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Abstract

The corrosion behaviour of coated stainless steel as bipolar plate material in PEM fuel cell applications and its improve-
ment through the surface modifications was investigated. A commercial SS316L stainless steel grade was deposited with
thin multi-layer coatings, consisting of a carbon top layer and a chromium interlayer of two different thicknesses. Interfacial
contact resistance measurements revealed that the applied Cr/C coatings are highly conductive and surpass the ICR criteria,
suggested by the U.S. Department of Energy. Corrosion resistance was thoroughly analysed by potentiodynamic polarisation
and cyclic voltammetry in 0.5 M H,SO, at room temperature and 80 °C, respectively, combined with numerical modelling.
Electrochemical results agree well with numerical modelling, including the dissolution of metallic species, local pH-shifts
and changes of electrolyte conductivity. Furthermore, the study shows that the application of a Cr/C coating significantly
reduces the current density in the passive region during potentiodynamic polarisation and lowering the corrosion rate of the
steel substrate by at least a factor of two.
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1 Introduction

In view of the current situation, which indicates that the
global energy consumption remains high, the development
of efficient and eco-friendly technologies is imperative [1].
It is projected that the energy consumption will increase
even further in specific areas [2, 3]. In this context, fuel
cells are a promising and versatile option [4]. Especially
the polymer electrolyte membrane fuel cell (PEMFC) is a
key technology towards a climate-friendly mobility due to
its low emissions, good efficiency and high user conveni-
ence, including long travel distances and fast refuelling
cycles [5]. There are high requirements for the bipolar
plate (BPP) of a PEMFC such as good mechanical stabil-
ity, high corrosion resistance and good electrical as well
as thermal conductivity. Among the different BPP materi-
als, stainless steel exhibits a promising combination of
properties [6-9]. However, the native oxide reduces the
electrical contact to the adjacent gas-diffusion layer (GDL)
and the steel corrodes in the harsh PEMFC operating
conditions [10, 11]. A low interfacial contact resistance
(ICR) between the BPP and GDL is mandatory because
the ICR contributes to a great extent to the ohmic resist-
ance in a fuel cell. By this, the ICR plays a major role in
the performance losses and has a significant impact on
the efficiency [12—-14]. Moreover, the loss of cell voltage
as a consequence of corrosion has been identified as a
significant problem that reduces the longevity of PEMFCs
[15]. To prevent corrosion and at the same time increase
the electrical conductivity, a wide range of BPP surface
modifications were investigated. These modifications
range from pure metallic and various metallic compounds
[10, 16-21] to different carbon-based thin films [22-29].
Hereby, carbon-based coatings show excellent results
rendering them a promising coating material for fuel cell
applications [30].

Miyazawa et al. [31] studied the corrosion of bare
stainless steel substrates as anode material. They reported
that the main reason for the performance decline was the
increase of contact resistance during the experiments.
The degradation of a carbon-coated stainless steel bipo-
lar plate has further been studied by Papadias et al. [32]
and a numerical point-defect model for the increase of the
contact resistance has been proposed. All of the aforemen-
tioned studies were carried out at a single temperature and
without the application of a metallic interlayer between the
substrate and carbon coating. Numerous investigations on
the corrosion mechanisms and the effect of alloy elements
such as molybdenum to increase pitting resistance have
been reported [33-35].

In this study, we investigate the corrosion processes
of PVD-coated 316 L stainless steel (SS316L) samples
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under conditions comparable to the PEMFC environment
using a combination of electrochemical experiments and
an adapted thermochemical model. By this approach, the
main reactions can be modelled to derive the individual
impact on the overall process and eventually to identify
the governing mechanism for corrosion. A total of four dif-
ferent coatings were deposited onto SS316L substrates to
examine the influence on the corrosion properties. Hereby,
two single metallic thin films with different thicknesses
and two multi-layer coatings containing the metallic thin
films as interlayer and the same carbon top layer were pre-
pared. Results were compared to a comprehensive ther-
mochemical model to examine the influence of the scan
rate and temperature on the corrosion rate of the substrate
material and multi-layer coating.

2 Experimental/modelling methods
2.1 Materials

Austenitic stainless steel (SS316L) substrates of 0.1 mm
thickness were cleaned with distilled water, methanol and
dried with nitrogen before putting them on holders for the
vacuum deposition. The chemical composition is listed
in Table 1.

A cathodic arc deposition system was employed for
depositing the chromium and carbon-based coatings. The
vacuum chamber was evacuated to a base pressure between
1073 and 10~* Pa using a rotary and a turbo molecular
pump. In order to remove the native oxide layer from the
substrates, an ion sputtering process was conducted. The
chamber was then heated up to 300 °C and the operat-
ing pressure was set to approximately 10~! Pa. Onto the
cleaned SS316L substrates, chromium was deposited from
a pure chromium target (99.8 %) using two different depo-
sition times, 120 s and 240 s, respectively. Additionally,
a carbon layer from a 99.99 % graphite target was applied
on some samples. The average thickness values, measured
by X-ray reflectivity, of the deposited thin films are listed
in Table 2.

Table 1 Chemical composition of commercial austenitic stainless
steel 316 L, used in this study

C (wt%) Mn (wt%) Cr(wt%) Ni(wt%) Mo (wt%) Fe (wt%)

0.02 1.34 17.03 10.95 2.02 Bal.

The composition matches the nominal concentration ranges for this
industrial grade [36]
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Table 2 Measured thickness values of the Cr-coated and Cr/C-coated
samples

Sample name Interlayer Top layer Thick-
ness
(nm)
120 s Cr - Cr 18
240s Cr - Cr 27
120 s Cr/C Cr C 66
240 s Cr/C Cr C 75

The substrate was stainless steel SS316L in all cases

2.2 Interfacial Contact Resistance

In this work, the determination of the interfacial con-
tact resistance (ICR) follows the procedures described by
Davies et al. [6] and Wang et al. [7]. Hence, the ICR is deter-
mined by varying the compaction force, ranging from 25
to 200 N cm~2. For the measurement setup, a tensile tester
for applying the compaction force and an electrical circuit
attached to two gold-coated copper blocks were used. The
sample is placed between two sheets of GDL and the poten-
tial drop V is measured by an ohmmeter with a set measuring
current /. Considering the (measurement) surface area A,
the total resistance R, can be calculated via

Rtolal = VIAS' (1)

By measuring the ICR of one GDL sheet, the individual
contact resistance of the sample can be determined.

2.3 Electrochemical characterisation

The corrosion behaviour was studied by potentiodynamic
polarization and cyclic voltammetry (CV) tests in 0.5 M
H,S0O, solution at room temperature and 80 °C, which cor-
responds to the typical operating conditions of a PEMFC [4,
5]. The measurement setup consists of a Metrohm Autolab
PGSTAT302N potentio-/galvanostat and an electrochemi-
cal cell with a three-electrode setup including the sample as
working electrode, a platinum rod as counter electrode and a
saturated Ag/AgCl reference electrode. Prior the potentiody-
namic tests, the open circuit potential (OCP) was measured
for 1 h. The potentiodynamic polarization measurements
were performed between —0.5 and 1.5 V vs. standard hydro-
gen electrode (SHE) at a scan rate of 0.001 V s~

CV was used to evaluate the reduction and oxidation
reactions of the different specimens in the described sim-
ulated PEM fuel cell conditions. The measurements were
conducted with the same experimental setup as for poten-
tiodynamic polarization tests. In total, three cycles between

+1V vs. OCP, with a constant sweep rate of 0.01 V s~/

were performed. For the analysis, only the third cycle of
the measurement was taken into account. The zero current
potentials of the negative and positive sweep of the third CV
scan have been averaged in order to remove the hysteresis
effect due to capacitive losses [37]. This averaged value is
used for the thermochemical modelling.

2.4 Modelling

The mathematical model for simulating the CV experiments
and deriving the corrosion rates is based on a bottom-up
approach, using the commercial software package MATLAB
2022 (Mathworks Inc.). Therefore, the microscopic current
contributions of surface pH-value shifts jjy_gir [38], mate-
rial corrosion j . osion [37] as well as the ohmic resistance of
the solution jion [37] and further ohmic resistances due to
formed oxide layers and contact resistances of the equipment
Jeontact Were calculated individually. These were eventually
combined to a macroscopic current flow, representing the
total current density j,, as expressed by Eq. (2)

Jiotal = JpH-shift + Jeorrosion tJsolution T Jcontact- (2)

The current contribution due to the pH-shift, shown in
Eq. (3), originates from the pH-gradient across the width of
the diffusion zone § 4 between the surface of the electrode
and the bulk solution

F

. _ surface solution
]pH—shift - S [DH+ (CH+ - CH+ )
eff
1 1 ’ )
_DOH7 KW Csurface - Csolution
H* H*

where F is the Faraday constant (F = 96485 A s mol™!), c
the concentration of species i at position x and D, the diffu-
sion coefficient of species i. Ky, is the autoprotolysis equi-
librium of water at given temperature.

This pH-shift is a general effect occurring in all aqueous
electrochemical reactions and was calculated from an ana-
lytical solution of the CV-signal in an unbuffered electrolyte,
published in earlier works [38]. The diffusion of hydronium
(H;0%) and hydroxide (OH") species was considered not
to be altered by the formation of iron, chromium and nickel
(oxy-)hydroxides which may form near the electrode surface
at very low potentials.

Because the kinetics of the hydrogen oxidation/evolution
reactions (HOR/HER) are faster than the diffusion of dis-
solved hydrogen to and from the electrode surface [39-41],
the computed current density in Eq. (3) may become
unreasonably high and diffusion limitation by depletion
of dissolved hydrogen in the electrolyte needs to be con-
sidered. This could be solved numerically by including the
Butler—Volmer kinetics as flux condition for the boundary
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condition at the electrode surface. However, because an ana-
lytical solution cannot be derived for the general case, it is
assumed that the hydrogen diffusion will not be obstructed
by the transport of hydronium or hydroxide species. With
this assumption, which is in good agreement with thermo-
dynamic expectations [37], the flux of hydrogen towards the
electrode can be calculated by the concentration gradient
between electrode surface and bulk solution

Csurface _ Csoluuon

H H

jpl—l-shift =2F. DH2 - @)

5eff

From Eq. (4), the diffusion-limiting current can be calcu-
lated by setting the concentration of dissolved hydrogen at
the electrode surface to zero [37]. Depending on the actual
hydrogen partial pressure at the electrode surface, one needs
to interpolate the corresponding pH-value from Eq. (3) for
a given current density and to compensate the shift in the
electrochemical potential E with the hydrogen partial pres-
sure ( sz) term from the Nernst equation (Eq. 5)

a
E=E°+ Em( > ~ —58mV - pH
ZF red

®
—29mV - log,opy,

where R is the universal gas constant (R =
8.3144 J mol~' K™!) and 7 the absolute temperature. The
corrosion of chromium, nickel and iron was calculated
numerically from the diffusion of the corresponding ionic
species Fe*t, Fe**, Cr**, Cr*t, CrOi_, Ni?* in the electro-
lyte (Eq. 6) assuming dissolution from the electrode surface
according to Butler-Volmer kinetics (Eq. 7). The exchange
current density j, for all metals was fitted to experimental
data from the corrosion tests as well as compared to typical
values from literature [37, 39, 42]. The species Ni** was
not considered in the simulation, because the acid redox
equilibrium NiO, + 2H" + 2e~ = Ni** + 20H™ has an E°
of 1.59 V, which is higher than the dissociation potential of
water (E0=1.23 V)

dc
(x,0) .
5 = div (D . Vc(x’t)), (6)
aC(O,t) =j_0 (e(l—a);—?AE _ E_Q%AE> (7)
ox zF ’

A time interval of 0.1 s was chosen to allow free diffusion
with no flux conditions at the electrode surface before the
change of concentration near the electrode was re-adjusted to
the new potential by the Butler—Volmer equation. The spatial
resolution of the numerical grid was defined by the time
interval and the diffusion coefficient via Ax = 0.1 \/Et This
allowed for an effective calculation of the iron/chromium
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distribution and represents a good approximation for the
modelled sweep rates in this study, which ranged between
1 and 100 mV s\,

Ohmic resistance for the bulk solution current den-
sity was derived from the temperature-dependent molar
ionic conductivities A of all ionic species in the electro-
lyte (H;0%, OH™, SO;~, Fe?*, Fe’*, Cr**, Cr’*, Cr,04%",
Ni2+), including the dissolved metal ions. In the absence
of a complete and reliable dataset for the temperature-
dependent specific ionic conductivities k, values were
derived from the combination of the Nernst-FEinstein equa-
tion (Eq. 8, [37, 41]) and the Stokes—Einstein equation
(Eq. 9, [41])

252
zF
=D
A RT > ®)
kT
~6mnr’ ©)

where z is the absolute charge value of the ionic
species and kg the Boltzmann constant (kg =
1.3806 x 1072 m? kg s~ K~!). This links the molar ionic
conductivities A with temperature, the hydrodynamic radius
r (i.e. the radius of the ion plus its solvation shell [41]) and
the dynamic viscosity of water #. Assuming that the hydro-
dynamic radius does not change with temperature and given
an empirical relation for the dynamic viscosity of water
[41], one obtains the following relation for the temperature-
dependent ionic conductivities. Here, the temperature 6
needs to be inserted in degrees Celsius.

1.37023(6-20)+8.3610~4(9-20)2

4;=0889A7°C 107w . (10)

The current contribution then calculates from the total
potential drop and the ohmic resistance R ., calculated
from the conductivity of all ionic species i (H3O+, OH™,
SO;~, Fe’*, Fe’™, Cr'*, Cr,04?~, Ni**) in solution [37]
E—Epcp

L —(E— KA _ (g _ AN e
Jsolution = Rsolution - (E EOCP) d - (E EOCP) d Zzzjtcn
an

where A is the electrode surface area and d the distance
between electrodes. The contact resistance between the elec-
trodes on the equipment side as well as the ohmic resistance
of formed inhibition layers on the electrodes were used as
fit parameters and derived from the difference to experi-
mental values. The contribution to the current density was
modelled in a similar way as shown in Eq. (11). A default
value of 10 Q was chosen for the contact resistance of the
equipment. The resistance of formed oxide layers during
the modelled corrosion cycles was derived from the molar
amounts of dissolved chromium and iron (see Eq. 7) above
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the solubility limit, the molar volumes of Cr, 05, Fe, 05, NiO
and the specific resistances of these oxides. To compensate
for the hysteresis in the CV measurements, a term for the
non-Ohmic losses of the current density (capacitance/induct-
ance) has been added, following the physical principles of
loading and unloading a capacitor [37]. Since the origin of
the non-Ohmic losses has not been investigated in detail in
this study, the time constant z(= RC) (see Eq. 12) has been
treated as a pure fit parameter and was varied between all
approximations

jnon—ohmic =jmax(1 _e;>' (12)

Graphical output of obtained modelling results is shown in
the style of a cyclic voltammogram where the total current
density has been normalised to an electrode surface area of
1 cm?. The influence of temperature and potential sweep
rates is displayed in the form of 2-dimensional contour plots
of the corrosion rate.

Fig. 1 Light microscopy images
of the surface of stainless steel
(SS316L), SS316L with 240 s
Cr deposited and SS316L

with 240 s Cr deposited and a
carbon top layer before (top)
and after cyclic voltammetry
tests in 0.5 M H,SO, at room
temperature (middle) and 80 °C
(bottom)

SS316L
substrate

experiment
room temperature before experiment

experiment
at 80°C

3 Results and discussion

The visual appearance of the samples before and after the
CV measurements revealed a homogeneous surface, as
shown in Fig. 1. This is also a good indication that the
thickness of the deposited coating layers is homogeneous.
The measured specimens at room temperature exhibit no
apparent changes except for the carbon-coated sample. In
contrast to that, the corrosion at 80 °C appears to be more
significant. Here, the surface of the coated samples showed
clear differences between grains and grain boundaries which
might be caused by specific grain boundary attack of the
acid during corrosion.

3.1 Interfacial contact resistance

Figure 2 displays the interfacial contact resistance as a func-
tion of the applied compaction force for (a) the uncoated

+ 240s Cr + carbon

top layer
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Fig. 2 Interfacial contact resistance of a the bare SS316L, the Cr-coated and b Cr/C-coated samples depending on the applied compaction force

stainless steel substrate and (b) the coated samples. In gen-
eral, it can be seen that the ICR drops quickly up to a com-
paction force of 100 N cm™2 due to the constantly increas-
ing area between the sample and the GDL. The uncoated
SS316L has significantly higher ICR values in the entire
measurement range. Both Cr coatings already reduce the
resistance by more than 75 %. A clear difference between
the chromium-coated samples can be seen, and the 240 s
Cr coating has higher ICR values compared to the 120 s Cr
coating. This can be attributed to a thicker native oxide layer.
However, both coatings do not meet the required threshold
in the DOE 2020 criteria of 10 mQ cm? [43], even at a the
applied maximum of 250 N cm™2. The carbon-based coat-
ings greatly lower the contact resistance of the substrate and
ICR values are below 2 mQ cm? at 150 N cm=2.

3.2 Potentiodynamic polarization

The uncoated SS316L substrate exhibits the highest cor-
rosion current density j,,. of all samples, approximately
1.8 x 10~ A cm~2 and the lowest polarization resistance Rp,
which corresponds to the oxidation resistance of a material
during an applied (external) voltage [37]. Figure 3a depicts
the electrochemical polarization curves of all specimens at

room temperature in 0.5 M H,SO,, and the corresponding
corrosion parameters are listed in Table 3.

After reaching the corrosion potential E_,, the stainless
steel remains inert in the corrosive environment and the for-
mation of a protective oxide layer starts around 0 V, which
is characterised by the strong oxidation peak. The critical
anodic current density is approximately 1.7 x 10~* A cm™2
at this potential. Between 1.1 and 1.2 V, the bare steel enters
the transpassive state, which is the potential range for the
transpassive reaction of chromium [44] and can be observed
from the steep increase in current density. The dissociation
of the electrolyte, i.e water, via 2H,O = O, + 4H" + 4e~
occurs in a similar potential range (E° = 1.23 V), addition-
ally leading to the rise of the current density.

The deposited chromium thin films, i.e. 120 s Cr and
240 s Cr, slightly improve the corrosion resistance of the
stainless steel, which can been seen in the higher polariza-
tion resistances of 876 and 1995 Q cm?, respectively (see
Table 3). This is because of the high chromium content in
the base material (~ 17 wt% Cr). The thin Cr coating leads
to a faster formation of an oxide layer at the surface which
can be concluded from the steeper decrease and generally
lower anodic current density of 1.81 X 107> A cm™2 before
reaching the passive region. This is in agreement with the

Table 3 Corrosion parameters

Sample RT 80 °C
of bare SS316L, the Cr-coated
and Cr/C-coated samples at Eo V) jeow(Acm™) R (Qem?)  Eq (V) jou (Aem™) R, (Qcem?)
room temperature and 80 °C
in 0.5 M H,SO, bubbled with SS316L —0.118 1.76 x 107> 769 —0.039 1.55x 107 170
argon 120 s Cr —0.045 6.64 x 107> 876 —0.049 1.53x 1074 232

240 s Cr —0.034 5.36 x 107° 1996 —0.048 5.82x 1073 210

120 s Cr/C —0.041 1.26 x 1076 25,672 —0.047 4.91x 1073 604

240 s Cr/C —0.088 8.22x 1078 186,030 —0.054 6.77 x 107° 2208
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Fig.3 Potentiodynamic polarization curves of a the bare SS316L, the Cr-coated and Cr/C-coated samples in 0.5 M H,SO, bubbled with argon at

room temperature and b at 80 °C

findings of Quang et al. [45] who investigated the tendency
of stainless steel to passivate, depending on their chromium
content. Moreover, Bellezze et al. [46] reported that increas-
ing amounts of chromium are responsible for a decrease of
critical anodic current densities. Consequently, the Cr layer,
deposited for 240 s, leads to a further reduction of the corro-
sion rate, which can be attributed to the thicker film. Com-
parable to the uncoated SS316L substrate, both Cr coatings
show a transpassive behaviour between 1.1 and 1.2 V, where
the transpassive reaction of Cr starts leading to the rise in the
current density [44]. At the upper operating temperature of
a PEMFC, the differences between the polarization curves
are less distinct, especially for the Cr-coated samples and the
bare substrate (see Fig. 3b). Due to the elevated tempera-
ture, significantly higher corrosion currents j,..,. and lower
polarization resistances can be observed (see Table 3).

The carbon top layer leads to smaller corrosion currents
of 1.26 X 107 A cm™2 for 120 s Cr/C and 8.22 x 1078 A cm™2
for 240 s Cr/C samples, respectively. Moreover, R, is
increased by a factor of approximately 240 for the thicker
Cr/C coating. This improvement is likely due to fewer
exposed defects in the multi-layer coating. Condga et al.
[25] reported that by applying a multi-layer coating, there
are fewer pathways to the underlying substrate which would
otherwise accelerate corrosion. It is known that PVD coat-
ings often exhibit microstructural defects such as pores
which can act as channel to the substrate for aggressive/
corrosive media, i.e. acidic electrolyte [47]. In the Cr/C
multi-layer coating, these pathways are covered or blocked
by the carbon top layer, thus the corrosion resistance of the
Cr/C coating is significantly improved. In addition to this,
the improved corrosion resistance may further be improved
by the thickness effect. The current density in the passive
region reaches an absolute minimum amongst all samples,
and therefore, less oxidation occurs in that potential range.

However, a steep increase of the current signal again occurs
at the same potential as for all specimens, which is caused
by water dissociation as well as the transpassive reaction of
the Cr interlayer. For an electrolyte temperature of 80 °C,
the plateau current for both carbon-coated samples rises by
approximately two orders of magnitude, which is still one
order of magnitude lower, compared to the rise of current
density for the SS316L and chromium-coated specimens.

3.3 Cyclic voltammetry

CV measurements were used to further analyse the corro-
sion behaviour in the simulated PEMFC environment at
room temperature and 80 °C. In Fig. 4, the CV curves of
the SS316L substrate and the samples with 120 s Cr are
shown. The bare substrate has a large reduction peak below
— 0.3 V, attributed to the reduction of dissolved oxygen
(ORR) and an onset of oxidation at 1.2 V due to water dis-
sociation. Between — 0.2 V and + 0.2 V, one can observe
an additional peak which can be explained by an oxidation
process at the sample surface. In the presence of a coat-
ing, this specific peak gets smaller, indicating a reduction
of substrate corrosion. The thin Cr layer exhibits a reduc-
tion peak similar to the stainless steel sample, but a higher
oxidation peak and thus stronger buildup of a passive layer.
With an additional carbon top layer, the substrate oxidation
peak between — 0.2 V and 0.2 V gets even smaller and the
strong reduction signal from the electrolyte below — 0.3 V
vanishes almost completely. However, a new reduction sig-
nal around 0.4 V up to 0.5 V emerges. According to data
from the electrochemical series, this signal could be caused
by molybdenum (E® = 0.43 V) from the substrate, although,
given the peak size, it is more likely to be linked to the
carbon top layer which promotes the reaction from oxy-
gen to OH™ via O, + 2H,0 + 4e~ = 40H™ (E* = 0.40 V).
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Fig.4 Cyclic voltammetry curves of a bare SS316L, 120 s Cr and
120 s Cr/C-coated samples in 0.5 M H,SO, bubbled with argon at
room temperature and b at 80 °C. Prior to these measurements, the

Whilst an in situ analysis could not be performed during
the measurement, this reduction peak was only observed
for the carbon-coated samples and would correspond to
the reduction of 0.110 umol O, cm™2 at room temperature
and at 80 °C during each cycle. The reduction of carbon
would imply the presence of carbonate in the electrolyte
that would have formed a voluminous precipitate, which
was not observed. No signals were observed at potential
values, which are typical for the alkaline nickel redox-reac-
tions Ni(OH), + 2¢~ = Ni+20H™ (E° = — 0.72 V) and
NiO, + 2H,0 + 2e~ = Ni(OH), + 20H™ (E*=—0.49 V).

In accordance with the results of the polarization tests
in Fig. 3, cyclic voltammetry scans of the 240 s Cr sam-
ples, which are shown in Fig. 5, exhibit smaller oxida-
tion and reduction signals of the substrate due to the

9x10° (@) RT
m SS316L
A 240sCr

6x10° 4 @ 240s Cr/C
& £
é 3x10°° $2
< of
2
S 04
C -
(7} B
© . 8
t -3 | " .
5—3x10 -
S )
o 5 3

-6x10°% 4

-9x10°% 4

T T T T T T T
0.8 0.4 0.0 0.4 0.8 1.2 1.6

Potential (V vs. SHE)

Fig.5 Cyclic voltammetry curves of a bare SS316L, 240 s Cr and
240 s Cr/C-coated samples in 0.5 M H,SO, bubbled with argon at
room temperature and b at 80 °C. Prior to these measurements, the
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OCEP shift of each sample was measured for 1 h. The scan range in all
cases is + 1V, starting from the equilibrated OCP value

increased thickness of the deposited chromium layer. At
room temperature, the oxidation peak of the substrate is
suppressed by the Cr coating, and the reduction peak of
the carbon-coated sample is more pronounced. Again, this
can be explained by the reduction of newly formed and
adsorbed oxygen at potentials above 1.23 V, corresponding
to 0.156 pmol O, cm™2 at room temperature and 0.060 p
mol O, cm™2 at 80 °C.

3.4 Modelling

Numerical modelling of the cyclic voltammetry meas-
urements in Sect. 3.3 has been carried out. This includes
the current contributions from the pH-shift near the
surface (Eq. 3), the dissolution of iron, chromium and
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OCP shift of each sample was measured for 1 h. The scan range in all
cases is + 1V, starting from the equilibrated OCP value
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nickel (Eq. 7), formation of oxides, contact resistance,
the changes of electrolyte conductivity (Eq. 11) as a
function of temperature and ion concentration as well as
the hysteresis (Eq. 12). Especially the reactions involv-
ing chromium, nickel and iron, which lead to the anodic
and cathodic peaks at intermediate potential values, are
diffusion-controlled (Eq. 6). The position and size of the
corrosion peaks in the experiments were fitted by vary-
ing the exchange current density j, and charge transfer
coefficient a of the iron/chromium/nickel dissolution. The
temperature dependency of the diffusion coefficients of all
ionic species was considered via the previously mentioned
procedure for the hydrodynamic radius of the ion in Eqs. 8
and 9. Water dissociation was included in the reactions
via a Butler—Volmer approach (Eq. 7). Please note that
the experimental data in this study show that the current
density value reaches a plateau for even higher potentials.
This is due to the diffusion limitation and dynamic sur-
face coverage of the electrode with freshly formed oxygen
molecules. Since the modelling approach does not include
the dynamics of formation, growth and detachment of gas
molecules at the electrode surface, the observed current
density plateau from the experiments is hence not seen
in the simulations. Including of these phenomena would
require CFD simulations for gas/liquid phase mixtures
which were deemed too complex and out of scope for the
purpose of this study. Despite the number of input param-
eters for the calculations, a good agreement with experi-
mental values could be obtained, as shown in Fig. 6.

A significant deviation of the current density for the
uncoated steel sample is seen at potentials below —0.2 V and
can be attributed to the oxygen reduction reaction (ORR) at
the sample surface [48]. Because these reactions are kineti-
cally controlled, additional parameters would need to be
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Fig.6 Experimental and calculated cyclic voltammetry measure-
ments of a bare SS316L and b 240 s Cr/C-coated sample. The experi-
mental conditions were 0.5 M H,SO, at room temperature. The

used. Instead, the modelling approach is focussed on the
degradation of the electrode material. The oxidation peak
near 0 V vs. SHE was attributed to the corrosion of chro-
mium and nickel on the pure SS316L sample. This corrosion
signal is biggest for the uncoated substrate and theorised to
be related to the activity of both alloy elements in the steel.
Whilst nickel oxides are generally poorly protective, a lower
activity of chromium leads to a lower concentration of Cr
ions in solution and thus slower formation of a protective
chromia scale. For a chromium-coated sample, the formation
of a chromia scale is expected to occur quicker, which leads
to a reduction of the current peak near 0 V vs. SHE (see
Fig. 5a). An applied Cr/C multi-layer would hinder the dis-
solution of chromium completely. Hence, the chromium plus
carbon-coated sample (240 s C1/C) exhibits a reversible sig-
nal that only corresponds to the redox equilibrium of readily
dissolved iron (Fe** /Fe**, EO=0.77 V). Moreover, it should
be noted that the corrosion currents of the chromium-coated
material are similar to values reported in literature for the
uncoated specimen [44] and reduced by a factor of 10 for the
Cr/C multi-layer coating (see Table 4).

After the parameters for the fitted CV curves at room
temperature were obtained, the dependence of the corro-
sion rate with temperature and potential sweep rate was
derived from the numerical model. Here, the current signal
was integrated over time, following Faraday’s law to obtain
the total electronic charge. In order to compare between the
samples in this study and link to industrially relevant cor-
rosion rates, the total charge was converted into a corrosion
rate of the matrix material (iron) where the amount of dis-
solved material was considered only via the hypothetical
reaction Fe = Fe>* + 2e~. Together with the molar volume
of iron at room temperature (V,, = 7.0923 x 107 mol m~3),

& 5x10

Current density (A cm

-5x10

-1x10° T T T T T
-0.4 0.0 0.4 0.8 1.2

Potential (V vs. SHE)

shaded areas underneath the peaks correspond to the current contri-
bution from the reactions involving iron (blue), chromium (green),
nickel (yellow) and carbon or oxygen (turquoise)
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Table 4 Simulation parameters for the fitted cyclic voltammetry measurements of (a) bare SS316L and (b) 240 s Cr/C-coated sample

Sample Jope(Aem™) oo (Aem™) o (Aem™) ¢ L (molIT) ¢k (mol 7Y ¢} . (mol 17

SS316L 1074 8.6 x 1073 6x107° 2.5%x 1073 5.0x 1076 1076

240 s Cr/C 1074 8.6 x 1073 0 2.5%x 1077 5.0x 1077 1077

Sample e Ay AN PH* Rcomact (Q) ] Z‘X—nhm&: T S_l
(A cm™)

SS316L 0.74 0.58 0.44 3 1 0.2 1

240 s Cr/C 0.845 0.40 0.40 0.15 0.3 1.2

The experimental conditions were 0.5 M H,SO, at room temperature. Parameters marked with an asterisk (*) are less sensitive to the fit and may

vary within a + 10 % range

the corrosion rate was expressed as the decrease of material
thickness in millimetres per year.

As can be seen in Fig. 7, the corrosion rate for the Cr/C-
coated sample is much lower for all conditions in this study.
This is a clear indication that the applied multi-layer coating
greatly increases the corrosion resistance of the stainless
steel substrate in the harsh conditions of a PEMFC. The
corrosion rate tends to be larger with lower cycling rates as
well as at higher temperatures. This can be explained by the
fact that faster cycling means that only small amounts are
dissolved per each cycle and then re-deposited again. For
lower potential cycling rates, the amount of dissolved metals
will be larger, thus leading to the formation of stable oxides.
The higher corrosion rates observed at lower temperature in
the 240 s Cr/C may be an effect of slower diffusion and the
formation of higher concentrations of dissolved metal ions
near the electrode surface. However, it should be stated that
the temperature dependence of the standard electrochemical
potential E, as well as the solubility of formed (oxy-)hydrox-
ides was not considered in this study due to the absence of
available data. This may lead to additional deviations for
the temperature dependence of the corrosion rate and will
be considered for further studies.
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4 Conclusions

Multi-layer thin films consisting of a carbon top layer plus a
chromium interlayer of two different thicknesses on a com-
mercial SS316L stainless steel substrate were analysed for
their suitability as bipolar plate coating. Interfacial contact
resistance was determined to evaluate the electrical con-
ductivity. Electrochemical characterisation was conducted
via potentiodynamic polarisation and cyclic voltammetry
in 0.5 M H,SO, at typical operation temperatures for PEM
fuel cells. Corrosion results were compared to an extensive
numerical model to predict the corrosion rate as a function
of temperature and potential sweep rate.
The following conclusions can be reported:

e Only small differences in the corrosion behaviour was
observed between the bare SS316L substrate and the Cr
thin film-coated samples, owing to the high concentra-
tions of chromium in the substrate.

e The application of Cr/C multi-layer coating significantly
reduces the resistance of the SS316L substrate, with ICR
values below 2 mQ cm? at 150 N cm~2, fulfilling the
10 mQ cm? criteria from the U.S. Department of Energy.

b 240s Cr/C
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Fig. 7 Simulated corrosion rates in mm/year as a function of temperature and potential sweep rate for a SS316L and b 240 s Cr/C-coated sample

in 0.5 M H,S0O,. Please note the different colour scales in both figures
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e The polarisation curves revealed that the deposition of
a carbon top layer leads to a 10-fold reduction of the
current density (j = 8.22 x 1078 A cm™2). At 80 °C,
increased current densities were observed but the thicker
Cr/C coating exhibits still the best corrosion resistance.

e Simulation results are in good agreement with experi-
mental observations for the dissolution of chromium,
nickel and iron in the CV measurements. For the bare
SS316L substrate, the governing reaction can be attrib-
uted to the corrosion of chromium and nickel at the sam-
ple surface, whilst a reversible signal which corresponds
to the redox equilibrium of dissolved iron (Fe** /Fe")
can be observed for the Cr/C-coated samples.

e The dependency of the corrosion rate with temperature
and potential sweep rate reveals that the fastest corrosion
occurs at slow potential changes, which are typical condi-
tions for a PEMFC setup. Modelling predictions show a
reduction of the corrosion rate by a factor of two, when
a Cr/C coating is applied.

Results prove that the functionality and lifetime of metallic
bipolar plates for fuel cells can be improved by the multi-layer
coating. In combination with the presented model, a better
understanding of the governing corrosion reactions can be
achieved, supporting the further development of fuel cells.
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