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Abstract: Coatings with strong corrosion resistance and high electrical conductivity on bipolar plates are urgently required for large-
scale applications of proton exchange membrane water electrolysis (PEMWE). High-performance TaTiN coatings were fabricated via
magnetron sputtering. Results show that TaTiN coatings with preferred (111) planes and refined grains show higher corrosion
resistance and better electrical conductivity. On the one hand, the closely-packed (111) plane favors a dense texture; moreover, grain
refinement can smooth the surface and facilitate the formation of a continuous, compact passive layer, thereby improving corrosion
resistance. On the other hand, the small lattice mismatch between TaTiN (111) and Ti (0001) enhances interfacial bonding and thus
electrical conductivity across the interface, resulting in lower interfacial contact resistance (ICR). The optimized TaTiN coating shows
a low corrosion current density of 6.56x10”7 A-cm™ and an ICR of 9.11 mQ-cm?’, indicating the strong potential of TaTiN coatings to
protect metallic bipolar plates in PEMWE systems.
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1 Introduction

Hydrogen energy represents a promising candidate for
clean energy applications, owing to its high energy density
and zero carbon emissions. Proton exchange membrane water
electrolysis (PEMWE) is a key technology for hydrogen
production via renewable energy, capitalizing on its excellent
dynamic response and broad load adaptability . Bipolar
plates (BPs), a key component of PEMWE cells, conduct
current, provide structural support, and remove residual
water®®. Typically, BPs operate under harsh conditions,
including strongly acidic electrolytes (pH<3), high potentials
(1.5-2 V), and elevated temperatures (70—80 °C). Consequently,
BPs must exhibit both high corrosion resistance and excellent
electrical conductivity. Surface modification is a main strategy
to enhance these two properties”""!. Precious metal coatings

Received date: February 06, 2026

(Pt, Ag, Au, etc) can protect Ti BPs because of their
outstanding corrosion resistance and electrical conductivity.
Nevertheless, their high cost has spurred the search for
alternative materials, leading to considerable attention to
transition metal nitrides'*"”. For example, Choe et al'"® prepared
TaN_ coatings on 316L stainless steel by magnetron sputtering,
) of 0.333 pA-cm™
and a low interfacial contact resistance (ICR) of 11 mQ-cm’.

with a low corrosion current density (7,
Sun et al” prepared a single §-NbN coating on Ti BPs by
magnetron sputtering, with 7 down to 0.011 pA-cm™
However, the ICR values are still higher than the U. S.
Department of Energy requirement (ICR<10 mQ -cm’)™. TaN
and TiN have the same crystal structure and similar lattice
constant; as a result, Ta and Ti can replace each other in the
TaTiN solid solution™. This intrinsic compatibility offers two
key advantages for the TaTiN coatings on Ti substrates. First,
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the small lattice mismatch between TaTiN and Ti substrates
enhances the bonding strength of the TaTiN coatings on Ti
substrates”'!, improving interfacial electrical conductivity and
reducing the ICR wvalue. Second, this multi-component
structure can refine the grains and promote the formation of a
continuous, compact passive layer, improving corrosion
resistance.

In this study, TaTiN coatings were fabricated on Ti
substrates by magnetron sputtering. The N,/Ar flow ratio,
deposition pressure, and substrate temperature were
optimized; the electrical conductivity, corrosion resistance,
and hydrophobicity were
influences of the process parameters and the mechanism were

discussed in detail.

evaluated. Accordingly, the

2 Experiment

2.1 Preparation of TaTiN coatings on Ti substrates

TA1 titanium substrates (15 mmx15 mmx1 mm) were
ground with 400# — 5000# SiC sandpaper, then mirror-
polished, and finally ultrasonically cleaned in anhydrous
ethanol for 30 min. TaTiN coatings were deposited on
polished Ti substrates by co-sputtering Ta and Ti targets
(purity of 99.99% and ©@=50 mm) under nitrogen and argon
sputtering gas. The Ta target was powered by a radio-
frequency source at 100 W, and the Ti target was powered by
a direct current source at 80 W. Following chamber
evacuation to a base pressure (6.8x10™ Pa), a 15-min pre-
sputtering process was conducted before deposition to
eliminate surface impurities. Table 1 summarizes the detailed
coating fabrication parameters.

2.2 Characterization of TaTiN coatings

Surface and cross-sectional microstructures were characterized
by a field-emission scanning electron microscope (SEM, JSM-
7001F). We determined the mean grain size from statistically
significant grain populations in SEM micrographs using
Imagel] and averaged three measurements. We characterized

Table 1 Deposition parameters of TaTiN coatings

Working N,:Ar )
Sample . Temperature/°C  Time/h
pressure/Pa  flow ratio
N-3:30 0.90 3:30 200 1.5
N-4:30 0.90 4:30 200 1.5
N-5:30 0.90 5:30 200 1.5
N-6:30 0.90 6:30 200 1.5
P-0.83 0.83 5:30 200 1.5
P-0.90* 0.90 5:30 200 1.5
P-0.97 0.97 5:30 200 1.5
P-1.04 1.04 5:30 200 1.5
T-200%** 0.97 5:30 200 1.5
T-300 0.97 5:30 300 1.5
T-400 0.97 5:30 400 1.5

Note: N-5:30 and P-0.90 refer to the same coating; P-0.97 and T-200 refer

to the same coating.

the coating phases by grazing incidence X-ray diffraction
(XRD; Empyrean; Cu Ka radiation at 40 kV and 40 mA;
incident angle of 0.6°; scan rate of 4°/min). We determined
chemical bonding states by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher) using monochromatic Al Ka radiation.
All spectra were energy-referenced to the C Is peak at 284.8
eV. The surface roughness of the coatings was characterized
using a confocal laser scanning microscope (Olympus).

2.3 Electrochemical tests

We assessed the corrosion resistance of TaTiN coatings
using potentiodynamic and potentiostatic polarization tests
and electrochemical impedance spectroscopy (EIS) with a
three-electrode system and an electrochemical workstation
(CHI760E, Shanghai Chenhua). The tests were conducted in a
heated acidic electrolyte (0.5 mol/L H,SO,+2 uL/L F~, 80 °C)
to simulate electrolyzer operating conditions. All tests were
performed after 30 min of open-circuit potential stabilization.
The TaTiN coating, Hg/Hg,CL/KCl, and a Pt foil were used as
the working electrode, reference electrode, and counter
electrode, respectively. The potentiodynamic polarization curve
was acquired from - 0.8 V to 2.0 V vs. saturated calomel
electrode (SCE). EIS was measured from 0.01 Hz to 100 kHz
with an amplitude of 10 mV.

2.4 Measurement of ICR and hydrophobicity

To measure the ICR values, a constant-current series circuit
consisting of copper electrodes, carbon paper (CP), and the
sample was adopted. Two pieces of CP were placed between
the test sample and the gold-plated copper electrode to
simulate actual PEMWE conditions. The contact pressure was
progressively increased from 0.1 MPa to 2.0 MPa in 0.1 MPa
steps. The resistance values were recorded at each pressure
level. The resistance (R,) was measured between two copper
electrodes and the sample. Then, the resistance of the CP
alone was recorded as R,. The ICR can be evaluated as:

ICR=¥ (1)

The hydrophobicity of the TaTiN coating was evaluated by
water contact angle using a meter (DSA30-KRUSS) with
deionized water droplets (5 pL). We took three measurements
per sample and averaged the results.

3 Results and Discussion

3.1 Influence of N,/Ar ratio on microstructure and
properties

Fig.1a,—1a, and Fig. 1b,—1b, show the surface and cross-
sectional morphologies of TaTiN coatings. TaTiN coatings
exhibit a uniform surface morphology with fine grains and no
defects. Moreover, the average grain size increases with the
N,/Ar ratio (Fig.1c and Fig.S1). Specifically, the coating deposited
at a N/Ar ratio of 3:30 shows discontinuous morphology, with
visible intergranular gaps, while the coatings deposited at the
higher N,/Ar ratios (4:30 and 5:30) exhibit a smoother and more
continuous surface. However, as the N,/Ar ratio increases
further to 6:30, agglomeration and pores emerge (Fig.1a,). As
shown in Fig.1d, as the N,/Ar ratio increases, the thickness of



Gu Guosong et al. / Rare Metal Materials and Engineering, 2026, 55(12):3037-3052

3039

4:30

Surface

500 nm 500 nm

5:30 6:30

500 nm

=1
2l
g
O
500 nm ’
100 1 [r1a [N
25 d 15.83 12.99 13.23 1155 |e
801.14 790.18 P ]
744.32 80
20
g g S [lwme| [w009] [sm1s| |58
815 2 T 60r
= g g
8 S 400 £ 40
o 10 = =]
(&3] = O
5 200 ool [4555| [4692| [4862| 4898
0 0 0
3 4 5 6 3 4 5 6 3 4 5 6
N,:Ar=X:30 N,:Ar=X:30 N,:Ar=X:30
- — 0.08
TaTiN
v - H g = | _1o00} gy 0518  pEa 04088 0.07 h
= M 8 8 |&
. E..’.(L_,,.,l_ﬂ_“____j____x_w 2 80} 7629 0.06
spsoorggl) 0B L | < P
2z 5 60 g 0.041
ES 8 2 60 =0.04} 0.038 036
5| S g )
s A O 40}
Ti I ) 5 0.02
PDF#00-049-1283(TaN) | & 20}
|| || PDF uoi(i:x.uzu(l;\') =
0 40 5 ' 0.00
20 30 40 50 60 70 80 0 Ti 3 4 5 6 Ti 3 2 5 5
20/(°) N,:Ar=X:30 N,:Ar=X:30

Fig.1 Surface (a,—a,) and cross-sectional (b, —b,) microstructures, grain size (c), thickness (d), element contents (e), XRD patterns (f), water

contact angle (g), and surface roughness (h) of TaTiN coatings as a function of N,/Ar ratios

TaTiN coatings decreases from about 886 nm to 744 nm,
attributed to enhanced scattering of sputtered target atoms by
the increased nitrogen content in the gas phase'™ >, Fig.1e and
Fig.S2 show the atomic contents in TaTiN coatings. The metal-
to-nitrogen ratio ranges from approximately 54:46 to 51:49.
Fig. 1f shows XRD patterns of the TaTiN coatings. Face-
centered cubic (fcc) structure can be observed. The peaks at
36.15°, 41.85°, and 60.75° are assigned to the (111), (200),
and (220) planes of the solid solution of -TaN (fcc, a=0.4339
nm) and J-TiN (fcc, a=0.241 nm). Preferred (111) orientation
is evidenced on the TaTiN coatings deposited at N,/Ar ratios
of 3:30, 4:30, and 5:30. However, as the N,/Ar ratio increases
to 6:30, the preferred orientation changes to (200) due to the
competition between surface energy and strain energy™ >, As
shown in Fig.1g and Fig.S3, TaTiN coatings deposited at N,/
Ar ratios of 3:30, 4:30, 5:30, and 6:30 have water contact
angles of 91.67°, 95.18°, 99.34°, and 94.98°, respectively,

which are significantly higher than those of Ti substrates
(76.29°). The TaTiN coating deposited at N,/Ar of 5:30 has
the largest water contact angle, showing characteristic of
hydrophobicity””. Fig. 1h and Fig. S4 present the surface
roughness (S,) of TaTiN coatings. The S, of TaTiN coatings
ranges from 0.036 um to 0.049 um, and the coating deposited
at N,/Ar of 5:30 has the lowest roughness, thereby enhancing
both conductivity and corrosion resistance™*". Fig.S5 displays
XPS spectra of TaTiN coatings. In the Ta 4f XPS spectra, the
peaks at 23.8 and 25.7 eV correspond to the Ta 4f,, and Ta 4f,
orbitals™, respectively, which can be deconvoluted into doublets
attributed to Ta-N bonds (23.7 and 25.5 eV) and Ta-O bonds
(25.9 and 27.8 eV)™. Similarly, the Ti 2p spectra in Fig.S5¢c
are deconvoluted into three spin-orbit doublets, assigned to
Ti-N (454.8 and 460.5 eV), Ti-N-O (456.4 and 462.1 eV), and
Ti-O (458.2 and 463.7 eV) species.

Fig.2a—2c present the potentiodynamic polarisation (PDP)
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curves, corrosion current density /, , and corrosion potential

U, of the TaTiN coatings on Ti substrates. Compared with Ti
substrates, TaTiN coatings show significantly enhanced corrosion
.. and a lower /. The TaTiN
coating deposited at N,/Ar ratio of 5:30 presents the most
positive U, (—=0.508 V vs. SCE), the lowest I (1.41 pA-cm™),
and the highest polarization resistance (R =3.03x10" Q-cm’)
(Fig.2d), indicating excellent corrosion resistance. Fig.2e—2f
show EIS results of TaTiN coatings. The Nyquist plot exhibits
characteristic capacitive semicircles (Fig.2e), which are fitted

resistance, with a higher U,

with an equivalent electrical circuit (EEC, inset) model
of (R),
resistance (R,), and a constant phase element (CPE) that
the CPE
impedance is expressed as™:

Zoe = Yy (Jo) " (2
where Y, quantifies the admittance coefficient of the CPE, j is

consisting solution resistance charge-transfer

models non-ideal double-layer capacitance.

the imaginary unit, o is the angular frequency, and 7 is the
CPE index, a dimensionless parameter typically between 0
and 1. If n is 1 or 0, the CPE is equivalent to a capacitor or a

resistor, respectively. A larger n is typically associated with
lower coating porosity, higher densification, and better
protection™. Table S1 lists the fitted parameters. The TaTiN
coating deposited at a N,/Ar ratio of 5:30 exhibits the largest
capacitive arc semicircle in the Nyquist plot (Fig. 2e),
indicating the highest R, Furthermore, the Bode phase plot
(Fig. 2f) shows the highest phase angle and the largest
impedance modulus (]Z]) at low frequencies, suggesting the
best stability. Fig. 2g shows the ICR values of TaTiN
coatings at compaction forces from 0.1 MPa to 2.0 MPa,
and Fig.2h plots the ICR at 1.5 MPa, which decreases from
about 19.58 mQ -cm’ to 15.19 mQ -¢cm’ as the N,/Ar ratio
increases from 3:30 to 5:30, and is much lower than that of
the Ti substrate (about 39.49 mQ-cm?). However, the ICR of
the TaTiN coating deposited at a N,/Ar ratio of 6:30 increases
significantly to about 47.48 mQ -cm® due to the rougher
surface and defects (Fig.S4).

3.2 Influence of working pressure on microstructure and

properties

The influence of working pressure in the range of 0.83—
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1.04 Pa is also investigated. The surface/cross-sectional
SEM images are displayed in Fig. 3a—3c. TaTiN coatings
exhibit uniform surfaces with a grain size of 19 —23 nm
(Fig.3d and Fig. S6), resulting from competition between Ti-
doping-induced grain refinement and large working-pressure-
induced grain coarsening™ >, The thickness of TaTiN coatings
increases gradually from about 740 nm to 906 nm with
increasing working pressure (Fig. 3e), due to the enhanced
sputtering  efficiency®™, consistent with the increased
sputtering yields of Ta and Ti (Fig. 3f and Fig. S7).
Accordingly, the atomic percentage of Ti increases from
11.47at% to 18.38at% , whereas that of N decreases from
49.26at% to 43.63at% . Fig. 3g presents XRD patterns of
TaTiN coatings. The peaks at 36.15°, 41.85°, and 60.75°
correspond to (111), (200), and (220) planes of TaTiN
coatings, respectively. As the working pressure increases, the
preferred orientation changes from the (200) plane to the
(111) plane. The water contact angle on the TaTiN coating
deposited at the working pressure of 0.97 Pa is the largest one
(101.87°), indicating excellent hydrophobicity (Fig. 3h) ).
Essentially, increasing Ti content not only refines grains and

enhances densification but also modifies surface chemical
bonding states, thereby increasing the water contact angle. As
the working pressure increases to 1.04 Pa, the surface porosity
of the coatings increases, and hydrophobicity decreases (Fig.
S8). Fig.3i and Fig.S9 show the roughness and morphologies
of TaTiN coatings. A parallel, point-like morphology is
evident, owing to scratches on the Ti substrates, and the
surface roughness decreases initially and then increases with
increasing working pressure. The coating deposited at the
working pressure of 0.97 Pa has the minimum surface
roughness of 0.035 pm. XPS spectra indicate that the coatings
are primarily composed of metal nitrides and oxides (Fig.S10).
The spin-orbit doublets of Ta 4f (23.8 and 25.7 eV) and Ti 2p
(455.4 and 460.8 eV) are assigned to ¢ -TaN and o -TiN,
respectively. The O 1s peaks (529.8 and 531.9 eV) are
attributed to metal oxides and hydroxyl groups, respectively
(Fig. S10b). In the N 1s spectra (Fig. S10e), the peak at
396.2 eV is assigned to N-metal bonds, while the peak at
402.6 eV is assigned to the Ta 4p,, orbit™".

Fig. 4a—4c show the PDP curves, /., and U

> “corr? corr

of TaTiN
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Fig.3 Characterization of TaTiN coatings prepared at different working pressures: (a—c) surface and cross-sectional SEM images, (d) grain size,

(e) thickness, (f) element contents, (g) XRD patterns, (h) water contact angle, and (i) surface roughness
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respectively. The TaTiN coating deposited at 0.97 Pa presents
(=0.451 V vs. SCE), the lowest I,

corr

the most positive U,
(6.56x107 A-cm™), the highest R (6.48x10* Q-cnr’, Fig.4d),
and the highest R, (4.67x10° Q -cm’, Fig. 4e, Table S2),
indicating the strongest corrosion resistance. Fig. 4f displays
the Bode plot of this coating. A higher and broader
phase-angle plateau in the medium-to-low

frequency range, suggesting that the dense, stable protective

is evident
layer can effectively inhibit the penetration of corrosive
ions toward the underlying metal substrate®. As shown in
Fig.4g—4h, the ICR values of TaTiN coatings decrease initially
and then increase with increasing working pressure. The
TaTiN coating prepared at 0.97 Pa shows the minimum
ICR value of 9.11 mQ-cm® at 1.5 MPa, owing to its smooth
surface (low roughness).
3.3 Influence of substrate temperature on microstructure
and properties

The effects of substrate temperature (200 —400 °C) are
studied. Fig.5a—5b show the resulting microstructural changes.
As the substrate temperature increases from 200 °C to 400 °C,
the grain size in the TaTiN coating increases (Fig. 5¢ and
Fig.S11), accompanied by significant agglomeration at 400 °C

(Fig. 5b) P The coating thickness ranges from 843 nm to
881 nm. As shown in Fig.5d—5f and Fig.S12, scratches and
pores are visible on the coatings, and these surface features
are particularly pronounced on the coating prepared at 400 °C.
Surface roughness increases from 0.035 pm to 0.056 um. As
shown in XRD patterns (Fig.5g), the peaks at 36.15°, 41.85°,
and 60.75° can be ascribed to TaTiN coatings, while the peak
at 38.55° originates from Ta,N. The preferred orientation
changes from (111) to (200) as the substrate temperature
increases from 200 °C to 300 °C. However, the coatings
deposited at 400 °C show no preferential orientation. The
atomic composition in the coatings changes significantly with
deposition temperature (Fig.5h and Fig.S13). The Ta content
decreases first and then increases to 43.67at% , while the Ti
content increases steadily from 15.98at% to 26.37at%. The N
content declines from 45.40at% to 29.95at% . This indicates
the formation of a highly metal-rich, nitrogen-deficient
coating, as well as the Ta,N phase®**. The water contact
angle of TaTiN coatings decreases from 101.87° to 96.03° with
increasing substrate temperature (Fig. 51 and Fig. S14). XPS
spectra (Fig. S15) indicate that the coating surface consists
mainly of nitrides and oxides. XPS peaks at 454.8 (Ti2p,,)
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and 460.5¢eV (Ti2p,,) are ascribed to Ti-N bonds. Notably, the
intensity of Ti 2p peaks decreases with increasing substrate
temperature, suggesting a reduced nitride content. XPS peak
at 23.1 eV belongs to Ta,N.

Fig. 6a—6¢ show the PDP curves, I, and U, values of
TaTiN coatings deposited at different temperatures. The
TaTiN coatings deposited at 300 and 400 °C show inferior
corrosion resistance compared with the coating deposited at
200 °C. Moreover, coatings deposited at 300 and 400 °C
show lower R, values and degraded corrosion resistance
(Fig. 6d). Fig. 6e —6f and Table S3 show EIS spectra of the
TaTiN coatings. The TaTiN coating deposited at 300 °C shows
better corrosion performance than that deposited at 400 °C, as
indicated by the larger R, and higher phase angle. In contrast,
the TaTiN coating deposited at 400 °C shows a narrower phase-
angle plateau and lower |Z], indicating degraded corrosion
protection. This mainly stems from increased surface
roughness, porosity, and grain coarsening in the coatings. The
ICR at 1.5 MPa increases with substrate temperature (Fig.6g—

6h), partly due to increased porosity and structural defects at

elevated temperatures (Fig.5d-5e).
3.4 Stability and corrosion behavior of TaTiN coating

during polarization

The stability of the optimized TaTiN coating deposited at a
N,/Ar ratio of 5:30, a working pressure of 0.97 Pa, and 200 °C
is evaluated through potentiostatic polarization for 3 h. Fig.7a
presents the current density evolution of the Ti substrate and
the TaTiN coating during 3 h of polarization at 2.0 V. The Ti
substrate is unstable, as shown by substantial variations in
current density. In contrast, the TaTiN coating maintains a
stable corrosion current density of about 30 pA-cm”,
demonstrating significantly high corrosion resistance and
stability. Fig. 7b—7c show EIS spectra of the TaTiN coating
after 3 h of potentiostatic polarization, in which an EEC
model with dual time constants is shown in Fig.7b. R, is the
solution resistance, CPE, is the constant phase element for the
solution/coating double-layer capacitance, R, denotes the
resistance of the passive layer, CPE, corresponds to the
coating/metal interface double-layer capacitance, and R is the
charge transfer resistance®. After 3 h of potentiostatic
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Fig.6 PDP curves (a), I, (b), U

polarization, the R, value of the TaTiN coating is 4.27x
10° Q-cm’, showing a reduction of only 8.57% compared with
the value before potentiostatic polarization (Table S4).
Furthermore, the coating maintains a large angle of —76° in
the medium-frequency range, along with a large |Z| and phase
angle at 0.01 Hz. The values of n, and n, corresponding to
CPE, and CPE, are 0.74 and 0.95, respectively (Table S4).
These results indicate that corrosion is primarily confined to
the surface, while the coating interior remains uniform and
dense, exhibiting near-ideal capacitive behavior. The results
confirm that the TaTiN coating maintains excellent protective
properties even after 3 h of potentiostatic polarization.
However, the ICR value is increased to 105.65 mQ-cm’® due to
the formation of a stable passive layer on the TaTiN coatings,
but remains lower than that of corroded Ti (375.86 mQ -cm?’)
(Fig. 7d — 7e). The chemical states of the polarized TaTiN
coatings are characterized by XPS (Fig. 7f—7i). In the Ti 2p
spectra (Fig. 7f), the Ti 2p peaks (458.5 and 464.6 eV)
indicate Ti-O bonding states, but no Ti-N signal is detected. In
the Ta 4f spectra (Fig.7g), the Ta-O signal dominates, with a
weak Ta-N peak corresponding to 85.63% Ta-O bonds and

(¢), R, (d), Nyquist plot (e), Bode plot (f), and ICR (g—h) of TaTiN coatings prepared at different temperatures

14.37% Ta-N bonds. In the O 1s spectra (Fig.71), a substantial
amount of surface hydroxyl (OH) groups is evidenced, due to
water adsorption!®”,

The calculated U-pH diagram shows that TaTiN corrosion
behavior evolves with applied potential, delineating three
distinct regions (Fig.8a)"'"". At low potentials, TaTiN resides in
an immunity region, and the coating remains in its solid
solution phase without spontaneous corrosion or dissolution.
In acidic environments and in the voltage range from -0.4 V
to 0.28 V vs. standard hydrogen electrode (SHE), selective
dissolution occurs, releasing soluble Ti’" ions and forming
a Ta,O, passivation layer. Moreover, at higher potentials,
the system enters a well-defined passivation region, in
which the TaTiN coating spontaneously oxidizes into a
dense Ta,0,/TiO, composite layer that protects the coating
from further degradation. The governing reactions are as

follows:
. 5x X s
Ta,Ti, N+ 7H20 — ETaZO5 +(1-x)Ti*" +
, 3)
ENZ + 5xH*



Gu Guosong et al. / Rare Metal Materials and Engineering, 2026, 55(12):3037-3052

3045

10" — a X CIE b 6 - 100
TINGT o i ,, CPE, 5
102k 1éx18'°——,__._.ﬁ ~— g 12.01 R, Y _ o
8x10° o “‘E 4 )
“ c 10 S =)
g 10° 4x10’5_______‘__ < 8.0r s g 3 i
< 8800 9200 9500 10000 z S o & %
E Ry > =5 2
S N T 4 =N <=
< 104l " 10} x 1 g
k\’/———————*——“‘ / %34 6 § 10
10° : , : , . 0.0 . L 2019 Qony’ e ewow s 1 s ke |p
0 2000 4000 6000 8000 10000 0.0 4.0 8.0 12.0 2 -1 0 1 2 3 4 5
3 Time/s Z'/x10* Q-cm® lg(Frequency/Hz)
—=—Ti After corrosion d 400 37%"86 EBefore corrosion ¢ Ti2p f
T After corrosion
S 5L g 3001 5
G 3 £
- : >
=) G =
= & 200F g
> > g
clr S 105.65 =
100F =
39.49 °
0 1 1 0 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 472 468 464 460 456 452
Compaction Force/MPa Binding Energy/eV
Ta 4f Ta 4f;, g Ols - i
OH
=S = =S
< < <
z z z
& & &
8 2L Q O-metal
= R= = ke -
32 30 28 26 24 22 20 412 408 404 400 396 540 536 532 528
Binding Energy/eV Binding Energy/eV Binding Energy/eV

Fig.7 Current density of Ti substrate and TaTiN coatings during 3 h potentiostatic polarization test at 2 V (N,/Ar=5:30, working pressure=0.97 Pa,

and temperature=200 °C) (a); Nyquist plot (b) and Bode plot (c) after 3 h potentiostatic polarization; ICR for TaTiN coatings and Ti
substrate at 0.1-2.0 MPa (d) and 1.5 MPa (e) before and after 3 h potentiostatic polarization; fitted XPS spectra of Ti (f), Ta (g), N (h), and

O (i) of the TaTiN coating after 3 h potentiostatic polarization

(x+4)

Ta,Ti, N+

H20—>§Ta205 +(1 - x)TiO, +

%N2+(x+4)H*

4)

SEM images of Ti and TaTiN before and after 3 h of
potentiostatic polarization are displayed in Fig. 8b — 8e.
Numerous pits and micropores appear on the Ti surface.
Meanwhile, the TaTiN coating remains relatively smooth and
intact, with no evidence of large-scale pitting or coating

peeling after potentiostatic polarization. This direct
morphological comparison confirms superior corrosion
resistance.

3.5 Enhancement mechanism of electrical conductivity
and corrosion resistance in TaTiN coatings
The TaTiN coating deposited at 200 °C with a N,/Ar ratio

of 5:30 and a working pressure of 0.97 Pa possesses a strong
(111) preferred orientation, refined grains, and lower surface

roughness, and thus exhibits excellent corrosion resistance
and high electrical conductivity. Furthermore, the TaTiN
coating facilitates the formation of a denser, more continuous
Ta,0,/TiO, mixed passivation layer during potentiostatic
polarization, which inhibits the diffusion of aggressive species
and consequently improves the corrosion performance of the
coating system. Fig.9 illustrates the schematic of the corrosion
protection mechanism of TaTiN coatings. Compared with the
TaTiN (200)/Ti (0001) interface, the TaTiN (111)/Ti (0001)
interface has a smaller lattice mismatch and stronger
interfacial bonding, and the closely packed (111) plane favors
a denser texture. Moreover, grain refinement can smooth the
surface and facilitate the formation of a continuous, compact
passive layer. Consequently, corrosion resistance improves. In
fact, the lattice mismatch (d) between the TaTiN coating and
the Ti substrate is calculated as:
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Fig.9 Corrosion protection mechanism schematic of TaTiN coatings

)

in which a, and a, are the lattice constants of the coating and
the substrate, respectively. As illustrated in Fig. 1f, the Ti
substrate  exhibits a preferred (0002) orientation,
corresponding to the (0001) basal plane. Both the Ti (0001)
and TaTiN (111) planes exhibit hexagonal symmetry,
yielding an epitaxial relationship of [11207]4/[[110 Jrmn
with a lattice mismatch of 2.73%, indicative of a semi-
coherent interface *. In contrast, Ti (0001) and TaTiN
(200) planes exhibit a significantly higher lattice mismatch
of 27.2%. The small lattice mismatch between TaTiN (111)
and Ti (0001) can enhance interfacial bonding and thus
electrical conductivity across the interface™**, resulting
in a lower ICR value.

Commonly, a denser, more uniform passive layer forms on
the closely packed (111) plane™. Meanwhile, grain
refinement can reduce surface porosity and promote dense
coating formation. Together, these factors facilitate the growth
of a continuous, dense passivation layer, thereby impeding
further of aggressive species'** ™. Conversely,
intergranular voids in coarse columnar structures disrupt
passive-layer protective
capability”'.

ingress

uniformity, compromising its

4 Conclusions

1) TaTiN coatings are deposited on Ti bipolar plates
via magnetron sputtering. Coatings deposited at 200 °C with
a N,/Ar ratio of 5:30 and a working pressure of 0.97 Pa
have a (111) preferred orientation and fine grains, and
exhibit the lowest 7, (6.56x107 A-cm™) and ICR (9.11 mQ-cm’
at 1.5 MPa). On the one hand, the closely-packed (111)
plane favors a dense texture; moreover, grain refinement
can smooth the surface and facilitate the formation of
a continuous, compact passive layer, improving
corrosion resistance. In contrast, the small lattice mismatch
between TaTiN (111) and Ti (0001) enhances interfacial
bonding and, in turn, electrical conductivity across the
interface.

2) The TaTiN coating exhibits a large water contact angle
of 101.87° , indicating favorable hydrophobicity for water
management in PEMWE. Remarkably, the TaTiN coating
maintains a uniform, dense morphology and a minimal
corrosion current density after 3 h of potentiostatic
polarization. Therefore, the TaTiN coating offers an attractive,
cost-effective strategy for protecting metallic BPs in PEMWE

applications.
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Fig.S5 XPS spectra of the TaTiN coatings prepared at different N/Ar flow ratios: (a) full XPS spectra, (b) O 1s, (c) Ti 2p, (d) Ta 4f, and (e) N 1s
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Fig.S9 Laser confocal surface morphologies of the TaTiN coatings at different working pressures: (a, d) 0.83 Pa; (b, €) 0.97 Pa; (c, f) 1.04 Pa
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Table S1 EIS results of the TaTiN coatings deposited at different N,:Ar flow ratios

N,:Ar flow ratio R/Q:cm’ CPE/Q"cm™s™ n, R /Q-cm’
3:30 3.38 1.125x10™* 0.90 6.39x10*
4:30 2.18 9.230x10°° 0.90 4.78x10"
5:30 6.22 1.103x10™* 0.92 1.68x10°
6:30 3.37 8.714x10°° 0.91 8.41x10*
Table S2 EIS results of the TaTiN coatings deposited at different working pressures
Pressure/Pa R/Q-cn’ CPE,/Q"-cm™s™ n, R /x10° Q-cm’
0.83 6.92 1.645x107* 0.90 1.36
0.97 3.14 6.191x107° 0.95 4.67
1.04 15.60 7.545x107° 0.93 2.40
Table S3 EIS results of the TaTiN coatings deposited at different temperatures
Temperature/°C R/Q-cm’ CPE,/x107° Q"-cm™s™ n, R /Q-cm’
300 3.455 8.081 0.90 1.633x10*
400 11.28 6.818 0.85 9.859x10°
Table S4 EIS results of the TaTiN coating after potentiostatic polarizations
R5/§2~cm2 CPEI/Q’Lcm’z's’" n, R, CPEZ/><IO’6 Qlem?s™ n, Rcl/Q'cm2
3.262 3.791x107° 0.74 13.91 9.341 0.95 4.27x10°
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