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Abstract: To improve the corrosion resistance of titanium (Ti) bipolar plate, titanium nitride (TiN) film was prepared on the surface

of commercial TA1 pure titanium by magnetron reactive sputtering and pulse laser deposition (PLD) techniques, and the film prepared

under different process parameters were evaluated. Results show that dense and complete TiN film can be obtained on TA1 surface

under different preparation processes, and the corrosion current density of Ti substrate significantly increases. However, the

composition of the film prepared by magnetron reactive sputtering is affected by the oxygen competition reaction, and its

homogeneity is inferior to that of the film prepared by PLD. The comprehensive performance of the PLD-prepared film shows

excellent characteristics in the terms of low corrosion current density (0.025 pA-cm™), moderate corrosion overpotential (=0.106 V),

and good hydrophobicity.
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Proton exchange membrane water electrolyzer (PEMWE) is
a preferred high-quality equipment to produce hydrogen cur-
rently. It has the advantages of high current density, safe and
reliable operation under high pressure environment, fast start-
up speed, low operate temperature, and environmental friend-
liness"’. The development of hydrogen energy is expected to
solve two serious problems: global energy depletion and en-
vironmental pollution”, which are beneficial to establish the

low-carbon society”

. Besides, hydrogen energy has broad
application prospects in the fields of transportation, construc-
tion, energy storage, and industry. As the key component of
PEMWE, bipolar plates serve multifaceted purposes, such as
collecting current, separating oxidants, reducing agents,
mechanical support, and uniform transportation of reaction
media®”. The bipolar plate accounts for about 70% of the
overall PEMWE quality and 30% of the price of PEMWE
equipment™. At present, there are many studies on the
[9-11

Iand light metal bipolar plates,
[15-16]

stainless steel bipolar plates

[12-13

such as titanium (Ti)"*", aluminum™¥, and magnesium

Among them, Ti has not only outstanding corrosion resistance
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but also lightweight characteristic, which can significantly
improve the specific power of the stack. Therefore, Ti has
good application prospects in PEMWE bipolar plates"”. In the
acidic environment of PEMWE, Ti induces the passivation
effect. However, once Ti corrodes, it will release metal ions,
which may poison the catalyst and proton exchange

¥ reducing the output power and operation life of

membrane
PEMWE. Therefore, it is necessary to use conductive and
corrosion-resistant materials to modify the surface of Ti-based

129 Surface film is the most used modification

bipolar plates'
method, and its preparation process generally involves
chemical plating, electroplating, thermal spraying, physical
vapor deposition, and chemical vapor deposition”".

Currently, surface modification of Ti bipolar plates has
become a research hotspot, and the films used for Ti plate
modification mainly include metal-based and carbon-based
films. Wang et al®™ used gilt Ti bipolar plates to effectively
prevent and reduce the formation of oxide in membrane
electrode components, which not only satisfied the corrosion

resistance requirement, but also greatly reduced the interface
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contact resistance. However, the application of expensive
platinum and gold
development. Shi et al

cannot commercial

23]

satisfy  the
prepared a dense and undefective
TiC-modified layer on the Ti plate surface by plasma surface
modification technique. The corrosion current density of plate
modified by TiC reduced by about an order of magnitude,
compared with uncoated Ti plate, and the free corrosion
potential significantly increased. Gao et al® prepared NbN
coatings on Ti substrates by multi-arc ion plating technique
and found that the corrosion current density was as low as
8.12 pA-cm™, and the maximum contact angle of the prepared
coating could reach 100.0°. Compared with the unmodified Ti
plate, the surface hydrophobicity of the modified Ti plate was
significantly improved. However, these materials cannot be
used for large-scale commercial application due to their
inferior corrosion current density.

TiN, as a transition metal nitride, is a type of material with
excellent properties and wide applications. Due to its high
conductivity, excellent stability, good compatibility with Ti,
and low cost, TiN is one of the commonly used coating
materials for the modification of Ti bipolar plates of
PEMWE™!. However, the specific process and processing
parameters are still obscure.

Therefore, in this research, magnetron reactive sputtering
and pulse laser deposition methods were used to prepare TiN
film on Ti substrate for surface modification, and the
influence of process parameters on the corrosion resistance of
TiN film was investigated. The differences in corrosion
resistance of TiN film prepared under different process
conditions were analyzed, providing experiment reference for
surface modification of Ti bipolar plates of PEMWE and
laying the preparation foundation for the bipolar plates with
low-cost, high corrosion resistance, and long service life.
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1 Experiment

In this research, commercial Ti plate TAl (Ti substrate)
with thickness of 1 mm was used as the experiment material.
The element composition and content are shown in Table 1.
All samples were ground by SiC sandpapers of 240#, 600#,
1000#, 2000#, and 3000#, and then polished to mirror-like
state by diamond polishing paste with particle size of 0.5 um.
Then, the polished samples were ultrasonically cleaned with
acetone, alcohol, and deionized water for 15 min, separately.
Finally, all samples were dried in the air.

The film was prepared by magnetron reactive sputtering
through the JGP450 high vacuum magnetron sputtering thin
film deposition system. The sputtering schematic diagram is
shown in Fig. la. The cathode used 99.9% Ti. When the
vacuum degree of the chamber reached 5x10™ Pa, the
deposition process was initiated. The high purity Ar was
introduced into the chamber at 20 mL/min throughout the
entire process, and the parameters, such as N, flow rate,
substrate temperature, sputtering power, and sputtering time,
were optimized for the TiN deposition process. Pulse laser
deposition was used to prepare film through COMPex 201
excimer laser. The schematic diagram of pulse laser
deposition is shown in Fig. 1b. TiN with 99.9% purity was
used as the target and the fixed laser frequency was 8 Hz. The
deposition process started when the vacuum degree of the
chamber reached 2x10™" Pa. The deposition process
parameters of TiN were optimized, including N, partial
pressure, substrate temperature, and deposition duration. The
specific sedimentary parameters are shown in Table 2.

Table 1 Element composition and content of TA1 plate (Wt%)

Al Mn Fe C N H O Ti
0.7-2.0 0.3 0.08 0.05 0.012 0.015 0.1 Bal.

b

Film

---TiN

Z
1
1
o>

Pulsed laser of 248 nm

TiN target

Fig.1 Schematic diagrams of magnetron reactive sputtering (a) and pulse laser deposition (b) processes for TiN film preparation
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Table 2 Process parameters for TiN film preparation

Parameter

Magnetron reactive sputtering

Pulsed laser deposition

N, flow rate/mL-min”'
Partial pressure/Pa
Sputtering power/W
Substrate temperature/°C

Reaction time

2,4,6,8 -

0,2,4,6

80, 90, 100, 110, 120 -
25, 100, 200, 300, 400
1.5h,2.5h,35h

25,200, 400, 600
1000 s, 2000 s, 3000 s, 4000 s

The morphology analysis of the prepared film was
conducted by FEI-VERIOS 460 scanning electron microscope
(SEM) and OLYMPUS OLSS51-SU confocal laser scanning
microscope (CLSM). The phase structure was characterized
by the Netherlands Malvern Panalytic Empire X-ray diffracto-
meter (XRD). The analysis of the valence states of elements
from the film surface was conducted by Thermo Fisher
ESCALAB Xi" X-ray photoelectron spectrometer (XPS).

Electrochemical performance test was conducted with three-
electrode system on Autolab electrochemical workstation. The
working electrode was the modified Ti plate with an exposed
working area of 1 ¢m’. The counter electrode was platinum
mesh, and the reference electrode was saturated calomel
electrode (SCE). The electrolyte was composed of 0.5 mol/L
H,SO, and 2x10™*wt% F~ and its test temperature was 80 °C.
The samples were soaked in the open circuit for 1 h to
measure the stable open circuit voltage. To test the dynamic
response of the samples under the working potential condition
and the effect of potential on the corrosion resistance, the
potentiodynamic polarization tests of the samples were
performed from —1 V vs. SCE to 2 V vs. SCE. All potential
data measured for analysis were based on SCE as reference
electrodes with the scanning speed of 1 mV-s™. For simple
description, the unit of V vs. SCE is also denoted as V. The
data such as corrosion potential and corrosion current density
could be obtained by Tafel fitting of the results. Under

—
372.88 nni

constant potential test, the stability was verified by
maintaining the voltage at 2 V for 3 h.

The contact angle measurement was conducted by the
German KRUSS droplet imaging analyzer. The samples were
placed horizontally on the observation table firstly, and then a
drop of distilled water was fell on the surface. The software
captured the droplet image, selected the horizontal plane, and
automatically obtained the contact angle value. The contact
angle could reflect the hydrophilicity of the sample surface.
The larger the contact angle, the stronger the hydrophobicity,
which is more conducive to the drainage of PEMWE stack

during service.
2 Results and Discussion

2.1 Topography characterization

After process optimization, the optimal reaction conditions
for TiN film preparation through magnetron reactive sputter-
ing were determined: N, flow rate of 6 mL/min, sputtering
power of 100 W, substrate temperature of 300 °C, and pro-
cessing duration of 2.5 h. In this case, the sample was named
as 1#TiN. The optimal reaction conditions for TiN film prepa-
ration through pulse laser deposition were N, partial pressure
of 2 Pa, substrate temperature of 400 °C, and duration of 2000
s. In this case, the sample was named as 2#TiN.

Fig.2 shows SEM images and surface roughness results of
1#TiN and 2#TiN samples. It can be seen that both 1#TiN and

Height/um
1.911

S2a=10.057 um

Height/um
1.339 f

Vum

500 nm S$2=0.036 um 641383

Fig.2 SEM surface (a, d) and cross-section (b, e) images as well as surface roughness results (c, f) of 1#TiN (a—c) and 2#TiN (d—f) samples
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2#TiN sample surfaces are flat, dense, and uncracked with
uniform grain distributions. Additionally, 1#TiN sample is
grayish purple with rounded spherical grains and certain pores
between the grains. The cross-section of 1#TiN sample is
arranged compactly in a columnar crystal pattern, and its
thickness is 372.88 nm, as shown in Fig.2b. 2#TiN sample has
a yellow metallic luster with tightly connected irregular
spherical grains. The columnar crystal size of the 2#TiN cross-
section is finer than that of I#TiN cross-section, the
arrangement is more compact, and the thickness is 193.55 nm
(Fig.2d). Surface roughness of the samples was analyzed by
the CLSM. It can be seen from Fig. 2c¢ and 2f that the
roughness of the sample surface within a large region of 640
pumx640 pum is less than 60 nm, indicating that the film
surface is smooth and dense. Besides, the roughness of 1#TiN
sample is greater than that of 2#TiN sample. This may be
because the magnetron reactive sputtering involves multiple
processes, such as sputtering, reaction, and deposition. The
more the complex reaction steps and related process
parameters, the rougher the surface.
2.2 Characterization of phase and composition

To confirm the phase composition and crystal structure of
the film, XRD and XPS analyses were conducted on the
prepared film. Fig. 3a shows XRD patterns of 1#TiN and
2#TiN samples. After the comparison with the standard PDF
card, it can be concluded that the peak positions of both
1#TiN and 2#TiN samples match those of the face-centered
cubic TiN phase (#PDF 38-1420), proving that the prepared
film is TiN. The position of the diffraction peak of I#TiN
sample slightly shifts to the right side, compared with the

standard card, indicating the increase in diffraction angle and
the decrease in interplanar spacing. This may be attributed to
the interference of oxygen doping. Besides, the diffraction
peak intensity of 1#TiN sample is lower than that of 2#TiN
sample, indicating that the crystallinity of 1#TiN sample is
worse than that of 2#TiN sample. 1#TiN sample exhibits the
(200) preferred crystal plane orientation, whereas 2#TiN
sample exhibits multi-directional growth of (111) and (200)
crystal planes.

XPS spectra of the full-scale of 1#TiN and 2#TiN samples
are shown in Fig.3b. Except for the characteristic peaks of
C Is, both 1#TiN and 2#TiN samples exhibit the characteristic
peaks of Ti 2p, N 1s, and O 1s. As shown in Fig.3c, the Ti 2p
spectra of 1#TiN sample can be fitted by four dominant peaks,
corresponding to the characteristic energy of Ti-N (455.25 and
461.24 eV) and Ti-O (458.15 and 463.91 eV). The Ti 2p
spectra of 2#TiN sample can also be fitted by four dominant
peaks, corresponding to the characteristic energy of Ti-N
(455.13 and 460.90 eV) and Ti-O (458.12 and 463.84 eV),
which are in agreement with the results in Ref. [26],
suggesting the existence of TiN and TiO, on the film surface
of the samples. The existence of Ti-O is due to the presence of
trace oxygen participating in the reaction in high-vacuum
environment. Besides, the exposed film surface can be
partially oxidized. The TiO, content of 1#TiN sample is
significantly higher than that of 2#TiN sample, because during
magnetron reactive sputtering, oxygen in the environment
preferentially reacts with the splashed Ti, whereas the pulse
laser deposition uses TiN target and hardly involves com-
petitive reaction processes. As shown in Fig.3d, the binding

2#TIN
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#PDF 38-420 TiN
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Fig.3 XRD patterns (a) and XPS spectra (b—d) of 1#TiN and 2#TiN samples: (b) full-scale, (c) Ti 2p, and (d) N 1s
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energy of 1#TiN sample at 396.87 eV is related to N-Ti, and
there is a small peak with lower intensity at high binding
energy of 400.15 eV, which may be related to N, adsorption””.
The binding energy of 2#TiN sample at 397.15 eV is also
related to N-Ti, and that at 399.70 eV is related to N, adsorp-
tion. These results are consistent with the results in Ref.[28].
According to Fig.3c—3d, the Ti 2p and N 1s peaks of 1#TiN
sample shift towards the lower binding energy side, compared
with those of 2#TiN sample, which may be due to the
influence of heteroatoms during the magnetron reactive
sputtering process, resulting in defects, changes in oxidation
state, and impurity doping on the sample surface. These
factors may lead to the decrease in binding energy, inferring
the decrease in the energy of electrons from the core state to
the conduction or valence band.

2.3 Corrosion resistance

The effect of different process parameters on the corrosion
resistance of TiN film samples was analyzed. The test
environment was simulated through the three-electrode
system, and the action potential polarization curve was tested
to analyze the corrosion resistance.

2.3.1

Fig. 4a shows the potentiodynamic polarization curves of
the samples and Ti substrate under different N, flow rates, and

Influence of magnetron reactive sputtering parameters

the Ar flow rate is set as 20 mL/min. The curve shows the
standard electrokinetic polarization characteristic, presenting
obvious activation zone, activation-passivation transition
zone, and passivation zone. The experiment results show that
with the increase in N, flow rate, the corrosion current density

of the samples is firstly decreased and then increased.

However, compared with that of the Ti substrate, the corrosion
resistance barely improves. It is speculated that due to the
poor adhesion between the film and substrate, the film reacts
with the strongly acidic electrolyte and peels off during the
open circuit voltage stability test. Therefore, the samples are
already corroded to a certain extent before potentiodynamic
polarization tests. The specific corrosion current density and
corrosion potential are shown in Table 3. The optimal corro-
sion resistance is achieved at the N, flow rate of 6 mL/min
with the corrosion current density of about 427.2 uA-cm™, but
this result is even worse than that of the Ti substrate. This may
be due to the loose structure and poor crystallinity of the
prepared film. When the N, to Ar ratio is low and the amount
of introduced N, gas is too small, metallic sputtering occurs.
However, when the N, to Ar ratio is high and the amount of
introduced N, is too large, the ratio of Ti to N in the sample
will not be 1:1. Different N, to Ar ratios will directly affect the
lattice structure of the film, and the properties of TiN film
with different lattice structures also vary greatly. Therefore, a
suitable N, flow rate is a prerequisite for the sputtering of
high-quality corrosion-resistant film™ ",

Fig. 4b shows the effect of substrate temperature on the
With the
substrate temperature, the corrosion current density of the

corrosion resistance of TiN films. increase in
prepared films is firstly decreased and then increased. The
optimal corrosion current density is obtained at 300 °C as
75.09 uA-cm”, which is about one-fifth of the corrosion
current density at 25 °C. Additionally, the activation-passiva-
tion transition zone of the film prepared at 300 ° C signi-
ficantly narrows, indicating an increase in passivation rate.
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Fig.4 Potentiodynamic polarization curves of TiN films prepared by magnetron reactive sputtering with different N, flow rates (a), different

substrate temperatures (b), different sputtering powers (c), and different sputtering durations (d)
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Table 3 Corrosion potentials and corrosion current densities of TiN films prepared by magnetron reactive sputtering with different

processing parameters

Processing parameter

Corrosion potential, £, _/V

Corrosion current density, /. /uA-cm™

Original (Ti substrate) -0.733

2 mL-min"'/80 W/1.5 h/25 °C -0.522
4 mL-min'/80 W/1.5 h/25 °C -0.520
6 mL-min"'/80 W/1.5 h/25 °C -0.516
8 mL-min"'/80 W/1.5 h/25 °C -0.540
6 mL-min"'/80 W/1.5 h/100 °C -0.523
6 mL-min"'/80 W/1.5 h/200 °C -0.541
6 mL-min"'/80 W/1.5 h/300 °C -0.390
6 mL-min""/80 W/1.5 h/400 °C -0.383
6 mL-min"'/90 W/1.5 h/300 °C -0.484
6 mL-min~'/100 W/1.5 h/300 °C -0.558
6 mL-min"'/110 W/1.5 h/300 °C -0.398
6 mL-min~'/120 W/1.5 h/300 °C -0.397
6 mL-min~'/100 W/2.5 h/300 °C -0.246
6 mL-min"'/100 W/2.5 h/300 °C -0.504

238.30
652.70
466.80
427.20
963.80
260.70
113.30
75.09
91.64
67.59
1.54
56.40
70.94
0.59
40.72

This should mainly be due to the amelioration of surface
defects and pores of the film structure caused by the increase
in substrate temperature. This is because increasing the
substrate temperature can enhance the migration and diffusion
rates of atoms, thereby forming a smooth surface film. When
the substrate temperature is low, the critical nuclear size of the
film is small, and new nuclei are constantly generated during
the deposition process. At the same time, the migration rate of
atoms on the substrate surface is slow, and the growth of
internal grains is inhibited, resulting in the increase in the
density of defects inside the grains and affecting the quality of
the film. Furthermore, it the probability of
electrolyte corroding on the substrate through the film"'.
Therefore, an appropriate substrate temperature is of great

increases

significance to improve the corrosion resistance of TiN film.
Fig.4c shows the effect of sputtering power on the corrosion
resistance of TiN films. With the increase in sputtering power,
the corrosion current density of the prepared films is firstly
decreased and then increased. The optimal corrosion current
density is achieved at 100 W as 1.54 pA-cm™, which is about
one-fifth of the corrosion current density at 80 W. The range
of activation-passivation transition zone on the film prepared
at 100 W further narrows, and correspondingly, the stable rate
of passivation behavior is significantly improved. This should
mainly be due to the less surface accumulation and defects as
well as the lower roughness. If the power is very low, the
atoms possess a little energy, and their migration rate on the
substrate will be slow, resulting in the uneven growth of thin
film and affecting the film performance. Additionally, in this
case, the atomic deposition rate of the target material will be
slow, which is easily affected by other atoms in the chamber
during sputtering, thereby influencing the uniformity of film
composition and ultimately affecting the film deposition
quality™”. Therefore, appropriate power is crucial to maintain

high corrosion-resistant components and structure.

Fig. 4d shows the effect of sputtering duration on the
corrosion resistance of TiN films. With the prolongation of
sputtering duration, the corrosion current density of the
prepared films is firstly decreased and then increased. The
film prepared for 2.5 h does not have obvious activation-
passivation transition zone, and the passivation behavior is
further accelerated and becomes stable. The optimal corrosion
current density is about 0.59 pA-cm™, which is about one-
third of the corrosion current density of film prepared for 1.5
h. The corrosion potential also increases to —0.246 V, which
should be mainly attributed to the uniform density of its
structure and the reduction in pores. With the prolongation of
sputtering duration, individual grains further grow and
coalesce, forming larger and more compact grains with a
tighter film structure. Prolonging the sputtering duration
allows for wider interconnection and overlap of grains to form
continuous film with reduced porosity. However, it also
increases the occurrence probability of defects and impurities,
affecting the corrosion resistance of the films™. Therefore,
selecting appropriate sputtering duration has an undeniable
impact on the preparation of dense corrosion-resistant films.
2.3.2  Influence of pulse laser deposition parameters

Fig. 5a shows the effect of N, partial pressure on the
corrosion resistance of TiN films prepared by pulse laser
deposition, and the results are listed in Table 4. The substrate
exhibits poor corrosion resistance, but after modification with
TiN film prepared by pulse laser deposition, the corrosion
resistance significantly improves. The polarization curve of
dynamic exhibits
activation zone, activation-passivation transition zone, and
passivation zone. With the increase in N, partial pressure, the
corrosion current density shows a trend of first decreasing and
then increasing. When the N, partial pressure is 2 Pa, the

potential obvious characteristics of
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Fig.5 Potentiodynamic polarization curves of TiN films prepared by pulse laser deposition with different N, partial pressures (a), different

deposition durations (b), and different substrate temperatures (c); comparison of potentiodynamic polarization curves of I1#TiN film,

2#TiN film, and Ti substrate (d)

corrosion current density of the TiN film is 5.678 pA-cm?,
which is about one-sixtieth of that of the Ti substrate. This
verifies the feasibility of pulse laser deposition to prepare TiN
film in order to modify Ti bipolar plate for corrosion
resistance enhancement. When the N, partial pressure is high,
the average free path of atoms is small, and the probability of
the
deposition rate and leads to excessive energy loss when the
atoms reach the substrate surface. Therefore, their migration
ability on the substrate is degraded, lowering the film
performance. Under low N, partial pressure, the average free

collisions between atoms 1is high, which reduces

path of atoms is large, and the probability of collisions
between atoms greatly reduces. The high migration ability
upon reaching the substrate surface is to some extent bene-
ficial to the formation of a flat surface of the films®*. There-
fore, appropriate partial pressure is a necessary prerequisite
for deposition of high-quality corrosion-resistant films.

Fig. 5b shows the effect of deposition duration on the
corrosion resistance of TiN films. With the prolongation of
deposition duration, the corrosion current density of the film
shows a trend of firstly decreasing and then increasing. When
the deposition duration is 2000 s, the corrosion current density
reaches the lowest of 0.121 pA-cm™, which is about one-
fiftieth of that when the deposition duration is 1000 s. There is
no obvious activation-passivation transition zone in the
dynamic potential polarization curve, indicating that its
passivation behavior is fast and stable. It is known that the
effect of deposition duration on corrosion resistance mainly
depends on the defect ratio and surface smoothness of the

film. Prolonging deposition duration is beneficial to the
formation of larger and more compact grains as well as tighter
membrane structure, but it also increases the probability of
defects and impurities. Therefore, selecting appropriate
deposition duration also has an undeniable impact on the
preparation of dense corrosion-resistant films, which can
reduce the channels for electrolyte to penetrate the substrate
through the films.

Fig. 5S¢ shows the effect of substrate temperature on the
With the
substrate temperature, the corrosion current density of the

corrosion resistance of TiN films. increase in
films shows a trend of firstly decreasing and then increasing.
When the substrate temperature is 400 °C, there is no obvious
activation-passivation transition zone, indicating that the
passivation rate is fast and the passivation behavior is stable.
The corrosion current density achieves the lowest value of
0.025 pA-cm™, which is about one-fifth of the corrosion
current density when the substrate temperature is 25 ° C,
indicating a significantly reduced corrosion rate from the
dynamic perspective. At the same time, the corrosion potential
significantly increases from —0.642 V (25 °C) to —=0.106 V,
indicating the improved corrosion resistance. Therefore, the
film prepared under the 2 Pa/2000 s/400 °C condition has the
optimal corrosion resistance. Compared with that of the Ti
substrate, the corrosion current density decreases by 4 orders
of magnitude. The influence of substrate temperature on the
corrosion resistance mainly depends on the grain size and film
structure. Proper substrate temperature can enhance the
migration and diffusion rates of atoms, thereby improving the
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Table 4 Corrosion potentials and corrosion current densities of TiN films prepared by pulse laser deposition with different processing

parameters

Processing parameter

Corrosion potential, £,_/V

Corrosion current density, /., /uA-cm™

Original (Ti substrate) -0.733 238.300
0 Pa/1000 s/25 °C —-0.570 33.651
2 Pa/1000 s/25 °C -0.570 5.678
4 Pa/1000 s/25 °C -0.615 17.061
6 Pa/1000 s/25 °C —-0.532 130.86
2 Pa/2000 s/25 °C —-0.642 0.121
2 Pa/3000 s/25 °C -0.868 0.447
2 Pa/4000 s/25 °C -0.575 81.997
2 Pa/2000 s/200 °C -0.634 0.089
2 Pa/2000 s/400 °C -0.106 0.025
2 Pa/2000 s/600 °C —-0.108 0.768
surface smoothness of the film, reducing the internal defect 4.0 —
density, and increasing the mechanical barrier effect of the 35} TN
film on the electrolyte. Hence, the substrate temperature has g 30k —24TIN
an important impact on the corrosion resistance enhancement < o
of Ti bipolar plate substrate modified by TiN film prepared by § 230 ‘i
pulse laser deposition. 207 E
Fig. 5d shows the corrosion resistance of the Ti substrate 2 1.5¢ é;
and TiN films by magnetron reactive sputtering (1#TiN) and %’ 1ok ;é
pl-llse laser depositio-n (2#TiN). The corrosion resistance of the © oslh % e
Ti substrate is significantly improved after TiN film e JTir‘l_le/Xlozs ‘
modification. The passivation behavior of both films is fast 0.0k 5 4 o ) 10

and stable without obvious activation-passivation transition
zone. Specifically, the corrosion current density of 1#TiN film
reaches 0.59 pA-cm™, and that of 2#TiN film reaches 0.025
uA-cm, which is higher than that of the Ti substrate (238.3
pA-cm™) by 3 and 4 orders of magnitude, respectively. From
the dynamic perspective, it can be observed that the lower the
current corrosion density, the lower the corrosion rate. At the
same time, from the thermodynamic perspective, the higher
the corrosion potential, the more difficult the corrosion
occurrence. The corrosion potential of the Ti substrate, 1#TiN
film, and 2#TiN film is - 0.733, - 0.246, and - 0.106 V,
respectively. It can be seen that the corrosion potential
significantly increases after TiN film modification. Briefly,
TiN films prepared by magnetron reactive sputtering or pulse
laser deposition can improve the corrosion resistance of the Ti
bipolar plate and provide better protection effect. The TiN
film prepared by pulse laser deposition has superior corrosion
resistance due to its advantages of better surface smoothness
and more uniform composition.
2.4 Potentiostatic polarization

The potentiostatic polarization tests were operated for 3 h to
assess the long-term corrosion behavior of the Ti substrate,
1#TiN film, and 2#TiN film in the simulated PEMWE
environment. Due to the strong corrosiveness of acidic
corrosive solution and high working potential, bipolar plate
should maintain long-term stability. Fig. 6 shows the
potentiostatic curves of Ti substrate, 1#TiN film, and 2#TiN
film at 2.0 V in 0.5 mol/L H,SO,+2x10™*wt% F~ solution, and

Time/x10° s

Fig.6  Potentiostatic polarization curves of Ti substrate, 1#TiN film,
and 2#TiN film in simulated PEMWE environmen

Table 5 shows the corrosion current density results.

The current densities of all samples decrease rapidly and
then remain at a relativity stable value due to the surface
passivation. The initial current density of the Ti substrate is
85.6 uA-cm™. With the reaction of the substrate in solution,
the current density of the Ti substrate is rapidly decreased
followed by a brief increase and then decreases again to
maintain relative stability. The original oxide layer on the sur-
face of the Ti substrate is destroyed firstly, so the current den-
sity value of the Ti substrate rapidly increases. Then, the sur-
face passivation occurs, the current density starts to stabilize
at around 421 s and remains at about 108.146 pA-cm™ after 3
h. The initial current density of 1#TiN film is 30.2 pA-cm™.

Table 5 Corrosion current densities of Ti substrate, 1#TiN film,

and 2#TiN film after potentiostatic polarization at 2 V

for3h
Sample Corrosion current density, /. _/uA-cm™
Ti substrate 108.146
1#TiN film 21.057
2#TiN film 2.270
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With the reaction of 1#TiN film in the solution, due to surface
passivation, the current density value of 1#TiN film rapidly
decreases, then stabilizes at around 321 s, and remains at
about 21.057 uA-cm™ after 3 h. The initial current density of
2#TiN film is 22.6 uA-cm™. With the reaction of 2#TiN film
in the solution, the current density value of 2#TiN film rapidly
decreases because of the surface passivation, begins to stabi-
lize at around 49 s, and finally remains at about 2.27 pA-cm™
after 3 h.

I#TiN and 2#TiN films have lower current densities than
the Ti substrate, indicating that they have good protective
effects. The potentiostatic polarization curves of Ti substrate
and 1#TiN film show significant fluctuations, which is
possibly because the surface passivation film is not dense.
Thus, obvious passivation film damage and regeneration
occur. However, the potentiostatic polarization curve of 2#TiN
film always maintains a stable state, indicating that 2#TiN
film has better protective performance. This may be because
2#TiN film has good composition uniformity, good crystal-
linity, and low surface roughness. The less formation of gaps
and particles in the 2#TiN film results in the better protective
effect of the generated passivation layer, which is consistent
with the results of the previous dynamic potential polarization
curve tests.

2.5 Contact angle analysis

The hydrophobicity of the bipolar plate affects the stack
drainage and the corrosion of the bipolar plate in the
electrolyte. Fig. 7 shows the water contact angles of Ti
substrate, 1#TiN film, and 2#TiN film. Through curve fitting
analysis and calculation results, the contact angles of the Ti
substrate, 1#TiN film, and 2#TiN film are 42.8°+1°, 105.5°
+1°, and 107.3°£1°, respectively. After modification by TiN
film, the water contact angle of the Ti substrate increases
significantly. The larger the contact angle, the stronger the
hydrophobicity, which is more conducive to the drainage of
bipolar plate flow field and weakens the diffusion of
electrolyte through film to substrate, therefore slowing down
the corrosion progress. Hence, the modified samples all show
excellent hydrophobicity. Particularly, 2#TiN film shows the
optimal hydrophobicity, which may be due to its
polycrystalline orientation, leading to the lower surface
roughness® and affecting corrosion resistance. This is also

a

160
H 1

1oy i

1201 105.5 107.3
100

sof !
ool
428
40t
20}
0

Water Contact Angle/(°)

Ti 1#TiN 2#TiN

Fig.7 Water contact angles of Ti substrate, 1#TiN film, and 2#TiN
film

consistent with the results of the potentiodynamic polarization
curves and potentiostatic polarization curves.
2.6 Corrosion mechanism

Through the electrochemical behavior analysis, it is found
that TiN film has excellent corrosion resistance. However,
there are still significant differences among TiN films
prepared under different processing conditions. To illustrate
the corrosion process, Fig. 8 presents the schematic diagrams
of the corrosion mechanisms of Ti substrate, 1#TiN film
prepared by magnetron reactive sputtering, and 2#TiN film
prepared by pulse laser deposition.

When the prepared TiN film firstly meets the electrolyte, its
surface oxide layer has a certain degree of resistance against
the erosion of corrosive ions, such as H', F~, and SO,” in the
electrolyte. However, the stability of the oxide layer in acidic
solutions is relatively low, and the oxide layer gradually
dissolves over time. Subsequently, the corrosive ions in the
electrolyte use the columnar crystal gaps of the film as the
general channels to destroy the TiN film, and the pinholes and
defects in the film are served as the fast channels, gradually
dissolving the TiN film completely. Thus, the TiN film
gradually fails after corrosion and dissolution, losing its
protective effect, and the substrate is corroded after exposure.
It is undeniable that the prepared TiN film has a physical
barrier effect. 1#TiN film provides a certain anti-corrosion
effect on the exposed Ti substrate surface. 2#TiN film has
higher surface smoothness, stronger hydrophobicity, more
uniform composition, and lower porosity, reducing the erosion

Y
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[TiN [ TiO:

Fig.8 Schematic diagrams of corrosion mechanism of Ti substrate (a), 1#TiN film (b), and 2#TiN film (c)
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degree caused by harmful ions, such as H", SO,”, and F~ in the
channels of TiN film, which results in better blocking effect
against the inward diffusion of harmful ions in the electrolyte
and better protection for the Ti substrate.

3 Conclusions

1) The optimal processing parameters of magnetron
reactive sputtering for TiN film preparation are N, flow rate of
6 mL/min, sputtering power of 100 W, substrate temperature
of 300 °C, and duration of 2.5 h. The corrosion current density
reaches 0.59 pA-cm™, decreasing by 3 orders of magnitude,
compared with that of the Ti substrate. For the TiN film pre-
pared by magnetron reactive sputtering, the contact angel is
105.5°£1° and the corrosion current density is 21.057 pA-cm™
after potentiostatic polarization at 2 V for 3 h.

2) The optimal processing parameters of pulse laser deposi-
tion for TiN film preparation are N, partial pressure of 2 Pa,
substrate temperature of 400 °C, and duration of 2000 s. In
this case, the corrosion resistance is optimal: the corrosion
current density is 0.025 pA-cm™, decreasing by 4 orders of
magnitude, compared with that of the Ti substrate. For the
TiN film prepared by pulse laser deposition, the contact
angel is 107.3°+1° and the corrosion current density achieves
2.27 uA-cm™ after potentiostatic polarization at 2 V for 3 h.

3) TiN films prepared by magnetron reactive sputtering and
pulse laser deposition can improve the corrosion resistance of
PEMWE Ti bipolar plates, and the performance of TiN film
prepared by pulse laser deposition is significantly better than
that prepared by magnetron reactive sputtering. This is
ascribed to the uniform phase and compact structure after
pulse laser deposition preparation. However, the service life of
the modified film should be further improved.
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