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ABSTRACT

The Nafion membrane’s chemical degradation by the Fenton mechanism involves the
presence of ferrous ions Fe** but the detrimental concentration is not well known. These ions could
be generated either from the balance of plant or from the bipolar plates’ corrosion. As an attempt to
describe the link between the two mechanisms, the membrane’s degradation and the bipolar plates’
corrosion were investigated. Our work is based on experimental and modelling approaches. We
start with a parametric corrosion study allowing the determination of the Fe?* flux using a Look-Up
Table. The second step is the modelling of the Fe?* effect on the membrane degradation. The third
is the modelling of ionic species transport between the bipolar plates and the membrane. The final
coupled degradation model is implemented in a PEMFC performance simulator based on the
Matlab/Simulink® platform. The model is used to simulate the degradation mechanism during
NEDC (New European Driving Cycle).
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GRAPHICAL ABSTRACT
[ Gold coated BP
59s
5 g g + . Corrosion site
':%E- g N Metalic dissolution
: 1 Membrane chemical
- v / \""4 degradation
'] o
g Ltz Gas Diffusion
(=]
E as Layers
]
IR ;
4 L4 g LMll:ru-Pnruus
o =g ayer
8 23
(@] = Catalyst Layer
9_ 0
88 %
gy
aEg®
m Membrane
£25
L
£68
Introduction

The transportation sector represents a major source of greenhouse gas emissions, about one third of the total emissions in the last
five years ([1]-[2]-[3] ). The development and the commercialization of fuel cells electric vehicles is one of the promising alternatives in the
path of decarbonizing the transport sector. Low temperature proton exchange membrane fuel cells (PEMFC) are one of the most frequently
used types of fuel cells in the automotive sector [4].

Even if the PEMFC technology made the core of large research, the wide market implementation is not yet reached. The main challenges
facing this technology are the high cost of production and the limited durability of components such as the bipolar plates (BP), the catalyst
layer and the membrane, hence a limited long-term reliability of the cells [5] [6]. The degradation mechanisms attacking PEMFC are either
reversible or irreversible. The ~ BPs’ corrosion, the membrane degradation, the GDL’s degradation and the catalyst dissolution represent
some of the irreversible ones [7] [8] [9]. In the case of BPs ‘corrosion, some solution requiring performant coating development have been
investigated [10] [11] [12]. However, whatever the solution, the prediction of degradation behavior is essential. It allows a better knowledge
of the system’s requirements in terms of materials, designs and optimal working conditions. Usually, two approaches are available. The first
is the experimental testing with either in-situ and ex-situ ageing or Accelerated Stress Tests (AST) while the second approach is based on
modelling [13] [14]. Each approach has its benefits and drawbacks. Ageing-testing in real conditions, implies a long-term results feedback
(thousands of hours). The AST are often criticized for the lack of precision and the non-representativity of the normal operating conditions.
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Conversely, simulation based on experimentally validated models can enhance the development and the control of a PEMFC system, by
predicting the cell’s life time for various components and various working conditions ([15]-[16]).

In the present paper, the metallic BPs’ corrosion, the polyfluorinated sulfonic acid membrane’s chemical degradation and the synergic effects
in between the two phenomena were investigated in-depth. To our knowledge, bipolar plates’ corrosion in the fuel cell was mainly studied
experimentally and not widely modelled in a PEMFC performance code ([17]-[18]-[19]). While the membrane degradation has been
explored and modelled in many codes ([20]-[21]-[22]-[23]). An excellent discussion of various degradation phenomena can be found in the
reviews by Tawfik e al. [18] and Wang et al. [24] as well as Janhkle et al.[25]. Many mechanisms and their corresponding kinetics have
been then reported. Based on that, several chemical degradation models have been presented ([26]-[27]-[28]).

However, only few developed models which describe the PEMFC performances and predict ageing, focus on coupled degradation
phenomena with considering the complex interactions among the components. The membrane’s chemical degradation induced by the ferrous
ions released from the BPs’ corrosion is an example of this complex interaction. On one side, the effect of the variation of the ferrous ions
concentration on the membrane degradation has been studied. It is assumed to catalyze the Fenton mechanism, but with a lack of data
relative to its real concentration under operating conditions. On the other side, the bipolar plates’ corrosion is enhanced by the fluorides
emitted from the membrane’s degradation. Thus, it appears that the degradation of bipolar plates and membrane are interdependent through
the release of ionic species such as ferrous ions Fe** [29] and fluoride ions F". The present paper focuses on this synergic degradation through
a coupling approach in a PEMFC performance model on Matlab/Simulink® software. For this problematic, a comprehensive global PEMFC
system model is required. We use a multiphysical code called MePHYSTO-FC (Multiphysical Simulation Tool for Fuel Cell) developed on
Matlab/Simulink® at CEA Grenoble. This code is integrated in the global numerical platform MUSES that includes several calculation codes
at multiples spatial scales and for different generators and electrochemical energy converters such as fuel cells, electrolyzers and also
batteries. MePHYSTO-FC is a 2D/1D model. It simulates the performance of the fuel cell and its possible degradations. In the last 20 years,
this code has been developed and endowed to include new parameters and to consider new degradations mechanisms. It was used by many
collaborators and industrials to address specific needs and problematics related to the PEMFC ([30]-[31]-[32]-[33]) . Further information
regarding the MePHYSTO’s structure and the equations used in the code are detailed in the Appendix section.

1 Methods and approaches used

To understand the impact of the BPs’ corrosion on the membrane’s chemical degradation and its influence on the cell’s lifetime,
we adopted a specific approach illustrated in the Fig. 1. The three main topics treated in this paper: bipolar plates’ corrosion, membrane
chemical degradation and ionic species transport are covered from different angles.

The corrosion of 316L SS plates was studied with potentiodynamic measurements in order to collect experimental data. While the
membrane’s chemical degradation was modeled and later validated with different ex-situ tests. Then, the ionic species transport was
modeled. These three bricks were first treated independently before the models’ coupling. Therefore, each brick was discussed in a specific
section.

Consequently, this paper is organized as follows: the introduction and section 1 introduce the scope of the work and the method used for the
analysis and the model’s development. The section 2 is the corrosion study, it provides the iron ions emission term. The results of this
experimental study are stored in a Look Up Table (LUT). The created LUT is connected to the channels in the code where the local
conditions requested as inputs for this LUT, are calculated. The section 3 consists in modelling the membrane’s chemical degradation that
provides the fluoride emission. The section 4 is the modelling of the ionic species transport between the membrane and the BPs through the
GDE (Gas Diffusion Layer/Microporous layer/ Catalyst Layer). It is developed in order to connect the two degradation mechanisms. Finally,
the code is used to simulate a New European Driving Cycle (NEDC) in order to follow the evolution of fluoride and ferrous ions’
concentrations over time.
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Fig. 1-The Approach’s structure.

2 Corrosion study
2.1. Stainless steel 316L corrosion

Bipolar plates made up of stainless steel (SS) substrate and protected with performant coatings, are often represented as a good
compromise between the cost and functional properties, because of their good electrical and thermal conductivities [18] [8], easy formability



and low cost [34]. In this context, a commercial 316L stainless steel is chosen as a reference material for the parametric corrosion study. The
316L SS is known for its corrosion resistance properties relative to its passive layer. The nominal specimen composition provided by the
supplier is 0.03 C, 0.001 S, 0.021 P, 0.44 Si, 1.84 Mn, 2.47 Mo, 12.3 Ni, 17.54 Cr, balance Fe in weight%.

2.2. Corrosion parametric study

For the corrosion study, potentiodynamic measurements were carried out on a thermally controlled three electrodes cell. The three
electrodes are: 316L stainless steel sample as working electrode, a saturated mercury sulphate as reference electrode (Vusg=658mV vs SHE)
and the counter electrode is graphite rod. The stainless steel plates were cleaned with acetone solution then dried and cut to 1 cm? of 0.3 mm
thickness samples. The three electrodes are connected with a Gamry ref 600 potentiostat. The electrochemical sequence starts with 12 hours
Open Circuit Potential (OCP) followed by a potentiodynamic measurement performed at a scanning rate of 0.5 mV/s. The polarization curve
gives the variations of the current density as a function of the potential. In order to simulate the PEMFC working environment, the
measurements were carried out at temperatures 333 K, 343 K and 353 K. The temperature control and variation, were insured through a
heated water circulation connected to a heating bath. The cells were continuously bubbled with air. The different electrolytes were prepared
with 18 MQ ultrapure water at different chloride contents 102 M, 10* M and 10 M. Chlorides are here substituted for fluorides released by
membrane degradation for laboratory security restrictions. As halides chloride and fluoride ions allow similar damages, especially in the
cases of localized corrosion of stainless steel. Different pH values are considered (3.5, 4, 4.5 and 5).

The Fig. 2 shows an example of variation of the potentiodynamic curves as a function of chloride concentration, at fixed
temperature and pH (T=353 K, pH=3.5). The anodic part of the potentiodynamic curves for chloride concentrations 10 M and 5.10° M have
relatively similar patterns but still different from the rest of the curves for lower concentrations. Passive steels such as 316L, are generally
characterised by a passive behaviour with low current density at wide potential range (blue and green curves). However, the exposure of
316L SS to high concentrations of chloride ions (black and red curves), causes pitting corrosion and the current density quickly reaches
important values. Indeed, the defects present in the passive film allow the possible incorporation of the chlorides present in abundance on the
surface which contributes to the initiation of the pitting. Once one or more pits have been initiated, the material is intensively dissolved. This
stage induces on the potentiodynamic curve, an increase of the current density indicating the localized dissolution of the substrate.

Hence, the low chloride concentrations (green, blue and turquoise) potentiodynamic curves, present three distinguished regions characteristic
to 316LSS passive behaviour. At low potential, anodic and cathodic reactions are in competition. It is characterized by a progressive increase
in current density. In this domain, the material is at its passive state. Once the potential reaches 1V (V vs SHE) the second oxidation of
chromium occurs. A plateau extends up to E= 1.3 V (Vs SHE). This plateau marks the presence of a modified passive film enriched in iron.
In the passive domain, the current density corresponds to the current density required to the maintenance of this passive film. Chloride
concentrations are too low to cause pitting or to prevent the repassivation of the passive film. After 1.3 V vs SHE, water oxidation takes
place.

The parametric study of corrosion, highlighted the role that chloride ions play in reducing the corrosion resistance of 316L SS. Increasing the
chloride concentration increases the corrosion current density and reduces the extent of the passivation plateau for which the material is
protected. The chloride concentration [CI']= 10 M can be considered in our study conditions as a threshold value beyond it the material
changes behaviour and becomes exposed to pitting corrosion, while bellow this value passivation is possible. We also concluded that 316L
SS plates are extremely sensitive to the variation of the parameters pH, temperature and chloride concentration. The change of one of these
parameters affects the corrosion resistance, depending on the modification of the composition and physicochemical properties of the passive
film. Critical values for chloride concentrations, temperature and pH were provided ([Cl]= 10* M and pH =3.5 in our working conditions).
As for pH, it affects directly the chemical stability of the passive film. In fact the critical pH value under which the passive film disappears
and the generalised corrosion is promoted, represents a characteristic value for stainless steel known as the depassivation pH (ranged from
pH 1.5 to 2 in the case of 316L) [35]. The identification of the different threshold values is important, as beyond it the plate can change from
passive behaviour, to generalised corrosion or even to pitting.
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Fig. 2-Evolution of the current density with the potential for different chloride concentrations Black: [Cl']= 102 M; Red curve: [Cl]=
5.10° M; Green [CI']= 10" M; Blue: [CI']= 10-*5M; turquoise: [CI']= 10“*M) (V vs. SHE) (Anodic part).

All the data collected from this study are gathered in a look-up table in Matlab® taking as entries: The temperature, potential, pH and
Fluoride concentration. This table can provide the current density at different PEMFC’s operating conditions as explained in the section 2.3.

2.3. Corrosion Look-Up Table

This part of our work relies on a Look Up Table (LUT) generated from the experimental data, obtained by the corrosion
parametric study. At the beginning, the potentiodynamic curves were smoothed by the Matlab® software which consists on effecting



background correction in order to reduce the measurement signal’s noise. Later a 4D matrix is created from the smoothed data on
Matlab/Simulink® software. This matrix represents the parameters of the LUT:

The inputs are: the smoothed potential values E (V vs. SHE), the Fluoride ions concentration [F] (M), the temperature (°C) and the pH. The
equivalent variables calculated by the code use IS units and thus a unit conversion is one at the input of the LUT. The interpolation method
allows the calculation of the current density for the chosen conditions of E, [F], T and pH. The output is the current density I (A.m™). Table
1 shows the data chosen to integrate the LUT from the parametric corrosion study. In addition, the Fig. 3 shows the complete structure of this
LUT.

Table 1- Selected data from parametric corrosion study to integrate the LUT.

pH
TCC) 35 4 s 5 [F1M
X X X 107
60 X X X X 107
X X 10°
70 X X X 107
X X X X 10°
80 X X X X 107

In order to integrate the LUT in the PEMFC performance model, the corrosion parameters as potential, Fluoride concentration and
temperature were used as system parameters.

Look-up table
Corrosion density current
unit change range limiters T
Simulated BP potential (2 ) u:) »ut —
E(V)
Simulated liq temperature in channel (3 ) »u2
I log(1) | (Wem2)
Simulated fluoride concentration in channel ) b — »u3
C_Fluor (mol/m3
Imposed pH pH } BP plate surface (m*)
om2
S_bp/(nx*ny) b

x me x x

J -
{F-Jmin in LUT €D

Fluoride extrapolation management

liquid saturation in channel

x —

[

[FimaxinlUT L

c_r_max_cano|—> B

Fig. 3-Corrosion’s LUT, inputs and outputs.
Briefly, some simplifications hypothesis has been taken into account:

. The plate’s potential E is considered as cell potential value (E at the cathode and OV at the anode), neglecting the potential loss in

the GDL.
. The fluoride ions concentration is the concentration in the liquid water transported to channels through the GDL.
. The cell’s temperature is equal to the temperature of the liquid in the channels.
. The current density given by the LUT results from the plates’ corrosion and water reduction. The ionic current I is deduced from

this current density multiplied by the wetted channel surface, assuming a homogeneous corrosion: I = Jc * Sy * S¢panel Where Sy is
the liquid fraction and Schanne the channel surface
. The pH values are directly injected since the code does not evaluate it locally.
. The interpolation is linear.
Once integrated in MePHYSTO, the LUT can be used outside the range of the experimental values of [F], in this case an extrapolation
protocol is defined. In fact, the choice of the operating conditions, allows the temperature, the potential and the pH to be kept within the
LUT’s data range. However, the simulated [F] could reach values outside the LUT’s data range, spatially at the beginning of the dynamic
calculations where it is close to zero. Thus, a special extrapolation process has been developed outside the LUT as illustrated on the Fig. 3.
When the simulated [F] is lower than the lowest [F] present in the data range, the lowest value is used as an input for the LUT. Then, the
corrosion current calculated by the LUT is divided by the ratio between the two concentration [F ]gmutatea/[ F Tiower bouna- This extrapolation may
seem controversial but is inevitable at the beginning of simulations (initialisation). As the corrosion current does not evolve monotonously
against, [F] a classical linear extrapolation in the LUT is not possible.

The LUT’s behaviour was validated and its efficiency confirmed. However, its sensitivity towards some parameters may present some limits
which arises from:

. The effectiveness of the smoothing methods is not the same for all the curves. Indeed, one polarization curve may have 3 regions
relative to different mathematical functions.
. The experimental variation relative to the uses of three cells for the potentiodynamic measurements.

As shown in the schematic representation of the LUT in Fig. 3, it gives the corrosion current density I (A/cm?) as output. We assume that the
current density is relative to the ferrous ions release. Therefore, the Faraday law is applied to deduce the ferrous ions concentration [Fe?**]
released by the BPs.

Iron ions flux

F_Fe (mols)



e It
n(Fe“)=——dt
)]
ZF

Where:

n(Fe?) is the ferrous ions molar number (mol),

T is the corrosion current (A),

t is time (s),

F is faraday constant (96485 (C/mol)),

Z is Charge number equal to 2 for ferrous ions.

The Fig. 4 is an example of the polarisation curves given by the LUT. The variation of operating conditions can change drastically the

material’s resistance towards corrosion. The values of the current density in case of pitting corrosion are to important which leads to the

overestimation of the ferrous ions content.
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Fig. 4-Variation of the LUT’s calculated current density in function of potential for different operating conditions.

3 Membrane chemical degradation model

The chemical degradation of the membrane is considered as one of the most crucial degradation phenomena affecting the
performance and the durability of PEMFCs. It consists in a chemical attack on the membrane chains by hydroxyl radicals. The simultaneous
presence of ferrous ions (Fe?*) released by BPs’ corrosion and hydrogen peroxide (H,O,) is responsible for the hydroxyl radicals’ production,
resulting in breakage of the membrane molecular chains. In the membrane chemical degradation process, H,O, is considered as a forerunner,
its presence is absolutely necessary. In our reaction pathway, we consider that the H,O, is produced by the incomplete oxygen reduction on
platinum catalyst. In fact, under PEMFC operating conditions the oxygen is reduced on the cathodic side in order to react with protons and
electrons and form water. But this process takes place through two possible reaction paths: the first path is detailed in (2), and the second
path is detailed in (3), where H,O is produced through a two steps reaction. The second path is the most common, where the H,O, is
produced as an intermediate species [20], [36].

Path 1

O, +4H" +4¢~ - 2H,0

Path 2
o, +2H +2¢” - H,0, 3)
H,0, +2H" +2¢~ - 2H,0

The kinetic of the H,O, production reaction was provided by the work of Chandesris et al. ([37] [27]), the reaction rate K; is given by the
equation (4).

2

— 2 “
Where [O,] and [H*] are the concentrations of O, and H* in mol.L"!, and the protons concentration is given by the equation
3.
(H*]= Prrsa )
EW
Where pprsa and EW are respectively the humidity dependent density and the equivalent weigh of the PFSA (polyfluorinated sulfonic
acid) ionomer.
While the reaction kinetic constant k1 is provided by the relation (6):
- Eact ~FNy,0,00,0
k, =k exp( Ly exp( ) ©
RT RT



E

is the activation energy of the of hydrogen peroxide formation’s reaction,
actl

0
kl takes the value of 706.810""* m’.mol2.s™,[27],
TO is the standard temperature,

a H,0, is the transfer coefficient of the reaction of hydrogen peroxide formation equal to 0.5,
,7 H,0, is the equilibrium potential equal to 0.695 (V), [38]

Many publications studied the effect of H,O, on membrane degradation [39] [40] [41]. Their work pointed out that the production
of H,0O, is more significant when the membrane is thin. This effect is linked to the increase of oxygen cross over through thin membranes
[20]. And it is also more important at the cathodic side, the site of the oxygen reduction reaction [42], [43]. Moreover, H,O; is characterized
by a relative stability and a long lifetime in the typical PEMFC’s conditions. It is able to produce hydroxyl radicals detailed in the second
reaction of the Table 2 responsible for the membrane chemical attack. However, it is not a strong enough oxidant, and its decomposition to
free radicals HO' and HOO requires the presence of ferrous ions (equations 3, 4, 5, 8 and 9 in Table 2). In the transformation of hydrogen
peroxide to free radicals the ferrous ions play the role of catalyst. On their part, the free hydroxyl radicals HO' and HOO- attack the polymer
structure at different points. In the literature different sites have been proposed as weak points likely to be subject of the free radical’s attack
([44]-[45]-[46]). This mechanism causes an advanced unzipping in the membrane structure either backbones, end groups or side chains. The
exact location of the attack is still a matter of debate ([47]-[48]-[49]). In our model, we assume that the hydroxyl radicals take as target the
carboxylic end groups considered like a weak spot in the membrane’s structure. Under severe conditions, the hydroxyl radicals’ attack
continues until cutting completely the junction between the membrane and the end groups and forms the so called “products” referred in
equation 14 (Table 2). This attack causes the membrane thinning accompanied by the release of fluoride components. Our Fenton model
calculates the concentration of different species involved in the mechanism such as hydroxyl radicals, hydrogen peroxide, ferrous and ferric
ions and the fluoride released by membrane’s degradation in order to follow the evolution of the degradation.

Table 2- Simulated reaction system [25].

Reaction
number

! 0,+H,+2 - H,0,
2 H202 - 2H0 200 1.09x10%
3 H,0, +F& L FSt+HO +HO 35.4 1.03x10%

<1017

4 HO +F€’§+ —>F€2++H00+H+ 126 4.76x10
22

9 9.46x10%

Reaction equation Eaet/ kJmol! A/s?

42.45 -

5 HO' + Fe* o Fe** +HO~
14 1.53%10"

6 HO +H,0, -~ HOO +H,0

7 HO +0, -~ HOO +H,0 ' 24107

8 H,0, +F¢* - Feé* +HOO +H"* 33 1.21x10"

9 HOO +FeFé" +H' - F&* +0, +H" 42 2.74x10"

10 HOO +H,0, - HO +H,0+0, 30 _
1 2HOO - H,0, +0, 20.6 1.05<10'2
12 HO +HO - H,0, 79 1.31x10""
13 HOO +HO - H,0+0, 142 2,09%10"
14 HO +R; —CF, ~COOH - product: 6.5 1.35-10"

The initial concentration of the end group [Rf-CF,-COOH] has been taken equal to 200 as suggested by Gubler ez al. [50]. Our kinetic
framework and the assumptions of the model are based on spread knowledge across several chemical and technical publications. At the same
time simplification hypothesis have been considered. The first equation for the H,O, production is implemented in the GDE sub-model (Gas
Diffusion Layer/Microporous layer/ Catalyst Layer) (Table 2) and all the other 13 equations are solved in the membrane block. The oxygen,
hydrogen and water concentrations in the membrane requested by these equations are calculated locally from local molar balance and
permeation flux. The reaction 14 describing the emission of fluoride is considered as a macroscopic reaction which behaves like an
elementary reaction. For some of the reaction mentioned in Table 2, the literature did not offer enough data for the reaction constant rates at
353 K, so the temperature dependency of these reactions rates were calculated by the Arrhenius law (7).



K = ABxpl—e )
P R[T)

where K is the rate constant in s,

A, the frequency factor in s™! (also known as the pre-exponential factor),

E.« the activation energy in Jmol !,

R the gas constant in Jmol 'K,

and T the temperature in K.

The rate constant for equation 2 “K,” has been calibrated according to the test with no initial ferrous ions. The values for K4 and Ks relative
to equations 4 and 5 came from the Futter e al. publication [51]. While the values of Ke, K7, Ko and K;; have been fitted using all the tests
described in the validation part (3.1) . From the set of the 14 coupled equations, we build a system of coupled differential equations, this
system is solved in order to obtain the time evolution of all participating chemical species. The equation (8) allows the calculation of the
different species’ concentrations in the membrane considered as the volume control for the balances:

d[Cs] _
dt - Zreaction,i (Vs,in 'Ri) + VAs.i,l - VS.nm ®)

V , is the stoichiometric factor of species s in reaction i,
R; the reaction rate in mol.m>s™,
and p Sin and p S o A€ respectively the volumetric flow rate for the species F, Fe**, H,, O, and H,O crossing the membrane. The other

species involved in the equations (as HO  and HOO'...) are considered as present only in the membrane.

3.1. Model validation

In order to inspect the response of the model and validate its performance, experimental data are required. For this step, the
Fenton test is considered as a reference test in the membrane degradation study. Generally, it is an ex-sifu test which consist in exposing the
membrane to a mixture of hydrogen peroxide (H,O) and ferrous salts at PEMFC functioning temperature (from 333 K to 363 K) and
following the fluoride release with time [15]. In this model validation process, data was provided by our collaborators Steffen Frensch from
Aalborg University [52] and Nada Zamel from the Fraunhofer Institute of Solar Energy Systems (ISE). The tests carried out in the ISE use
constant H,O, concentration and variable Fe** concentrations, as for Frensch et al. the ratio of [H,O,]/[Fe**] was variated. For both cases, the
fluoride content was measured by an ion selective electrode (ISE, Hach device ISE301F and MM374). The experimental set up is detailed in
Table 3. Two polyfluorinated sulfonic acid (PFSA) membranes have been discussed: Nafion® XL and Nafion® 115. These membranes are
widely used as reference materials for degradation tests because of their good chemical robustness and their high proton conductivity.

Table 3. Fenton test experimental setups.

Sources Test [H202] (Wt %) | [Fe*] (ppm) Temperature Membrane
X)
L(A) 0 0
A 2(A) 0 1
Feseh 34) 0.003 |
[53] 4(A) 0.03 1 Nafion® 115
5(A) 0.3 1 353
6(A) 3 1
T(A) 30 1
8(A) 3 0
9(A) 3 0.1
10(A) 3 10
11(A) 3 20
B 2
ISE 4
6 Nafion® XL
30 8 353
10
12

In order to mimic the accelerated ex-situ tests conditions, the first equation of the Fenton model responsible for the hydrogen
peroxide production is not taken into account in the model. Thus, the instantaneous concentration of H,O, depends on its initial concentration
and on the consumption from the overall Fenton process. The model has been extracted from the PEMFC code used to as a standalone model
with initial boundary conditions. It considers the diffusion of species between the solution and the membrane, represented as a coupled two-
component system with different concentrations calculated by a molar balance. The diffusive flux of all the ions involved in the mechanisms
(fluorides, iron...) between the membrane and the solution are modelled by the Fick law. The diffusion flux is estimated using a coarse two-
node scheme (one in the solution and one in the membrane). The diffusion coefficients for all the species participating in the Fenton
mechanism were also determined in Nafion, the different values are gathered in Table.4.



Table.4-The diffusion coefficients at 353 K.

Species

Diffusion coefficient (m?/s)

6.8x10!!

3x10”
3.67x101°
5.37x10!"
1.6x1071°
1.5%1071°
2.4x10""

Source

[51]

[51]
Calculated ([54])
Calculated ([54])

[51]

[54]

[51]

First, the test 7(A) (Table 3) is taken as a reference to evaluate the efficiency of the diffusion modelling. The comparison of the simulated
and experimental data response in the Fig. 5(a) proves the efficiency of the diffusion’s consideration between the membrane and the solution.
At the beginning of the test, a clear distinction between the concentrations of the membrane and the solution is noted and in ten hours the
equilibrium is reached. Nevertheless, this time scale seems to be underestimated compared to the measured and simulated fluoride
concentrations in the solution. This tendency is probably relative to the coarse discretization of the diffusion. And the Fig. 5(b) relative to
data A shows the variation of the fluoride concentration after 72 hours testing, in function of different [Fe?*]/[H,O,] ratios. It underlines how
the model globally captures the dynamic of fluoride’s emission for the whole range of Fe** and H,O, concentrations, except beyond 10 ppm
of Fe?* where, surprisingly, the fluorides concentration decreases.
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Fig. 5- Comparison of experimental data (A) and modelling results (a): Temporal evolution of fluoride content for test 7(A), (b) Final
fluoride concentration evolution over [Fe*]/[H,0;] ratio.

In order to distinguish the impact of H,O, and Fe?* ions on the final fluoride content, Fig. 6(a) and Fig. 6(b) were drawn. Fig. 6(a) shows the
sensitivity of the model towards the of H,O, evolution (at [Fe*] =1 ppm), for the whole range of H,O, concentration, the model clearly
captures the monotonous increases of the fluoride ions’ concentration. However this tendency is less remarkable in the Fig. 6(b) relative to
the evolution of fluoride ions concentration under the effect of ferrous ions increase (at [H,O,]=3% (Wt)).
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Fig. 6-Final fluoride concentration evolution : (a) over [H,0,] (for constant [Fe*]) variation and (b) [Fe?*] variation (for constant
[H,0:]), data (A). Exp: Experimental results. Sim: Simulation results.

Second, the test 3(B) was taken also as a reference. The results are presented in the Fig. 7 (a). This figure shows the temporal evolution of
the fluoride concentration and leads us to think that the diffusion’s time scale is probably underestimated. While the Fig. 7 (b), proves that
the model captures both the order of magnitude of the fluoride concentrations as well as their rising evolution in function of the initial ferrous
ions concentration.
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Fig. 7- Comparison of experimental data (B) and simulation results : (a) Temporal evolution of fluoride content for test 3(B), (b)
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To conclude on this part, the Fenton mechanism modelled in MePHYSTO always apprehends the order of magnitude of the F-
concentrations as well as the main evolution in function of Fe?* and H,O; initial concentrations. A behavior observed at high Fe?*
concentration present in both tests A and B will need further investigation. Our model based on Fenton kinetics provides a regular increase of
the fluoride emission relative to the increase of the Fe?” concentration. Whereas, an opposite behaviour is observed on the experimental data,
the measured F- concentration is lower than the registered values for inferior Fe*" concentrations. This behavior was observed on Fig. 7(b)
and Fig. 7 (b) respectively at [Fe**] = 10 and 20 ppm for tests A and 12 ppm for tests B. The results provided by this model are sufficient to
be used in the coupling process.

4 Ionic transport modelling

Once ferrous ions are released by corrosion, they are transported through gas diffusion layer (GDL), microporous layers (MPL)
and catalyst layer (CL), till reaching the membrane. In the performance model, all the porous layers including GDL, MPL and CL are
modelled together for the transportation. When they reach the membrane, the Fe?* ions get involved in the membrane degradation process
through the Fenton mechanism. The membrane degradation process is evaluated by the F~ ions’ release. Once prone to degradation, the
membrane starts to liberate fluoride ions, which will be transported oppositely to the Fe?* to reach the BPs.

An ionic species transport law was integrated in MePHYSTO as illustrated schematically in Fig. 8. The figure represents the cathodic side of
the cell. The cell is modelled vertically, as three compartments: the channel area, the GDE and the membrane. It is represented horizontally,
by three connected identical meshes in plane, where the number of meshes could be increased. The same model has also been implemented
on the anodic side. The modelled transport mechanisms and the simplifications hypothesis are the followings:
. Along the channels, all the ions (ferrous and fluorides) are convected by the liquid water (green arrows) using 1D discretization,
the in-plane flux is neglected in the membrane and in the GDE.
. The balance of charges is not considered.
. Through the GDE, the ions are transported by convection through the liquid water and their diffusion in liquid water bridges (blue
arrows) for simplification reasons the migration was not considered.
. The biggest difficulty in this modelling part, arises when no liquid water is present in the GDE or in the channels since the
concentrations become infinite. To overcome these difficulties some considerations were taken into account: The liquid saturation
has a bottom limit, a minimum value very close to zero (107%).
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Fig. 8-lonic species transport model. (Blue arrows: diffusion in liquid water bridge, green arrows: convection in-plane)

. The membrane is simply modelled with a molar balance equation through the overall membrane for each species assuming a
spatial homogeneity of their concentration.

. The water crossing is modelled using diffusion and electro-osmosis law.

The general ionic species transport flux is given by the equation (9). The first term corresponds to the diffusive flux through the GDE

and the second term corresponds to the convective flux in both channels and GDE.



oC, () , CV(X)

F.(x)=-D, ©)
i i/ water
d(x) S
iis the ionic species Fe?* or F ions,
Fi. the flux of the ionic species,
Diwaeer: the ionic species diffusion coefficient in water calculated at 353 K.
C;. the ionic species concentrations,
S: the exchange surface between the channel and GDE or membrane and GDE for a single mesh.
The diffusion coefficient of ionic species in water at T = 353 K was calculated by the Stokes-Einstein equation (10).
D _ kT (10)

i/ water

67/mR

kg: Boltzmann constant,
T: Temperature in Kelvin,
R: Hydrodynamic radius,
n: Viscosity of water at T.

5 Coupling model results
5.1. Approach testing

Our coupling approach has the objective of binding the two main bricks of our work: the BP’s corrosion and the membrane chemical
degradation using the ionic species’ transport. This approach offers a global view of the PEMFC’s degradation process through the fluoride
ions release and the membrane thinning under BP’s corrosion conditions. Before starting the simulations some initial parameters are
integrated in the model. This information is relative to the different species initials concentrations, the membrane and the bipolar plates
characteristics as well as the cell’s operating condition like inlet temperature T, global pH, inlet relative humidity and outlet pressure P, etc...
The Table 5 represents an overview of some of these initial parameters.

Table 5- Overview of the initial parameters used by the model.

Model parameter Value
[O2]o 0
[Helo 0
Initials concentrations [H,0:]o 0
(ppm) [Fe*o 0
[Fe**o 0
. [(Flo 0
Single cell Bipolar plates’ dimension 25 cm?
Bipolar plates’ material 316L SS
pH 4
. . T 333K
Operating conditions p 15 bar
Relative humidity anode and cathode 90%
Membrane characteristics Stoichiometry H/O, 1.2/1.8
Type Nafion 115
EW 1100

As shown in Table 5, the initial concentrations of F-, H,O, and Fe** are equal to zero. During the simulation the ferrous ions will be generated
by the corrosion, the H,O, will be generated by the reaction 1 in Fenton mechanism (Table 2). The fluoride will be generated as a product of
the membrane degradation.

Concerning the current, the simulation consists on maintaining stable the applied current at 0.2A/cm? for 100 hours, in order to obtain a high
cell’s potential (0.78 V) that promotes corrosion. We discretize the in-plane channels using 3 meshes. All the plotted results correspond to
the central mesh. The liquid fractions simulated and used to calculate the concentrations are quite constant from inlet to outlet and equal to
0.75 in the membrane (water content is about 15.5) and to 5.107 in the channels (above the minimum numerical limit), making a ratio of
15000 between membrane to channel liquid fractions.

The Fig. 9 gives the evolution of the current density with time. The corrosion current density increases rapidly for the first hours from zero
up to 10® A/cm? and then increases progressively until reaching 107 A/cm2



107’
107 (//—
- _ 10 e
T 10° 3 "
3 = g //
o
< , & 100 1 E |
(9] - o 1 ~10 [——Channel
= 10 u':. ] = Membrane
——Channel 1
.10 ——Membrane| |
10 1071 s . . ‘ .
0 50 100 0 20 40 60 80 100 10 20 40 60 80 100
Time (h) Time (h) Time (h)

Fig. 9-(a)Variation of the corrosion current density on the cathodic side of the bipolar plate over time. (b) and (c) Evolution of the
Fe**and F- concentrations over time in the membrane (Red curve) and the channels on the cathodic side of the bipolar plates (Blue
curve).

Relatively to the current density tendency given in the Fig. 9(a), we follow the evolution of the Fe** concentration in the BPs channels’ level
and in the membrane represented in the Fig. 9(b). The two curves tendencies are similar with a rapid raise at the beginning followed by a
more stabilized increase. During the 100 hours’ simulation time, [Fe?*] is more important at the BP’s channels compared to the membrane,
which is coherent since the Fe?* are sourced by the BPs’ corrosion. While at the membrane, Fe?* are consumed by the Fenton mechanism.
Moreover, this discrepancy in orders of magnitude could also be attributed to the difference in the water fraction between the membrane in
the channels. It is close to 1 in the membrane and 107 in the channels. As shown in the Fig. 9(c), the evolution of the F concentration over
time in the BPs’ channels and the membrane have a similar dynamic to the Fe?*. The concentrations in the membrane and the channels are
very close, it reaches 10 mol/L in the channel which is in the range of the LUT values.

To conclude on this part, all the concentrations calculated start at zero and increase very strongly for the first hours, reaching a slightly rising
plateau. The liquid saturation is constant during all the 100h of simulation. Thus, the dynamic of the ionic species concentrations is fully
induced by the Fenton dynamic and not by the liquid water saturation’s evolution between the channels and the membrane.

The ionic transport model has shown its efficiency since the iron and the fluoride ions are transported through the GDE. The ferrous ions’
transport from the channel to the membrane is mainly driven by diffusion. While the fluoride ions transport is driven by convection since the
liquid flux in the cathodic side is oriented mainly from the membrane to the channel. Thanks to the ionic transport model, the corrosion
dynamic is synchronized with the Fenton process.

5.2. Simulation of the NEDC cycle

In order to assess the model’s capabilities and evaluate its response to operating conditions variations, a standard automotive cycle
has been simulated. This Fuel Cell Cycle is based on the “New European Driving” Cycle (NEDC). The NEDC is used for type approval of
light-duty vehicles and features periods of acceleration, deceleration and constant speed. It consists of four repetitions of a low speed urban
cycle of 195 seconds each followed up by a part which simulates a motorway (highway) driving cycle of 400 seconds duration. That is
equivalent to a theoretical distance of approximately 11 km driven in about 20 minutes [55]. The NEDC cycle has been implemented in
MePHYSTO and simulated using a coarse discretization of 3 meshes. The Table 6, regroups the simulation condition inspired from the cycle.

Table 6- NEDC Cycle Simulation condition

Model parameter value
[0:]o 0
[Holo 0
Initials concentrations [H,O2]o 0
(ppm) [Fe*1o 0
[Fe™*]o 0
[Flo 0
Bipolar plates’ material 316L SS
Single cell Number of Anodic channels 10
Number of Cathodic channels 20
Operating conditions BP’s Surface 612 cm?
Active layers’ Surface 350 cm?

pH 4




T 353K

P 1.5 bar
Relative humidity/Anode 50%
Saturation Pressure/Anode 2.5
Relative humidity/Cathode 30%
Saturation Pressure / Cathode 2.3
Stoichiometry H,/O,/Anode 1/0
Stoichiometry H,/O,/Cathode 0/0.21
Type Nafion 112
Membrane EW 820
characteristics
Thickness 15 ym
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Fig. 10- (a)The cell’s applied current density and (b) The resulting cell potential.

The Fig. 10(a) represents the cell’s current density during the cycle. The maximum current density has been chosen in order to induce a cell’s
voltage favorable to corrosion conditions. The corresponding cell voltage is plotted on the Fig. 10(b).

The calculated corrosion current density on the cathodic channel is represented on Fig. 11(a). At the beginning of the cycle this current
density is equal to zero, since the concentration of the fluoride ions is initialized at zero. The establishment of the corrosion is followed by
the progressive increase of the corrosion current density. Then, this current density varies over a wide range of one order of magnitude during
the rest of the cycle accordingly to the cell potential and thus to the imposed current.
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Fig. 11-(a)Variation of the corrosion current density, (b) and (c) Variation of Fe** and F- concentrations on the cathodic side at the
channel (Blue line) and Membrane (Red line).

The Fig. 11(b) shows the variation of Fe?* ions concentration in the channel (blue curve) and the membrane (red curve). The amount of Fe?*
fluctuates more in the channel compared to the membrane due to the diffusion from channel to membrane that smooths the concentration.
The comparison between the concentrations, indicates that it remains below 10~ ppm in the membrane, far from the classical 1 to 10 ppm
used in ex-situ experiments. While in the channel it is around 10> ppm. Due to the diffusion, the concentration of Fe?* in the membrane rises
slightly later compared to the concentration in the channel at the beginning of the cycle. The fluoride ions’ concentration in the channel and
the membrane are represented in the Fig. 11(c). This concentration rises from zero to a high value at the beginning of the cycle when the



Fenton and the corrosion models start to interact strongly. Finally, it reaches a high value: [F] ~ 10 mol/L, which corresponds to the
maximum value used in the corrosion parametric study. The channel concentration rises slightly compared to the one in the membrane at the
beginning of the cycle, this delay is relative to the diffusion process.

During the cycle, the concentrations of F~in the channel and the membrane are very close, however the blue curve reached the plateau with a
delay. This behavior is relative to the lack of liquid water in the cell during this period and consequently a low ionic transport efficiency. The
expected tendency would be a more important concentration at the membrane since it represents the source of the fluoride in the cell
environment. This tendency is explained by the difference of liquid volume between the membrane and the channel as shown in Fig. 12. It
represents the evolution of the water content in the membrane and the liquid fraction in the channel.
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Fig. 12-Variation of liquid water fraction over time.

The observation of Fig. 12 leads to the conclusion that the variation of Fe*" at the channel and the membrane is mainly generated by the
fluctuation of the liquid water evolution.

The presented results confirm the efficiency of the coupling approach. The evolution of the ionic species concentration as fluoride ions
relative to membrane degradation and ferrous ions relative to bipolar plates corrosion are interdependent and follow the cycle implication.
However, the given order of magnitudes has to be confirmed with further experimental data based on waste PEMFC water after the cycling
or based on more sophisticated in-situ measurements.

Conclusion

In this study we followed the corrosion of 316L SS plates under simulated fuel cell conditions. 316L SS exhibit passive state or pitting
corrosion as it could be damaged by fluoride. The collected data is stored in a 4D Matlab LUT and connected to the MePHYSTO code that
simulates the performances and the degradations of PEM fuel cells in order to determine the Fe?* contents relative to BPs’ corrosion. The
membrane chemical degradation is modelled based of the kinetics of the Fenton mechanisms. The model was validated through two
independent sets of ex-situ tests. The convection/diffusion model for fluorides and iron ions through the GDE and along the channels has
been implemented in the code. It drives the transport of fluorides generated by the membrane’s degradation to the channel, where they
enhance the BPs’ corrosion. It also transports the Fe?" generated by the corrosion in the channels to the membrane where they catalyze the
Fenton process. The coupling of the two degradation models via the transport model allows the evaluation of synergism effect between the
membrane and the BPs’ degradations. Different simulations based on constant current and automotive NEDC cycle, have shown the
capability of the code to estimate the evolution of BPs’ corrosion and membrane degradation with time. The results confirmed the interest
and the efficiency of the approach of coupling these two phenomena. The first results, privileges the track that the Fe?* concentrations used in
the conventional ex-situ tests are overestimated.
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The MePHYSTO-FC code gives the cell’s voltage as a function of operating conditions such as current, temperature, relative
humidity, oxygen and hydrogen partial pressures. MePHYSTO is based on a lumped pseudo Bond Graph approach[30], [33], [56]-[61] and
implemented in Matlab/Simulink®. It uses elementary resistive blocks (R) and capacitive blocks (C) by analogy with electrical circuits. The
resistive blocks (R) calculate the flows and the heat flux. The capacitive blocks (C) solve molar and enthalpy balances. The whole cell model
is described on the left side of the Fig. 13. The two vertical chains of R-C blocks correspond to the channel modelling. In the C blocks the
molar and enthalpy balances are solved for gases, vapor and liquid water assuming thermal equilibrium between phases. The R blocks solve
a closure law (flows are proportional to pressure variations induced by the heat loss) for gas and liquid phases assuming that the pressures of
the two-phase are equal. In the present figure, the channels are modelled using a 1D discretization but, in the case of a complex geometry
such as serpentine plates, a 2D discretization can be used. Through-plane, the discretization is summarized on the left side of the Fig. 13 and
detailed on the right one. In the through-plane direction, the discretization is 1D using one group R-C-R for the membrane and two R-C
groups for the cathodic and anodic GDE. The GDE model includes only the GDL (Gas Diffusion Layer) and the MPL (MicroPorous Layer).
The CL (Catalyst Layer) is not discretized. The overpotential and the reversible potential are calculated at the interface between the cathodic
GDE and the membrane. The ohmic losses are calculated for every component including the membrane where a semi-empirical law,
originated from the Springer model, is fitted on experimental data. The reversible potential is calculated using the classical thermodynamic
laws while the overpotential is calculated using a semi-empirical law deduced from the Butler-Volmer equation and simplified using
coefficients that are fitted from polarization curves. Concerning the fluid transports: gas (including vapor) diffusion is modelled in the GDE
using the Stefan—-Maxwell’s Law, liquid water is transported using the Darcy two-phase flow model and the capillary pressure is calculated
using the Leveret function. The liquid flow through the membrane is calculated using the diffusion and osmotic drag models. The gas
permeation through the membrane is also considered.
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