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a b s t r a c t
The desirable properties of metallic bipolar plates in polymer electrolyte membrane fuel cells are good
corrosion resistance and high electrical conductance. In this study, carbon-implanted SS316L stainless
steel bipolar plates are evaluated by various ex situ and in situ methods. X-ray photoelectron spectroscopy
and transmission electron microscopy reveal a carbon-enriched layer with a thickness of about 240 nm
thick. The structure depends on the ion implantation ﬂuence. The interfacial contact resistance and electrochemical behavior are determined using ex situ techniques. The interfacial contact resistance decreases
with increasing ion implantation ﬂuence. The results obtained by potentiodynamic tests, potentiostatic
tests, and inductively coupled plasma optical emission spectrometry measurements are consistent with
each other conﬁrming that the corrosion resistance is signiﬁcantly improved after carbon ion implantation. The carbon-implanted stainless steel bipolar plates are assembled into single cells to undergo in situ
evaluation. The peak power density of the carbon-implanted bipolar plate increases from 566.5 mW cm−2
to 840.0 mW cm−2 and the power density at 0.6 V increases by a factor of two compared to those measured
from a single cell made of unimplanted stainless steel bipolar plates.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction
A key challenge for the commercialization of polymer electrolyte membrane fuel cells (PEMFCs) is the development of
low-cost bipolar plates suitable for rapid manufacturing while
meeting the stringent performance and durability requirements
[1–4]. The bipolar plates constitute over 80% of the total stack
weight and considerable proportion of the materials cost in a typical fuel cell stack [5,6]. By 2009, the cost of bipolar plates has been
reduced to $6 kW−1 , which accounts for more than 20% fuel cell
stack cost and 10% total cost [2]. Three types of materials have been
proposed and they are graphite/carbon-based composites, polymer/graphite compounds, and metals [3,7,8]. From the standpoint
of cost, manufacturability, mechanical strength, and gas impermeability, thin stamped stainless steel foils are promising [9–11].
Nevertheless, the interfacial contact resistance (ICR) and corrosion
resistance must still be improved as these factors affect the performance and durability of PEMFCs. Although stainless steels (SS)
possess low bulk electrical resistance, the ICR is unacceptably high
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on account of its self-passivating nature. Stainless steels are also
susceptible to dissolution leading to leaching of metal ions into the
PEMFC environment, poisoning of the MEAs, and loss of performance [11,12]. Therefore, various surface modiﬁcation techniques
have been investigated in order to improve the performance of
SS bipolar plates [13–17]. For instance, incorporation of some elements capable of enhancing the corrosion resistance and electrical
conductance into bipolar plate materials surface is a good technique [18]. In this respect, ion implantation is an excellent surface
modiﬁcation technique since elements that can boost the corrosion
resistance and conductivity can be implanted into the materials
without thermodynamic limitations pertaining to solubility and
phase diagrams [19–23]. Owing to the high electrochemical inertness and good electrical conductivity of carbon [24–27], Nikam et al.
[28] have conducted low temperature carburization to improve
the corrosion resistance and surface conductivity of SS316L and
a carbon concentration as high as 14 at.% can be accomplished by
this means. Kim et al. [29] have applied carbon ion implantation to
improve the corrosion resistance and contact resistance of Ni-base
amorphous alloys. The results indicate that, due to the formation
of C and Nb passive layers, the ICR is greatly decreased to the
level of graphite while the corrosion resistance of both the carbon implanted and non-implanted amorphous alloy are superior
to that of SS316L. In this study, carbon ion implantation is performed to improve the corrosion resistance and surface electrical
conductivity of stainless steels, the surface structure of SS316L after
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Table 1
Nominal chemical composition of SS316L (at.%).
Cr

Ni

Mo

C

Mn

Si

P

S

Fe

20.0–21.0

6.0–7.0

1.5

0.03

1.5

1.0

0.04

0.03

Balance

carbon ion implantation with different implantation dose is investigated and the performance of the ion-implanted SS bipolar plates
are evaluated by various ex situ and in situ methods.
2. Experimental details
2.1. Ion implantation and characterization of implanted layer
Austenitic 316L stainless steel samples with the nominal chemical composition shown in Table 1 were used in this investigation.
The stainless steel plates were cut into 10 mm × 10 mm coupons,
mechanically polished by SiC 1200 grade waterproof abrasive
paper, cleaned with alcohol ultrasonically, and dried. Carbon ion
implantation was conducted on the HEMII-80 high-energy metal
ion implanter in the Plasma Laboratory of City University of Hong
Kong (Fig. 1). The energetic ions were produced by MEVVA ion
source, in which the highly ionized plasmas were produced by
cathodic vacuum arcs from graphite electrode. Then, the charged
ions formed in the plasma can be extracted and accelerated by the
strong electric ﬁeld between extraction electrodes. The vacuum in
the implantation chamber was below 5.0 × 10−5 Pa and the carbon
cathode was 99.9% pure. The accelerating voltage was 40 kV and the
implantation time was 0.25 h, 0.5 h, 1 h, or 2 h. The ion implantation
ﬂuence is calculated according to the following formula:
D (ions/cm2 ) = k

Im ·  · n
e · S · n̄0

(1)

where k is the empirical coefﬁcient usually between 0.30 and 0.35,
Im is the average current,  is the pulse width being 1 ms, n is
the number of pulses, e is the electron charge, S is the ion beam
area, and n̄0 is the average charge state number which is +1 for
carbon [30]. The calculated ion implantation ﬂuences are about
6 × 1016 ions cm−2 , 1.2 × 1017 ions cm−2 , 2.4 × 1017 ions cm−2 , and
4.8 × 1017 ions cm−2 for samples C – 0.25 h, C – 0.5 h, C – 1 h, and C
– 2 h, respectively.
Elemental depth proﬁles and chemical states were determined
by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS
Ultra equipped with a monochromatic Al K␣ radiation source operated at a constant pass energy of 11.75 eV, take-off angle of 45◦ , and
a step size of 0.25 eV. The Fe, Cr, Ni, Mo, O and C depth proﬁles were
obtained by 3 kV Ar sputtering of a 3 mm × 3 mm area to ensure that
artifacts from the crater walls and induced roughness were minimized. The cross-sectional microstructure of the implanted SS316L
samples was examined by transmission electron microscopy (TEM,
FEI TECHAI G2 F20 operated at 200 kV).
2.2. Ex situ evaluation
The ex situ evaluation of the bipolar plate materials included
ICR measurement, electrochemical tests, and contact angle determination. The ICR was determined from structures consisting of
two pieces of conductive carbon paper (Toray TGP-H-090) sandwiched between the sample and two copper plates. A constant
current of 0.1 A was applied through the two copper plates and the
voltage was monitored as a function of steadily increasing compaction force. The ICR values reported here had been background
subtracted.
The electrochemical behavior was examined by potentiodynamic and potentiostatic tests. The amounts of corroded metallic
ions during the potentiostatic test were determined by inductively coupled plasma optical emission spectrometry (ICP-OES).
The electrochemical tests were carried out on a Zahner Zennium
Electrochemical Workstation and the electrolyte composition was
0.5 M H2 SO4 + 2 ppm HF at 80 ◦ C to simulate the aggressive PEMFC
environment. The solution was purged with either air or hydrogen to simulate the cathode or anode environment prior to and
during the electrochemical test. Potentiodynamic polarization was
performed at a scanning rate of 1 mV s−1 . To investigate the stability of the samples in the aggressive PEMFC environment, the
potentiostatic test was carried out for 10 h at a potential of 0.6 V vs.
SCE while being purged with air and −0.1 V vs. SCE being purged
with H2 to simulate the cathode and anode environments in the
PEMFC, respectively. After the potentiostatic test, 100 mL of the
solution were collected and analyzed by ICP-OES to determine the
concentration of Fe, Cr, Ni, and Mo in the solution.
2.3. In situ evaluation: single cell test

Fig. 1. Photo and schematic diagram of the HEMII-80 high-energy metal ion
implanter in the Plasma Laboratory of City University of Hong Kong.

In the in situ analysis, single cell tests were conducted to investigate the improvement of carbon ion implantation in power density.
According to the ICR and corrosion resistance results, sample C – 2 h
(0.1 mm thick SS implanted with C for 2 h) was selected for the test
and a single cell with unimplanted SS bipolar plates was also assembled and tested for comparison. The performance of the single cell
was evaluated by the I–V characteristics determined using the NBT100W fuel cell test system. The experiments were performed under
the scanning current mode and the results were recorded after 2 h
of stable operation. A commercial MEA with 0.5 mg cm−2 platinum
and an active electrode area of 40 cm2 was adopted on both the
anode and cathode sides. Aluminum plates of 15 mm thick were
used as the end plates and 2 mm thick brass plates were used to
collect the current. The bipolar plates, MEAs, silicon seals, and current collectors were clamped between the two end plates by eight
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Table 2
Main operating conditions in the single cell test.
Parameter

Cathode side

Anode side

Active area
Reactant ﬂow rate
Back pressure
Reactant gas pressure
Humidiﬁcation
Cell temperature
Reactant temperature

40 cm2
1000 SCCM (O2 )
50 kPa
0.3 MPa
30%
50 ◦ C
60 ◦ C

40 cm2
1200 SCCM (H2 )
30 kPa
0.3 MPa
30%
50 ◦ C
60 ◦ C

M4 screw joints at a torque of about 6 Nm. The main operating
conditions are listed in Table 2.
3. Results and discussion
3.1. XPS and TEM
The elemental depth proﬁle of sample C – 1 h as well as Fe, Cr
and Ni XPS spectra are depicted in Fig. 2. As shown in Fig. 2(a), the
carbon implanted layer is about 240 nm thick and the carbon depth
proﬁle exhibits a Gaussian like distribution with a peak atomic fraction of about 40%. The carbon concentration near the surface is also
about 25%, further indicating that ion implantation circumvents
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thermodynamic constraints such as solubility and phase diagrams
[18]. The evolution of the Fe, Cr, and Ni XPS spectra with depths
is displayed in Fig. 2(b), (c), and (d), respectively. Fe near the surface exists in both the metallic and oxidized states and at a depth
of 1 nm, metallic iron begins to dominant. In the near surface,
chromium has mainly the trivalent oxidized state and exists in both
the metallic and oxide states at a depth of 1 nm. After sputtering
to a depth of 2 nm, chromium changes from the metallic and oxide
mixed states to metallic state, indicating the border between the
passive ﬁlm and substrate. Ni exists mainly in the metallic state
throughout the entire depth [31].
Fig. 3 depicts the TEM cross-sectional micrographs of the
SS316L samples implanted with different ﬂuences. As observed
from samples C – 0.25 h (6 × 1016 ions cm−2 ) and C – 0.5 h
(1.2 × 1017 ions cm−2 ), an amorphous layer with an approximate
thickness of 53 nm and 60 nm, respectively, is formed on the surface
and there is a zone with ﬁne grains zone underneath the amorphous layer. Formation of the amorphous layer in conjunction with
the ﬁne-grain zone signiﬁcantly reduces the adverse effect of the
heterogeneous surface of SS316L and improves the corrosion resistance. Fig. 3(c) and (d) shows the cross-sectional microstructure
of samples C – 1 h and C – 2 h. There is a circular nanophase with
a diameter of about 10 nm precipitated from original amorphous
layer and the distance from the surface to the end of amorphous

Fig. 2. XPS depth proﬁles determined from (a) C – 1 h sample and XPS spectra as a function of sputtering depths for (b) Fe, (c) Cr, and (d) Ni.
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Fig. 3. TEM cross-sectional micrographs of SS316L samples implanted with different C ﬂuences.

layer is 65 nm and 85 nm in samples C – 1 h and C – 2 h, respectively.
Underneath the precipitated nanophase zone, an amorphous layer,
16 nm and 18 nm thick, respectively, exists. As shown by the depth
proﬁles, the implanted C is located between 65 nm and 107 nm and
it is deeper than the amorphous layer and precipitated nanophase
zone. Our results suggest that the amorphous layer and precipitated
nanophase zone are formed by implantation-induced damage in
lieu of carbon enrichment. The precipitated nanophase is graphite
as determined from previous studies involving carbon implanted
steel [32–34].
3.2. ICR measurements
The ICR between the SS sample and gas diffusion layer (carbon
paper) is a critical factor governing the internal resistance of the
PEMFC stack thus affecting the resistance over potential of each
single cell [17]. The ICR values as a function of compaction force
are presented in Fig. 4. ICR decreases with the compaction force
exponentially [35], implying that the compaction force is dominant in the reduction of the ICR in the region of lower compaction
force whereas the surface composition is the predominant factor
in the region at a larger compaction force. The ICR of SS316L is
relatively high at 664.3–255.4 m cm2 at compaction force from

Fig. 4. Variation in ICR values versus compaction force determined from the unimplanted and carbon implanted SS316L.

K. Feng et al. / Journal of Power Sources 199 (2012) 207–213

211

90 to 210 N cm−2 due to the surface passivation layer acting as a
semiconductor [36,37]. In the carbon-implanted SS samples, the
ICR decreases with increasing ion implantation ﬂuence. Sample C
– 0.25 h shows the highest ICR value of 892.3–360.5 m cm2 at
90–210 N cm−2 , which is even higher than that of SS316L. On the
other hand, the ICR of sample C – 2 h is much smaller throughout the applied compaction force range and is 207.5–86.8 m cm2
at 90–210 N cm−2 . The actual ICR is mainly inﬂuenced by two factors: the contact area between the sample and carbon paper as
well as the conductivity of the sample surface. Since the contact
area in this study is the same, the difference in the ICR is caused by
the latter factor. The surface conductivity is further affected by the
surface composition and microstructure. As shown by the crosssectional microstructure in Fig. 3, the amorphous layer formed by
irradiation damage affects the surface conductivity negatively and
so the ICR of sample C – 0.25 h increases. As the implantation ﬂuence increases, the carbon concentration increases and chromium
and graphite nanophases are precipitated in the surface, both of
which are beneﬁcial to the surface conductivity.

that of the carbon implanted SS316L is nobler. The corrosion
potential of sample C – 0.25 h is −26 mV and that of samples C –
0.5 h, C – 1 h, and C – 2 h is about 65 mV. Thermodynamically, a
higher corrosion potential means higher chemical inertness and
less corrosion tendency. The bare SS316L exhibits a typical polarization curve of austenitic stainless steel including three regions,
namely the active region, passive region, and transpassive region.
A very high peak passivating current of about 150 A cm−2 can be
observed due to active dissolution and oxidation of the metal. The
passivation current density of SS316L is higher at 17.9 A cm−2 .
In contrast, the passivation current density after carbon ion
implantation is signiﬁcantly reduced to about 3–4 A cm−2 . The
smaller anodic current density usually implies better durability
and smaller corrosion rate. Fig. 5(b) displays the potentiodynamic
polarization curves in the simulated PEMFC anode environment.
Compared to the unimplanted SS316L, the corrosion potential
of the carbon-implanted SS316L shifts positively reaching about
50 mV. This is more positive than the operating potential in
the PEMFC anode environment. Similar to the potentiodynamic
behavior in the cathode environment, the passivation current
density is also reduced after carbon ion implantation.
The bipolar plate under the real PEMFC working conditions
undergoes corrosion at an applied potential (cathode 0.6 V vs.
SCE; anode −0.1 V vs. SCE) which is different from the free corrosion potential. Therefore, the potentiostatic test is conducted to
benchmark the corrosion resistance of SS316L in the aggressive
PEMFC environment. Fig. 6(a) shows the potentiostatic curves at
0.6 V in the simulated cathode environment. The current density
decreases rapidly in the beginning and then gradually stabilizes
at about 1.3 A cm−2 . For the carbon implanted SS316L, the current density decreases with increasing ion implantation ﬂuence,
being 1.2 A cm−2 , 0.9 A cm−2 , 0.5 A cm−2 and 0.4 A cm−2 for
samples C – 0.25 h, C – 0.5 h, C – 1 h and C – 2 h, respectively. Fig. 6(b) presents the potentiostatic curves at −0.1 V in
the anode environment. The current density of the unimplanted
and carbon implanted SS316L exhibits a totally different behavior. The current density of SS316L decays dramatically, undergoes
a positive–negative switch at 2 h, and then maintains at a negative
level of about −0.18 A cm−2 . The current density of carbonimplanted samples starts from a lower position, increases dramatically, and then reaches a relatively low level. The different polarization behavior between the unimplanted and carbon implanted
SS316L is due to the different corrosion potentials. The corrosion
potential of SS316L is lower compared to the applied potential of
−0.1 V whereas those of the carbon-implanted samples are higher.
The metal ions leached to the solution due to corrosion are
very important in gauging the performance of the bipolar plate
materials and a post corrosion analysis is performed. The dissolved
metal ions are determined by ICP and the results are summarized
in Table 3. It is apparent that the Fe concentration is the highest in
all cases due to selective dissolution. The total metal ion concentrations leached from the uncoated SS316L are 9.27 ppm and 7.94 ppm
after the potentiostatic test in the simulated PEMFC cathode and
anode environments, respectively. In the cathode environment, the
metallic ion concentrations leached from the carbon implanted
SS316L are greatly reduced. The metallic concentrations decrease
as ion implantation ﬂuences increase, reaching a minimum total
ion concentration of 0.52 ppm for sample C – 2 h. In contrast, the
improvement in the anode environment is not so apparent.

3.3. Electrochemical tests and ICP results

3.4. Single cell test

The potentiodynamic polarization behavior in 0.5 M
H2 SO4 + 2 ppm HF solution at 80 ◦ C shown in Fig. 5(a) shows
the potentiodynamic curves in the simulated PEMFC cathode environment. The corrosion potential of SS316L is −265 mV whereas

The initial performance of the single cell assembled with the
unimplanted and carbon implanted SS bipolar plate is shown in
Fig. 7. The single cell assembled with the carbon implanted SS
bipolar plates shows signiﬁcantly better performance than that

Fig. 5. Potentiodynamic curves obtained from the unimplanted and carbonimplanted SS316L in 0.5 M H2 SO4 solution with 2 ppm HF at 80 ◦ C: (a) purged with
air and (b) purged with H2 .
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Table 3
Fe, Cr, Ni, and Mo ion concentrations leached from the unimplanted and C-implanted samples after 10 h potentiostatic test.
Sample

SS316L
C15 min
C0.5 h
C1 h
C2 h

Ion concentration in PEMFC cathode environment after 10 h (ppm)

Ion concentration in PEMFC anode environment after 10 h (ppm)

Fe

Cr

Ni

Mo

Total

Fe

Cr

Ni

Mo

Total

7.62
1.00
0.91
1.20
0.47

0.88
0.04
0.02
0.04
0.03

0.69
0.04
0.02
0.05
0.02

0.08
0.01
–
–
–

9.27
1.09
0.95
1.29
0.52

6.28
2.66
2.99
4.53
5.70

0.90
0.05
0.03
0.05
0.03

0.61
0.09
0.06
0.08
0.10

0.15
0.01
–
–
–

7.94
2.81
3.08
4.66
5.83

with unimplanted SS bipolar plates. The open circuit voltage (OCV)
of the single cell with the C-implanted bipolar plates is almost
the same as that of the unimplanted SS bipolar plates, being
979.6 mV and 976.7 mV, respectively. The peak power density of
the single cell assembled with the unimplanted SS bipolar plates
is 566.5 mW cm−2 at a current density of 1351.7 mA cm−2 and
the power density at 0.6 V is 299.7 mW cm−2 . As for the carbon
implanted bipolar plates, the peak power density is 840.0 mW cm−2
at a current density of 2128.9 mA cm−2 , while the power density is
581.1 mW cm−2 at 0.6 V. It is noted that the power density at 0.6 V
increases almost by a factor of 2 after carbon ion implantation. Since
the assembling and test conditions are the same, the performance of
the single cell is affected by resistance over-potential. As the sweeping current density increases, the output voltage of the single cell

Fig. 7. Initial performance of the single cells assembled with the unimplanted and
carbon-implanted SS bipolar plates.

with the unimplanted SS bipolar plates decreases faster than that
measured from the C implanted SS bipolar plates due to a much
higher ICR as illustrated in Fig. 4. The single cell test result reveals
that the formation of the carbon-enriched nanophase precipitated
zone greatly enhances the surface conductivity of the SS bipolar
plates consequently boosting the single cell performance.
4. Conclusion

Fig. 6. Potentiostatic curves of the unimplanted and carbon-implanted SS316L in
the (a) simulated cathode (0.6 V vs. SCE purged with air) and (b) anode environment
(−0.1 V vs. SCE purged with H2 ).

Carbon ion implantation is employed to improve the surface
conductivity and corrosion resistance of stainless steel bipolar
plate materials. The performance is evaluated by various ex situ
and in situ methods. An amorphous layer is formed when the
ion implant ﬂuence is small and at higher ﬂuences, a precipitated
nanophase zone and amorphous layer can be observed. The ICR
decreases with increases of ion implantation ﬂuence and the smallest value is observed from sample C – 2 h (207.5–86.8 m cm2 at
compaction force of 90–210 N cm−2 ) due to carbon and the precipitate nanophase. The potentiodynamic test, potentiostatic test,
and ICP measurement reveal that the corrosion resistance is signiﬁcantly improved after carbon ion implantation. In particular,
the current densities under the cathode operation potential diminish from 17.9 A cm−2 to 3–4 A cm−2 . The corrosion potentials
shift positively from about −0.3 V to 0.05 V in the simulated anode
environment and are nobler than the anode operating potential.
The potentiostatic and ICP results show that the carbon-implanted
SS316L is stable and has better corrosion resistance, especially in
the simulated cathode environment. The in situ single cell tests
show that the peak power density of single cell with the ionimplanted bipolar plates increases from 566.5 mW cm−2 to about
840.0 mW cm−2 and the power density at 0.6 V increases by almost
a factor of 2 compared to the single cell assembled with the unimplanted SS bipolar plates.
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