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• The Ti/TiN/(Ta, Ti)N coating was 
deposited on TC4 though magnetron 
sputtering.

• The effects of Ti doping on coating 
structure and phase evolution were 
explored.

• The mechanisms of conductive and 
corrosion resistant in coatings were 
discussed.

• Trace Ti doping (60W) reduced coating 
porosity significantly, from 0.99 % to 
0.38 %.
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A B S T R A C T

To address the issues of inadequate corrosion resistance and electrical conductivity in titanium-based bipolar 
plates under the proton exchange membrane fuel cell (PEMFC) environment, Ti/TiN/(Ta, Ti)N multilayer 
coatings are deposited on TC4 bipolar plates using magnetron sputtering technology. This multilayer coating 
structure consists of a Ti bonding layer, a TiN transition layer, and a Ti-doped TaN outer layer. The Ti content in 
the (Ta, Ti)N layer is adjusted by altering the Ti target power, and its effect on the microstructure and perfor
mance of the coating is systematically evaluated. Results show that lower Ti target power suppresses columnar 
crystal growth in the (Ta, Ti)N layer, reducing the grain size and porosity of the coatings, which significantly 
enhances the coating’s corrosion resistance. The coating exhibits optimal corrosion resistance at a Ti target 
power of 60 W. During potentiostatic polarization at 0.6 V and 1.2 V (vs. SCE), the Ti/TiN/(Ta, Ti)N-60W coating 
demonstrates corrosion current densities as low as 8.98 × 10− 8 A/cm2 and 9.41 × 10− 7 A/cm2, respectively. 
Moreover, the increase in Ti target power promotes the formation of the highly conductive TiN phase in the (Ta, 
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Ti)N layer, lowering the interfacial contact resistance (ICR) from 6.85 mΩ cm2 to 4.22 mΩ cm2 at a compaction 
force of 140 N/cm2. These findings underscore the potential of Ti/TiN/(Ta, Ti)N multilayer coatings as promising 
functional materials for PEMFC bipolar plates, achieving a balance between superior corrosion resistance and 
enhanced electrical conductivity.

1. Introduction

Hydrogen energy, recognized as a favorable alternative to fossil fuels 
due to its non-polluting nature and diverse sources, has garnered 
extensive attention from energy researchers worldwide [1]. As a 
fifth-generation fuel cell technology, proton exchange membrane fuel 
cells (PEMFC) are characterized by compact design, low operating 
temperatures, and high energy conversion efficiencies ranging from 40 
% to 60 %, making them essential tools for hydrogen energy conversion 
[2,3]. As a critical component of the PEMFC system, the bipolar plate 
constitutes approximately 80 % of the total mass and 30 % of the overall 
cost of the fuel cell stack [4]. Its functions include gas dispersion, con
duction current collection, and series connection of individual cells, all 
of which significantly influence the performance and lifespan of the fuel 
cell [5,6]. To ensure effective operation of the PEMFC, the bipolar plate 
must exhibit excellent electrical, thermal, corrosion, and gas tightness, 
along with robust mechanical properties [7]. According to the 2025 
performance standards proposed by the U.S. Department of Energy 
(DOE) for bipolar plates, the corrosion current density must be below 1 
× 10− 6 A/cm2 in a 0.6 V (vs. SHE) cathode environment, and the 
interfacial contact resistance (ICR) must not exceed 10 mΩ cm2 under a 
compaction force of 140 N/cm2 [8]. Presently, there are three primary 
types of bipolar plate materials: graphite, composite materials, and 
metal [9–11]. Among these, metal bipolar plates offer good toughness, 
high strength, and excellent thermal and electrical conductivity, making 
them more promising choices for bipolar plate materials [12]. Currently, 
metal bipolar plate substrates can be categorized into three types: tita
nium alloys, stainless steel, and aluminum alloys [13–17]. However, 
when stainless steel undergoes corrosion in the PEMFC environment, it 
releases various harmful metal cations (Fe³⁺, Cr³⁺, Ni2⁺) into the elec
trolyte, accelerating the degradation of the membrane electrode as
sembly (MEA). Additionally, aluminum alloys exhibit even poorer 
corrosion resistance in the PEMFC environment, with a corrosion rate 
nearly ten times higher than that of stainless steel. Furthermore, 
aluminum alloys readily form passivation films on their surfaces, 
significantly compromising the service life and output efficiency of 
PEMFCs [13–15]. Compared to the other two metals, due to titanium 
alloy excellent corrosion resistance, favorable mechanical properties, 
and the low toxicity of titanium ions released in the PEMFC environ
ment, which has minimal impact on the MEA, its has increasingly 
become the preferred material for metal bipolar plate substrates [16,
17]. However, the MEA generates F− during the operation of the PEMFC, 
leading to some degree of corrosion of the titanium bipolar plate. 
Furthermore, the passive films that spontaneously form in the PEMFC 
environment increase the ICR of the titanium bipolar plate, significantly 
reducing the output efficiency and lifespan of the PEMFC [18].

To address this issue, the most commonly used approach is to modify 
the surface of the titanium bipolar plate by applying a coating that en
hances its corrosion resistance and conductivity in the PEMFC envi
ronment. These coatings encompass precious metal coatings [19,20], 
oxide coatings [21], carbon-based coatings [22,23], transition 
metal-carbon/nitride coatings [4,24], and polymer coatings [25]. 
Among these, transition metal nitride coatings exhibit excellent corro
sion resistance, high conductivity, low cost, and ease of fabrication, 
making them widely utilized as protective coatings for metal bipolar 
plates. The primary preparation method is physical vapor deposition 
(PVD), which offers higher deposition efficiency and lower costs 
compared to other technologies [26,27]. Notably, the thermal expansion 
coefficients of TiN and titanium exhibit minimal differences (0.63 %), 

promoting enhanced adhesion between the TiN coating and the titanium 
bipolar plate. Furthermore, TiN demonstrates high electrical conduc
tivity (4.55 × 106 S/m), establishing it as an ideal coating material for 
titanium bipolar plates [28–30]. Yan et al. [31] prepared TiN coatings 
optimally oriented along the (111) crystal plane on titanium surfaces 
through reactive magnetron sputtering, achieving an ICR value of only 
1.9 mΩ cm2 and a low corrosion current density of 9.1 × 10− 7 A/cm2. 
Additionally, TaN coatings exhibit excellent thermal stability, corrosion 
resistance, and a broader passivation potential range in the PEMFC 
environment, making them an increasingly preferred choice for metal 
bipolar plate coatings. Choe et al. [32] employed reactive magnetron 
sputtering to fabricate TaNx coatings on AISI 316L substrates, and the 
coatings exhibited a corrosion current density as low as 3.33 × 10− 7 

A/cm2 at 0.6 V (vs. SHE), demonstrating exceptional corrosion resis
tance. However, single-layer metal nitride coatings prepared by PVD 
often exhibit numerous defects, including pinholes, large particles, and 
columnar crystal structures. The corrosive medium can easily penetrate 
the coating through these defects, leading to localized corrosion and 
potentially causing the coating to detach. Research indicates that doping 
metal or non-metal elements into a single metal nitride coating to create 
a multi-component coating structure can effectively prevent the for
mation of these defects [33–36]. Jin et al. [33] utilized unbalanced 
magnetron sputtering to fabricate TiAlN coatings with varying Al target 
currents on an SS316L substrate. The results indicate that introducing 
the Al element effectively inhibits the typical growth trend of TiN’s 
columnar crystal structure. When the deposition current of the Al target 
is 2 A, the coating exhibits optimal corrosion resistance. Similarly, Bi 
et al. [34] employed magnetron sputtering technology to dope Al ele
ments into a CrN coating, finding that the introduction of Al refined the 
grain size of CrN, resulting in improved corrosion resistance of the CrN 
coating. However, while doping elements into the single-layer nitride 
coating can inhibit the formation of columnar crystal structures and 
pinholes, the single-layer doped coating still poses a risk of failure under 
the harsh operating conditions of PEMFC. Mani et al. [37] compared the 
corrosion resistance of CrN/CrAlN, CrN, and CrAlN coatings in the 
HT-PEMFC environment, finding that the CrN/CrAlN coating exhibited 
the best corrosion resistance, with a protection efficiency of up to 98.12 
%. Wu et al. [38] designed a TiN/TiCN multilayer coating with a 
thickness of 2 μm. The coating possesses a dense structure, and the 
corrosion current density is only 1.2 × 10− 7 A/cm2.

The analysis presented above indicates that multilayer doped coat
ings exhibit superior performance compared to single nitride coatings or 
single-doped coatings in the PEMFC environment. Consequently, this 
study aims to design a multilayer doped coating with a similar structure 
and evaluate its feasibility for titanium bipolar plate applications. It is 
well-established that TaN and TiN share analogous NaCl structures, and 
their lattice constants are very similar, allowing for the mutual substi
tution of metal atoms between the two phases. The complete miscibility 
of the TaN and TiN phases can be achieved by doping Ti into the TaN 
coating, resulting in the generate of a stable (Ta, Ti)N ternary solid so
lution phase [39,40]. Unfortunately, research on doping Ti into TaN 
coatings has primarily focused on wear resistance and hardness, with 
limited studies addressing its application in metal bipolar plate coatings. 
Therefore, in this study, magnetron sputtering were employed to deposit 
a Ti/TiN/(Ta, Ti)N multilayer composite coating on the TC4 substrate. 
This coating consisted of a Ti bonding layer, a TiN transition layer with 
superior conductivity, and a Ti-doped (Ta, Ti)N top layer exhibiting 
excellent corrosion resistance and conductivity. The influence of varying 
Ti target power on the microstructure, phase composition, and 
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properties of the Ti/TiN/(Ta, Ti)N coating was systematically 
investigated.

2. Experimental methods

2.1. Coating preparation

The experimental substrates used in this study were TC4 titanium 
alloy (Ti-6Al-4V) samples with dimensions of 15 mm × 15 mm × 1 mm, 
and single-crystal silicon wafers (001) measuring 10 mm × 10 mm × 0.5 
mm. To ensure a high-quality deposition interface, the substrates were 
sequentially ground to a mirror finish using SiC sandpaper, followed by 
polishing with 0.5 μm diamond paste. The substrates were then ultra
sonically cleaned in a mixed solution of acetone and alcohol. Finally, the 
polished samples were rinsed with distilled water and dried in a bellows 
for subsequent use.

In this experiment, thin film deposition was carried out using a high- 
vacuum multi-target magnetron sputtering system. A DC Ta target 
(99.999 %) and an RF Ti target (99.999 %) were installed in the coating 
chamber. Prior to initiating the coating process, the chamber vacuum 
was required to reach 1.5 × 10− 3 Pa, the temperature was set to 300 ◦C, 
the bias voltage was adjusted to − 50 V, and the sample holder was 
rotated at a constant speed of 8 r/min to ensure uniform deposition 
across the sample surface. During the deposition of the Ti bonding layer 
and TiN transition layer, the Ti target power was set to 200 W and 150 
W, respectively, with deposition times of 15 min and 60 min. For the 
deposition of the (Ta, Ti)N layer, the DC Ta target current was main
tained at 0.3 A, while the RF Ti target power was adjusted in 30 W in
crements, varying the Ti target power between 0 W and 150 W to 
complete over a period of 90 min. Throughout the deposition of both the 
TiN and (Ta, Ti)N layers, the mass flow rates of Ar and N₂ were 
consistently set at 17.5 sccm and 7.5 sccm, respectively. A detailed 

Fig. 1. (a) Flowchart of the coating preparation process. (b) Schematic diagram of R1 test for the samples. (c) Schematic diagram of R2 test for the samples.
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schematic of the coating preparation process is presented in Fig. 1a.

2.2. Microscopic characterization

The microstructure of the multilayer composite coating were 
examined using a VEGA3 SUB scanning electron microscope (SEM) 
operating at 15 kV. The phase composition was analyzed via a D2 
PHASER X-ray diffractometer (XRD), with data recorded across a 
diffraction angle range of 10◦–90◦ at a scanning speed of 11.43◦/min. 
The chemical states of elements in the (Ta, Ti)N layer were investigated 
using a Thermo Fisher Scientific X-ray photoelectron spectrometer 
(XPS), equipped with an Al Kα radiation source emitting at 1486.76 eV.

2.3. Electrochemical tests

The corrosion resistance of the coating was assessed using the MFT- 
EC4000 friction and wear testing apparatus manufactured by Huahui 
Company. A three-electrode configuration was adopted, where a plat
inum electrode was used as the counter electrode, a saturated calomel 
electrode (SCE) served as the reference electrode, and the coating 
sample or TC4 substrate acted as the working electrode. The sample’s 
exposed working area measured 1 cm2. The corrosion medium 
comprised 0.5 mMol/L H2SO4 and 5 mg/L HF, with air bubbling intro
duced under heating at 80 ◦C in a water bath. Before initiating the test, 
the system was stabilized for 30 min. Potentiodynamic polarization 
measurements were carried out within a potential range of − 0.6 V–1.2 V 
(vs. SCE) over a 30-min duration. Additionally, potentiostatic polariza
tion testing was conducted at 0.6 V and 1.2 V (vs. SCE) for 7200 s and 
3600 s, respectively. Electrochemical impedance spectroscopy (EIS) 
analysis covered frequencies from 105 Hz to 10− 2 Hz, with a 10 mV 
amplitude and a measurement period of 1440 s.

2.4. Interfacial contact resistance (ICR) and hydrophobicity tests

In this study, the ICR values of the samples were determined using 
the procedure described by Kumar [41]. The method involves posi
tioning the sample between two carbon paper sheets (YLS-35, TORAY, 
Japan) to simulate the contact resistance occurring between the bipolar 
plate and the diffusion layer. To reduce measurement errors, the 
opposite side of the carbon paper makes contact with a gold-plated 
copper plate. The current is maintained constant, and a pressure 
ranging from 20 N/cm2 to 200 N/cm2 is applied to the test sample by a 
universal testing machine. The resistance values under different pres
sures are then recorded. To ensure data reliability, each sample was 
measured three times and the average value was taken. Finally, the 
resistance values obtained from the measurements are substituted into 
the specified formula to calculate the ICR value of the sample [21,22]. 
Fig. 1b shows the test schematic diagram of the total resistance (R1) of 
the system when no sample is placed, with the following formula 
relationship: 

R1 =2 Rcu + Rcp + 2 Rcu/cp (1) 

Here, Rcu represents the resistance value of the gold-plated copper plate, 
Rcp represents the resistance value of the carbon paper, and Rcu/cp rep
resents the contact resistance between the gold-plated copper plate and 
the carbon paper. Fig. 1c shows the test schematic diagram of the total 
system resistance (R2) after placing the sample, with the following for
mula relationship: 

R2 =2 Rcu + 2 Rcp + 2 Rcp/sam + Rsam + 2 Rcu/cp (2) 

here, Rsam represents the resistance of the sample itself, while Rcp/sam is 
the contact resistance between the carbon paper and the sample. 
Therefore, Rcp/sam can be obtained using the following formula: 

R2 − R1 = 2 Rcp/sam + Rsam + Rcp (3) 

Since the resistance of the TC4 substrate and carbon paper itself is 
much smaller than the total resistance R2, it can be neglected in the 
calculation, allowing the following simplified formula: 

Rcp/sam =0.5 (R2 − R1) (4) 

Finally, the calculated Rgdl/sam value is multiplied by the contact area 
(A) between the sample and the carbon paper to determine the ICR value 
of the sample: 

ICR=Rcp/sam × A (5) 

The hydrophobicity of the samples was evaluated with a contact 
angle tester (model JC2000C). Measurements were conducted at three 
randomly chosen points on the sample surface, and the water contact 
angles were recorded. For accuracy, the average of these three mea
surements was used as the final water contact angle of the sample.

3. Results and discussion

3.1. Morphology of coatings

Fig. 2 presents the SEM images showcasing the surface and cross- 
sectional microstructures of the coating samples. From the surface 
topography (Fig. 2a–f), it is evident that the coating surface becomes 
smooth and dense with a small amount of Ti doping, and no significant 
defects such as holes are observed. However, when the Ti target power 
exceeds 60 W, the porosity of the coating surface increases. This increase 
is attributed to the higher Ti target power, which introduces more 
stresses and defects, subsequently raising the defect density of the 
coating. From the cross-sectional morphology (Fig. 2g–l), each film 
appears continuous, dense, and well-bonded to the interface. Because of 
the brief deposition duration of the Ti seed layer, only the TiN and (Ta, 
Ti)N layers are visible in the cross-sectional images. Under undoped 
conditions, the TaN layer reveals a characteristic columnar crystal 
morphology, while TiN layer displays a dense and uniform structure, 
reflecting the differing deposition characteristics of DC and RF magne
tron sputtering. As the Ti target power increases, the density of the cross- 
sectional columnar structure of the (Ta, Ti)N layer gradually increases, 
while the morphology of the columnar crystalline structure diminishes, 
with the suppression of the columnar crystal structure being most pro
nounced at a Ti target power of 60 W. Conversely, after exceeding 60 W, 
the columnar crystal structure of the (Ta, Ti)N layer becomes more 
pronounced. This occurs because, at higher Ti target power, excessive 
accumulation of the TiN phase in the (Ta, Ti)N layer causes the coating 
grains to grow perpendicular to the substrate, resulting in a more pro
nounced columnar crystal structure. Thus, trace amounts of Ti can 
effectively reduce the surface roughness of the coating and weaken the 
columnar crystal structure of the (Ta, Ti)N layer, thereby increasing the 
compactness of the coating. However, excessive Ti leads to an increase 
in surface pores and promotes the growth of thick columnar crystals. 
Furthermore, the thickness of the (Ta, Ti)N layer initially increases from 
414 nm (0 W) to 469 nm (60 W) before decreasing to 322 nm (150 W) as 
the Ti target power rises. This behavior is due to increased collisions 
between Ti and Ta particles at higher power, resulting in fewer particles 
being deposited on the substrate and a reduced growth rate of the 
coating [39].

3.2. Phase composition

Fig. 3a presents the XRD spectra of different Ti/TiN/(Ta, Ti)N 
coatings. Owing to the comparable lattice parameters of TiN and TaN, 
their diffraction peaks exhibit significant overlap. Apart from the 
diffraction peaks observed at 2θ angles of approximately 35.5◦, 41.5◦, 
60◦, and 76◦, all other peaks originate from the TC4 substrate. Upon 
doping with Ti in the TaN layer, the diffraction peak corresponding to 
the (200) crystal plane disappears, while the peak for the (111) crystal 
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plane is enhanced with increasing Ti target power. This observation 
indicates the formation of a ternary solid solution phase (Ta, Ti)N with a 
rock salt structure [42,43]. Furthermore, the intensity of the (111) 
crystal plane’s diffraction peak is significantly stronger than that of 
other crystal planes, suggesting that the (Ta, Ti)N phase preferentially 
grows along the (111) direction, which can be attributed to the lowest 
strain energy associated with this plane. It is worth noting that the 
diffraction peak of the (111) crystal plane gradually shifts to a lower 2θ 
angle with the Ti target power rises. This shift may result from the 
replacement of Ta atoms by Ti atoms in the TaN lattice, causing local 
distortion and stress accumulation. To relieve this stress, the lattice 
slightly expands, leading to a low-angle shift of the diffraction peak [44,
45]. To confirm this conclusion, the lattice parameters of the coating 
samples were calculated using the Bragg equation: 2dsinθ = λ, based on 
the (111) and (200) peak positions from the XRD patterns, as shown in 

Fig. 3b. The lattice parameters of the coating samples gradually 
increased from 4.33 Å to 4.38 Å as rising Ti target power, indicating that 
the lattice of the TaN phase was distorted following the introduction of 
the Ti element, and that the lattice parameters of the (Ta, Ti)N phase are 
related to the Ti content [39]. Moreover, the full width at half maximum 
(FWHM) of the coating samples was calculated from the position of the 
(111) peak in the XRD patterns, as depicted in Fig. 3c. The analysis re
veals that the FWHM of the doped samples is notably greater than that of 
the undoped ones, suggesting that the introduction of Ti elements re
duces the grain size of the (Ta, Ti)N phase and enhances the compactness 
of the coatings.

Fig. 2. SEM microstructure of coatings under different Ti target powers: (a, g) 
0 W. (b, h) 30 W. (c, i) 60 W. (d, j) 90 W. (e, k) 120 W. (f, l) 150 W.

Fig. 3. (a) XRD comparison of samples. (b) lattice parameter change of sam
ples. (c) variation of the full width of half peaks of samples. (d) XPS spectrum of 
Ti2p. (e) XPS spectrum of Ta4f. (f) XPS spectrum of N1s.
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3.3. Chemical state

To explore the chemical composition and bonding state of the (Ta, 
Ti)N layer, high-resolution XPS spectra of Ti 2p, Ta 4f, and N 1s were 
collected (Fig. 3d–f). All spectra were fitted using XPSpeak 4.1 software, 
with Lorentzian and Gaussian curves set to 20 % and 80 %, respectively. 
Three chemical bonds Ti-N, Ti-N-O, and O-Ti-O were identified in the Ti 
2p spectrum (Fig. 3d), with the O element primarily derived from 
adsorption in the air [46]. The Ti 2p spectrum consists of Ti 2p3/2 and Ti 
2p1/2 peaks, located within binding energy ranges of 453 eV–460 eV 
and 460 eV–470 eV, respectively. The Ti 2p3/2 peak at 454.5 eV and the 
Ti 2p1/2 peak at 461.5 eV confirm the presence of the Ti-N bond. In the 
Ta 4f spectrum (Fig. 3e), two chemical bonds Ta-N and Ta-O were 
detected. The Ta 4f spectrum is characterized by two peaks, Ta 4f7/2 
and Ta 4f5/2, which are located at 23.6 eV and 25.5 eV, respectively, 
with a peak separation of 1.9 eV [47,48]. The introduction of Ti element 
results in a shift of the Ta 4f XPS peak towards higher binding energies. 
This is due to that the electronegativity of Ti (1.54) is slightly larger than 
that of Ta (1.5), and the addition of Ti attracts electrons around Ta, 
thereby reducing the shielding effect on the inner electrons [49]. In the 
N 1s spectrum (Fig. 3f), two chemical bonds N-O and N-metal were 
observed at 397.4 eV and 396 eV, respectively, and the presence of 
N-metal bonds confirms the formation of metal nitrides.

The internal area ratios of different bonds in the Ti 2p, Ta 4f, and N 1s 
spectra were calculated based on the fitted high-resolution XPS spectra. 
The proportion of Ti-N bonds increases from 15.6 % to 26.2 % with the 
Ti target power rises from 30 W to 150 W, demonstrating that higher Ti 
target power facilitates the formation of Ti-N bonds within the (Ta, Ti)N 
layer. Furthermore, when the Ti target power rises from 0 W to 150 W, 
the proportion of Ta-N bonds decreases from 38.2 % to 32.5 %, while the 
proportion of Ta-O bonds increases from 61.8 % to 67.5 %. This change 
can be attributed to the introducing of Ti element, which reduces the 
likelihood of reactions between N atoms and Ta atoms, resulting in more 
O atoms from the air reacting with tantalum to form Ta-O bonds. 
Additionally, N 1s spectrum analysis shows that with increasing Ti 
target power, the proportion of N-metal bonds in the (Ta, Ti)N layer rises 
from 18 % to 24 %, indicating that the growth rate of Ti-N bond for
mation is greater than the rate of decrease in Ta-N bonds.

3.4. Electrochemical tests

3.4.1. Potentiodynamic polarization results
Fig. 4a illustrates the potentiodynamic polarization curves of the 

samples, which are divided into three regions: cathode, anode, and 
passivation. The Tafel extrapolation method was employed to fit the 
polarization curves, and the corresponding electrochemical parameters 
are presented in Table 1. Since the corrosion potential of TiN is lower 
than that of TaN in the acidic environment of PEMFC, the corrosion 
potential (Ecorr) of the coating samples decreases from − 0.007 V to 
− 0.175 V after Ti doping in the TaN layer. Nevertheless, the corrosion 
potentials of all coated samples remain higher than that of bare TC4 
(− 0.197 V), demonstrating the coatings’ favorable chemical stability in 
the PEMFC acidic environment [50]. Notably, the corrosion current 
densities (Icorr) of the doped samples were 4.77 × 10− 8 A/cm2, 4.26 ×
10− 8 A/cm2, 4.86 × 10− 8 A/cm2, 6.25 × 10− 8 A/cm2, and 8.74 × 10− 8 

A/cm2, all of which were lower than that of the undoped sample (9.84 ×
10− 8 A/cm2). This indicates that doping Ti into the TaN layer signifi
cantly improves the overall corrosion resistance of the coating [51]. 
Among them, the corrosion current density of the Ti/TiN/(Ta, Ti)N-60W 
sample is only 4.26 × 10− 8 A/cm2, significantly lower than the 2025 
standard proposed by the DOE, and demonstrating excellent corrosion 
resistance and chemical stability. This phenomenon arises because, the 
morphology of the columnar crystal structure of the (Ta, Ti)N layer 
becomes indistinct, and the smallest grain size of the coating at a Ti 
target power of 60 W. This dense structure reduces the likelihood of 
corrosive media (H⁺, SO4

2− , and F⁻) penetrating the matrix, thereby 

effectively protecting the TC4 substrate.

3.4.2. Potentiostatic polarization results
Since corrosion predominantly occurs on the cathode side of the 

PEMFC, the higher potential in this region tends to accelerate the 
corrosion rate of the coating by corrosive ions (H+, SO4

2− , and F− ) [5]. 
Hence, studying the long-term corrosion resistance of coated bipolar 
plates in the PEMFC cathode environment is essential. Fig. 4b presents 
the polarization curve of the samples at 0.6 V (vs. SCE) for 7200 s in a 
simulated PEMFC cathode environment. The corrosion current density 
of all coated samples dropped rapidly initially and then stabilized, 
indicating that the passive film on the coating surface was stable and 
resistant to damage in acidic conditions. In contrast, the slope of the 
curve for bare TC4 increased after a period of polarization, indicating 
that the initially formed passive film was insufficiently dense. As po
larization time increases, the curve gradually levels off due to the 
reformation of the surface passive film. Fig. 4c illustrates the corrosion 
current density values (I0.6V) for all samples. The I0.6V decreases steadily 
with increasing Ti target power, reaching a minimum of 8.98 × 10− 8 

A/cm2 at 60 W. When Ti target power exceeds 60 W, the I0.6V gradually 
rises to 1.39 × 10− 7 A/cm2 but remains lower than the undoped sam
ple’s value of 3.84 × 10− 7 A/cm2.

The PEMFC generates a high potential (0.9–1.1 V (vs. SCE)) during 
the vehicle’s start and shutdown processes, which accelerates the 
degradation of the bipolar plate [52,53]. However, during the process, a 
transient cathode high potential duration of approximately 10 ms was 
observed on the bipolar plate surface. According to road operation data, 
fuel cell vehicles can start and stop up to 38,500 times within 5000 h of 
operation, with a cumulative duration of only 385 s. Therefore, this 
study investigated the long-term durability of the coating sample by 
polarizing at 1.2 V (vs. SCE) for 3600 s, which fully met the test stan
dards. Fig. 4d illustrates the potentiostatic polarization curve of the 
coating samples at 1.2 V (vs. SCE). Notably, the Ti/TiN/(Ta, Ti)N-60W 
sample exhibits the fastest passivation response, indicating that this 
coating is the most stable in a cathodic environment at 1.2 V (vs. SCE). 
However, the slope of the corrosion current density curve for the 
undoped sample increases slightly during the later stages of polariza
tion, indicating that the undoped sample exhibits poor stability at a 
potential of 1.2 V (vs. SCE). Additionally, several samples exhibited 
numerous spikes in their corrosion current density curves during po
larization, which represent unstable fluctuations resulting from inho
mogeneous corrosion due to pores and pinholes within the coating. 
Fig. 4e shows the corrosion current density value (I₁.₂V) of the coating 
samples after the curve stabilizes. As the Ti target power increases, the 
I1.2V of the coating samples initially decreases from 2.54 × 10− 6 A/cm2 

(0 W) to 0.941 × 10− 6 A/cm2 (60 W) before subsequently increasing to 
1.61 × 10− 6 A/cm2 (150 W). It is worth noting that the corrosion current 
density of the Ti/TiN/(Ta, Ti)N-60W sample was the lowest (0.941 ×
10− 6 A/cm2), indicating that this sample possesses superior resistance to 
high potential corrosion at 1.2 V (vs. SCE), while other samples remain 
susceptible to failure.

Fig. 4f–k illustrates the surface micro-morphology of the samples 
after potentiostatic polarization at 1.2 V (vs. SCE) for 3600 s. A signif
icant number of localized corrosion dark zones were observed on the 
surface of the undoped sample, where the coating suffered severe 
damage (Fig. 4f). This is attributed to the highly developed columnar 
crystal structure of the TaN layer (Fig. 2g), which provides a large 
number of channels for the invasion of corrosive media, resulting in 
severe localized corrosion. As the Ti target power increases, these 
corrosion dark zones decrease significantly, and the corrosion traces on 
the surface of the coating become less pronounced at a Ti target power of 
60 W (Fig. 4h). This phenomenon can be attributed to the relatively 
dense coating structure at a Ti target power of 60 W, which effectively 
minimizes the immersion of corrosive media, thereby providing 
adequate protection for the substrate. However, at Ti target powers of 
120 W and 150 W, noticeable pitting defects appear on the sample’s 
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Fig. 4. (a) potentiodynamic polarization curves. (b) potentiostatic polarization curves (0.6 V vs. SCE). (c) Stabilized corrosion current density (0.6 V vs. SCE) (d) 
potentiostatic polarization curves (1.2 V vs. SCE). (e) Stabilized corrosion current density (1.2 V vs. SCE). SEM surface morphology of the sample after potentiostatic 
polarization at 1.2 V (vs. SCE): (f) 0 W. (g) 30 W. (h) 60 W. (i) 90 W. (j) 120 W. (k) 150 W.
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surface, significantly larger than those observed prior to corrosion 
(Fig. 4j and k). This may be attributed to the accumulation of corrosive 
media within these pits, exacerbating the degree of erosion. Further
more, higher Ti target powers can induce nano-galvanic corrosion 
within the (Ta, Ti)N layer, which accelerates both the corrosion and 

detachment of the coating, resulting in larger pitting defects. The pri
mary cause of this nano-galvanic corrosion is the differing electro
chemical activities of TiN and TaN within the (Ta, Ti)N layer. Under 
standard electrode potential conditions, TiN has a relatively negative 
potential, while TaN has a relatively positive potential, creating a po
tential difference between the two phases. When the coating contains 
both TiN and TaN phases, nano-scale galvanic couples can form at their 
interface, leading to severe local corrosion upon the invasion of corro
sive media [54,55]. Additionally, higher Ti target power promotes the 
localized enrichment of TiN phase within the (Ta, Ti)N layer, further 
increasing the potential difference between TiN and TaN. At the same 
time, it leads to the formation of a Ti matel phase in the coating that does 
not undergo nitridation, which matel phase also forms a galvanic couple 
with TiN and TaN, thereby aggravating the degree of galvanic corrosion.

3.4.3. EIS tests
To further investigate the corrosion behavior of the samples in the 

PEMFC environment, electrochemical impedance spectroscopy (EIS) 
was employed for analysis. The Nyquist plot (Fig. 5a) reveals that all 
samples exhibit two distinct capacitive semicircles. Among them, the 
size of the capacitive semicircle in the low-frequency region correlates 
with the charge transfer resistance value. A larger semicircle diameter 
indicates a lower corrosion rate of the coating. Compared with the 

Table 1 
Electrochemical parameters of samples.

Samples Ecorr/V (vs. 
SCE)

Icorr/ 
A⋅cm− 2

βa/ 
V⋅dec− 1

βc/ 
V⋅dec− 1

Bare TC4 − 0.197 3.68 ×
10− 6

0.488 0.257

Ti/TiN/(Ta,Ti)N-0W − 0.07 9.84 ×
10− 8

0.166 0.1

Ti/TiN/(Ta,Ti)N- 
30W

− 0.151 4.77 ×
10− 8

0.132 0.168

Ti/TiN/(Ta,Ti)N- 
60W

− 0.175 4.26 ×
10− 8

0.157 0.182

Ti/TiN/(Ta,Ti)N- 
90W

− 0.16 4.86 ×
10− 8

0.15 0.180

Ti/TiN/(Ta,Ti)N- 
120W

− 0.105 6.25 ×
10− 8

0.158 0.164

Ti/TiN/(Ta,Ti)N- 
150W

− 0.12 8.74 ×
10− 8

0.157 0.184

Fig. 5. (a) nyquist plot. bode plot for (b) frequency-|Z| and (c) frequency-phase angle. (d) equivalent circuits.
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undoped sample, the capacitive semicircle diameter of the Ti-doped 
sample is significantly larger in the low-frequency region, indicating 
that doping Ti in the TaN layer markedly enhances the corrosion resis
tance of the coating [56]. In general, the low-frequency, mid-frequency, 
and high-frequency regions of the Bode diagram correspond to the 
contact characteristics between the coating and the substrate, the 
corrosion behavior within the coating, and the contact characteristics 
between the coating and the corrosive medium, respectively [57]. The 
frequency-phase angle diagram (Fig. 5c) shows that the Ti-doped sample 
exhibits a broader frequency range in the mid-frequency and 
low-frequency regions, with a significantly higher maximum phase 
angle compared to the undoped sample, which indicating that doping Ti 
in the TaN layer enhances the chemical stability of the coating [58]. 
Furthermore, as the Ti target power increases, the phase angle in the 
low-frequency region initially rises and then declines, indicating that the 
tendency for local microporous corrosion of the coating decreases first 
and then increases with increasing Ti target power. Notably, the 
Ti/TiN/(Ta, Ti)N-60W sample exhibits the largest |Z| value and phase 
angle in the low-frequency region, as well as the widest peak in both the 
low- and mid-frequency regions (Fig. 5b–c), indicating that the 
Ti/TiN/(Ta, Ti)N-60W sample possesses excellent passivation properties 
and corrosion resistance.

To provide a more intuitive assessment of the coating’s corrosion 
resistance, the EIS data for all samples were fitted using Zview 3.3 
software. The Nyquist and Bode plots reveal that all samples exhibit two 
independent time constants in the frequency domain, indicating that 
they share similar corrosion behavior. Consequently, an equivalent 
circuit model with dual time constants was employed to simulate the 
impedance characteristics of bare TC4 and coated samples (Fig. 5d). Rct, 
Rc, and Rs represent the charge transfer resistance, the resistance of 
corrosion products, and the solution resistance between the coating and 
the SCE, respectively, while Qct and Qc denote the double-layer capac
itance and the capacitance of corrosion products, respectively [59,60]. 
Table 2 presents the electrochemical parameters derived from fitting the 
data by Zview 3.3 software. The Rct value is significantly greater than 
the Rc value, indicating that the impedance of the coating is primarily 
influenced by the Rct value. The Rct value is associated with the diffusion 
resistance of corrosive ions and indicates the ability to prevent the 
dissolution of metal ions. The table indicates that the Rct value of the 
doped coating is significantly higher than that of the undoped coating. 
Notably, the TiN/(Ta, Ti)N-60W sample exhibits the highest Rct value of 
1.04 × 106 Ω cm2, indicating that the coating provides the greatest 
resistance to corrosive ion transfer and offers superior protection to the 
substrate, aligning with the findings from previous analyses. Addition
ally, the Rct value is typically related to the porosity of the coating. A 
larger Rct value indicates higher coating integrity and lower porosity, 
while a smaller Rct value suggests a coating with more pores or defects. 
Therefore, the porosity (P) of the coating can be indirectly determined 
from the Rct value obtained by fitting the EIS data [61]: 

P= 100% ×

(
Rcts

Rctc

)

(6) 

Among them, Rcts and Rctc represent the charge transfer resistance 
values of bare TC4 and coating samples, respectively. Table 2 shows that 
as the Ti target power increases, the porosity of the doped sample 

decreases from 0.50 % to 0.38 % before subsequently increasing to 0.77 
%, remaining consistently lower than that of the undoped sample (0.99 
%). The reduction in the porosity of the coating indicates that doping the 
Ti element into the TaN layer enhances the coating’s compactness, 
thereby improving its corrosion resistance.

3.5. ICR and hydrophobicity tests

The bipolar plate in the PEMFC serves to collect and conduct current, 
a higher ICR increases power loss and reduces electron transfer effi
ciency, which negatively impacts the output efficiency of the PEMFC 
[62,63]. Fig. 6a depicts the relationship curve between the ICR value 
and the compaction force for the fresh sample. At the initial stage of 
pressurization, all samples exhibit a rapid decrease in ICR, attributed to 
an increased effective contact area between the specimen and the carbon 
paper, which facilitates greater electron conduction. As compaction 
force continues to increase, the ICR curves of all specimens decrease 
more gradually as near-complete contact is achieved between the 
specimens and the carbon paper. Fig. 6b illustrates the ICR values of all 
samples before and after polarization, measured at the standard as
sembly pressure of the PEMFC (140 N/cm2). Initially, the ICR value of 
bare TC4 is the highest, reaching 98.25 mΩ cm2, which is attributed to 
the spontaneous formation of a passivation film on its surface. Addi
tionally, the ICR values of the doped samples are significantly lower than 
those of the undoped sample. As Ti target power increases, the ICR value 
of the coated samples decreases from 6.85 mΩ cm2 to 4.22 mΩ cm2. The 
enhancement in the conductivity of the coating following Ti doping can 
be attributed to two key factors. Firstly, Ti doping reduces the grain size 
of the coating, providing more electron transmission pathways and thus 
enhancing conductivity. Secondly, Ti doping increases the proportion of 
the TiN phase (with a conductivity of 4.55 × 106 S/m) while decreasing 
the proportion of the TaN phase (with a conductivity of 105–106 S/m), 
resulting in improved overall conductivity [64].

Notably, at 0.6 V (vs. SCE), the ICR value of the coating samples 
gradually decreased from 9.68 mΩ cm2 to 6.87 mΩ cm2 as the Ti target 
power increased. The ICR values showed no significant change after 
polarization, confirming that the coating maintained high conductivity 
at this potential. However, at 1.2 V (vs. SCE), as Ti target power in
creases, the ICR value of the coating decreased from 54.26 mΩ cm2 (0 
W) to 42.58 mΩ cm2 (60 W), and then rising again to 52.38 mΩ cm2 

(150 W). As Ti target power increases from 0 W to 60 W, the coating 
structure becomes denser, reducing corrosion and thus decreasing the 
ICR value. When the Ti target power exceeds 60 W, the reduction in the 
conductivity of the coating is primarily attributed to the increased TiN 
content in the (Ta, Ti)N layer, which leads to a higher formation of 
TiNxOy due to oxidation [49].

Water generated during the operation of the PEMFC accumulates in 
the flow channel of the bipolar plate. If not promptly removed, this 
water adheres to the bipolar plate, exacerbating its deterioration, thus 
studying the hydrophobicity of the coating is essential [65,66]. The 
hydrophobicity of a coating is typically characterized by the water 
contact angle, and Fig. 7 illustrates the water contact angles of all 
samples. It is worth noting that the bare TC4 exhibits the smallest water 
contact angle (66.6◦), indicating poor hydrophobicity, which attributed 
to the significant presence of polar Ti-O bonds on its surface [67]. 

Table 2 
Equivalent circuit fitting parameters of the sample.

Sample Rs (Ω⋅cm2) Rc (Ω⋅cm2) Qc (F⋅cm2) Nc Rct (Ω⋅cm2) Qct (F⋅cm2) Nct P

Bare TC4 5.61 1.71 × 103 1.55 × 10− 9 0.925 3.95 × 103 1.13 × 10− 4 0.891 /
Ti/TiN/(Ta,Ti)N-0W 5.34 1.6 × 103 2.29 × 10− 9 0.977 4.01 × 105 8.24 × 10− 5 0.941 0.99 %
Ti/TiN/(Ta,Ti)N-30W 5.56 2.1 × 103 8.99 × 10− 9 0.977 7.96 × 105 7.71 × 10− 5 0.975 0.50 %
Ti/TiN/(Ta,Ti)N-60W 5.27 1.17 × 103 3.6 × 10− 9 0.934 1.04 × 106 5.69 × 10− 5 0.982 0.38 %
Ti/TiN/(Ta,Ti)N-90W 5.15 1.08 × 103 5.99 × 10− 9 0.904 7.31 × 105 4.48 × 10− 5 0.964 0.54 %
Ti/TiN/(Ta,Ti)N-120W 5.46 1.54 × 103 1.82 × 10− 9 1 6.46 × 105 5.11 × 10− 5 0.952 0.61 %
Ti/TiN/(Ta,Ti)N-150W 5.18 1.47 × 103 3.19 × 10− 9 0.96 5.13 × 105 6.31 × 10− 5 0.944 0.77 %
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Compared to the undoped samples, the water contact angles of the 
doped samples exceed 100◦. Notably, the Ti/TiN/(Ta, Ti)N-60W sample 
exhibits the highest water contact angle of 105.4◦, demonstrating 
excellent hydrophobic properties. The enhanced hydrophobicity of the 
coating results from the interplay between its surface composition and 
structure. Doping the Ti element refines the grain size of the coating, 
thereby enhancing its compactness. Moreover, the introduction of the Ti 
element increases the proportion of N-metal bonds in the (Ta, Ti)N layer, 
reducing the surface energy of the coating, minimizing its contact area 
with the corrosive electrolyte, and ultimately enhancing the service life 
of the bipolar plate.

3.6. Anti-corrosion mechanism

At 0.6 V (vs. SCE), both TaN and TiN exhibit strong corrosion 
resistance, meaning that the coating’s overall resistance to corrosion at 
this potential is primarily determined by its microstructure [31,32]. In 
the previous 0.6 V (vs. SCE) potentiostatic tests, the corrosion current 
density decreased from 3.84 × 10− 7 A/cm2 (0 W) to 8.98 × 10− 8 A/cm2 

(60 W), but then increased to 1.39 × 10− 7 A/cm2 (150 W) as the Ti 
target power rise. The columnar crystal structure of the (Ta, Ti)N layer 
becomes more compact, and the grain size decreases as the Ti target 
power increases from 0 W to 60 W. This denser structure effectively 
blocks the penetration of corrosive media into the intermediate layer 
and substrate, offering enhanced protection for the TC4 substrate. As for 
the coating structure becomes porous and the risk of galvanic corrosion 
increases when the Ti target power exceeds 60 W, leading to a slight 

increase in corrosion current density, but due to the excellent chemical 
stability of TaN and TiN under 0.6 V (vs. SCE) potential, ensure the 
corrosion current density remains below the 2025 DOE performance 
standard.

Due to the lower chemical stability of TiN compared to TaN at the 
high potential of 1.2 V (vs. SCE), TiN is more susceptible to oxidation 
and dissolution in the PEMFC environment [49]. As a result, the 
corrosion resistance of the coating is primarily influenced by its chem
ical composition and microstructure. In the previous 1.2 V (vs. SCE) 
potentiostatic test, as Ti target power increased, the corrosion current 
density of the coating decreased from 2.54 × 10− 6 A/cm2 (0 W) to 9.41 
× 10− 7 A/cm2 (60 W), and then increased to 1.61 × 10− 6 A/cm2 (150 
W). Without doping, the TaN layer has a loose structure, allowing cor
rosive medium easily penetrate and react with the TiN layer, forming 
TiNxOy (Equ. 7) [49]. However, TiNxOy dissolves in the presence of F⁻ 
and H⁺ ions from the corrosive medium in an acidic environment (Equ. 
8) [68], eventually leading to coating failure (Fig. 8a). With a small 
amount of Ti doping (60 W), due to in direct contact with the corrosive 
medium, the TiN phase on the surface undergoes oxidation and disso
lution. However, its content in the (Ta, Ti)N layer is low, and the denser 
structure of the (Ta, Ti)N layer slows down the corrosion process 
(Fig. 8b). However, excessive Ti doping (150 W) results in a loose 
structure of the (Ta, Ti)N layer, accompanied by an increase in the TiN 
content. On one hand, the increase in TiN content intensifies the 
oxidative dissolution of the TiN phase. On the other hand, the TiN phase, 
acting as the anode, undergoes severe nano-galvanic corrosion at high 
potential, accelerating its oxidative dissolution and resulting in an 

Fig. 6. (a) ICR values of bare TC4 and coated samples at various Ti target powers. (b) ICR values of the coating samples before and after corrosion at a compaction 
force of 140 N/cm2.

Fig. 7. Water contact angle of the samples: (a) Bare TC4. (b) 0 W. (c) 30 W. (d) 60 W. (e) 90 W. (f) 120 W. (g) 150 W.
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increase in corrosion current density (Fig. 8c). 

TiN+((y − 1) /2)O2 + H2O = TiNxOy + ((1 − x) /2)N2 + H2 (7) 

TiNxOy +6F− + (4x+2y)H+ = [TiF6]
2−

+ xNH4+ + yH2O (8) 

In this work, Ti doping in the Ti/TiN/(Ta, Ti)N coating enhanced its 
density and facilitated the formation of a highly conductive TiN phase, 
thereby significantly improving its corrosion resistance and electrical 
conductivity. Compared to most metal nitride coatings, this coating 
demonstrates superior performance and holds significant potential for 
application as a protective layer for metal bipolar plates (Fig. 8d).

4. Conclusion

This study examines the effect of Ti target power on the micro
structure, corrosion resistance, conductivity, and hydrophobicity of Ti/ 
TiN/(Ta, Ti)N coatings. The primary conclusions are as follows: 

(1) The (Ta, Ti)N phase was formed following the doping of Ti into 
the TaN layer, with the proportion of nitride content in the 
coating gradually increasing as the Ti target power rises. Lower of 
Ti target power (<60 W) inhibits the formation of the columnar 
crystal structure of the coating, reduces the grain size, and in
creases its thickness. However, higher of Ti target power (>120 

Fig. 8. Corrosion mechanism of coating: (a) Undoped sample. (b) 60 W doped sample. (c) 150 W doped sample. (c) Comprehensive comparison of Icorr and ICR 
values of metal nitride coatings reported in this work and in recent years [7,27,34,69–76].
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W) promotes the development of the columnar crystal structure 
and decreasing the coating’s thickness.

(2) The Ti/TiN/(Ta, Ti)N-60W sample exhibits a low corrosion cur
rent density of 4.26 × 10− 8 A/cm2, with corrosion current den
sities of only 8.98 × 10− 8 A/cm2 and 9.41 × 10− 7 A/cm2 

observed in the potentiostatic polarization tests at 0.6 V (vs. SCE) 
and 1.2 V (vs. SCE), respectively.

(3) The ICR value of the coating decreases from 6.85 mΩ cm2 to 4.22 
mΩ cm2 as the Ti target power increases a a compaction force of 
140 N/cm2, thereby meeting the 2025 DOE standard. Further
more, the Ti/TiN/(Ta, Ti)N-60W sample demonstrates the largest 
water contact angle of 105.4◦, indicating excellent 
hydrophobicity.
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