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a b s t r a c t

Nitrogen plasma immersion ion implantation (PIII), a non-line-of-sight surface treatment technique
suitable for bipolar plates in polymer electrolyte membrane fuel cells, is conducted at low and high tem-
perature to improve the corrosion resistance and conductivity of titanium sheets. X-ray photoelectron
spectroscopy (XPS) shows that high-temperature (HT) nitrogen PIII produces a thick oxy-nitride layer
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on the titanium surface. This layer which provides good corrosion resistance and high electrical con-
ductivity as verified by electrochemical tests, inductively coupled plasma optical emission spectroscopy,
and interfacial contact resistance (ICR) measurements renders the materials suitable for polymer elec-
trolyte membrane fuel cells. In comparison, the low-temperature (LT) PIII titanium sample exhibits poorer
corrosion resistance and electrical conductivity than the untreated titanium control.
orrosion resistance
itanium

. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) is promis-
ng in transportation applications and portable devices due to
ts high efficiency, cleanliness, and low operating temperature
70–90 ◦C) [1–3]. The bipolar plate which is the key component
n the PEMFC performs multiple functions [4–6]. For instance, it
eparates the individual fuel cells, conducts the electrons to the
djoining cells as a current collector, supports the membrane elec-
rode assembly (MEA), supplies the reactive gas, hydrogen, to the
node and oxygen to the cathode via flow channels, and removes
he heat and reaction products (water). The requirements for the
ipolar plate include high electrical conductivity, good corrosion
esistance, high gas impermeability, and good mechanical perfor-
ance [7,8].
Metallic materials are used in the bipolar plate because of their

ood mechanical strength, high electrical conductivity, high gas
mpermeability, low cost, and ease of manufacturing compared to

he conventional graphite materials [9–13]. However, a metallic
ipolar plate is plagued by two problems that can significantly
egrade the PEMFC stack performance. The first one is surface
orrosion which leads to release of metal ions contaminating the
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electrolyte membrane and poisoning the electrode catalysts [14].
The second one is the passive film on the metal surface which
can increase the interfacial contact resistance between the bipo-
lar plate and adjacent carbon paper by several orders of magnitude
[15]. Therefore, various types of coatings have been investigated
as possible bipolar plate materials, especially from the perspective
of corrosion prevention [9,15–20]. Among them, titanium nitride
has been extensively investigated due to its good corrosion resis-
tance, low interfacial contact resistance, and easy fabrication. Li
et al. [6] deposited a titanium nitride coating on the 316L stainless
steel bipolar plate by physical vapor deposition (PVD) to protect the
substrate from the corrosive electrolyte in the PEMFC. Wang and
Northwood [21] evaluated the corrosion resistance of TiN coated
316L stainless steel and demonstrated significantly reduced corro-
sion current. The potentiostatic test results showed that the current
density in the simulated cathode environment increased by three-
fold due to pitting corrosion. In fact, the presence of defects in the
coating such as pinholes and macroparticles that are common to
PVD can adversely affect the corrosion resistance [22,23]. Kim et
al. [24] deposited TiNxOy films on stainless steel 316L by induc-
tively coupled plasma assisted sputtering and found that when a
small amount of oxygen was incorporated into the TiN films, the

corrosion resistance and conductivity could be improved.

Titanium is one of the potential bipolar plate materials due to
its good corrosion resistance in highly acidic and humid conditions
even at high positive overpotentials [25] and low density. It is espe-
cially suitable for bipolar plates in micro-PEM fuel cells in portable
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http://www.elsevier.com/locate/jpowsour
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evices which can command a higher price compared to PEM fuel
ells found in automobiles because of added values such as rela-
ively low density and high strength. However, surface modification
s necessary to improve the corrosion resistance and contact resis-
ance before the materials can be used in bipolar plates. Hodgson
t al. [26] studied the performance of FC5 coated titanium as bipo-

ar plates and suggested that coated titanium could be employed to
roduce fuel cells with very high volumetric and gravimetric power
ensities suitable for portable applications. Wang et al. [27] evalu-
ted two different surface modified materials, iridium oxide (IrO2)

ig. 1. XPS depth profiles acquired from (a) bare titanium sheet and (b) LT-PIII
itanium, and (c) HT-PIII titanium.
rces 195 (2010) 6798–6804 6799

and platinum and observed that the cell performance was close to
that of the PEM fuel cells using graphite bipolar plates. Show et al.
[18] prepared amorphous carbon films on titanium bipolar plates
at various temperature and their results showed that the a-C film
prepared at 600 ◦C possessed a low resistivity of 10−3 �-cm and
the fuel cell comprising this bipolar plates had an output power
that was 1.4 times higher than that of a fuel cell containing a bare
Ti bipolar plate. Jung et al. [25] indicated that a 1 �m thick gold
coating on the titanium bipolar plate led to stable performance and
was very effective in preventing oxidation of titanium during oper-
ation of the PEMFC. Liu et al. [12] carried out plasma nitriding at
1173 K for 4 h on a titanium sheet and revealed that both the elec-
trical conductivity and corrosion resistance after plasma nitriding
did not reach the levels of graphite.

Plasma immersion ion implantation (PIII) is a suitable technique
to modify the surface of titanium [28,29]. This non-line-of-sight
technique, which can effectively treat specimens with complex
geometry such as a bipolar plate, boasts high efficiency, low cost,
and environmentally friendliness as only nitrogen is used in the
plasma [30]. The protective layer produced by PIII can effectively
avoid the defects introduced by PVD as aforementioned. By choos-
ing the proper duty cycle and controlling the sample cooling and
heating rates, PIII can be conducted at a pre-designed temperature.
In the present study, titanium sheets were treated by nitrogen PIII
at both low and high temperature and the resulting effects on the
corrosion resistance and conductivity were investigated systemat-
ically.

2. Experimental details

2.1. Materials and plasma immersion ion implantation nitriding

The temper annealed titanium sheets with a purity of 99.6%
were purchased from Advent Research Materials Ltd. The sheets
1 mm thick were cut into 12 mm × 12 mm coupons for nitrogen
plasma immersion ion implantation (PIII) and subsequent tests. The
samples were polished with Nos. 600, 800, and 1200 SiC water-
proof abrasive papers, cleaned with acetone and distilled water in
an ultrasonic cleaner, and then dried in air. PIII was carried out
in the Plasma Laboratory of City University of Hong Kong. The
apparatus consisted of a stainless steel plasma discharge chamber
(�600 mm × 300 mm) and a stainless steel plasma diffusion cham-
ber ((760 mm × 1030 mm). RF (radio frequency 13.56 MHz) power
from 0 to 2 kW was coupled to the plasma discharge chamber. Neg-
ative high voltage pulses were applied to the metal sample stage
through a ceramic high voltage feedthrough underneath the plasma
diffusion chamber. The sample stage was a steel cylindrical sample
stage 55 mm high and 160 mm in diameter supported by a metal
rod with a diameter of 10 mm.

To conduct low-temperature PIII (LT-PIII), the high voltage sam-
ple stage and supporting voltage feedthrough were shielded from
the plasma by a grounded metal tube 380 mm in diameter and
350 mm high. The metal tube was made of 2 mm thick aluminum
and covered by a plate made of 2 mm thick stainless steel. A 150 mm
diameter hole was opened at the center of the stainless steel plate.
The hole was shielded by a stainless steel mesh with a line thick-
ness of 0.6 mm having 12 lines per inch. The distance between the
sample and cover was around 120 mm. Negative voltage pulses
(−40 kV) were applied to the sample stage. Nitrogen gas was sup-
plied to the chamber at a flow rate of 40.0 sccm to an operating

pressure of 2 mTorr. After PIII, the temperature of the sample was
measured to be below 100 ◦C.

High-temperature PIII (HT-PIII) was carried out without shield-
ing the metal cage and so the sample was exposed directly to the
nitrogen plasma. Nitrogen gas was bled into the vacuum cham-
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er at a flow rate of 20.0 sccm to a working pressure of 1 mTorr.
000 W radio frequency power was matched to the plasma dis-
harge chamber to generate the nitrogen plasma. Negative voltage
ulses (−50 kV) were applied to the sample stage during the HT-PIII
reatment which lasted 2 h. After PIII, the sample stage temperature
as measured to be 370 ◦C by means of an infrared detector.

.2. XPS analysis

The Ti, O and N profiles in the near surface region of the titanium
heets before and after PIII were acquired by X-ray photoelectron
pectroscopy (XPS) on a Physical Electronics PHI 5802 equipped
ith a monochromatic Al K� source. The peaks monitored in the
epth profiles were Ti 2p, N 1s, and O 1s. The surface chemical com-
osition and depth profiles were determined by using a constant
ass energy of 11.75 eV and the photoelectrons were collected at a
ake-off angle of 45◦ with a step size of 0.25 eV.

.3. Electrochemical and leaching tests

The samples for electrochemical measurements were embed-
ed in epoxy resin to only expose a surface are of 10 mm × 10 mm

nd the backside of the sample was connected to a copper wire by
oldering. The potentiodynamic and potentiostatic tests were con-
ucted to evaluate the electrochemical behavior of the untreated
nd N-PIII titanium samples. A Zahner Zennium Electrochemical
orkstation connected to a computer was used in the electro-

ig. 2. Ti 2p, O 1s and N 1s XPS spectra as a function of sputtering depths (nm) acquired f
rces 195 (2010) 6798–6804

chemical experiments. A conventional three-electrode system in
which the platinum sheet was the counter electrode, the saturated
calomel electrode (SCE) worked as the reference electrode, and the
sample served as the working electrode was adopted. Unless oth-
erwise specified, all the electrode potentials were referenced to
SCE. The electrochemical measurements were conducted in a 0.5 M
H2SO4 solution with 2 ppm HF at 80 ◦C to accelerate the corrosion
process in the simulated PEMFC environment. The solution was
purged thoroughly with either hydrogen gas (to simulate the anode
environment) or air (to simulate the cathode environment) prior
to and during the electrochemical test. The relationship between
the open circuit potential (OCP) and time was monitored for 1 h
before the potentiodynamic polarization behavior was determined
using a potential scanning rate of 1 mV s−1. The potentiostatic test
was performed to investigate the corrosion rate and stability of the
control and N-PIII samples in the simulated PEMFC environment.
It was conducted for 10 h at a potential of −0.1 V bubbled with H2
and 0.6 V with air to simulate the anodic and cathodic operating
environments in the PEMFC, respectively. Afterwards, the solutions
(about 100 ml) were collected and analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES) OPTIMA 2100 DV
to determine the amounts of dissolved Ti.
2.4. Interfacial contact resistance (ICR)

The interfacial contact resistance (ICR) of the untreated tita-
nium, LT N-PIII, and HT N-PIII samples were measured by the

rom: (a and d) bare Ti, (b, e, and g) LT-PIII sample, and (c, f, and h) HT-PIII titanium.
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Fig. 2.

ethod proposed by Davies et al. [31] and improved by Wang
t al. [32]. The sample was enclosed by two pieces of conductive
arbon paper (Toray TGP-H-090) that were sandwiched between
he sample and two copper plates. A constant current (0.1 A) was
pplied via the two copper plates, and the variation in the total volt-
ge was recorded with respect to the compaction force that was
teadily increased. More details about this method can be found in
he literature [32].

. Results and discussion

.1. XPS analysis

The XPS depth profiles acquired from the bare and PIII titanium
amples are depicted in Fig. 1. The profiles are plotted on a depth
cale based on sputtering rates calculated from a SiO2 reference
nder similar conditions. Since it is known that the sputtering rate
f titanium is different from that of SiO2, the thickness is approxi-
ate, but comparison among different samples is more valid. The

itrogen depth profile in the LT-PIII titanium is narrower compared
o that of the HT-PIII sample. The higher implantation temperature
purs substantial nitrogen diffusion resulting in a broader nitrogen

rofile that has a concentration of about 25 at.% in the depth range
etween 10 and 200 nm from the surface. The oxygen concentra-
ion close to the outer surface does not differ much from the value
f about 60 at.% obtained from the untreated titanium as well as the
T and HT N-PIII samples. However, the HT-PIII sample has a higher
inued ).

oxygen concentration (about 25 at.%) which decreases slowly with
depths and it may be due to the higher temperature and oxygen
diffusion as observed from Fig. 1(c).

In order to investigate the changes in the Ti 2p, O 1s and N 1s
chemical states, high resolution XPS spectra are taken at differ-
ent sputtered depths and the results are displayed in Fig. 2. The
montages, which illustrate the changes in the XPS peak shape and
position at different depths, show that the titanium samples before
and after nitrogen PIII are covered by a surface layer of TiO2. At a
depth of about 4–5 nm, the valence state of titanium in the nitrogen
PIII sample starts to change from Ti4+ to Ti2+, whereas this change
occurs at 6–7 nm in the untreated one. As shown in Fig. 2(d)–(f),
titanium oxynitride is formed since O–Ti can be detected from both
the LT-PIII and HT-PIII samples. Fig. 2(g) and (h) shows the XPS spec-
tra of the N implanted titanium sheet. The peak at the lower binding
energy corresponds to Ti–O whereas the peak at a higher binding
energy at around 397 eV is associated with the N–Ti–O bond. It
can be observed that in the HT-PIII sample, the implanted nitrogen
depth is larger and the region (depth) showing the N–Ti–O bond is
broader.

3.2. Electrochemical results
The potentiodynamic polarization curves measured from the
bare, LT-PIII, and HT-PIII samples in the 0.5 M H2SO4 solution with
2 ppm HF at 80 ◦C are displayed in Fig. 3. The corrosion poten-
tial (Ecorr), corrosion current density (Icorr), and current density at
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ig. 3. Polarization curves obtained from the bare as well as LT-PIII and HT-PIII
itanium sample in a 0.5 M H2SO4 solution with 2 ppm HF at 80 ◦C: (a) aspirated
ith H2 and (b) aspirated with air.

he operating potential in both the anodic and cathodic environ-
ents (Iw) are summarized in Table 1. In general, the titanium

amples before and after nitrogen PIII have a passive region. In
he anodic environment, the corrosion potential of titanium shifts
owards the positive direction from −134 to −70 mV after HT-PIII,
ut that drops to −357 mV after LT-PIII. However, the corrosion
urrent density of titanium decreases after both LT-PIII and HT-PIII.
ince the anodic operating potential in the PEMFC is about −0.1 V,
current density at −0.1 V is also indicated. The bare and LT-PIII

amples show anodic dissolution and the current densities are 3.0
nd 5.7 �A cm−2, respectively. The current density of the HT-PIII
ample at the anodic operating potential is −0.2 �A cm−2, indicat-

ng cathodic protection by the titanium oxy-nitride layer formed
t higher temperature. Fig. 3(b) shows the potentiodynamic polar-
zation results when the solution is purged with air to simulate
he cathodic environment in the PEMFC environment. It can be
bserved that the cathodic operating potential (0.6 V) is in the pas-

able 1
olarization parameters of the bare Ti, LT-PIII Ti, and HT-PIII-N Ti samples in 0.5 M H2SO4

Anode environment

Ecorr (mV) Icorr (�Ac m−2) Iw (�Ac

The bare titanium −134 1.45 3.0
HT-PIII titanium −70 0.22 −0.2
LT-PIII titanium −357 0.86 5.7
Fig. 4. Potentiostatic curves of the bare as well as LT-PIII and HT-PIII titanium sam-
ple in: (a) simulated anode (−0.1 V vs. SCE aspirated with H2) and (b) cathode
environment (0.6 V vs. SCE aspirated with air).

sive region in all the samples. The corrosion potential of the LT-PIII
sample is similar to that of bare titanium but the current density in
the passive region is much lower. After HT-PIII, the corrosion resis-
tance is significantly improved. The corrosion potential is 282 mV,
corrosion current density is 0.06 �A cm−2, and current density at
the cathodic operating potential is 1.3 �A cm−2.

In the PEMFC, the anodic and cathodic conditions are −0.1 V
vs. SCE (purged with H2) and 0.6 V vs. SCE (purged with air),
respectively. Therefore, the bipolar plates undergo corrosion at an
applied potential which is different from the free corrosion poten-
tial and the potentiostatic test should be carried out to assess
corrosion in both the simulated PEMFC anodic and cathodic envi-
ronments. The current density as a function of time is plotted in
Fig. 4. Fig. 4(a) presents the potentiostatic curves at −0.1 V vs.

SCE obtained from the bare, LT-PIII, and HT-PIII titanium sam-
ples in the anodic environment. The current density in the bare
titanium decays very fast initially, undergoes a negative–positive
switch, and then a positive–negative switch gradually stabilizing

+ 2 ppm HF solution at 80 ◦C.

Cathode environment

m−2) Ecorr (mV) Icorr (�Ac m−2) Iw (�Ac m−2)

−218 0.16 11.9
−235 0.07 1.3

282 0.06 2.3



K. Feng et al. / Journal of Power Sou

Table 2
Ti ion concentrations leached from the bare Ti, LT-PIII Ti, and HT-PIII Ti samples after
10 h potentiostatic tests (averages of two samples).

Sample PEMFC anode
environment (ppb)

PEMFC cathode
environment (ppb)

a
c
s
fi
s
s
o
P
t
l
t
d
0
c
n
fi

F
t
t

Titanium 4864.45 121.45
HT nitrogen PIII 155.08 112.00
LT nitrogen PIII 360.83 309.15

t a relatively higher current density. The dramatic change in the
urrent density is possibly related to the formation of the pas-
ive film. As soon as the entire surface is covered by the passive
lm, the current density required to maintain passivation is more
table. During the process, the current density undergoes several
harp drops which are due to the unstable passive film formed
n titanium in the simulated PEMFC environment. As for the LT-
III and HT-PIII samples, the current density is cathodic, indicating
hat the samples are cathodically protected and the active disso-
ution rate is low in the simulated anodic environment. However,
he current density in the LT-PIII sample exhibits sharp changes
uring polarization. Fig. 4(b) shows the potentiostatic curves at

.6 V vs. SCE in the simulated PEMFC cathodic environment. The
urrent density in all the samples decreases rapidly in the begin-
ing then gradually stabilizes reflecting the formation of a passive
lm on the surface. However, the current density on the bare

ig. 5. (a) Variations in the interfacial contact resistance (ICR) values obtained on
he bare Ti, LT-PIII Ti, and HT-PIII Ti and (b) values obtained after the potentiostatic
est in the anode and cathode PEMFC environments.
rces 195 (2010) 6798–6804 6803

titanium is not stable during the experiment. In comparison, the
current density measured from the HT-PIII sample is quite sta-
ble and low ranging between 1.0 and 1.6 �A cm−2 throughout the
experiment.

3.3. ICP measurements

In the real PEMFC environment, the metal ions corroded from
the bipolar plate may migrate to the electrodes and poison the
electro-catalysts via the electrodes and ion exchange with the
proton groups in the solid polymer electrolyte. The metal ions
generated during corrosion in the solution constitute a very
important parameter to gauge the performance of the bipolar
plates. Therefore, the solutions after the potentiostatic test for
10 h are collected and the metal ions dissolved are determined
by inductively coupled plasma optical emission spectroscopy. As
shown in Table 2, the bare titanium suffers from serious cor-
rosion in the simulated PEMFC anodic environment and the Ti
ion concentration is 121 ppb. The obvious difference between the
anodic and cathodic environments arises from that titanium has
good corrosion resistance at high positive overpotentials [25].
After HT-PIII, the Ti concentrations are reduced to 155 ppb in
the anode environment and 112 ppb in the cathode environ-
ment. The ion concentration leached from the LT-PIII sample is
higher than that from the HT-PIII sample in both the anodic
and cathodic environments. These results imply that good cor-
rosion resistance is achieved by HT nitrogen PIII treatment and
it is in good agreement with the electrochemical test results
(Figs. 3 and 4).

3.4. Interfacial contact resistance (ICR)

The interfacial contact resistance (ICR) values determined from
the bare, LT-PIII, and HT-PIII titanium and after the potentiostatic
test in the anode and cathode PEMFC environments samples are
plotted as a function of compaction force in Fig. 5. The ICR values
decrease with increasing compaction force due to the increasing
effective contact areas between the carbon paper and samples.
However, when the compaction force is increased to a certain
value, there is no apparent change in the ICR because the effec-
tive contact area reaches the limit. As shown in Fig. 5(a), the ICR
determined from the HT-PIII titanium is lower than that from
the bare titanium throughout the entire range of applied com-
paction force. In particular, the ICR value of the HT-PIII titanium is
23.2–6.4 m� cm2 under 120–210 N cm−2, and that of bare titanium
is 82.1–41.8 m� cm2 under the same compaction force. Compared
to the bare titanium sheet, the LT-PIII sample has much higher ICR
values. At compaction force ranging from 120 to 210 N cm−2, the ICR
values vary between 449.3 and 216.7 m� cm2. The results indicate
that the surface titanium oxy-nitride layer formed by HT nitro-
gen PIII is highly conductive but that formed at low temperature
is less conductive. When the temperature during PIII is high, oxy-
gen atoms diffuse faster and can more readily move to the grain
boundaries. This effect is believed to increase the electrical con-
ductivity and prevent the corrosive media from penetrating the
substrate [24]. Fig. 5(b) shows that the ICR values of all the sam-
ples increase after the potentiostatic test in both the anode and
cathode environments. It is reasonable that the ICR value after the
potentiostatic test in the anode environment is lower than that
in the cathode environment since the passive film is more dif-
ficult to form in the anode environment due to the presence of

hydrogen. The results acquired from the bare titanium and HT-PIII
titanium confirm it. In fact, the sample, HT nitrogen PIII (anode), has
the lowest ICR among the samples, followed by titanium (anode).
In contrary, the LT-PIII sample does not exhibit this characteris-
tic.
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. Conclusion

Titanium sheets are subjected to low-temperature and high-
emperature nitrogen plasma immersion ion implantation (LT-PIII
nd HT-PIII). XPS discloses that titanium oxy-nitride layers are
ormed in the Ti samples after PIII. The HT-PIII titanium sample has a
hicker modified layer than the LT-PIII sample. The electrochemical
nd ICP results indicate that the corrosion resistance of Ti is signifi-
antly improved after HT-III but the enhancement after LT-PIII is not
s significant. The ICR results reveal that an oxy-nitride layer with
igh electrical conductivity is formed by HT-PIII but the conductiv-

ty of the LT-PIII sample is poorer. After the potentiostatic test, the
CR values of all the samples increase due to the formation of pas-
ive films. At a high temperature, oxygen atoms diffuse to the grain
oundaries consequently increasing the corrosion resistance and
onductivity. Our results suggest that high-temperature nitrogen
lasma immersion ion implantation can significantly improve the
orrosion resistance and conductivity of titanium in the simulated
EMFC environment.
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