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Abstract: TaN coatings were deposited on Ti bipolar plates by magnetron sputtering to improve corrosion resistance and service life.
The influence of N, flow rate on the surface morphology, hydrophobicity, crystallinity, corrosion resistance, and interfacial contact
resistance of TaN coatings was studied. Results show that as the N, flow rate increases, the roughness of TaN coatings decreases

firstly and then increases, and the hydrophobicity increases firstly and then decreases. At the N, flow rate of 3 mL/min, TaN coating

with larger grain size presents lower roughness and high hydrophobicity. The coating possesses the lowest corrosion current density of
2.82 pA-cm and the highest corrosion potential of ~0.184 V vs. SCE in the simulated proton exchange membrane water electrolyser
environment. After a potentiostatic polarization test for 10 h, a few corrosion pits are observed on the TaN coatings deposited at an N,
flow rate of 3 mL/min. After 75 h of electrolytic water performance testing, the TaN coating on bipolar plate improves the corrosion

resistance and thus enhances the electrolysis efficiency (68.87%), greatly reducing the cost of bipolar plates.
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1 Introduction

Proton exchange membrane water electrolyser (PEMWE) is
one of the important equipment for solving the issues of
environmental pollution’ .,
component of PEMWE provides structural support for the

membrane electrode assembly (MEA), distributes water

Bipolar plate (BP) as a key

across the porous transport layer, conducts electrons between
cells, transport and thermal
management. Compared with stainless steel (SS), titanium-
based BPs exhibit outstanding corrosion resistance, high
electric and thermal conductivity, and excellent mechanical

and facilitates the mass

strength®. The Ti BPs used at the anode side typically employ
coatings of platinum group metals to achieve better durability
and satisfy the performance requirements under high voltage
or oxidizing environment conditions. The high corrosion
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resistance of titanium favors the chemical stability of the
proton exchange membrane (PEM) and catalyst. However,
BPs occupy 30% of the PEMWE cell cost and >60% of the

mass™, 156,

and the corrosion is the main failure of BPs
Therefore, anti-corrosion coatings have been explored to
enhance the corrosion resistance of BPs and to prolong the

service life!*”®

1. In addition, the passivation film formed on
the metal surface usually results in the elevated interfacial
contact resistance (ICR) between BPs and the porous transport
layer (PTL)". The oxide layer formed during electrolysis will
also increase ICR values, which leads to a significant decline
of electrolysis efficiency and a shortened service life.
Commonly, metallic nitrides with strong ionic bonds exhibit
high anti-corrosion properties and are usually applied to
protect BPs"*'. For instance, CrN coatings deposited on SS
BPs presented high corrosion resistance with a low corrosion
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current density (1,,<0.26 pA-cm™) "9 However, C/Al
doped-CrN coatings showed degraded corrosion resistance
with the higher I, (>0.277 pA-cm™ and even maximum of
0.576 pA-cm™). NbN and TiN coatings on Ti BPs presented
excellent corrosion resistance with 7, _<0.73 pA-cm™ and
low ICR<15.8 mQ -cm™*'". TaN (607 kJ-mol™") has a higher
bond dissociation energy than TiN (476 kJ-mol™) and NbN
(226 kJ-mol™) " and should exhibit better corrosion resis-
tance, but TaN coatings are seldomly focused**".

In this research, TaN coatings were deposited on Ti BPs via
the direct current magnetron sputtering. The influence of N,
flow rate on the surface morphology, phases, roughness, water
contact angle, corrosion resistance, and ICR properties of TaN
coatings was studied. The anti-corrosion mechanism was

discussed.
2 Experiment

Before coating deposition, pure Ti samples were ground
with  800#, 1500#, and 2500# SiC papers, and then
ultrasonically cleaned with alcohol and deionized water for 15
min, separately, and finally placed in a low temperature and
dust-free environment for natural drying. TaN coatings were
deposited on the Ti substrates by reactive sputter-deposition
technique (JGP450). The base pressure was 5x10~° Pa. Ar
(99.999%) plasma was used to remove the impurities and
oxides on the targets and substrate surfaces. Ta target
(99.995%, @=50 mm) was used as the metal source with a
distance between the target and the substrate of 150 mm,
while N, gas (99.999% purity) was used as the N source. The
N, flow rate was 2, 3, 4, and 5 mL/min with the Ar flow rate
of 20 mL/min. The work pressure, direct current power,
deposition time, and deposition temperature were set as 0.7
Pa, 80 W, 1.5 h, and 150 °C, respectively.

X-ray diffraction (XRD, Bruker/D8 Advance, Germany, 1=
0.154 05 nm) patterns of TaN coatings were measured at the
scanning range of 20°—80° at an operation voltage of 40 kV
and an operation current of 30 mA. The surface and cross-
section morphologies were characterized by field emission
scanning electron microscope (JSM-7001F, JEOL Ltd, Tokyo,
Japan) equipped with energy dispersive spectroscope (EDS)
at an operation voltage of 15 kV and an operation current of
25 pA. The roughness was tested by confocal laser scanning
microscope (Olympus, OLS5100). The surface wettability of
the coatings was investigated by measuring the static contact
angle (¢) at the ambient temperature, atmospheric pressure,
and relative humidity of 45%. The contact angle was mea-
sured using a 2 mL water droplet by a contact angle measuring
apparatus.

Potentiodynamic polarization was performed in an
electrochemical cell consisting of a three-electrode test system
using a platinum sheet as counter electrode and a saturated
calomel electrode (SCE) connected to a Luggin capillary filled
with saturated KCl solution as reference electrode. TaN
coatings on Ti were served as the working electrode. The
potentiodynamic and potentiostatic polarization tests of TaN
coatings were conducted in PEMWE simulated acidic aqueous

environment (0.5 mol/L H,S0,+2x107*wt% F") at 80 °C via
the electrochemical workstation (Autolab-PGSTAT 128 N).
The potentiodynamic polarization test was conducted from
-1.0 V vs. RHE to 2.5 V vs. RHE at a scanning rate of
1 mV-S™ after the open-circuit potential (OCP) for 1 h. The
potentiostatic polarization was operated at 2 V.

ICR between the sample surface and PTL was determined
by PEM fuel cell test method. The sample was placed between
two pieces of conductive carbon paper (Toray TGP-H-090)
and then sandwiched between two Au-coated copper plates.
The applied current was stabilized at 1.5 A with the
compaction force on the two Au-coated copper plates
increasing gradually from 0.1 MPa to 2.0 MPa. The
corresponding voltage was recorded to calculate the total
resistance as a function of compaction force. The resistance of
the carbon paper was measured in the same way and
subsequently subtracted from the total resistance!”. ICR
values were obtained at a conventional compaction pressure of
1.5 MPa.

PEM electrolyser cell consisting of multi-channel flow
field Ti BPs was manufactured with an active surface area of
70 mmx120 mm. The TaN coating was deposited on anode
BPs by magnetron sputtering. The sintered Ti fiber felt coated
with Pt (500 nm) by electroplating was used as PTL of anode
and cathode. A commercially available MEA was used, which
consisted of a Nafion 115 membrane, Ir-based anode catalyst,
and Pt-based cathode catalyst. The catalyst loading was 1.0
and 0.5 mg-cm™ A testing station for PEM electrolyser
measurements was assembled, including programmable power
supply module, gas-water separators, computer control
module, and thermostatic circulating water module. Ultrapure
water (conductivity<5 puS-cm™) was used, and it was heated
up to 80 °C and supplied to the anode side by a peristaltic
pump at a flow rate of 400 mL-min™".

3 Results and Discussion

3.1 XRD patterns of TaN coatings prepared at different N,

flow rates
Fig. 1 shows XRD patterns of TaN coatings prepared at
different N, flow rates. As the N, flow rate increases from
2 mL/min to 4 mL/min, the crystallinity of TaN coating is
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Fig.1 XRD patterns of TaN coatings prepared at different N, flow rates
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improved with the preferred TaN (111) orientation. XRD
peaks at 26=35.83°, 41.46°, 60.26°, and 72.12° correspond to
(111), (200), (220), and (311) planes of cubic TaN phase.
However, as the N, flow rate further increases to 5 mL/min,
the crystallinity of TaN coatings decreases and even becomes
amorphous. The N atomic content increases with the gradual
increase in N, flow rate, and reaches 55.64at% at N, flow rate
of 5 mL/min. EDS results of element content of TaN coatings
prepared at different N, flow rates are shown in Table 1"**",
For reactive sputtering, as the nitrogen flow rate increases, the
collision probability between sputtered Ta atoms and the
plasma will be increased, thus the sputtered Ta atoms carry
less kinetic energy, and the bombardment of Ta and N atoms
on Ti substrates as well as on the coatings is weaker. This
phenomenon leads to slower nucleation of the coating and
smaller nuclei. Particularly, when the stoichiometric ratio of
N to Ta exceeds 1:1 (N percentage is 55.64at%, as listed in
Table 1), the atoms with lower kinetic energy pile up into an
amorphous structure.
3.2 Surface roughness and hydrophobicity of TaN coatings
Fig.2a,—2d, show the surface morphologies of TaN coatings
observed by confocal laser scanning microscope. All coatings
exhibit smooth morphology with color changing from brown

100 pm

Table 1 EDS results of element content of TaN coatings prepared

at different N, flow rates"**"

N, flow rate/mL-min”' Ta/at% N/at%
2 47.78 52.22
3 46.89 53.11
4 46.58 53.42
5 44.36 55.64

to gray, which can be ascribed to different surface roughness

and crystal structures™

. Fig. 2a, — 2d, show the grayscale
images of surface roughness. The average arithmetic
roughness (S,) of TaN coatings prepared at N, flow rate of 2,
3, 4, and 5 mL/min is 0.054, 0.036, 0.052, and 0.052 pm,
respectively. The TaN coating prepared at N, flow rate of 3
mL/min has the smallest surface roughness with less pits and
gullies, which can prolong the service life of BPs!"**. As
illustrated in Fig. 2a,—2d,, the water contact angles of TaN
coatings are all above 90°, indicating hydrophobicity, and the
TaN coating prepared at N, flow rate of 3 mL/min presents the
lowest hydrophobicity.
3.3 Surface morphology of TaN coatings

Fig.3 shows the cross-section and surface morphologies of

Fig.2 Surface morphologies (a,—d,), surface roughness (a,—d,), and water contact angles (a,—d,) of TaN coatings prepared at N, flow rate of
2 mL/min (a,—a,), 3 mL/min (b-b,), 4 mL/min (¢,—c,), and 5 mL/min (d,—d,)
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Fig.3 Cross-section morphologies (a,—d,), surface morphologies (a,—d,, a,—d,), and grain size distributions (a,~d,) of TaN coatings prepared at N,
flow rate of 2 mL/min (a,—a,), 3 mL/min (b,-b,), 4 mL/min (c,—,), and 5 mL/min (d,—d,)

different TaN coatings. As displayed in Fig. 3a, — 3d,, the
coatings are composed of columnar-like grains, and the
thickness decreases with the increase in N, flow rate. Since
the ionization energy of N is higher than that of Ar, the plasma
is reduced with the increase in N, flow rate, and thus the
deposition of TaN slows down. Fig.3a,—3d, and 3a,—3d, show
the surface morphologies of different TaN coatings. Fig.3a,—
3d, present the grain size distributions of different TaN
coatings. For the coatings deposited at N, flow rate of 2 and 3
mL/min, the surface morphologies are smooth with larger
grain sizes. However, if the N, flow rate further increases to 4
and 5 mL/min, the surface morphologies become rougher with
some ridges and particles (Fig.3c, and 3d,). Meanwhile, the
average grain size decreases (Fig.3c, and 3d,).

3.4 Corrosion resistance of TaN coatings

The cathodic Tafel slope (f,) and anodic Tafel slope (f,) are
obtained through linear fitting of the cathode and anodic Tafel
regions of the corrosion polarization curves. The intersection
of cathode Tafel fitting curve and anode Tafel fitting curve is

self-corrosion current density (/) and corrosion potential

(E,.), respectively. The polarization resistance (R,) can be
calculated by Eq.(1)*", as follows:

_ B
R = 330 % 1. (Bt B M
where S, is the cathodic Tafel slope and f, is the anodic Tafel
slope.
Fig. 4a—4b show the polarization curves of different TaN
coatings. The current density@2V indicates the current
density value at 2 V; the ICR@1.5MPa indicates ICR value at

compression force of 1.5 MPa. The self-corrosion current
density (), corrosion potential (£, ), cathodic Tafel slope
(B.), anodic Tafel slope (B,), polarization resistance (R)), and
corrosion current density at 2 V (I,,) are summarized in
Table 2. For the TaN coating prepared at N, flow rate of
3 mL/min, the corrosion resistance of the coating is improved
with lower 7, of 2.82 pA-cm™ and higher £, of —0.184
V vs. SCE, because of the lower roughness (Fig.2b,) and high
hydrophobicity (Fig.2b,). If the N, flow rate further increases
to 5 mL/min, the corrosion resistance of TaN coating
decreases with higher 7 of 110.70 pA-cm™ and the lower
E, . of —0.434 V vs. SCE, which results from the increased
roughness and more surface defects. Because PEMWE
generally works at a higher voltage (>1.6 V)", the corrosion
current density at 2 V (/,,) is also measured, and the results
are displayed in Fig.4b. The TaN coating prepared at N, flow
rate of 3 mL/min also exhibits the lowest Z,, of 28.5 pA-cm’,
but the the corrosion current density at 2 V is 10 times larger
than the self-corrosion current density because of the accele-
rated corrosion at the higher operating voltage of 2 V. Fig.4c
and 4d show ICR values of different TaN coatings. ICR values
decrease with the increase in compaction force. ICR@1.5MPa
value increases with the increase in N, flow rate. The
ICR@1.5MPa values are 11.48, 21.13, 70.28, and 3227.00
mQ -cm’ when the N, flow rate is 2, 3, 4, and 5 mL/min,
respectively. ICR@1.5MPa value of the TaN coating prepared
at N, flow rate of 5 mL/min increases by two orders of
magnitude, which may be due to the amorphous feature.

Fig.5 shows surface morphologies of Ti BP and different
TaN coatings after potentiostatic tests in simulated PEMWE
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Fig.4 Polarization curves of pure Ti BP and TaN coatings deposited at different N, flow rates (a—b); ICR of pure Ti BP and different TaN coatings

as a function of compaction force (c); ICR of pure Ti BP and different TaN coatings at compaction force of 1.5 MPa (d)

Table 2 Corrosion properties of pure Ti BP and TaN coatings prepared at different N, flow rates

N, flow rate/mL'min”"  E, /Vvs.SCE [ /uA-em”  L/uAcm”  f/mV-dec’  f/mV-dec’ R /Qcm’  r /mm-a’
Pure Ti BP -0.463 313.5 61.1 -81.6 135.6 125 3.640
2 -0.363 86.68 42.9 =759 202.5 570 1.010
3 -0.184 2.82 28.5 -65.9 308.5 15758 0.033
4 -0.391 23.23 32.6 -51.5 136.6 1262 0.270
5 -0.434 110.70 60.04 -86.3 120.7 433 1.290

Note: 1, is denoted as the corrosion current density at 2 V

acidic aqueous environment (0.5 mol/L H,SO,+2x10"*wt% F")
at 2 V and 80 °C for 10 h. As displayed in Fig.5a, the surface
of pure Ti BP is destroyed with obvious titanium grain
boundaries after acid corrosion. However, the surface
morphology of Ti BP coated with TaN is well maintained after
potentiostatic polarization at 2 V for 10 h. The corrosion pits
increase firstly and then decrease. Particularly, for the TaN
coating deposited at N, flow rate of 3 mL/min, less corrosion
pits can be observed due to the higher corrosion resistance.
For the TaN coatings prepared at N, flow rate of 4 and
5 mL/min, more defects emerge after potentiostatic polari-
zation test for 10 h (Fig.5d and 5e).
3.5 PEM electrolyser test of TaN coated Ti BP

Taking the TaN coating deposited at N, flow rate of
3 mL/min as an example, the coated anode and cathode Ti
BPs with an active surface area of 80 cm” were tested in PEM
electrolyser. Fig.6a shows the polarization curves measured at
80 °C. The potential of the cell assembled with pure Ti BP is
2.472 V at the current density of 2 A-cm™. Compared with
that of pure Ti BP, the electrolytic potential of TaN coated Ti

BP is reduced by 323 mV at the current density of 2 A-cm™,
implying the improved electric conductivity. As a contrast,
TiN coatings on Ti sheet” and Pt/Ti coatings on SS™
demonstrate the electrolytic potential of about 2.35 V at
1.5 A-cm™ and 225 V at 2 A-cm”, respectively. So the
corrosion resistance and electrical conductivity of TaN
coatings are higher than those of TiN coatings and Pt/Ti
coatings. Compared with the thermoneutral voltage (V, =
1.48 V) in the polarization curves, the electrolysis efficiency is
determined””. At the current density of 1 A-cm™, the
electrolysis efficiency of the electrolyser increases from
59.87% (pure Ti BP) to 68.87% (TaN coated Ti BPs), owing
to the reduced ICR between Ti BP and PTL. Then, the
electrolytic cell was tested at a constant current density of
2 A-cm™ for 75 h. The electrolytic potential of the pure Ti BP
rapidly increases above 2.6 V after 35 h, demonstrating the
failure of the pure Ti BP. However, the electrolytic voltage of
TaN coated Ti BPs is increased slightly from 1.968 V to
2.02 V after test for 75 h. Comparatively, the electrolytic
potential of TiN coatings is slightly increased from 2.35 V to
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Fig.5 Surface morphologies of pure Ti BP (a) and TaN coatings prepared at different N, flow rates (b—d) after potentiostatic polarization test for

10 h: (b) 2 mL/min, (¢) 3 mL/min, (d) 4 mL/min, and (e) 5 mL/min
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Fig.6 Polarization curves of electrolyser assembled with Ti BPs without and with TaN coatings (a); appearancess of different Ti BPs after water
electrolysis: (b) pure Ti plate, (c) anodic TaN coated Ti BP, and (d) cathodic TaN coated Ti BP; cell valtage of Ti BPs in single electrolysis

cell at 2 A-cm™ (e)

2.37 V under 1.5 A-cm™ after 100 h™, and that of Pt coatings
is only increased from 1.870 V to 1.875 V under 1.5 A-cm™
after 96 h™. So the stability of TaN coatings is comparable to
that of Pt coatings. This result indicates that TaN coatings with
low cost exhibit a great engineering significance for reducing
the cost of BPs. The fluctuations can be ascribed to the
temperature fluctuations of circulating water in the electrolytic
cell. As shown in Fig. 6b—6d, Ti BPs are oxidized and turn
yellow after electrolysis test. At the same time, TaN coatings

on the anode BPs become soft gray as a result of corrosion

under saturated O, condition and at higher operating potential.
4 Conclusions

1) As N, flow rate increases, the surface roughness of TaN
coatings decreases firstly and then increases, and corres-
pondingly the hydrophobicity of coatings increases firstly and

then decreases. TaN coating prepared at N, flow rate of
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