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a b s t r a c t
Excellent electrical conductivity and corrosion resistance make the graphite-like carbon ﬁlm an ideal surface
modiﬁcation for metal bipolar plates, but the pinhole inside amorphous carbon (a-C) causes pitting corrosion
of the substrate. Chromium interlayer amorphous carbon (Cr/a-C) was prepared for 304SS bipolar plate. The interlock structure between the Cr interlayer and a-C ﬁlm prevented corrosive liquid from reaching the substrate.
The Cr/a-C ﬁlm was prepared on 304SS by direct current magnetron sputtering. The hydrophobic property, interfacial contact resistance (ICR), and corrosion resistance of Cr/a-C 304SS were investigated and compared with
those of bare 304SS and a-C 304SS. In addition, the performance and stability of the assembled single fuel cell
were analyzed. Results show that the contact angle with water of Cr/a-C 304SS is 89.5°. The ICR of Cr/a-C
304SS under compaction force of 150 N/cm2 is 16.65 mΩ cm2, which is better than that of a-C 304SS. The SEM
and TEM results reveal the interlock structure between the Cr interlayer and a-C ﬁlm. This structure results in excellent corrosion resistance, corrosion potential of −0.32 V, and corrosion current density of 0.894 μA cm−2 in
the simulated proton exchange membrane fuel cell (PEMFC). Single cell tests show that the peak power density
of Cr/a-C 304SS PEMFC is 1.123 W cm−2, with no observed degradation during 12 h lifetime tests. Thus, the Cr/aC ﬁlm is an ideal protective layer for 304SS bipolar plates of PEMFC.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Proton exchange membrane fuel cell (PEMFC) is considered the next
generation of power source, and the bipolar plate is a key component in
PEMFCs. Traditional graphite bipolar plates possess high electrical conductivity and superior corrosion resistance, but they exhibit high
manufacturing cost and poor mechanical properties. Stainless steel is
an ideal material for the PEMFC bipolar plate because of its high electrical and thermal conductivity, good mechanical strength, and
manufacturing ease. However, the passive ﬁlm on its surface increases
contact resistance. In addition, the corrosion of stainless steel bipolar
plates under PEMFC working conditions can poison the membrane electrode by releasing corrosion byproducts such as Ni, Cr, and Fe, resulting
in inferior fuel cell performance and durability. Therefore, surface modiﬁcation or a coating protective layer is necessary to enhance the corrosion resistance of stainless steel [1–3].
Amorphous carbon (a-C) ﬁlm generally refers to the categories of
the amorphous carbon ﬁlm material, among which graphite-like carbon
(GLC) is considered an ideal candidate for surface modiﬁcation of
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stainless steel bipolar plate [4–6], because of its compact structure,
high electrical conductivity, superior corrosion resistance, and high mechanical strength with metallic plate. Show [7,8] and Kai [9] coated Ti
and 316L SS with a-C ﬁlm, respectively, and both reported signiﬁcantly
improved corrosion resistance and reduced contact resistance. Yi [10]
fabricated 304SS bipolar plates with a-C ﬁlm coated by closed ﬁeld unbalanced magnetron sputter ion plating; assembled fuel cells showed
that the a-C ﬁlm has demonstrated excellent chemical stability and electrical performance. Feng [11] deposited an a-C ﬁlm on 316L SS. Tests
showed a stable a-C ﬁlm that greatly reduces the corrosion rate. The interfacial contact resistance (ICR) test showed that the ICR of 316L SS deposited with a-C ﬁlm is much lower than that of bare 316L SS.
However, corrosive liquid passes through the a-C ﬁlm via pinholes
under long working hours; therefore, the a-C ﬁlm fails to meet DOE stability requirements. Li [12] mentioned that interlayer deposition such as
Ti, Cr, W, and Si for a-C ﬁlms offers enhanced adhesion between the substrate. Wang [13] used Cr as an interlayer and a Cr/C multilayer coating
was prepared, in which the interface between Cr and carbon ﬁlm
showed interlock structures. The interlock structure blocked small
crack growth of carbon ﬁlm and signiﬁcantly upgraded the mechanical
properties of carbon ﬁlm. In addition, doping Cr in a-C ﬁlm inﬂuences
the sp3 and sp2 carbon atom content and improves the ICR of the ﬁlm
[14].
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Fig. 1. (a) corrosion mechanism of a-C ﬁlm and (b) corrosion resistance mechanism of interlock structure of Cr/a-C.

stability of the self-assembled single fuel cell with Cr/a-C 304SS BPs
were tested to verify the effects of the Cr interlayer.

2. Corrosion resistance mechanism

Fig. 2. Specimen of Cr/a-C 304SS bipolar plate.

In this work, a Cr/a-C ﬁlm was prepared by direct current magnetron
sputtering (DCMP) on 304SS substrate, and inﬂuences of the Cr interlayer were investigated from the contact angle with water, electrical conductivity, and corrosion resistance. Finally, the performance and

Under harsh acid working conditions of PEMFC, metal is in an unstable state and easily reacts with corrosive liquid, leading to corrosion of
the metallic bipolar plate. At the cathode side, a passivation layer easily
forms because the working potential is below the metal corrosion potential. The thin oxidation ﬁlm (usually 1–3 nm) itself offers good corrosion resistance and slightly dissolves in corrosive media. Moreover, the
corrosion rate is four to six orders of magnitude lower than that of metal
before corrosion. However, the poor conductivity of the generated passivation layer increases the ICR between the bipolar plate and gas diffusion layer. At the anode side, metal is prone to dissolution and the
dissolved metal ions are absorbed by the catalyst layer and decrease catalytic activity. This reduced activity then decreases the efﬁciency of the
fuel cell.
The excellent chemical inertia of the a-C ﬁlm makes it suitable for
corrosion resistance modiﬁcation of 304SS, but its internal defects
such as pinholes, through which corrosive liquid reaches and comes
into contact with the substrate, lead to pitting corrosion after long
working hours (Fig. 1(a)). Back-diffusion Cr atoms mix with carbon
atoms during magnetron sputtering. Condensation and recondensation
occur on the Cr interlayer. Under appropriate sputtering current and
bias voltage, the Cr layer presents typical columnar growth. A columnar

Fig. 3. Assembled PEMFC (a) and self-built PEMFC performance test system (b).
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Table 1
Operating conditions for single cells tests.
Active area
Operating pressure
Operating temperature
Hydrogen ﬂow rate
Air ﬂow rate
Hydrogen humidiﬁcation
Air humidiﬁcation

25 cm2
1 atm
298 K
375 sccm
1000 sccm
100%
50%

pressure of 8 mTorr. The Cr interlayer was deposited for 10 min with direct current sputtering at 3 A and bias voltage of −100 V. The bias voltage was then set to − 200 V [15], and the a-C ﬁlm was deposited for
60 min. For uniformity, the substrates were rotated at a constant rate
during the whole preparation. Field emission scanning electron microscopy (S−4800) was employed to investigate surface and cross-sectional morphologies. Scanning probe microscopy (Dimension 3100V) was
conducted to investigate the 3D topography and measure roughness.
In addition, surface contact angle with water was measured by contact
angle system OCA20.
3.2. Interfacial contact resistance measurements

structure is quite compact, whereas the triangular vacancy of two cylinders is ﬁlled with a-C. Finally, the interlock structure is formed. As
shown in Fig. 1(b), the internal defects of the Cr layer and a-C ﬁlm are
successfully staggered from the interlock structure, which effectively
blocks corrosive liquid from reaching the substrate and greatly enhances corrosion resistance.

The ICR between the specimen and conductive carbon paper (Toray
TGP-H-060) was evaluated. Two pieces of carbon paper were
sandwiched between two copper plates and the coated sample. A constant current of 1 A was used during the test, and the pressure was controlled by a CMT5105-type microcomputer control electronic universal
testing machine. Voltage change was measured using a precision
ohmmeter.

3. Experimental

3.3. Electrochemical measurements

3.1. Specimen preparation

Electrochemical corrosion measurements were conducted by the
electrochemical workstation of AUTOLAB using a three-electrode cell.
A platinum electrode served as the auxiliary electrode. A saturated calomel electrode (SCE) was the reference electrode. The carbon-coated
304SS was the working electrode. The substrates were sealed with a
hot glue gun that had an opening of 1 cm × 1 cm for measurement.
The potentiodynamic curves were acquired at a scanning rate of
0.5 mV s−1 over a range of −0.7 V to 1.0 V. All electrochemical experiments were conducted in 0.5 M H2SO4 + 5 PPM HF solution to simulate
the operational conditions of PEMFC.

An independently developed magnetic ﬁltered cathodic arc compound sputtering deposition apparatus was selected for preparing carbon membranes. Several materials were required in substrates, such
as glasses to measure resistivity of a-C ﬁlm and silicon P (100) for microstructural analysis. Subsequently, the 304SS 30 mm × 30 mm substrates
were polished. The substrate materials were cleaned with acetone in an
ultrasonic cleaner for 15 min before coating. The experiment started
after vacuum pumping to 3 × 10−5 Torr. Ar was piped at a cavity

Fig. 4. SEM micrographs of surface for (a) a-C ﬁlm and (b) Cr/a-C ﬁlm, SEM micrographs of cross-section for (c) a-C ﬁlm and (d) Cr/a-C ﬁlm.
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Fig. 5. SPM images and arithmetic average roughness values of random 3 μm × 3 μm areas of (a) a-C ﬁlm and (b) Cr/a-C ﬁlm.

3.4. Single cell tests
As shown in Fig. 2, a bipolar plate (general size of 90 mm × 90 mm;
thickness of 2 mm) was designed with single serpentine ﬂow ﬁelds. The
active area is 50 mm × 50 mm. The rib width, channel width, and channel height are 1 mm. The diameter of the air inlet is 4 mm. The areas

beside the active area are set to a depth of 0.55 mm for surface sealing,
and eight uniform distributions via holes with diameter of 5 mm are set
for positioning and assembling of the fuel cell stack.
As shown in Fig. 3, a self-assembled single cell was fabricated
and tested. Commercial MEA with platinum loading of 0.5 mg cm−2 for
anode and cathode, as well as active electrode area of 50 mm × 50 mm

Fig. 6. High resolution TEM and electron diffraction of Cr/a-C ﬁlm. (a) amorphous carbon and onion structure fullerene-like, (b) columnar crystal growth of chromium interlayer, (c)
interlock structure of the interface.
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Fig. 7. Contact angles of specimens (Cr/a-C 304SS, bare 304SS and a-C 304SS) with water.

was adopted, and carbon cloths for GDL were from AvCarb. Subsequently,
10-mm-thick aluminum plates were applied as end plates. Coated bipolar
plates, MEA, and silicon seals were clamped between two end plates by
eight M5 screw joints. Performance was evaluated by I\\V curves with
a self-built system, which included a SGH-500A hydrogen generator
from JieDao Tech, CS200A electromagnetic ﬂowmeter from Sevenstar,
customized bubbling humidiﬁcation system, and M9711 electronic load
from Maynuo. Parameters for single cell tests are shown in Table 1. Simultaneously, single cells with bare 304SS and a-C 304SS bipolar plates were
also assembled and tested under the same conditions for comparison.

Fig. 9. Potentiodynamic polarization curves of three specimens (Cr/a-C 304SS, bare 304SS
and a-C 304SS) in simulated PEMFC condition (0.5 M H2SO4 + 5PPM HF).

and the roughness of the Cr/a-C ﬁlm is 4.61 nm; these results correspond to the surface morphologies.
Fig. 6 shows the high-resolution TEM and electron diffraction patterns of the Cr/a-C ﬁlm. Evidently, the ﬁlm is an amorphous carbon
with a fullerene-like structure [16]. The growth tendency of the Cr interlayer is columnar crystals, and the interface between the interlayer and
carbon shows an obvious interlock structure. This structure plays a vital
role in settling the pitting corrosion matter of a-C ﬁlm.

4. Results and discussions
4.2. Contact angle
4.1. Characteristics of the Cr/a-C coating
Fig. 4 presents the surface and cross-sectional morphology of pure aC ﬁlm and Cr/a-C ﬁlm. The surface morphology shows that both pure aC ﬁlm and Cr/a-C ﬁlm exhibit a smooth surface with no signiﬁcant defects, and the surface particles of the a-C ﬁlm are smaller than those of
the Cr/a-C ﬁlm. The thickness of the a-C ﬁlm is about 400 nm, whereas
that of the Cr/a-C ﬁlm is about 500 nm; a high Cr sputter ionization
rate is beneﬁcial for a high deposition rate.
The scanning probe microscopy (SPM) images and arithmetic average roughness values of random (3 μm × 3 μm) areas of a-C ﬁlms are
presented in Fig. 5. The roughness value of the a-C ﬁlm is 5.63 mm,

The hydrophobic property of the bipolar plate is an important parameter for water management of PEMFC [17–19], because PEM
shows better proton conductivity only in wet conditions, and reactive
gases must be humidiﬁed. In addition, the electrochemical reaction of
hydrogen and oxygen inside PEMFC generates extra water, which condensates to liquid water and blocks ﬂow channels if removed in time.
Hence, good hydrophobicity of the bipolar plate is beneﬁcial to efﬁcient
water management. Fig. 7 shows the calculated values and images of
the contact angle with water of the three specimens. Cr/a-C 304SS has
displayed a much larger contact angle with water (about 89.5°) than
bare 304SS (69.5°) but a slightly smaller angle than a-C 304SS.

Fig. 8. ICRs of three specimens (Cr/a-C 304SS, bare 304SS and a-C 304SS) under different
compaction forces (from 40 to 360 N cm2).

Fig. 10. Current density–time relationships of three specimens (Cr/a-C 304SS, bare 304SS
and a-C 304SS) under 0.6 VSCE.
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Fig. 11. SEM micrographs of surface of three specimens before potentiostatic test: (a) 304SS, (b) a-C 304SS, and (c) Cr/a-C 304SS, and after potentiostatic test: (d) 304SS, (e) a-C 304SS, and
(f) Cr/a-C 304SS.

4.3. Interfacial contact resistance
High electrical conductivity is crucial to decrease ohmic loss and improve output power efﬁciency of PEMFC. ICR values between specimens
and Toray060 carbon paper were measured under various compaction
forces, as shown in Fig. 8. With increased compaction forces, the contact
area of specimen and carbon paper increases, whereas contact resistance decreases. After increasing to a certain extent, the deformation
of the specimen becomes inﬁnitesimal, and the contact area is almost
constant. The interface is close to near-perfect contact, and contact resistance becomes constant. The ICR of PEMFC should be less than
20 mΩ cm2 under a compaction force of 150 N/cm2. Bare 304SS shows
a high ICR (124.4 mΩ cm2) because of its passive ﬁlm, whereas the
ICR of Cr/a-C under 150 N/cm2 is 16.65 mΩ cm2. This value is attributed
to the high percentage of sp2 bonds in the Cr/a-C ﬁlm. The ICR of Cr/a-C
is much lower than that of bare 304SS but higher than that of a-C 304SS.

Therefore, the Cr interlayer improves the electrical conductivity of the aC ﬁlm.
4.4. Electrochemical polarization and stability
As shown in Fig. 9, the dynamic polarization of Cr/a-C under a simulated PEMFC working environment (0.5 M H2SO4 + 5PPM HF) is plotted, and those of bare 304SS and a-C 304SS are provided for
comparison. The corrosion resistance of the specimens is ranked in the
following order: Cr/a-C 304SS N a-C 304SS N bare 304SS. The poorly
compact passive ﬁlm of bare 304SS is easily destroyed under cruel
PEMFC working environment, which produces the corrosion potential
(Ecorr) value of − 0.32 V and corrosion current density (Icorr) of
7.336 μA cm−2. Ecorr of a-C 304SS is 0.23 V and Icorr is 1.369 μA cm−2,
which is beneﬁtted from the uniform and isotropic structure of amorphous property. Meanwhile, the Cr/a-C ﬁlm shows good corrosion
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4.5. Performance and lifetime tests of single cell

Fig. 12. Performances of assembled single fuel cells with three specimens (Cr/a-C 304SS,
bare 304SS and a-C 304SS).

resistance (Ecorr = 0.25 V, Icorr = 0.894 μA cm−2), which is due to the
interlock structure of the interface.
Potentiostatic tests were also performed to examine the stability of
the specimens under a potential of 0.6 V (vs. SCE) for 4 h (Fig. 10).
The current densities of the specimens initially diminish rapidly and
gradually stabilize at a low level after 20–30 min. Similar to dynamic polarization, the current density of bare 304SS stabilizes at 20 μA cm2 and
a-C stabilizes at 20 μA cm2, whereas Cr/a-C approaches 0 and then stabilizes at a negative value. The SEM micrographs presented in Fig. 11
show that large area corrosion occurs on the surface of 304SS after
4 h, which is related to the poor compactness of the passive ﬁlm. The initial surface morphology of a-C 304SS is smooth but compactness is insufﬁcient such that several tenuous holes could still be found.
Corrosive liquid reaches the substrate through those small openings,
causes pitting corrosion, and ﬁnally destroys the a-C ﬁlm. The surface
of the Cr/a-C ﬁlm remains uniform and smooth without surface micropores and reveals better corrosion resistance than the a-C ﬁlm.

Fig. 12 characterizes the polarization curves of single cells assembled
with bare 304SS, a-C 304SS, and Cr/a-C 304SS bipolar plates, which all
show typical polarization phenomenon. The open circuit voltage of the
three fuel cells is almost the same at 0.905 V. The peak power density
of the Cr/a-C 304SS fuel cell is 1.123 W cm− 2 at a current density of
2.25 A cm−2, which is better than that of a-C 304SS. The output voltage
of bare 304SS and a-C 304SS attenuates faster than that of Cr/a-C 304SS,
as evidenced by the ICR. This ﬁnding agrees with the results in Fig. 8. The
peak current density of bare 304SS stops at 1.5 A cm−2, which is related
to its hydrophilicity when ﬂooding has occurred in the ﬂow channels.
Lifetime extension is another challenge in PEMFC. Fig. 13 compares
the current density variations in the three fuel cells under an operated
voltage of 0.6 V for 12 h. The current density of Cr/a-C ﬂuctuates around
1.347 A cm−2, with no tendency of degradation during the entire test
time. Meanwhile, the performance degradation of the a-C 304SS fuel
cell and bare 304SS is about 0.809% and 17.1%, respectively. These
values are consistent with the results of Peng [10]. The lifetime tests
stopped at 12 h because of the limitation of experimental conditions,
but the current density of Cr/a-C 304SS stabilizes at a negative value
after 30 min (Fig. 10). The performance of the Cr/a-C 304SS fuel cell
may not degenerate, but further investigations are necessary.
5. Conclusions
A uniform and compact Cr/a-C ﬁlm for 304SS bipolar plates of
PEMFC was prepared by DCMP. The structure and performances of the
ﬁlm were investigated, and the following conclusions were drawn.
(1) The interface between the Cr interlayer and a-C ﬁlm is an interlock structure.
(2) The contact angle with water of Cr/a-C 304SS is 89.5°, which is
beneﬁt to water management in PEMFC and anticorrosion of
the bipolar plate itself.
(3) The ICR of Cr/a-C 304SS under compaction force of 150 N/cm2 is
16.65 mΩ cm2, which decreases by about 87% compared with the
ICR of bare 304SS.
(4) The corrosion resistance of the Cr/a-C ﬁlm is excellent, with corrosion potential of − 0.32 V and corrosion current density of
0.894 μA cm− 2. Meanwhile, the current density of Cr/a-C approaches 0 and stabilize at a negative value.
(5) Single cell tests show that the peak power density of Cr/a-C
304SS PEMFC is 1.123 W cm−2, which is 2.25 times that of bare
304SS and slightly better than that of a-C 304SS. No observed
degradation occurred during 12 h lifetime tests, indicating the
improvement in a-C 304SS.
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