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Thin films of CrN, with different nitrogen contents are deposited on 316L stainless steel (SS316L) as
bipolar plates for polymer electrolyte membrane fuel cells (PEMFCs) by arc ion plating (AIP) through
adjusting nitrogen gas flow rate. The optimal N, flow rate and resultant N content in CrNy films are
determined by evaluating the interfacial contact resistance (ICR) between carbon papers and the coated
samples, and the corrosion resistance in the simulated PEMFC conditions. After coating CrNy films, the
performance of SS316L bipolar plates is obviously improved, and has a close relationship with N content
in the CrNy films. Compared with the bare SS316L, the CrN, coated SS316L exhibits a reduced ICR by one
order of magnitude and the corrosion resistance increases by two orders of magnitude. The results show
that CrNg gs film coated SS316L bipolar plates present best performance, i.e. the ICR of CrNg g¢ film coated
sample reduces to 8.8 m$2 cm? under 1.0 MPa compaction pressure, and the corrosion current density
almost reaches 10-7 Acm~2. The analysis indicates that the enhanced performance of the coated SS316L
bipolar plates is related to the high film density determined by AIP, and the variation of phase structure
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and film composition.
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1. Introduction

Polymer electrolyte membrane fuel cell is a device that directly
and efficiently converts chemical energy into electricity with water
as the only by-product. Due to its high efficiency and near-zero
emission, PEMFCis of great interest as a clean energy device beyond
petroleum [1]. Bipolar plate (BPP) is one of the most important and
expensive components in a PEMFC stack and accounts to more than
80% of the total weight of the stack [2]. This multi-functional com-
ponent not only serves as the backbone of serially connected cells,
but also performs several other key functions such as conducting
currents between cells, facilitating water and thermal management
through the stack, and providing conduits for reactant gases [3].
Therefore, the BPP material must have good mechanical strength,
low contact resistance with the backing, low gas permeability, inex-
pensive massive production and a low cost, be chemically stable,
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highly electrical and thermal conductive, and allow uniform reac-
tant gas distribution and product removal.

Stainless steel is considered to be a promising candidate for
bipolar plates in PEMFCs because of cost effectiveness, higher
mechanical strength, better durability to shock and vibration, no
permeability, and superior manufacturability compared to graphite
composites [4]. Wang et al. [5] studied the performance of four
types of stainless steel BPPs, e.g. 349™ 904L, 317L and 316L, and
proposed that the performance of stainless steel bipolar plates
improved with the increase in Cr content in the steels. However,
during the operation of PEMFC stacks, BPP is exposed to a highly
corrosive environment including F~, SO42~, SO32~, and HSO,4".
Upon the harsh acidic and humid environment inside the PEMFCs,
bare metallic bipolar plates undergo the passivation process and
a passive oxide film forms on the surface, which will increase the
interfacial contact resistance (ICR) between bipolar plate and the
adjacent gas diffusion layer (GDL). Furthermore, corrosion leads to
a release of metal ions that can contaminate the electrolyte mem-
brane and poison the electrode catalysts [6]. Both conditions can
cause considerable degradation of stack performance.

To overcome the formation of surface oxide and the dissolu-
tion of metal in PEMFC environments, forming a protective and
conductive coating by surface modification is regarded as an effec-
tive method and has been studied extensively [7-10]. However,
many literatures [11,12] reveal that single modification layer fails
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to effectively protect metallic BPPs from corrosion because the
layer, especially by physical vapor deposition (PVD) process, con-
tains some defects like pinholes, pores and droplets, which tend to
provide corrosion channels. To avoid this problem, we [13] devel-
oped and deposited a Cr/CrN/Cr multilayer with a sandwich-like
structure on the SS316L bipolar plates for PEMFCs. The multilayer
design introduces the interfaces between layers to block or discon-
nect the corrosion channels, thereby provides effective protection.
The results show that the samples coated with Cr/CrN/Cr exhibit
improved corrosion resistance and conductivity compared to bare
SS316L samples. But the outmost Cr layer tends to passivate and
a few Cr ions will dissolve and poison catalysts, which is unfa-
vorable for PEMFC efficiency and lifetime. Cr/CrN multilayer will
be employed in our future work to avoid this problem. Prior to
doing this, the optimum of Cr/N content ratio in CrN films should
be determined. Although some primary results on optimization of
N, flow rate were obtained in our previous study [14], the mecha-
nism involved was not discussed from a material and physical point
of view.

In this paper, a series of CrNy films with different nitrogen con-
tents were deposited on 316L stainless steel as bipolar plates for
PEMEFCs by AIP through adjusting the nitrogen flow rate in order to
further investigate the influence of Cr/N ratio on the performance
of SS316L bipolar plates, and obtain the optimal value. The physical
mechanism involved was discussed as well.

2. Experimental

The CrNy films were deposited on the samples using an arc ion
plating system, in which two opposite Cr targets of 99.9% pure and
55mm in diameter were mounted at the end of linear ducts that
connect to the chamber. Stainless steel holders lying in the center
of the chamber can rotate and turn simultaneously. The distance
between the center of the holder and the targets was 600 mm. A
pulsed bias was applied on the holders through the axis.

Two kinds of samples are used as substrates, one is pure
iron sheet with size of 20mm x 10 mm x 1 mm, and the other
is 316L stainless steel sheet for bipolar plates with size of
80 mm x 80 mm x 0.1 mm. The former is used for the measurement
of the film composition and phase structure, and the latter one
is for the evaluation of the contact resistance and anti-corrosion
property of the coated samples. The substrates were ultrasonically
cleaned inacetone, ethyl ethanol and deionized water subsequently
for 15 min. Then they were blown dry and hung on the holders.
The chamber was evacuated to a base pressure below 5.0 x 103 Pa
using a turbo molecular pump and a rotary pump. Prior to the depo-
sition, the samples were sputtered by Ar ions for 10 min with a
pulsed bias of —800V in ambient Ar at 2.0 Pa.

When the deposition began, two Cr targets were burnt by the
triggers, and both arc currents were kept at 80 A. The partial pres-
sure of Ar was kept at 0.5 Pa. The bias voltage, frequency and duty
cycle of the pulsed bias were —300V, 20kHz and 40%, respec-
tively. A pure chromium thin layer (approximately 30-50 nm) was
deposited on the substrates as an interlayer to enhance the adhe-
sion force. Then, nitrogen gas was introduced into the chamber,
and reacted with chromium plasma evaporated from the targets,
consequently forming CrNy films on the substrates.

Five groups of CrNy films with different nitrogen contents were
deposited by adjusting the nitrogen gas flow rate, 10 sccm, 15 sccm,
20 sccm, 25 sccm and 50 sccm. The thickness of CrNy films was con-
trolled at approximately 1 wm by adjusting the deposition time.

The phase structure of films was identified by X-ray diffraction
(XRD), film composition was measured by electron probe micro-
scope analysis (EPMA) and the surface morphology was observed
by scanning electron microscopy (SEM, J[SM-5600LV).
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Fig. 1. The N and Cr element contents in the CrNy films as a function of nitrogen gas
flow rate.

The contactresistance between the CrN, coated samples and gas
diffusion layer (carbon paper) was measured with the conventional
method extensively used by many researchers [5,15-17]. Accord-
ing to this method, two pieces of Toray carbon paper (TGP-H-060)
were sandwiched between the samples and two gold-coated cop-
per plates, on which an electrical current of 5.0 A, sourced by an
INSTEK PSP-2010 programmable power supply was applied. Dur-
ing the tests, the compacting force was increased gradually at a
step of 5Ns~! controlled by a WDW electromechanical universal
testing machine.

The corrosion resistance of the samples was evaluated at 25°C
by polarization electrochemical experiments using a potentiostat
Model 2273A by EG&G Princeton Applied Research and analyzed
with the corrosion software of EG&G Version 2.43.0. A 0.5M H,SO4
with 2 ppm F~ solution was used as the corrosive solution to sim-
ulate an aggressive PEMFC operating environment. A conventional
three-electrode system was used in the electrochemical measure-
ments, in which a platinum sheet acted as the counter electrode,
a saturated calomel electrode (SCE, sat’d KCl) as the reference
electrode and the stainless steel sample as the working electrode.
The size of the working electrodes was 15 mm x 15 mm x 0.1 mm.
The edges were sealed by insulating epoxy resin, only leaving a
10mm x 10 mm surface exposed to the electrolyte. The samples
were stabilized at open circuit potential (OCP) for 10 min, and then
the potential was swept from the OCP in the anodic direction at a
scanning rate of 20mVs-1.

In order to evaluate the stability of the samples in the actual
working conditions of PEMFCs, potentiostatic polarizations were
performedin 0.5 MH,SO4 +2 ppm F~ solutionat 70 °C for over 6.5 h.
Either air or H, was purged into the solution throughout the test to
simulate the cathode or anode environment. During the measure-
ments, the specimens were also stabilized at open circuit potential
for 10 min. The current density as a function of time was recorded
at applied anode (—0.1 Vscg) and cathode (+0.6 Vscg ) potentials for
PEMFCs.

3. Results
3.1. Film component

The N and Cr element contents in the CrNy films as a function
of nitrogen gas flow rate are shown in Fig. 1. Nitrogen content
increases linearly when the nitrogen gas flow rate is in range of
10-20sccm, but the increasing trend weakens above 20 sccm, till
at 50 sccm, nitrogen content presents a saturation trend. Being the
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Fig. 2. XRD patterns of CrNy films deposited with different N, flow rates of 10 sccm (a), 15 sccm (b), 20 sccm (c), 25 scem (d) and 50 scem (e).

other component of CrN, Cr content shows an opposite trend to N
content as a function of nitrogen gas flow rate.

Table 1 summarizes N, flow rate, the resultant N and Cr contents
in the CrNy films, and the corresponding x values. It can be seen that

Table 1
Summary of N; flow rate, the resultant N and Cr contents in the CrNy films, and the

corresponding x values.

Sample no. N flow rate (sccm) N content (at%) Cr content (at%) x

S1 10 254 74.6 0.34
S2 15 35.3 64.7 0.55
S3 20 46.2 53.8 0.86
S4 25 50.5 49.5 1.02
S5 50 56.1 43.9 1.28

the nitrogen content can be adjusted by changing the nitrogen gas
flow rate, and N content in films rises from 25.4 at% to 56.1 at%, cor-
respondingly, x value rises from 0.34 to 1.28, by increasing nitrogen
gas flow rate from 10 sccm to 50 sccm.

3.2. Phase structure

Fig. 2 shows XRD patterns of CrNy films with different nitrogen
contents. It indicates that phase structure of CrNy films changes
with the variation of nitrogen gas flow rate.

When nitrogen gas flow rate is 10 sccm, the film consists of Cr
and Cr,N phases. Although diffraction peaks of Cr phase are very
weak, a small quantity of Cr phase indeed exists in the film. With the
nitrogen gas flow rate increasing to 15 sccm, diffraction peaks from
Cr phase disappear and the film mainly crystallizes into single Cr,N
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Fig. 3. Surface morphology of CrN, film with 46.2 at% nitrogen content (CrNoss).

phase. As the nitrogen gas flow rate reaches 20 sccm, diffraction
peaks from CrN phase obviously appear in the pattern, which indi-
cates CrN phase forms in the film and the film consists of multiple
CryN and CrN phases. When the nitrogen gas flow rate is 25 sccm,
only diffraction peaks of CrN are observed in the pattern, which
shows the film is composed of single CrN phase. Finally, the nitro-
gen gas flow rate gets to 50 sccm, CrN (2 2 0) peak at 63° disappears,
and CrN (31 1) peak appears at 75°, which means that increasing
N, gas flow from 25 to 50 sccm does not result in a change of phase
component, but of crystal orientation and film composition.

3.3. Surface morphology

The surface morphology of the CrNy film with 46.2 at% nitrogen
content (CrNggg) is shown in Fig. 3, and the other four samples
exhibit the similar surface morphology with this. The substrate is
industrial 316L stainless steel, and the films are very thin (only
1 pm in thickness), so there are many grooves and nicks on the
coated sample surface, showing the typical characteristic of original
stainless steel plates. Even so, it can be seen clearly from Fig. 3 that
the films deposited by AIP are integrate and dense, adhered to the
samples tightly, and no buckling and delamination are observed in
the whole testing area.

3.4. Interfacial contact resistance

The contact resistance between bipolar plates and carbon papers
as a function of compaction pressures is shown in Fig. 4. It is evi-
dent that the ICR between the sample and carbon paper decreases
with increasing the pressure, and the variation trend weakens
as the clamping pressure increases. The ICR between the CrNy
coated SS316L plates and carbon papers is obviously one order of
magnitude lower than that between the bare SS316L plates and car-
bon papers (approximately 200 m§2 cm? at8.0-1.0MPa[11,13,18]).
Transition metal nitrides such as CrN and TiN are metallic ceram-
ics with good electrical conductivity [19,20]. XRD results obtained
in this work show that chromium nitride coatings are formed on
SS316L bipolar plates. The ICR of the coated plates is fairly low, indi-
cating the conductivity of the bipolar plates is improved by coating
chromium nitride films. This phenomenon is coincident with the
results reported by many other researchers [21-23].

In this study, the CrNggg coated sample shows better contact
conductivity, the ICR being 8.8 m2 cm? under a pressure of 1.0 MPa.
The CrNq g, coated sample exhibits the highest ICRs, indicating poor
contact conductivity.
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Fig. 4. ICRs of CrNy coated SS316L bipolar plates under different compaction pres-
sures.

3.5. Corrosion resistance

The potentiodynamic polarization curves of the CrNy coated
samples in the simulating corrosive solution are shown in Fig. 5.
It is evident that the corrosion current density of the coated
bipolar plates is lower than 10-> Acm~2, two orders of magni-
tude decreases compared with that of the original stainless steel
(approximately 10~3 Acm~2). The CrNggg coated sample exhibits
the lowest corrosion current density (around 10-7 Acm~2), a higher
breakdown potential (0.1V), and the lowest passivation current
density (lower than 10~ Acm—2). Thus, the CrNggg coated sam-
ple shows the best corrosion resistance in simulating corrosive
solution.

To further access the corrosion resistance of the CrNy coated
bipolar plates, a potentiostatic polarization study was performed
for the optimized CrNggg coated sample in simulating corrosive
solution at 70°C for over 6.5h. The potentiostatic polariza-
tion curves for the CrNggg coated 316L stainless steel in 0.5M
H,SO4+2ppm F~ solution at anode and cathode potentials are
respectively shown in Fig. 6(a) and (b). In both cases, the transient
current density falls sharply upon the start of the polariza-
tion test, then gradually decreases, and lastly reaches a very
low level as a steady state. The current density keeps stable at
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Fig. 5. Potentiodynamic polarization curves of the samples coated with CrNy films
with different N contents in 0.5 M H,SO4 with 2 ppm F~ at 25°C.
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around 2.0 x 106 Acm~2 for the simulated anode environment,
and 1.6 x10-7Acm~2 for the simulated cathode environment,
which demonstrates that the CrNy film with the optimized com-
position point (x=0.86) deposited on 316L stainless steels is very
stable in a PEMFC corrosion environment and provides adequate
corrosion resistance for bipolar plates.

4. Discussion

All above results indicate that the contact conductivity and anti-
corrosion property of five groups of stainless steel bipolar plates
coated with CrNy films are all obviously improved in comparison
with those of the uncoated ones. It is attributed to the fact that
CrNy films deposited in this study replace the original passiva-
tion layer on the surface of stainless steel. The metallic compound
CrNy belongs to the conductive ceramic material, of which strength
and corrosion resistance are similar to those of the passivation
layer on stainless steel, namely Cr,03, yet electrical conductivity
of CrNy films is much better. Therefore, bipolar plates coated with
CrN films can not only maintain anti-corrosion property, but also
decrease contact resistance. Furthermore, the fact that the films
are good in quality, which means integrate and dense, adhered to
the substrates tightly, guarantees the CrNy films are playing their
function well.

Additionally, the structure of films changes from multiple
Cr/Cr;N phases to single Cry N phase, and then to multiple CrN/Cr; N

phases, and finally to single CrN phase with increasing nitrogen
gas flow rate, which is the main reason why the performance of
the CrNy coated samples changes with nitrogen gas flow rate. Gen-
erally speaking, if the corrosion resistance of a material is strong,
take metal oxide for example, its electrical conductivity is worse. A
material has good electrical conductivity, such as the pure metals,
its corrosion resistance is poor. Corrosion resistance and electri-
cal conductivity is a pair of contradiction for a material, and both
are closely related to the state and behavior of free electrons in it
[24-27]. It is necessary for free electrons in materials to be fewer
or stable as possible to enhance the corrosion property. Oppositely,
the free electrons are required to be more and active as possible to
increase the electrical conductivity. For conductive metal nitrides
with stoichiometric ratio, phase stability is highest, electric state
density reaches the minimum near the Fermi level, and the density
of electric free electrons is minimum, so the corrosion resistance is
good and electrical conductivity is poor. As the composition devi-
ates from the stoichiometric ratio or is doped with other element,
its electrical conductivity will get better, but corrosion resistance
will accordingly degrade. For CrN, it is possible to obtain three solid
phases as the composition changes, which are chromium solid solu-
tion with a body-centered-cubic structure, CroN with a hexagonal
crystal structure, and CrN with a face-centered-cubic structure. And
x value in these three phases is 0, 0.5 and 1.0, accordingly. The
electrical conductivity declines and corrosion resistance enhances
in order of Cr, CrNgs, CrNqg. It can be confirmed in Fig. 5 that
the passivation current of the CrNq g, coated sample is less than
10~ Acm~2, as low as that of CrNg gg, indicating a good corrosion
resistance. When the film is deposited with the composition point
deviated from the point of stoichiometric ratio, multiple phase mix-
ture and deviation in composition will cause a variation in the
density of free electrons, which inevitably leads to a change in
electrical conductivity and corrosion resistance. The CrNggg film
obtained in this work exhibits the suitable composition point, with
which chromium nitride with good electrical conductivity and cor-
rosion resistance is obtained. In addition, the mixture of CrN and
Cr,N is contributed to the improved performance of the CrNggg
coated samples.

5. Conclusions

Thin films of CrNy with different nitrogen contents are deposited
on SS316L bipolar plates by AIP through adjusting the nitrogen gas
flow rate, and nitrogen content in the obtained films changes from
25.4 at% to 56.1 at%, correspondingly, x value in CrNy changes from
0.34 to 1.28. The performance of the CrNy coated samples is obvi-
ously improved compared to the bare SS316L plates. The corrosion
resistance increases by more than two orders of magnitude and
the ICR decreases by one order at least. The composition and phase
structure of the films change as a function of the nitrogen content,
which directly influences the ICR and corrosion resistance of the
coated plates. The CrNg gg film coated SS316L bipolar plates present
the best performance, i.e. the ICR of CrNggg film coated sample
reduces to 8.8 mS cm? at 1.0 MPa compaction pressure, and the
corrosion current almost reaches 10-7 Acm~2.
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