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Carbon  film  has  been  deposited  on  304  stainless  steel  (SS304)  using  close  field  unbalanced  magnetron
sputter  ion  plating  (CFUBMSIP)  to improve  the  corrosion  resistance  and  electrical  conductivity  of SS304
acting  as  bipolar  plates  for proton  exchange  membrane  fuel  cells  (PEMFCs).  The  corrosion  resistance,
interfacial  contact  resistance  (ICR),  surface  morphology  and contact  angle  with  water  of  the  bare  and
eywords:
ipolar plates
tainless steel
arbon film
orrosion resistance

nterfacial contact resistance

carbon-coated  SS304  are  investigated.  The  carbon-coated  SS304  shows  good  corrosion  resistance  in the
simulated  cathode  and  anode  PEMFC  environment.  The  ICR  between  the  carbon-coated  SS304  and  the
carbon  paper  is  8.28–2.59  m�  cm2 under  compaction  forces  between  75  and  360  N  cm−2. The  contact
angle  of the  carbon-coated  SS304  with  water  is  88.6◦, which  is  beneficial  to water  management  in  the
fuel  cell  stack.  These  results  indicate  that  the carbon-coated  SS304  exhibits  high  corrosion  resistance,
low  ICR  and  hydrophobicity  and  is  a  promising  candidate  for  bipolar  plates.
. Introduction

The proton exchange membrane fuel cell (PEMFC) has been con-
idered to be important for industries in the energy realm and
as attracted considerable interest from the research community
ecause of its promise as a driving force for electric vehicles. Bipolar
lates are essential in PEMFCs [1] and account for a large percent of
he mass and cost in the PEMFC stack [2,3]. They conduct current
etween cells, separate reactant gases, i.e., hydrogen and oxygen
or air), and facilitate water and thermal management through the
ell [4,5]. Therefore, bipolar plates possess high electric conductiv-
ty, good corrosion resistance, high mechanical strength, high gas
mpermeability, light weight and low cost [3].  Because durability
nd cost are two main challenges hindering this fuel technology
rom penetrating the energy market, it is critical to improve the
erformance of bipolar plates to achieve the commercial use of
EMFC.

Stainless steels are considered to be good candidates for bipolar
late materials in PEMFC due to their low cost, high strength, and
ase of fabrication into thin sheets. However, the fatal flaw of stain-
ess steel is its tendency to corrode in the harsh acidic and humid

nvironment inside the PEMFC without forming passive layers [4].
he passive film formed under the cathode on the surface pro-
ects the metal from progressive corrosion but also decreases the
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surface electrical conductivity [6],  which leads to the dissipation
of some electric energy into heat and reduces the overall effi-
ciency of the fuel cell stack. Meanwhile, the metal ions produced by
corrosion contaminate the membrane exchange assembly, which
results in the degradation of the performance of the PEMFC
stack [7–10].

Improved corrosion resistance and electrical conductivity
appear to be difficult to achieve simultaneously for stainless
steels, but it is possible to achieve both by coating technol-
ogy [11–13],  and surface modification is an important method
to improve the performance of stainless steel bipolar plates.
Close field unbalanced magnetron sputter ion plating (CFUBM-
SIP) [14] is an advanced and well-established technology that
generates coatings that are dense with few defects, that firmly
adhere to the substrate and that have very low inner stress.
Carbon film with a high sp2 percentage is one coating can-
didate that can be used for stainless steel bipolar plates
due to its high electrical conductivity, chemical inertness and
hydrophobicity [15–17].  Researchers have performed many stud-
ies on 316L stainless steel (SS316L) [18–21],  but few studies
have focused on improving the corrosion resistance and elec-
trical conductivity of 304 stainless steel (SS304). SS304 costs
less than SS316L and is a very promising material for bipo-
lar plates. In this paper, to combine the merits of both SS304

and carbon, carbon film is coated on SS304 by CFUBMSIP.
The carbon film thickness, surface morphology, corrosion resis-
tance, electrical conductivity and contact angle with water are
investigated.

ghts reserved.
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Fig. 1. Schematic illustration of the setup used to measure interfacial contact resis-
W.  Jin et al. / Journal of Power

. Experimental details

The SS304 samples were used as substrates for the bipolar
lates. Both sides of the samples were polished with No. 2000 SiC
aterproof abrasive papers, cleaned with acetone in an ultrasonic

leaner for 15 min, and then dried. The carbon film was  deposited
n the substrates by a CFUMSIP system consisting of two 99.99%
ure graphite targets and two targets of 99.99% Cr. The SS304 sam-
le was immersed in the plasma atmosphere during deposition.
efore deposition, the substrates were sputtered by plasma at a
500 V bias voltage to clean the substrate surfaces and obtain an
ctive surface to improve the adhesion strength between the sub-
trates and the film. To achieve a uniform film, the substrates were
otated at 2.5 r min−1. As a transition layer, chromium carbide was
rst deposited on the substrates with all four targets working to
nhance adhesion. Then, the pure carbon coating was deposited
sing the two  carbon targets. To achieve high-performance carbon
lm, this experiment improved the deposition parameters com-
ared to those in the previous work [22].

The thickness of the carbon film on the SS304 was measured
sing a similar method to that reported by Zhang [23] with a crater
achine (BC-2, Teer Coatings, Ltd.). The test specimen, carbon-

oated SS304, was put on the inclined specimen stage of the crater
achine and then experienced friction from the steel ball during
hich silicon carbide paste was smeared on the test specimen.

hen, a spherical crater appeared on the surface of the specimen.
fter the removal of the silicon carbide paste on the surface of the
arbon coated SS304, professional computer software was used to
ccurately calculate the thickness of each layer of carbon film on the
S304. The surface morphology of the carbon-coated SS304 before
nd after the potentiostatic tests was observed by ultra high res-
lution thermal FE SEM (JSM-7600F, JEOL). Because hydrophobic
ipolar plates can effectively prevent water flooding in the PEMFC
tack, the contact angle of the carbon-coated SS304 with water was
easured with a video-based contact angle measuring device (OCA

0, Dataphysics).
The electrochemical measurements were conducted on the

dvanced electrochemical system (PARSTAT 2273, Princeton
pplied Research, a subsidiary of AMETEK, Inc) using a three-
lectrode cell. The three-electrode cell was composed of the sample
s the working electrode, a graphite rod as the counter electrode
nd a saturated calomel electrode (SCE) as the reference electrode.
nless otherwise stated, the potential is referenced against the sat-
rated calomel electrode. To simulate the operation conditions of
EMFC, all of the electrochemical experiments were conducted in
.5 M H2SO4 + 2 ppm HF at 80 ◦C. Because bipolar plates in PEMFC
re exposed to air/oxygen on one side and to hydrogen gas on
he other, the solution was bubbled either with pressured air (to
imulate the PEMFC cathode environment) or with hydrogen gas
to simulate the PEMFC anode environment) during the measure-

ents reported by Fukutsuka et al. [15], Wang and Northwood
24] and Choi et al. [25]. To ensure the electrochemical stability of
he system, the open circuit potential (OCP) was  tested for 30 min
efore the potentiodynamic tests. To clarify the electrochemical
ehaviour, the potentiodynamic curve was tested at a potential
canning rate of 1 mV  s−1. Because the bipolar plates corrode at the
perating voltage (0.6 V and −0.1 V in the simulated cathode and
node environments, respectively), the potentiostatic tests were
onducted for 4 h to investigate the stability of the carbon film. Dur-
ng the potentiostatic tests, the cathode condition was applied with
.6 V and bubbling with air, and the anode condition was  applied
ith −0.1 V and bubbling with hydrogen.
The interfacial contact resistance between the bipolar plate and
he gas diffusion layer is an important property of bipolar plates
or PEMFC and significantly affects the power output of the fuel
ell stack. Therefore, the interfacial contact resistance between the
tance.

carbon-coated SS304 and conductive carbon paper (Toray TGP-H-
060) was evaluated by a method similar to that reported by Wang
et al. [26]. A schematic illustration of the ICR measurement is shown
in Fig. 1. In this measurement, two pieces of carbon papers were
sandwiched between the coated sample and two copper plates. An
outside force was  applied on the two  insulators above and below
the upper and lower copper plates, respectively. The two copper
plates were connected to an ohmmeter to measure the total resis-
tance of the assembly. One piece of carbon paper was sandwiched
between two  copper plates, and the ICR between the copper plate
and the carbon paper was  also tested to calibrate the ICR between
the carbon film and the carbon paper.

3. Results and discussion

3.1. Carbon film characterisations

The thickness measurement of the carbon film on SS304 is
shown in Fig. 2. It can be seen that the total thickness of the carbon
film is 3.09 �m,  including a 1.06 �m translation layer and 2.03 �m
pure carbon film. The translation layer is deposited because of its
good adhesion to both the substrate and the pure carbon film.
Meanwhile, the pure carbon film can protect the substrate against
corrosion.

Fig. 3 shows a SEM image of a surface micrograph of the carbon
film on SS304. The picture shows a flat, uniform, homogeneous film.
In our range of observation, no obvious pinhole is observed, and the
carbon film is dense. Thus, this carbon film significantly improves
the corrosion resistance of the SS304 bipolar plates because in the
CFUBMSIP process, there is a high ion current density surrounding
the substrates and intense ion bombardment on the growing film

that are beneficial for dense deposition with few defects and well-
adhered films.



10034 W. Jin et al. / Journal of Power Sources 196 (2011) 10032– 10037

3

H
t
S
t
s
w
t
i
−
u
w
a
e
r
t
t
h
t
e

S
a
a
r

Fig. 4. Open circuit potential of SS304, SS316L and the carbon-coated SS304 in
0.5  M H2SO4 + 2 ppm F− solution at 80 ◦C: (a) bubbled with air and (b) bubbled with
Fig. 2. Thickness measurement of the carbon film on SS304.

.2. Electrochemical measurements

The open circuit potential with respect to time is tested in 0.5 M
2SO4 + 2 ppm HF at 80 ◦C before the potentiodynamic test, and

he results are shown in Fig. 4. The electrochemical test results of
S316L are also added into the graphs as a control. It can be seen
hat the uncoated and carbon-coated SS304 quickly reach a con-
tant value in both the simulated cathode and anode environments,
hich indicates that the system reaches a stable state. The OCP of

he uncoated SS304 and SS316L stabilise at −356 mV  and −286 mV
n the simulated cathode environment and stabilise at −357 mV  and
307 mV  in the simulated anode environment. Compared to the
ncoated SS304, the carbon-coated SS304 has a more stable OCP,
hich increases to 206 mV  and 214 mV  in the simulated cathode

nd anode environments, respectively. The carbon-coated SS304
xhibits higher OCP in both the simulated cathode and anode envi-
onments and is approximately 560 mV  more positive than that of
he uncoated SS304 and approximately 500 mV  more positive than
hat of the uncoated SS316L. Therefore, the carbon-coated SS304
as a much lower corrosion tendency and better corrosion resis-
ance than the uncoated SS304 and SS316L in the simulated PEMFC
nvironment.

Fig. 5 shows the potentiodynamic curves of the bare SS304 and

S316L and the carbon-coated SS304 in the simulated cathode and
node PEMFC environments. Both the bare SS304 and SS316L have

 stable passive region in the simulated cathode and anode envi-
onments. The critical passive current density and passive current

Fig. 3. SEM image of the surface micrograph of the carbon film on SS304.
hydrogen.

density of the bare SS316L are lower than those of the bare SS304,
which indicates that SS316L easily reaches the stable state and has
better stability than SS304 in the simulated PEMFC environment.
As shown in Fig. 5(a), the corrosion current density of the bare
SS304 and SS316L are 38.01 �A cm−2 and 11.26 �A cm−2 at 0.6 V
(the cathodic operation potential) in the simulated cathode envi-
ronment, respectively. Both the bare SS304 and SS316L are in the
passive state at the cathodic operation potential. The carbon-coated
SS304 does not have an obvious passive state in the test poten-
tial region, but the corrosion current density of the carbon-coated
SS304 significantly decreases to 2.10 �A cm−2 at the cathodic oper-
ation potential, which is one order of magnitude lower than that
of the bare SS304 and SS316L. The smaller anode corrosion cur-
rent density often corresponds to a low corrosion rate and high
corrosion resistance.

Fig. 5(b) shows that the corrosion current density of the bare
SS304 and SS316L are 92.42 �A cm−2 and 25.79 �A cm−2 at −0.1 V
(the anodic operation potential) in the simulated anode environ-
ment, respectively. However, in the simulated anode environment,
the corrosion potential of the carbon coated SS304 moves to the
right to approximately 0.2 V, which is more positive than the anodic

operation potential of −0.1 V. Thus, the carbon film is in the cathodic
state and can protect SS304 against corrosion in the simulated
anode environment.
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Fig. 5. Potentiodynamic curves of the bare SS304 and SS316L and the carbon-coated
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lation layer, the chromium target current and the graphite target
S304 in 0.5 M H2SO4 + 2 ppm F− solution at 80 ◦C: (a) bubbled with air and (b)
ubbled with hydrogen.

According to the above potentiodynamic results, it can be con-
luded that the passive current density of the uncoated SS304
nd SS316L are still very high and the passive film formed on
heir surfaces cannot resist corrosion due to their weak resis-
ance to the simulated PEMFC environment, although both of
hem have obvious passive regions in the simulated cathode and
node environments that are beneficial to protecting themselves
gainst corrosion in the simulated environment. In contrast to the
are SS304 and SS316L, the carbon coated SS304 has a significant
ecrease in the corrosion current density in the simulated cath-
de and anode environments, which indicates that the corrosion
esistance of the carbon-coated SS304 is greatly improved. This
mprovement is the result of the CUBMSIP process in which there is
igh ion current density surrounding the substrates and intense ion
ombardment on the growing film, which contribute to the depo-
ition of very dense film with few defects. This dense carbon film
n SS304 is beneficial because it prevents the corrosion solution
rom penetrating to the substrate to protect the substrate against
he simulated PEMFC environment.

To investigate the stability of the carbon film at the cathodic and
nodic operation potentials in the simulated PEMFC environment,
otentiostatic tests were performed for 4 h. The potentiostatic
urves of the carbon-coated SS304 are shown in Fig. 6. The transient

urrent density at the cathodic operation potential decays quickly
t the beginning, then increases slightly and eventually maintains

 stable low value of approximately 1.56 �A cm−2, which is helpful
Fig. 6. Potentiostatic curves of the carbon-coated SS304 in the (a) simulated cathode
(0.6 V bubbled with air) and (b) anode (−0.1 V bubbled with hydrogen) environ-
ments.

for substrate protection. The value of the corrosion current den-
sity at the anodic operation potential is negative throughout the
test process, and the final stable corrosion current density reaches
a relatively low level. This test demonstrates that the carbon film
operates in the cathodic state and can protect the substrate in the
simulated anode environment. Therefore, the potentiostatic polar-
isation result indicates that the carbon film is stable in both the
simulated cathode and anode environments and provides good pro-
tection to the substrate, which is in agreement with the result of
the potential dynamic polarisation.

Fig. 7 shows SEM images of a surface micrograph of the carbon-
coated SS304 after the potentiostatic tests in the simulated cathode
and anode environments. There are only a few white substances
on the film surface, and no overall and local corrosion occurs. This
result is likely related to the dense high-performance carbon film on
the SS304. Therefore, the carbon-coated SS304 exhibits excellent
corrosion resistance in the simulated cathode and anode PEMFC
environments.

3.3. Interfacial contact resistance

The interfacial contact resistance of the bare and carbon-coated
SS304 are shown in Fig. 8. In the deposition process of the trans-
current change continuously; thus, the stoichiometric ratio of tran-
sition layer is graded. The resistivity of the transition layer is not
expected to be as high as that of the chromium carbide with a con-
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ig. 7. SEM images of the surface micrograph of the carbon-coated SS304 after the
otentiostatic test in the (a) cathode environment and (b) anode environment.

tant stoichiometric ratio. Therefore, the measured value of ICR can

epresent the ICR between the carbon film and the conductive car-
on paper. From Fig. 8, it can be seen that the ICR decreases quickly
nder low compaction force because the contact points between
he testing sample and the carbon paper increase as the compaction

ig. 8. Interfacial contact resistance of the bare and carbon-coated SS304 with car-
on  paper.
Fig. 9. Contact angle images of the uncoated and carbon-coated SS304 with water.

force increases, and the ICR is mainly influenced by a low com-
paction force. Then, the ICR gradually decreases and finally remains
steady because the contact area between the carbon-coated SS304
and the carbon paper gradually reaches the maximum, and the
compact force is no longer the main influence on the ICR.

Fig. 8 also shows that the ICR between the SS304 and the carbon
paper is very high because of the weak conductivity of the passive
film formed on the surface. Compared to SS304, the carbon-coated
SS304 has a much lower ICR. The ICR between the carbon-
coated SS304 and the carbon paper is 8.28–2.59 m� cm2 under
compaction forces between 75 and 360 N cm−2. The ICR of carbon-
coated SS304 decreases from 94.44 m� cm2 to 4.92 m� cm2 at
135 N cm−2. The low ICR between the carbon-coated SS304 and the
carbon paper is a result of the high conductivity of the carbon film.
Low ICR is an important factor that influences the output power of
the fuel cell stack and can increase the durability of the fuel cell
stack, which may  lead to its industrialisation.

3.4. Contact angle

Fig. 9 shows the contact angle images of the uncoated and
carbon-coated SS304 with water. Fig. 10 shows the contact angle
value of the bare and carbon-coated SS304 with water. To achieve
an accurate value, four measurements are collected for each spec-
imen. The average contact angle value of the SS304 is 67.4◦, while

the carbon-coated SS304 has a much larger average contact angle:
88.6◦. Water is produced during the operation of the PEMFC. If the
generation rate of liquid water at the cathode exceeds the removal
rate from the cathode, the water will flood. Water flooding can hin-
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ig. 10. Contact angle value of the uncoated and carbon-coated SS304 with water.

er oxygen transport and blocks the surface area of the catalysts,
hich will lead to a significant decrease in fuel cell performance.

herefore, water should be removed successfully, and the bipo-
ar plate should be hydrophobic. The contact angle increases with
mprovement in the hydrophobic property, which contributes to

ater removal in the fuel cell stack. The large contact angle of the
arbon-coated SS304 with water favours water removal to prevent
ccumulated water from flooding the electrode system.

. Conclusions

Carbon film has been sputtered on the SS304 by close field
nbalanced magnetron sputter ion plating for use as bipolar plates
or PEMFC. This carbon-coated SS304 exhibits good corrosion resis-
ance, high conductivity and high hydrophobicity; therefore, it has
reat potential for application as bipolar plates for the fuel cell
tack. The corrosion current density of the carbon-coated SS304
ecreases to 2.10 �A cm−2 at 0.6 V in the simulated cathode envi-
onment, which is one order of magnitude lower than that of

he SS304. The open circuit potential of the carbon-coated SS304
ncreases to 206 mV  and 214 mV  in the simulated cathode and
node environments, respectively, which are far higher than that of
he SS304. The interfacial contact resistance between the carbon-

[
[
[
[

es 196 (2011) 10032– 10037 10037

coated SS304 and the carbon paper reaches a very low value of
4.92 m� cm2 under a compaction force of 135 N cm−2. The contact
angle between the carbon coated SS304 and water (67.4◦) is lower
than that between the uncoated SS304 and water (88.6◦).
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