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a b s t r a c t

In order to determine the suitability of SS316L as a bipolar plate material in proton exchange membrane
fuel cells (PEMFCs), its corrosion behavior is studied under different simulated PEMFC cathode corro-
sion conditions. Solutions of 1 × 10−5 M H2SO4 with a wide range of different F− concentrations at 70 ◦C
bubbled with air are used to simulate the PEMFC cathode environment. Electrochemical methods, both
potentiodynamic and potentiostatic, are employed to study the corrosion behavior. Scanning electron
microscopy (SEM) is used to examine the surface morphology of the specimen after it is potentiostatic
polarized under simulated PEMFC cathode environments. Auger electron spectroscopy (AES) analysis is
used to identify the composition and the depth profile of the passive film formed on the SS316L surface
after it is polarized in simulated PEMFC cathode environments. Photo-electrochemical (PEC) method
and capacitance measurements are used to characterize the semiconductor passive films. The results
of both the potentiodynamic and potentiostatic analyses show that corrosion currents increase with F−
concentrations. SEM examination results indicate that pitting occurs under all the conditions studied
and pitting is more severe with higher F− concentrations. From the results of AES analysis, PEC analysis
and the capacitance measurements, it is determined that the passive film formed on SS316L is a bi-layer
semiconductor, similar to a p–n heterojunction consisting of an external n-type iron oxide rich semicon-
ductor layer (electrolyte side) and an internal p-type iron–chromium oxide semiconductor layer (metal
side). Further analyses of the experimental results reveal the electronic structure of the passive film and

n me
shed light on the corrosio

. Introduction

Various materials for bipolar plates in proton exchange mem-
rane fuel cells (PEMFCs) have been investigated in recent
ears. Initially bipolar plates are mainly made of graphite
lates due to their low weight, good electrical conductiv-

ty and good chemical compatibility. However, graphite plates
ave many setbacks such as their brittleness, porous struc-
ure and high cost of manufacturing. Metals such as stainless
teel are considered promising candidates for bipolar plate
aterials because of their high electrical conductivity, good

echanical strength and low manufacturing cost. Many stud-

es showed that stainless steels are promising bipolar plate
aterials for commercial applications of PEMFC [1–4]. Austen-

te stainless steels, such as uncoated and surface treated SS316
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and SS316L, have been studied as bipolar plate materials for
PEMFC.

Wang and Northwood [1] studied the corrosion behavior of
SS316L in simulated PEMFC cathode environment (0.5 M H2SO4
@ 70 ◦C). They found that it was easier to passivate SS316L in an
O2-containing environment leading to less corrosion of SS316L in
the cathode environment. Wang et al. [2] studied the corrosion
characteristics of stainless steels including SS316L in simulated
PEMFC cathode environment (1 M H2SO4 + 2 ppm F− @ 70 ◦C) and
suggested that SS316L was not very suitable for bipolar plates for
PEMFCs. Lafront et al. [3] studied the corrosion behavior of SS316L
as a bipolar plate material in a simulated PEMFC cathode environ-
ment (12.5 ppm H2SO4 + 1.8 ppm HF (pH 3.2) @ 25 and 80 ◦C) by
electrochemical noise technique and found that passive state was
observed for SS316L in the simulated cathode environment.

Some researchers have provided experimental results in a more

realistic PEMFC working environment [4,5]. Borup and Vander-
borgh [5] suggested that the PEMFC operating conditions as pH
3.60 with F− concentration of 1.8 ppm at anode and pH 4.02 with
F− concentration of 1.1 ppm at cathode. Agneaux et al. [4] analyzed
working solutions from different PEMFC anode and cathode after

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hongtanliu@mail.xjtu.edu.cn
mailto:hliu@miami.edu
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Table 1
Main chemical composition of SS316L (wt.%).
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Fe Cr Ni Mo Si Cu Other

69.3 16.9 10.5 2.23 0.516 0.506 Balance

00 h operation. They pointed out the anode solutions were more
ightly loaded with ions than the cathode solutions, considering the
verall contents of all elements. The F− concentration is highest
nd less than 10−3 M at both the anode and cathode, and the other
nions concentration were all less than 10−5 M with pH 5.7–6.3 at
he anode and pH 4.9–6.3 at the cathode.

The F− concentration in PEMFC environment is important due
o two main reasons [5]: the amount of F− in solution indicates
egradation rates of the membrane and is an indication of the
xpected life span of the membrane, and F− help to induce cor-
osion of bipolar plate materials as do other halide ions such as Cl−

nd Br−.
As can be seen from the above, even for the same material

pplied for PEMFC bipolar plates, different researchers obtained
ignificantly different results. One of the main reasons is that dif-
erent simulated PEMFC corrosion environments were chosen. First
f all, the pH values chosen by different researchers were differ-
nt. Besides, some researchers added fluoride ions into corrosion
olutions but some did not. Furthermore, the concentrations of F−

ons varied widely among different researchers. Such variations
re reasonable since different fuel cells are often operated under
ifferent conditions, thus the degradation rates of the membrane
ust be different, which leads to different concentrations of F− ions.

esides, the flow fields and structures of bipolar plates are differ-
nt, so F− concentrations must be different at different locations.
onsidering the above, it is very important to study the corro-
ion behaviors of bipolar plate materials in PEMFC environments
ontaining different F− concentrations. In this study, a solution of
× 10−5 M H2SO4 was chosen as the basic solution and different
oncentrations of F− (NaF as the source of the F−) were used to
imulate different PEMFC environments. Since SS316L is proba-
ly the most promising candidate for metallic bipolar plates it is
hosen in this work. Corrosion behavior of SS316L is evaluated
ith electrochemical and photo-electrochemical methods to reveal

he corrosion mechanism of SS316L in the PEMFC cathode envi-
onment. Scanning electron microscope (SEM) and Auger electron
pectroscopy (AES) are employed to character the surface topogra-
hy and composition of the passive film after SS316L is polarized

n different simulated PEMFC cathode environments.

. Experimental systems and methodologies

.1. Material and simulated solutions

.1.1. Material
The main chemical composition of SS316L is shown in Table 1.
SS316L specimens were machined into cylinders with a diam-

ter of 10 mm and a length of 7 mm. One end and the side of the
pecimens were sealed by silicone and polyethylene heat-shrink
ubing, leaving only one end exposed. The sealed end of the spec-
men was connected with a copper wire and the exposed end

as used as the working surface for electrochemical and photo-
lectrochemical measurement. The working surface was polished
ith 800-grit silicon carbide abrasive paper, rinsed with acetone

nd de-ionized water, and dried in nitrogen gas.
.1.2. Simulated solutions
In this study, a solution of 1 × 10−5 M H2SO4 with different con-

entrations of F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M)
as used to examine the effect of F− concentration on the corro-
rces 195 (2010) 5651–5659

sion behavior of SS316L under the PEMFC cathode condition. For
each concentration, 1000 mL simulated solution was transferred
to the corrosion cell. Pre-bubbling was carried out 1 h before each
measurement and the solution was bubbled with air during mea-
surement.

2.2. Electrochemistry analyses

The electrochemical experiments were carried out in a corrosion
cell consisting of a three-electrode arrangement with one gas inlet
tube and one gas outlet tube. The specimen served as the working
electrode and a platinum sheet as the counter electrode. A satu-
rated calomel electrode (SCE) connected to a salt-bridge probe with
a Vycor frit tip served as the reference electrode, and the probe
tip could be easily adjusted to be very close to the working elec-
trode surface. In this study, potentials were measured against this
SCE without correction for the thermal junction potential. All the
potentials are referenced to the SCE except stated otherwise.

The corrosion cell was immersed in a temperature controlled
water bath and the solution was kept at 70 ◦C and was bubbled
thoroughly with pressurized air prior to and during the electro-
chemical measurements. The tests were conducted using a PAR
273A potentiostat (EG&G) coupled with a 5210 lock-in Amplifier
(Signal recovery). The PowerSuite software was used for the elec-
trochemical data acquisition and processing. Each experiment was
repeated by using different specimens to ensure reproducibility of
the results.

2.2.1. Potentiodynamic and potentiostatic measurements
At the beginning of each potentiodynamic experiment, the spec-

imen was polarized cathodically for 10 min to remove oxides on
the specimen surface and then stabilized at open circuit poten-
tial (OCP) for 1 h. Then the potentiodynamic test was carried out.
In potentiodynamic tests, specimens were polarized at a scanning
rate of 1 mV s−1 in a potential range from −0.2 V vs. OCP to 1.2 V.
In potentiostatic tests, specimens were held at a potential of 0.6 V
to simulate the PEMFC cathode condition. After polarizied cathod-
ically for 10 min, the specimen was then potentiostatic polarized
for 5 h.

2.2.2. Capacitance measurement
In this measurement, potential sweeps were carried out from

anodic potential of 0.4 V to cathodic potential of −0.3 V at a scan
rate of 25 mV per step. The data acquisition frequency of 188 Hz is
chosen in the flat region of capacitance vs. frequency plots, so that
the influence of acquisition frequency to capacitance measurement
can be minimized.

2.3. Photo-electrochemistry

Photo-electrochemical (PEC) experiments were carried out in a
PEC cell equipped with a flat quartz optical window. The test cell
was kept at 70 ◦C with a water jacket and was bubbled thoroughly
with pressurized air prior to and during the PEC measurements. PEC
measurements also used three-electrode arrangement. The speci-
men polarized at 0.6 V for 5 h in a solution of 1 × 10−5 M H2SO4
with different concentrations of F− served as the working electrode,
a platinum sheet as the counter electrode and a SCE as the refer-
ence electrode. The PEC experiments are performed in the same
solutions.

The photocurrents were generated by illuminating the entire

working electrode surface by a 500 W Xenon lamp and a 1200/mm
grating monochromator. A PAR 273A potentiostat (EG&G) coupled
with a 5210 lock-in Amplifier (Signal recovery) and a light chopper
(PAR 197, EG&G, f = 17.3 Hz) were used to measure the photocur-
rent, and the PEC system was controlled by a software developed
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n-house. The photocurrent spectra were obtained on specimens
olarized at 0.6 V by scanning the wavelength of light in steps of
0 nm from 320 nm to 650 nm. The photocurrent was corrected for
he output of the lamp and the efficiency of the monochromator by
sing a calibrated photodiode. Calibrations were performed before
nd after each set of experiment.

.4. Scanning electron microscope

In order to observe the surface topography changes of the
pecimens that were potentiostatic polarized at 0.6 V for 5 h in
× 10−5 M H2SO4 solutions with different F− concentrations (0,
× 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M), the samples were
haracterized using a JSM-6390A scanning electron microscope
SEM).

.5. Auger electron spectroscopy

Auger electron spectroscopy (AES) was taken after each spec-
men was potentiostatic polarized at 0.6 V for 5 h in 1 × 10−5 M

2SO4 solutions with different F− concentrations (0, 3 × 10−4,
× 10−4, 1 × 10−3 and 5 × 10−3 M). AES was used to analyse the
omposition profiles of elements Fe, Ni, Cr and O in the passive film,
nd was carried out with a PHI595 scanning Auger microscopy.
he chamber base pressure was 5 × 1010 Torr (6.666 × 1012 Pa).
puttering was performed at a pressure of about 5 × 107 Torr
6.666 × 109 Pa) with a 4.5 keV argon ions beam, while the sput-
ered area was 2 mm × 2 mm. The sputtering rate was around
0 nm min−1.

. Results and discussion

.1. Potentiodynamic study

It is well known that the PEMFC cathode environment is aerobic.
n such an acid environment, the metal corrosion process is an elec-
rochemical process which involves both oxidation and reduction
eactions [6]. The oxidation reactions can be represented as:

→ Mn+ + ne− (1)

here M represents surface metal elements, Mn+ the corresponding
etal ions in the solution and e− free electrons.
The reduction reaction can be represented as:

2 + 4H+ + 4e− → 2H2O (2)

here O2 represents dissolved oxygen and H+ proton adsorbed on
he metal surface.

After the specimen was immersed in the corrosion solution, the
quilibrium potential (corrosion potential, Ecorr) and the associated
urrent density (corrosion current, icorr) can be measured by an
lectrochemical polarization method [7]. The corrosion potential
nd corrosion current density are widely used as indicators of the
aterial corrosion resistance. A high corrosion potential and a low

orrosion current density indicate that the corrosion of material is
etarded.

Material corrosion resistance can be characterized by means of
easuring the polarization resistance [7]. The polarization resis-

ance is determined by extrapolating the tangential line of the
olarization curve and it is given by,

ˇaˇc

p =

2.3icorr(ˇa + ˇc)
(3)

here Rp is the polarization resistance, icorr the corrosion current
ensity, ˇa and ˇc the Tafel slopes of the anodic and cathodic reac-
ions, respectively.
Fig. 1. Polarization curves for SS316L at 70 ◦C in 1 × 10−5 M H2SO4 solution with dif-
ferent concentrations of F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M) bubbled
with air.

Fig. 1 displays potentiodynamic polarization curves for SS316L
at 70 ◦C in 1 × 10−5 M H2SO4 solution with different F− con-
centrations bubbled with air. Table 2 shows the corresponding
polarization parameters, which were obtained by fitting the polar-
ization curves shown in Fig. 1 by using the PowerSuite software. The
polarization curves show the self-passivation behavior for SS316L
in all solutions [8]. From Fig. 1, it is clear that corrosion poten-
tial decreases and corrosion current increases, which means the
corrosion resistance of SS316L decreases, with the increase of F−

concentration under the free corrosion condition. The corrosion
current density of SS316L increases rapidly with increasing applied
potential in the region from free corrosion potential to −0.05 V, due
to the accelerated SS316L dissolution by anodic polarization. From
−0.05 V to 0.2 V, the corrosion rates decrease gradually. From 0.2 V
to around 0.5 V, every polarization curve changes from the active
region to the passive region directly, which indicates the forma-
tion of a passive film on the surface of SS316L. The passive regions
are narrow, which indicates that the passive capability of SS316L
is low in the PEMFC cathode environment. At around 0.5 V, corro-
sion currents increase rapidly again, indicating that pitting takes
place on the surface of SS316L. It is clear that the pitting poten-
tial decreases with increasing F− concentration, indicating that it is
easier for pitting to take place on SS316L in solutions with higher F−

concentrations. Besides, from this potential to around 0.8 V, there
are peaks which could be attributed to transpassivation due to the
formation of high valence chromium [9,10].

From Fig. 1 and Table 2, it can be seen that both the corrosion
potential and corrosion current are highest in solution without F−.
These results indicate that when F− concentration is low, it may
have corrosion inhibiting effect for SS316L in 1 × 10−5 M H2SO4
solution under the free corrosion condition. When applied poten-
tial increases from 0.4 V to 0.65 V, the corrosion inhibiting role
of F− decreased gradually. It can be concluded that the corrosion
potential and polarization resistance of SS316L decrease and the
corrosion current of SS316L increase with increasing F− concen-
tration. These results show that the corrosion resistance of SS316L
decreases with increasing F− concentration when applied potential
is between 0.4 V and 0.65 V.

At the cathode potential corresponding to a typical PEMFC’s

operating condition (0.6 V, the horizontal line marked in Fig. 1),
the corresponding corrosion current densities of SS316L in differ-
ent solutions are shown in Table 2. It can be seen that the corrosion
current of SS316L at 0.6 V increases with increasing F− concentra-
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Table 2
Polarization parameters of SS316L at 70 ◦C in 1 × 10−5 M H2SO4 solution with different concentrations of F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M) bubbled with air.

Concentration of F− (M) ˇa (V) ˇc (V) Ecorr (V vs. SCE) icorr (�A cm−2) Rp (� cm2) I0.6 V vs. SCE (�A cm−2)

Without F− 0.200 0.094 −0.103 0.854 32592 14.1
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3 × 10 0.134 0.068 −0.110
6 × 10−4 0.142 0.070 −0.123
1 × 10−3 0.164 0.070 −0.126
5 × 10−3 0.212 0.072 −0.144

ion, which means corrosion resistance of SS316L decreases with
ncreasing F− concentration at 0.6 V. It is noticed that the cathode
otential corresponding to the typical PEMFC’s operating condi-
ion lies in the transpassive region of polarization curves, which
ndicates the occurrence of pitting on the surface of SS316L under
ypical fuel cell operating conditions.

.2. Potentiostatic sudies

To study the long-term corrosion behavior of SS316L in
× 10−5 M H2SO4 with different F− concentrations bubbled with
ir, potentiostatic measurements were performed for 5 h and the
esults are shown in Fig. 2.

From Fig. 2, it can be seen that there was a fast decay for the
urrent density of SS316L in every solution after it was applied
ith a constant potential of 0.6 V. The currents of SS316L in all

olutions are stabilized after about 2000 s, indicating that a sta-
le passive state was established. After 3000–4500 s, the corrosion
urrent densities are lower than the US DOE 2015 target, 1 �A cm−2

11]. It can also be seen that the higher the F− concentration is,
he higher is the corrosion current density and the trend is simi-
ar to that found in the potentiodynamic studies. Besides, the time
eeded for the current density to decrease to 1 �A cm−2 increases
ith F− concentration. It can also be seen that the current density
ecreases continuously with continued potentiostatic polarization.

.3. Surface morphology

The surface topography of SS316L after potentiostatic polariza-
ion at 0.6 V for 5 h in the simulated PEMFC cathode environments is
xamined by SEM and the results are shown in Fig. 3. It can be seen

hat pitting occurred on the surface of SS316L in every solution.
ven though it is not clear from the limited areas of the SEM pho-
os, this result together with the results of potentiodynamic studies
ndicate that pitting becomes more serious as F− concentration

ig. 2. Potentiostatic plots for SS316L at 70 ◦C in 1 × 10−5 M H2SO4 solution with dif-
erent concentrations of F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M) bubbled
ith air.
0.498 39478 13.1
0.526 38747 16.8
0.621 34484 20.9
0.677 34323 32.8

increases.

3.4. Auger electron spectroscopy analysis

The composition profiles of elements Fe, Cr, Ni and O in the pas-
sive films formed on SS316L polarized at 0.6 V for 5 h at 70 ◦C in
1 × 10−5 M H2SO4 solution with different concentrations of F− bub-
bled with air were obtained by AES. The results are shown in Fig. 4.
The depth profiles of Cr/Fe atomic ratio for the passive films are
shown in Fig. 5.

Based on the content changes of elements Fe and Cr in
Figs. 4 and 5, the thickness of the passive films, distance from the
surface to the top of Cr/Fe peak [12], corresponding to F− con-
centrations of 0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M can
be obtained as approximately 8 nm, 10 nm, 12 nm, 8 nm and 4 nm,
respectively. It is noticed that the passive film thickness is not lin-
early correlated with F− concentrations. The passive film thickness
first increases and then deceases with F− concentration, thus there
exists a maximum thickness and it is formed when F− concentration
in solutions is about 6 × 10−4 M.

From Fig. 4a–d, it is found that the content change of Fe can be
divided into two regions in the depth profile. In the first region, from
0 to about 4 nm, Fe content increases rapidly; while in the second
region, from about 4 nm to about 8–12 nm, it changes slightly. In
these two regions, Cr content decreases to a minimum in the first
region and increases rapidly to a maximum in the second region.
Ni content can be considered constant in the depth profile. From
Fig. 5, it is clear that the Cr/Fe atomic ratio decreases rapidly in
the first region and increases steeply in the second region. Based
on the above observations, the passive film can be considered to
be consisting of two layers, an iron oxide rich outer layer and an
iron–chromium oxide inner layer.

From the AES analysis, it is noticed that Fe content is dominant
in the passive film and should behave as an n-type semiconductor.
More discussions on this will be provided later with the capacitance
and photo-electrochemical measurement results.

3.5. Capacitance measurement

The charge distribution at the passive film–electrolyte inter-
face is often determined by measuring the capacitance of the space
charge layer C as a function of the electrode potential E. It assumed
that the capacitance response is controlled by the band bending and
can be described by the variation of the space charge capacitance
under depletion conditions. In the case of a passive film–electrolyte
interface, the potential dependence of the space charge layer is
described by the Mott–Schottky equation [13]:

1
C2

= 2
eNDεε0

(
E − Efb − kT

e

)
(4)

for an n-type semiconductor and

1 2
(

kT
)

C2
= −eNAεε0

E − Efb −
e

(5)

for a p-type semiconductor, where ε is the dielectric constant
of the film, taken as 15.6 [14]; ε0 the permittivity of free space
(8.85 × 10−12 F m−1); e the electron charge; ND and NA the donor
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ig. 3. SEM micrographs of SS316L polarized at 0.6 V for 5 h at 70 ◦C in 1 × 10−5 M
× 10−4 M F− , (c) 6 × 10−4 M F− , (d) 1 × 10−3 M F− , and (e) 5 × 10−3 M F− . Arrows po

nd acceptor densities, respectively; Efb the flat band potential; k
he Boltzmann’s constant; and T the absolute temperature.

The validity of the Mott–Schottky analysis is based on the
ssumption that the capacitance of the Helmholtz layer is much
reater than that of the space charge layer [15]. When the measured
requency is high, the contribution of the Helmholtz capacitance to
he measured electrode capacitance can be neglected. In this case
he capacitance of the passive film–electrolyte interface expresses
he capacitance of the space charge layer of the passive film,
o Efb can be extrapolated from C−2 = 0, while ND and NA can
e determined from the slope of the experimental C−2 vs. E
lots.

Fig. 6 shows Mott–Schottky plots for passive films formed on
S316L at 70 ◦C in 1 × 10−5 M H2SO4 solutions with different con-
entrations of F− bubbled with air. From Fig. 6, it is noticed that
he capacitance increases with increasing F− concentration in solu-
ion. For each case, when the applied potential decreases from
.1 V to −0.25 V, the capacitance of the passive film first increases

apidly, reaching a maximum and then decreases. The increase of
apacitance is due to the decrease of the thickness of the elec-
ron depletion layer and (the decrease of) accumulating number
f charge carriers, the decrease of capacitance is attributed to the
ecrease of hole concentration in the valence band [12,14]. From
4 solution with different F− concentrations bubbled with air. (a) Without F− , (b)
t some pitting.

Fig. 6, it can be seen that Mott–Schottky plots reveal duplex char-
acter of the passive films with an n-type semiconductor behavior
(positive slope, from around 0.1 V to around −0.1 V) and a p-type
semiconductor behavior (negative slope, from around −0.15 V to
around −0.25 V), even though the p-type semiconductor behav-
ior is not as pronounced. This result confirms the finding from
the AES analysis, from which it is found that the passive film con-
sists two layers and behaves more as an n-type semiconductor. The
duplex character of the passive film formed on stainless steel was
also observed by other researchers in other corrosion environments
[12,16,17].

The flat band potential is chosen from the bottom of the valley
on C−2 vs. E plots (the turning point of n-type behavior to p-type
behavior) [18]. The passive film behaves as an n-type semiconduc-
tor when the applied potential is higher than the flat band potential
and a p-type semiconductor when the applied potential is lower
than the flat band potential. The value of the flat band potential for
SS316L in different solutions is shown in Table 3. It can be observed

that the flat band potential for SS316L decreases with the increase
of F− concentration.

The value of the donor densities of the n-type semiconductor
and acceptor densities of the p-type semiconductor of passive films
formed on SS316L in different solution are determined by Eqs. (4)
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F 5 h at
a × 10−
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ig. 4. AES depth profiles of passive films formed on SS316L polarized at 0.6 V for
ir. (a) Without F− , (b) 3 × 10−4 M F− , (c) 6 × 10−4 M F− , (d) 1 × 10−3 M F− , and (e) 5

nd (5) and shown in Table 3. It is found that the acceptor density

s higher than the donor density for every passive film formed on
S316L in each of the solutions.

From Table 3, it is clear that both donor densities and accep-
or densities increase with the increase of F− concentration. With
ncreasing F− concentration, the donor densities of passive films

able 3
emiconductor parameters for capacitance measurement of SS316L polarized at
.6 V for 5 h at 70 ◦C in 1 × 10−5 M H2SO4 solution with different concentrations
f F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and 5 × 10−3 M) bubbled with air.

Concentration of F− (M) Efb (vs. SCE) Carrier density (cm−3)

ND NA

Without F− −0.125 2.52 × 1020 6.45 × 1020

3 × 10−4 −0.125 3.26 × 1020 3.46 × 1020

6 × 10−4 −0.150 4.19 × 1020 7.61 × 1020

1 × 10−3 −0.150 6.18 × 1020 1.31 × 1021

5 × 10−3 −0.200 1.25 × 1021 8.04 × 1021
70 ◦C in 1 × 10−5 M H2SO4 solution with different F− concentrations bubbled with
3 M F− .

increase from 3.26 × 1020 cm−3 to 1.25 × 1021 cm−3. For acceptor
densities, it increases from 3.46 × 1020 cm−3 to 8.04 × 1021 cm−3.
The donor and acceptor densities represent the defects, oxygen
vacancies or cation vacancies in the passive film. Since a greater
number of defects generally indicate a lower corrosion resistance,
this provides another explanation on why the corrosion resistance
of SS316L decreases as the F− concentration increases.

3.6. Photo-electrochemical analyses

There is a simplified relationship between photocurrent and
photon energy of the incident light for passive films, this relation-
ship can be described by [19,20],
iphh�

I
= ˛(h� − Eg)2 (6)

where iph is the photocurrent, h� the photon energy of the incident
light, I the intensity of the incident light, ˛ the optical absorp-
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ig. 5. Cr/Fe atomic ratio for the passive film formed on SS316L polarized at 0.6 V for
h at 70 ◦C in 1 × 10−5 M H2SO4 solution with different F− concentrations bubbled
ith air. (a) Without F− , (b) 3 × 10−4 M F− , (c) 6 × 10−4 M F− , (d) 1 × 10−3 M F− , and

e) 5 × 10−3 M F− .

ion coefficient and Eg the band gap energy. The band gap can be
btained by extrapolating the (iphh�/I)0.5 plot from the photocur-
ent spectra, and the intercept of the straight line with the photon
nergy axis is the band gap of the semiconductor.

Fig. 7 shows the (Iphh�/I)0.5 vs. h� plots and the band gap
nergy can be estimated as the photon energy at which (iphh�/I)0.5

quals to zero. The band gap energies of the passive film with
ifferent F− concentrations (0, 3 × 10−4, 6 × 10−4, 1 × 10−3 and
× 10−3 M) obtained from Fig. 7 are 2.46, 2.62, 2.80, 2.81 and
.98 eV, respectively. It can be seen that the band gap becomes
roader as F− concentration increases. Besides, it is easier to gen-
rate photocurrent for passive films formed on SS316L with higher
− concentration (inset in Fig. 7), which may be attributed to the
arying electric field that promote the photogenerated charges
eparation and transport. This result indicates that a change in
− concentration results in a change of the semiconductor struc-

ure of the passive film formed on SS316L. The potentiodynamic

easurement results show 0.6 V lies in the transpassive region
f polarization curves. In this transpassive region, chromium may
hange from a low valence to a high valence [9,10].

ig. 6. Mott–Schottky plots for passive films formed on SS316L at 70 ◦C in 1 × 10−5 M
2SO4 solution with different concentrations of F− (0, 3 × 10−4, 6 × 10−4, 1 × 10−3

nd 5 × 10−3 M) bubbled with air.
Fig. 7. (Iphh�/I)0.5 vs. h� plots for SS316L at 70 ◦C potentiostatic polarized for 5 h in
1 × 10−5 M H2SO4 solution with different concentrations of F− (0, 3 × 10−4, 6 × 10−4,
1 × 10−3 and 5 × 10−3 M) bubbled with air. Inset: Rough photocurrent spectrum.

The (Iphh�/I)0.5 vs. h� plots show that photocurrents are positive
during illumination, which shows that the semiconductor behavior
of the passive film resembles more of an n-type semiconductor. This
result confirms both the AES results and the capacitance analysis.

3.7. Electronic structure of passive films

As discussed above, the passive film formed on SS316L is similar
to a p–n heterojunction constituted by an external n-type iron oxide
rich semiconductor layer (electrolyte side) and an internal p-type
iron–chromium oxide semiconductor layer (metal side). This kind
of structure has been reported by other researchers [12,16–18,21],
such as films formed on SS304 inside a furnace in atmosphere [12],
films formed on SS316L in high temperature basic aqueous environ-
ments [16], films formed on Fe–Cr alloy in 0.1 M H2SO4 [17], films
formed on SS304 in a borate buffer solution [18] and Cr-oxide films
deposited on SS446 [21]. When an electrode is immersed in a redox
electrolyte and under a free corrosion condition, the Fermi level of
the semiconductor is controlled by the electrochemical potential of
the redox system, so band bending takes place in the semiconduc-
tor. However, when the semiconductor was applied with potential,
the Fermi level of the semiconductor is controlled by the applied
potential.

The energy band model for SS316L in different corrosion solu-
tions is shown in Fig. 8 for various applied potentials. The band
energy change at the interface of between the passive film and the
electrolyte will be discussed in detail below.

When the applied potential is higher than the flat band poten-
tial, the band of external semiconductor bends downward and
the space charge layer at the passive film–electrolyte interface
develops into a depleted region (Fig. 8a). Due to the downward
bending, the inward migrations of electrons and anions and the
outward migrations of the metal cations are facilitated at the pas-
sive film–electrolyte interface. Thus, the passive film tends to grow
thicker, but at the same time, it is easier for the harmful anions
such as SO4

2− and F− to penetrate the external n-type semicon-
ductor film and result in localized corrosion. The harmful anions
will encounter the Schottky barrier (p–n heterojunction) and it
will hinder their further penetration into the p-type semiconductor
film.
The capacitance analysis results show that the flat band poten-
tial of SS316L decreases with increasing F− concentration, thus the
band bending (passive film–electrolyte interface) increases when
SS316L electrodes are applied with the same potential. Hence, the
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Fig. 8. Schematics of the band structure model of the different passive films formed
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n SS316L in simulated PEMFC cathode environment. EF: Fermi level, EC: edge of
onduction band, and EV: edge of valence band. (a) Applied potential greater than
he flat band potential; (b) applied potential lower than the flat band potential.

itting corrosion resistance of SS316L decreases with the increase
f F− concentration.

When the applied potential is lower than the flat band potential,
he band of external semiconductor bends upward and the space
harge layer at the passive film–electrolyte interface develops into
n accumulated region (Fig. 8b), which forms an energy barrier
gainst the outward migration of metal cations and hinder passive
lm growth. As a result, a passive film with this electronic structure

s weak in protecting the substrate.
From the results discussed above, it can be concluded that when

he flat band potential is lower, the corrosion resistance is higher
ue to the passive film growth enhancement, but at the same time

t is easier for the aggressive anions such as SO4
2− and F− to pene-

rate the external n-type semiconductor film and result in localized
orrosion. Based on these analysis and flat band potential results
Table 3), the local corrosion of SS316L is more severe in solution
ontaining higher F− concentration, consistent with the SEM results

hown in Fig. 3.

The PEMFC’s cathode working potential is higher than the flat
and potential of SS316L in every corrosion solution presented in
his paper, which means the films will protect the metal substrate;
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however they cannot completely prevent harmful ions to penetrate
into the metal substrate, causing pitting corrosions.

4. Conclusions

The corrosion behavior of SS316L in simulated PEMFC cath-
ode environments with different F− concentrations are studied
by electrochemical techniques, scanning electron microscopy
(SEM), photo-electrochemical techniques and Auger electron spec-
troscopy (AES) analysis. It is found that SS316L under PEMFC
cathode working conditions satisfies the US DOE’s 2015 corrosion
criterion, but pitting corrosion cannot be completed avoided. It is
also found that the corrosion resistance of SS316L decreases with
the increase of F− concentration in the solution.

From the AES analysis and the capacitance measurement, it is
found that the passive film is a p–n heterojunction semiconduc-
tor (bi-layer structure) with an external n-type iron oxide rich
layer and an internal p-type iron–chromium oxide layer, and the
n-type characteristic is more pronounced. The Mott–Schottky anal-
ysis provides an explanation on why the corrosion resistance of
SS316L decreases as the F− concentration increases. Further anal-
ysis by the photo-electrochemical technique confirms the bi-layer
structure of the passive film and showed that the band gap becomes
broader as F− concentration increases, again confirming that the
corrosion resistance decreases with the increase of F− concentra-
tion.

Further analyses of the electronic structure of the passive
films indicates that when the applied potential is at a PEMFC’s
typical cathode potential, the band of the external semiconduc-
tor bends downward and the space charge layer at the passive
film–electrolyte interface develops into a depleted region. Such a
structure forms an energy barrier for the outward migration of elec-
trons while promotes metal ions migrating from substrate to the
film, which facilitates the growth of passive film. However, this
cannot completely prevent harmful ions from penetrating into the
metal substrate.
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