 12 (c)), applied on the surface, was able to increase the 
contact angle to very high values, which indicated the surface wetta
bility changing from hydrophilic to hydrophobic. The bar chart of three 
measurements and the average for Ti substrate, NbN and TaN coatings 
are provided in Fig. 12 (d).

Table 5 is intended to compare two key parameters defined by the 
DOE for bipolar plates (BPPs) in PEMFC applications, evaluated in this 
study alongside selected recent works from the literature, particularly 
those employing similar nitride-based coatings, in order to explain the 
advantage of using TaN coating applied by magnetron sputtering as a 
candidate coating for BPPs used in PEMFC. It can be seen that with using 
this coating in thickness scale lower than micrometer, the targets 
determined by DOE were achieved. The importance of introducing an 
interlayer such as TiN can be noticed in increasing the durability of 
transition metals nitride-based coatings. The usage of TA2 was also not 

Fig. 11. ICR values of the Ti substrate and coated samples, before and after 6.0 h of CA polarization (dotted lines) in 0.5 M H2SO4 electrolyte at 70 ◦C. BCA and ACA 
represent ICR before and after the CA test, respectively.

Fig. 12. Contact angle measurement of (a) Ti substrate, (b) NbN, and (c) TaN coated samples and (d) bar chart of the average measurements for contact angle.
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considered by these research works, while it was used in present study 
due to the proper properties mentioned earlier.

4. Conclusion

In this research, niobium-nitride (NbN) and tantalum-nitride (TaN) 
thin coatings were deposited on Ti-based substrate to investigate the 
potential usage of Ti-based bipolar plates (BPPs) in proton exchange 
membrane fuel cell (PEMFC) application. The nitride coatings enhanced 
the electrochemical stability and corrosion resistance of Ti BPPs in 
accelerated corrosive conditions defined by the U.S. Department of 
Energy (DOE). Potentiodynamic polarization plots revealed a corrosion 
current density (icorr) of 0.8 µA.cm− 2 for the TaN coated substrate, 
meeting the DOE target, while the NbN coated substrate exhibited a 
significantly higher icorr of 34 µA.cm− 2, exceeding the target because of 
the enormous degradation of the coating After 6.0 h of chro
noamperometry (CA) testing at 0.2 V vs. Hg/Hg2SO4, TaN and NbN 
coating displayed current densities of 0.67 μA.cm− 2 and 7.93 μA.cm− 2, 
respectively. This comparative analysis indicates that although both 
coatings improved corrosion resistance, only TaN consistently satisfied 
the DOE requirements. When the applied voltage was increased to 0.8 V 
vs. Hg/Hg2SO4 to evaluate durability in a more oxidizing and corrosion- 
intensive condition, TaN-coated Ti BPPs exhibited excellent stability 
with a current density of ~0.06 mA.cm− 2 over 6.0 h. In contrast, NbN 
showed progressive degradation with the current density surpassing, 
0.30 mA.cm− 2. The surface morphology confirmed the superior stability 
of TaN, showing no significant surface damage, pitting, or delamination, 
while NbN coatings suffered from severe surface deterioration and 
delamination. These findings highlight TaN’s ability to form a stable 
passive layer that effectively suppresses corrosion processes. In addition, 
interfacial contact resistance (ICR) measurements confirmed the elec
trochemical results, demonstrating that TaN maintained superior con
ductivity with negligible ICR increase after corrosion tests showing 
values around 7.0 mΩ.cm2. In contrast, NbN exhibited higher ICR which 
was because of the degradation in the coating. Comparing the current 
work with the previous work using multilayer Nb/Ta coatings, shows 
that nitride of the Ta produced on the surface with magnetron sputtering 
can have equal effectiveness by using only one metallic target and with 
purging nitrogen in the system. In summary, TaN-coated Ti BPPs out
performed NbN in terms of corrosion resistance, durability, and elec
trical conductivity, meeting DOE targets. The favorable performance of 
TaN may be associated with its dense morphology, chemical stability, 
and stable passive film formation, contributing to its excellent corrosion 

resistance. Therefore, TaN is identified as a promising candidate coating 
for PEMFC bipolar plates.
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