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HIGHLIGHTS

¢ 1D Ce transport model calibration and validation on tailored and literature data.

e Gradients of Ce concentration, ionic potential and water activity are considered.

e Coupling between the 1D in-plane Ce transport and a 1+1D PEMFC performance models.
e Cerium redistribution after hundreds hours of dynamic drive cycles is predicted.

e Modelling shows the key role played by ionic potential and water content.

ARTICLE INFO ABSTRACT

Keywords: Cerium is an additive adopted in polymer electrolyte membrane fuel cells to extend membrane lifetime, but its
Rad.lC?ﬂ scavenger mobility remains a challenge. A cerium transport model accounting for diffusion, migration and water activity
Cerium migration gradient is developed. Diffusion coefficient is calibrated on literature data, as the effect of Ce ion-exchange

Ion transport

Dynamic modelling

Polymer electrolyte membrane fuel cell
X-ray fluorescence

fraction on protonic conductivity and membrane water uptake; Einstein relation is used for the migration co-
efficient. Validation is conducted on migration profiles obtained via hydrogen pump tests, quantified through X-
ray fluorescence. Trends under different temperatures, relative humidities and initial cerium contents are
reproduced. Tailored tests investigate how the water activity gradient affects Ce transport. Furthermore, a 1+1D
fuel cell performance model is exploited to determine the initial and time-integral mean values of the operating
variables that characterize the current steps of a dynamic load cycle, then provided to the Ce transport model.
The experimentally measured planar radical scavenger redistributions, after hundreds of hours of single-cell
automotive-representative operations, are predicted from air-inlet to outlet. Cerium accumulates towards air-
inlet and depletes at middle/outlet; the modelling analysis identifies the building-up in the region of lowest
ionic potential and water content. Succeeding in predictions, this model can support the development of stra-
tegies to improve durability.

1. Introduction and fast refuelling [1]. Nevertheless, the low durability of the compo-
nents of the membrane electrode assembly (MEA) limits the penetration

Polymer electrolyte membrane fuel cells (PEMFCs) represent a of the technology into the market. In particular, the membrane,
promising alternative to conventional internal combustion engines for composed of perfluorosulfonic acid (PFSA) polymer, is subjected to both
the decarbonization of heavy-duty transport sector (i.e. trucks, buses, chemical and mechanical degradation [2-4]. The former is driven by
ships) thanks to the high efficiency, noise-free operation, fast start-up OH/OOH radicals [5-7], which are mostly formed in the membrane due
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to the decomposition of hydrogen peroxide (H20-) and that attack the
ionomer chains compromising their stability and leading to membrane
thinning [8,9]. Mechanical degradation, on the other hand, is induced
by hydration/dehydration cycles and relative humidity (RH) cycling,
which lead to the formation of pinholes, microcracks and delamination
[10,11]. An effective strategy commonly adopted to mitigate the
chemical degradation of the membrane consists in the introduction of
radical scavengers that can directly neutralize the OH/OOH radicals [2,
12]. In this scenario, cerium (Ce) cations or oxides (e.g. ceria nano-
particles) are commonly adopted in PEMFC thanks to their ability to
rapidly neutralize the radicals thus increasing MEA lifetime [2,8]. Un-
fortunately, during operation, as stated in the literature, cerium ions
migrate in the through-plane direction [13] due to gradients in con-
centration [12], ionic potential [14,15] and relative humidity [16].
Cerium migration into the cathode catalyst layer (CCL) negatively af-
fects PEMFC performance by diminishing ionomer conductivity [14].
Moreover, as suggested by recent works in the literature [9,17,18],
cation contamination can reduce oxygen diffusion through the ionomer,
thus introducing additional performance losses at high current density.

Cerium ions transport over the in-plane direction of the MEA active
area has received less attention but the previous work of Colombo et al.
[9] proposed that the planar potential gradients established under
automotive-like operating conditions, coupled with water content (A)
gradients, can lead to cerium redistribution. Such redistribution was
experimentally observed after 1000 h of operation under the conditions
of the Dynamic Load Cycle (DLC) protocol — defined in the framework of
the European ID-FAST project [19]. An elemental analysis, carried out
by means of micro X-ray fluorescence (XRF) technique [20], revealed a
significant cerium accumulation at the air inlet region, characterized by
the driest operating conditions, and a depletion at the air outlet region,
characterized instead by the highest water content. This result, coherent
with the work of Lai et al. [21], allowed to explain the heterogeneous
performance decay experimentally observed and, in particular, the more
relevant increase of the pressure-independent component of the oxygen
mass transport resistance in the region with cerium accumulation [19].
After 1000 h of the complete ID-FAST DLC protocol, the mass transport
resistance at air inlet, where Ce build-up was observed, increased three
times more with respect to the average fuel cell behaviour [9]. This
effect, as suggested in the literature [14,17,18], may be associated with
the more tortuous oxygen pathway induced by cation contamination.
Moreover, cerium depletion at air outlet can explain the more evident
increase in the hydrogen crossover current showed by this portion of the
MEA [9], which can be linked to a more pronounced chemical degra-
dation of the PFSA membrane promoted by a lower radical scavenger
content. After 1000 h of operation, the hydrogen crossover current at the
air outlet region, was found to be 20 % higher than the other regions of
the cell [9]. In summary, the planar radical scavenger redistribution has
a double impact on both PEMFC performance and durability: (i) where
Ce accumulates, additional performance losses can cause membrane and
catalyst layer contamination [9,17,18]; (ii) the degradation rate of the
ionomer where Ce is depleted is instead locally accelerated, hence the
membrane service life is reduced [21].

Therefore, stabilizing cerium within the membrane over the entire
fuel cell lifetime is critical to achieve the 30'000 h durability target set by
the United States Department of Energy (DoE) for the heavy-duty
transportation sector [1]. To do that, both material-based solutions
[22,23] and proper system control-based strategies can be developed.
However, this requires a deeper understanding of the drivers responsible
for cerium migration and of the operating conditions which influence its
transport. In this scenario, reliable numerical models can play a key role.
To the authors’ best knowledge, there are just few examples of cerium
transport model: based on the Nernst-Planck equation, Baker et al. [14]
developed a migration model to fit on XRF profiles the mobility co-
efficients (i.e. both diffusion and migration) as a function of water
content, showing the strong effect of RH and ionic potential gradient on
cerium transport. Ehlinger et al. [8] coupled instead a cerium transport
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model with a full-cell transient, performance and durability model to
predict the impact of cerium transport in the through-plane direction.
Nevertheless, no one has implemented an in-plane cerium transport
model to predict an experimentally observed planar Ce migration due to
real-world PEMFC operation.

To fill this gap, the aim of this work is to develop and validate a 1D
in-plane cerium transport model over experimental data available in the
literature [14] and tailored data gathered via membrane hydrogen
pump and humidity gradient tests, the former according to the meth-
odology already proposed by Baker et al. [14]. After that, the 1D
in-plane cerium transport model is coupled with a 1+1D transient
non-isothermal and multiphase PEMFC performance model, already
described and validated in Verducci et al. [24], to develop an innovative
framework able to simulate a realistic in-plane cerium redistribution.
Hundreds of hours of operation under the operating conditions of a
real-world automotive dynamic load cycle [19] are simulated: the model
is proved to correctly predict the trends of the radical scavenger
redistribution.

The work is organized as follows: in Section 2, the experimental
methodology is described, with a particular focus on the membrane
cerium doping procedure and on the experimental setup and materials
used in this work. In Section 3, the 1D in-plane cerium transport model is
described, and its calibration and validation are presented. The mech-
anisms of Ce diffusion, migration under ionic potential gradients and
water activity gradients are deeply investigated. In Section 4, the defi-
nition of an innovative model framework, based on the coupling be-
tween a 1+1D PEMFC performance model and the previously described
1D in-plane cerium transport model, is illustrated and validated on
experimental data representative of PEMFC automotive-like operations.

2. Experimental methodology
2.1. Preparation of Ce ion-exchange membranes

EPTEFE reinforced membrane prepared with Aquivion ® commercial
dispersion (D79-25BS) were provided by Syensqo Specialty Polymers
and hereinafter referred to as Aquivion R79. Characterized by an
equivalent weight of 790 g/molsps and a nominal thickness of 20 pm,
they were received in protonated H" form. Similarly to the methodology
proposed by Baker et al. [2], a doping procedure was developed in order
to control the amount of cerium ions absorbed by the membrane. In this
work, the cerium content is expressed as loading [mg-cm 2] or
ion-exchange fraction fc.. The latter is the ratio between the actual and
the saturation concentration, which is reached when every sulfonic acid
group is bound to a cerium cation. It is computed as:

MMece-pppsa . _ Cee
3 Je
Zce'EWprsa

®

CCe,xat = e = C
Ce,sat

Where MMc, is the atomic mass of Ce (140.11 g/mol), pppg, is the
density of dry PFSA (1.97 g/cm3) [2], zc is the cerium ion charge (that
in this work is equal to 3 since during operation it is assumed that the
>99 % of Ce ions exist in the +3 charge state [2,14,25]) and EWprsa is
the equivalent weight of the PFSA (790 g/ molso; for the selected
membrane). Membranes of size 34 x 10 mm were cation-exchanged by
soaking them in aqueous solutions of Ce(Ill) sulfate for 24h and the
desired fce was achieved by controlling the concentration of the
doping-solution (the absorption curve is reported in the Supplementary
Material in Fig. S1). The volume of water in the solution was set to 400
ml while the amount of cerium was changed to achieve the desired Ce
ion-exchange fraction, while always ensuring that the total amount of
cerium available is sufficiently higher with respect to the amount
adsorbed by the sample. Then, the sample was soaked for 1 h in
deionized (DI) water to remove excess solution on the surface and dried
under ambient conditions. At the two sides of the membrane, Pt/C layers
with a loading of 0.1 mgp; cm? were deposited via Ultrasonic Spray
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Fig. 1. (A) Cross sectional view of the membrane setup used in the hydrogen pump test performed in this work. Drawing not-in-scale. (B) Schematic of the reactions
taking place during the hydrogen pump test. (C) Schematic of the setup used to study the effect of water activity gradient on cerium ion transport: the Ce-ion
exchanged membrane is mounted on a Mylar frame and submerged into 700 ml of deionized water. 11 mm of the membranes are in contact with liquid water
while the remaining part is exposed to air at 5% RH. Drawing not-in-scale. (D) Schematic of the geometrical setup used to carry out the XRF scans for local cerium

quantification. Drawing not-in-scale.

Coating [26]. These two layers were deposited over the whole mem-
brane height (10 mm) and for a width of 2 mm each, at the two opposite
sides of the membrane (Fig. 1(A)), and they were necessary to carry out
the hydrogen oxidation reaction (HOR) and the hydrogen evolution
reaction (HER) in the hydrogen pump tests (Fig. 1(B)).

2.2. Experimental setups

In analogy with what already done in the literature [14,27],
hydrogen pump tests were performed to study the in-plane cerium ions
migration and diffusion under different operating conditions. The
cerium-exchanged Aquivion R79 membranes previously described were
assembled in a single-cell Zero-Gradient hardware [28] to ensure ho-
mogeneous conditions along the channel (Fig. 1(A)). Two types of GDLs
were used at each side of the membrane: a small one (2 x 10 mm)
electronic conductive in contact with the catalyst layer (Freudenberg
H23 CX653, 250 pm thick) and one not electronic conductive (SAATIfil
PES 285/44, 30 x 10 mm, 255 pm thick) in contact with the membrane
not covered by the catalyst layer, which prevents the in-plane electronic
transport while allowing the gas reactants, flowing into the channels, to
properly enter into contact with the membrane hence ensuring the
correct hydration state and compression. Finally, rigid gaskets in glass
PTFE and in Mylar® were used to prevent gas leakages.

The membrane was conditioned at ambient temperature by supply-
ing overnight a hydrogen flow rate of 0.1 Nl/min at both sides. The
hydrogen pump test was carried out at constant temperature, RH and
atmospheric pressure with a hydrogen flow rate of 0.3 Nl/min at both
working (WE) and counter (CE) electrodes. Heated tubes were used
between the bubblers and the hardware, and their temperature was set
10 °C higher than the cell temperature to prevent water condensation.
As shown in Fig. 1(B), hydrogen oxidation reaction (HOR) occurs at the
working electrode forming protons and electrons which recombine at
the counter electrode where hydrogen evolution reaction (HER) takes
place. Cerium cations migration is induced from WE to CE, in accor-
dance with the proton flux, by imposing a constant voltage for a fixed
amount of time. Afterwards, the membrane is dried out and cooled down
with 1 Nl/min of dry nitrogen for 5 min before removal so that cerium
back diffusion is hindered. Finally, cerium concentration profile is
measured by means of XRF analysis.

Concerning the experimental campaign aimed at understanding the
impact of water content on Ce ions transport, described in detail in
Section 3.3, the following methodology was adopted and it is shown in
Fig. 1(C): the Aquivion R79 membranes, once cerium-exchanged with
the same procedure described in Section 2.1, were mounted on a Mylar
frame. The frame holding the membrane samples was placed into a
vessel containing 700 ml of deionized water at 80 °C such that the lower
part of the membrane was submerged while the remaining part was
above the liquid-air interface, where the temperature was set at 80 °C
with 5% RH. To control the operating conditions throughout the dura-
tion of the test, a temperature-controlled chamber (BINDER KT53 [29])
was used. To avoid water droplet condensation on the part of the
membrane above the liquid-air interface, a custom Mylar frame was
designed. During the experiment, the water level was visually monitored
to maintain the submerged condition. The test lasted 24 h, after which
the in-plane cerium loading profile was quantified using the XRF setup
described in the next section.

2.3. X-ray fluorescence analysis of cerium distribution

The areal concentration profiles of cerium along the membrane
length were measured using an in-house X-ray fluorescence system
called RETINA (Fig. S2(A)). The RETINA facility employed a high-
power, tungsten anode X-ray tube operating at 70 kVp and 2.30 mA
with a 0.6 mm focal spot size. The low-energy cutoff of the X-ray source
spectrum was around 15 keV.

Characteristic X-ray spectra were acquired using a Peltier-cooled
CdZnTe detector (XR-100T-CZT, Amptek Inc.) providing 400 eV
FWHM energy resolution at the Fe Ka line. A custom collimator
restricted the X-ray beam to 1 mm width on the scanning axis and a 5
mm height (on the membrane surface), achieving spatial resolution
sufficient for mapping the local cerium distribution. This X-ray beam
dimension on the membrane was confirmed through a CCD-based X-ray
imaging detector. The membrane scan was done by moving the sample
on 2 axes with a motorized stage (from THORLABS) fixed on an optical
table. A 1.6 cm sample-detector-distance was maintained during the
scans (Fig. 1(D)).

Elemental quantification employed the fundamental parameters
method using a standard reference material, with PyMca software [30].
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System calibration was performed by irradiating a thin 6-element XRF
reference standard from AXO Dresden GmbH. To exploit the enhanced
performance of the CdZnTe detector in the few tens of keV energy range,
Ce Ka and Kf fluorescence lines at 34 and 39 keV were selected for
quantitative analysis.

All XRF spectra underwent batch processing in PyMca using the
Single Layer strategy with corrections for secondary excitations. The
membrane was modelled with a PTFE base material adopting the density
equal to 2 g/cm® and thickness equal to 20 pm. Background subtraction
employed the SNIP (Sensitive Nonlinear Iterative Peak-clipping) algo-
rithm [31] to account for contributions from Compton scattering con-
tinuum and low-frequency detector noise (Fig. S2(B)). Relative
uncertainties were estimated to be equal to the net peak area un-
certainties provided by PyMca. Other sources of uncertainties like
detection efficiency and geometric setups were minimized through the
system calibration process in the same energy range of the emitted
X-rays from the sample.

2.4. X-ray tomography analysis

X-ray tomography of pristine and aged samples was performed using
a TESCAN UniTOM HR system [32], designed for high-resolution,
multiscale imaging. The system supports continuous rotation (for the
4DCT), in situ experiments, and the maximum achievable resolution is
600 nm. The X-ray source operates between 30 and 160 kV, with mul-
tiple detectors available for different samples. Volume reconstruction
was carried out using Panthera, the TESCAN dedicated software for
3D/4D CT analysis.

In this study, three scans were acquired on a pristine and the aged
sample of the commercial catalyst coated membrane tested for 330
operating hours of the high power protocol, later reported: a multiscale
imaging of both air inlet and air outlet regions of the cell was carried out
to identify possible heterogeneities in the morphological structure.
Scans were performed at 100 kV, with a voxel size of 2.05 ym and an
approximate field of view (FOV) of 3 x 3 mm on the sample. The pa-
rameters were chosen as a trade-off between achieving sufficient spatial
resolution and maintaining a field of view large enough to capture
representative morphological features of the catalyst layers and of the
membrane. The Panthera software was used for post-processing
analyses.

3. In-plane cerium transport model
3.1. Model formulation

Cerium transport is affected by three components [14]: (i) the ionic
potential gradient (V®;on;c), (ii) the back diffusion of Ce ions due to the
resulting concentration gradient (VCc) and, as recently reported in the
literature [5,16,27,33], (iii) the water activity gradients, with a move-
ment from high humidity to low humidity. Therefore, to account for all
these mechanisms, the 1D in-plane transport of Ce ions is modelled ac-
cording to the Nernst-Planck equation which, in its more general form, is
expressed as:

dCc,

& ionT

t V [DCe ° Sil,,’,? N VCCE + Uce * Eilo.: ° CCe ° Vd)ionic + §Ce'DCe

2
-Cee - €y - Vin a,]

Where Cc, is the cerium ion concentration and VCp, is the concentration

gradient, V@, is the ionic potential gradient, Dc, is the diffusion co-

efficient, uc, is the migration coefficient and &, represents the electro-

osmotic drag coefficient. It is worth noting that the coefficients D¢,

uce and &, are all corrected for the Bruggeman correction, Silu': , to ac-
count for the reduced mobility in the case of an actual ionomer fraction
€ion lower than 1, as in the catalyst layer.

To be solved, Equation (2) requires specific boundary conditions, i.e.
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Table 1
Ce diffusion properties and corrective factors for water content and protonic
conductivity adopted in the model used in this work.

Property [Units] Equation Reference
Dce [em? /s] 1.3-10718.exp(0.07831-T) [12,27] (NR 211)
1 +exp (— 0.6163*(1 — 8.248))
Dee [em? /s 6.6-10"1%-exp(0.07831-T) [14] (Nafion XL)
1 +exp (— 0.6163*(1 — 8.248))
CF; [-] 0.2359-exp( — [2]
(2.266-107'¢ -exp(37.34 -RH) +
0.08093 -exp(2.675 -RH)) fce) +
0.76
A [-1] 20-CF; -
o [-] Nafion XL: 12.48-RH® — 14.25-RH> +  [39]
10.2-RH+ 0.01
Aquivion R79: 1.371.107%-RH® — From dynamic
0.0014- RH? + 0.092-RH + 0.24 vapor sorption
measurements
e (-] <bw-[(1 ~feo) +f%] [2]
Dw [-] 4 [2]
2+ Ve /Vw
= EWersa _ 558 cmp /mol

Pprsa

Vw = 18.1 cm®/mol
CF, [=] e b(2)fee [2]
Nafion XL: 12.5281.¢~02658 Fitted from Ref. [2]
and corrected to
account for Nafion
XL sorption
isotherm
Fitted from Ref. [2]
and corrected to
account for
Aquivion R79
sorption isotherm
c [S/m] 6o-CF, -

Aquivion R79: 11.691.¢ 024164

null Ce flux at the left and right boundaries of the computational
domain:

n- ( —De¢,- 5,-1(;,5; -VCee—Uce- 5,'1;; Cee* VPignic — §Ce'DCe -Cee- Eilo.r? -Vin aW) =0
3

The diffusion coefficient D¢, whose expression is reported in Table 1
and that is graphically shown in Fig. 2(A), increases with temperature
and water content, showing an asymptote for values of water content
larger or equal to the equilibrium with liquid water (i.e. RH equal to 100
%). Indeed, as suggested by Ref. [12], at a given temperature the rates of
cation diffusion are the same whatever the membrane is saturated with
liquid water or water vapor. It can be noted that the diffusion coefficient
for cerium ion in a Nafion XL (represented in yellow in Fig. 2(A)) is half
than the one in a NR211 membrane (represented in red in Fig. 2(A)) at
same temperature (80 °C) and water content. This may be attributed to
the presence of the mechanical reinforcement and/or different ionomer
properties (e.g., membrane thickness) as already suggested in literature
[2,16]. The diffusion coefficient adopted in this work is coherent with
Nafion XL data since it leads to a better adherence to our experimental
results.

Concerning the migration coefficient in Equation (2), uc., a brief
clarification is needed. The migration behaviour of Ce ions in PFSA
membranes may not strictly follow the migration theory of free cations
in dilute solutions [34]. The expression of uc, was previously discussed
in the literature: Baker et al. [14,27], for instance, compared the
migration coefficient calculated using the Einstein relation with the
value computed applying the Okada Theory [35] and estimated through
the model by fitting the Ce migration profiles obtained in different
operating conditions on a Nafion XL membrane. Their sensitivity anal-
ysis showed that the three different methods yield values of the same
order of magnitude in various operating conditions tested. For this
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Fig. 2. (A) Ce diffusion coefficient expressed as a function of water content and temperature. Comparison between the correlation adopted in this work and the
experimental data taken from the literature [12,14,27]. (B) Water uptake behaviour for different RHs and cerium ion-exchange fractions. Comparison between
experimental data taken from Ref. [2] and correlation adopted in this work. (C) Protonic conductivity correction expressed as a function of fc. for different RH values.
Comparison between experimental data taken from Ref. [2] and correlation adopted in this work. (D) Protonic conductivity as a function of hydrated charge carrier
network volume fraction for different Ce ion-exchange fractions. Comparison between experimental data taken from Ref. [2] and correlation adopted in this work.

reason, and to reduce the number of calibrated parameters, in this work
we decided to adopt the Einstein relation reported in Equation (4):
U — ZCeDCeF

Ce RT

G

Where zc, is the charge number, considered equal to 3, F is the Faraday
constant, R is the ideal gas constant, T is the temperature in Kelvin and
Dc, is the diffusion coefficient previously described.

Concerning the effect of water activity gradients on cerium move-
ment, it must be specified that, to the best of the authors’ knowledge, in
the literature the information provided is very limited, and the model-
ling of this mechanism is still challenging. Cerium ion transport driven
by water activity gradient in the in-plane direction is currently under
discussion and both the exact mechanism and the intensity/time-scale of
this phenomenon are still unclear [5,8]. As far as concerns experimental
data, Morita et al. [33] studied the in-plane cerium ions transport due to
RH gradient by feeding one side of the cell with nitrogen at 90 % RH and
the other side of the cell with nitrogen at 50 % RH. Under such condi-
tions they observed that Ce ions movement took about 90 min on a 5 mm
scale. In this work, it was decided to adopt the same modelling approach
recently proposed by Shinozaki et al. [16], who derived the last term of
the previously presented Equation (2) from the Onsager reciprocal re-
lations for gradients in the chemical potentials of cations and water,
while the interaction between protons and cations was neglected ac-
cording to the works [16,36]. While, as told, & represents the
electro-osmotic drag coefficient, a, is the water activity which we
assumed equivalent to the relative humidity. To study the time scale of
this phenomenon and to provide a reasonable value for &.,, both ad hoc
tests carried out in this work and literature data [16] have been
considered, as largely discussed in Section 3.3.

If, on the one hand, the introduction of Ce ions as radical scavenger is
fundamental to mitigate the chemical degradation of the PEM and,

therefore, enhance PEMFC lifetime, on the other hand it may negatively
affect the structure-transport relationship of the polymer [2]. Indeed, as
stated in the literature, the ionomer water uptake [2,35], especially at
high Ce ion-exchange fraction fc. and at high relative humidity, is one of
the membrane properties most affected by the presence of Ce ions. This
effect is included in this work by correcting the water sorption isotherm
of the membrane in protonated form (i.e. in the absence of cerium ions)
for a corrective factor, CF,, properly calibrated on experimental data
available in the literature [2] and accounting for the effect of both Ce
ion-exchange fraction and RH according to the formulation reported in
Table 1 and shown in Fig. 2(B).

Membrane conductivity, ¢, depends on the operating conditions, i.e.
temperature and water content. However, it is also strongly affected by
the Ce ion-exchange fraction [2,8,37,38]. Therefore, based on the
experimental data available by Baker et al. [2], a corrective factor for the
protonic conductivity was fitted as a function of the Ce ion-exchange
fraction and of the water content (see Fig. 2(C) and (D)). As reported
in Ref. [2], it is worth noting that the weight of this corrective factor
increases, i.e. the protonic conductivity decreases, as fc. increases and
the water content decreases (or, equivalently, the RH decreases). This
behaviour may be explained by (i) the reduced Ce ions mobility at low
water contents, which means that the interaction between protons and
the sulfonic acid groups of the PFSA membranes is hindered and by (ii)
the reduction of mobile water for protons to move through due to the
stronger bond between Ce ions and the sulfonic acid groups [2]. To take
into account all these aspects, the actual conductivity ¢ is computed
multiplying the protonic conductivity of the membrane in protonated
form, oy, by the corrective factor, CF,, whose expression is reported in
Table 1. The corrective factor CF, was calibrated from Ref. [2], where
the conductivity of a Nafion NR211 membrane was expressed as a
function of the hydrated charge carrier network volume fraction, @¢c
(see Table 1), and it accounts for both the effect of Ce ion-exchange



F. Verducci et al.

(A)
36
- O o0h RH 100%
= o 2n
&) O 4h
=2 O 6h
E.24 O 8h
2
Q o Bakeretal. [14]
S — Simulation
?12
©
€
[0
O
15 20 25
X [mm] CE
(©)
80
o fg, 10%-80°C-100% RH
"g o fo, 38%-80°C-100% RH
S 60
g o Experirpent
E — Simulation
240 B R— - UOOOOJ
(]
o [e]
3 o
(1]
£ 20
<))
o 800 o o |:|J
0 ?’“
0 5 10 15 20 25 30
WE x [mm] CE
(E)
438
o 2¢
o 4c 4V RH100% §&
36 6C le)
o Bakeretal. [14] S
— Simulation o
O

Ce mass density [mg/cm3]
N
~

12
0

5 10 15 20

WE x [mm] CE

Journal of Power Sources 660 (2025) 238538

(B)
36
- O oh RH 50%
c O 2h
) o 4h
k) o 6h
E24 o &h
>
B o Bakeretal. [14]
C
3 — Simulation
@ 12
©
=
[0
(@]
0( =
15 20 25
X [mm] CE
(D)
80
x fC 41%-90°C-100% RH
- e
& a(\T)
(\E) 60 o\ Tf)
j=))
E
Z w | =
2 40 . s
) xx X R i
© X x
4 xx
(2]
©
£ 20 -
© x Experiment
2 ‘ — Simulation
0
0 5 10 15 20 25 30
WE X [mm] CE
(F)
4.8
o 2¢
o 4cC 4V RH 50%
6C

i
o

O Bakeretal. [14]
— Simulation 500

-
N

Ce mass density [mg/cm3]
N
s

5 A10 15 20
WE X [mm] CE

Fig. 3. Comparison of Ce ions diffusion and migration profiles between experimental data (symbols) and model simulations (solid lines). WE stands for working
electrode while CE stands for counter electrode. Ce ions diffusion at 80 °C and 100% RH (A) and at 80 °C and 50% RH (B) in a Nafion XL. membrane at different
operating times. Experimental data taken from Ref. [14]. (C) This work migration profile in Aquivion R79 membranes at 1V, 80 °C and 100% RH for two different
initial Ce contents. (D) This work migration profile in Aquivion R79 membranes at 1V, 90 °C and 100% RH with and without dependence of protonic conductivity
from local fce. (E) Migration profile in Nafion XL membranes after 2C, 4C and 6C charge transfer at 4V, 80 °C and 100% RH (E) and 50% RH (F). Experimental data

taken from Ref. [14].

fraction and RH. However, as it will be better explained in the next
section, the 1D in-plane cerium transport model just described will be
validated on experimental data gathered via hydrogen pump tests on
both Nafion XL and Aquivion R79 membranes, which have vapor
sorption isotherms different from those of Nafion NR211. Therefore, to
express CF, as a function of water content rather than RH, the sorption
isotherms of the different membranes were used to correlate A to RH.
This is why, in Table 1, the dependence of CF, on A varies from one
membrane to the other.

3.2. Model validation on diffusion and migration data

In analogy with the literature, the 1D in-plane cerium transport

model, described and calibrated in the previous section, is now validated
on a wide set of experimental data gathered by hydrogen pump opera-
tion. The tests reported in this section highlight the role of both Ce
diffusivity and ionic potential gradient, by taking into consideration the
combined diffusion and migration processes. Indeed, it is worth noting
that, since no water content gradient arises during the hydrogen pump
test [14], the Nernst-Planck equation described by Equation (2) reduces
to Equation (5):

()CCe o

6‘iuna— =V- [DCe : 511015[ : VCC’e +Uce - Eiln,)? : CCe : V<1>iunic:|

" )

Where the ionomer fraction &;,, is set to 1 since only the membrane
domain is considered.
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Table 2
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Operating conditions of the hydrogen pump test used to validate the in-plane migration/diffusion Cerium transport model. The data referred to Nafion XL membrane
are taken from Ref. [14] while those related to Aquivion R79 membrane are gathered in house by the experimental protocol described in Section 2.2.

Membrane RH [%] T [°C] See [%] Voltage [V] Average Current [A] Proton conductivity oo [S/m] Charge transferred Q [C] Ref.
Nafion XL 100 80 3 4 2.82.107* 10 2-4-6 [14]
Nafion XL 50 80 3 4 3.96 -107° 1.5 2-4-6 [14]
Aquivion R79 100 80 10 1 1.04-107* 14.6 1.5 This work
Aquivion R79 100 80 38 1 3.35-107° 4.7 0.5 This work
Aquivion R79 100 90 41 1 8.69 -107° 5.2 0.5 This work

To apply the 1D in-plane cerium transport model it is, first of all,
necessary to understand whether the expression adopted in this work for
the diffusion coefficient, Dc., is correct. For this purpose, experimental
data available in the literature [14] and representative of cerium
diffusion only (i.e. in absence of any potential applied) are used. The
initial (0 h) cerium profiles experimentally obtained by Baker et al. are
shown in Fig. 3(A) and (B). The large concentration gradient induces
back diffusion of cerium ions over time. By comparing model simula-
tions with the XRF quantification carried out every 2 h, it is possible to
appreciate the good adherence between model simulations and experi-
mental data at 80 °C, both at 100% RH and 50% RH: in particular, it is
worth noting the ability of the model to correctly predict the much lower
diffusion occurring at lower relative humidity.

In addition, the combined migration/diffusion model was validated
using data collected during hydrogen pump operation under potential
gradients. These tests were conducted on various PFSA membranes with
different fc. and operating conditions, such as relative humidity, tem-
perature, and applied potential gradient, as summarized in Table 2.
Concerning the experimental data referred to Nafion XL membrane [14],
different migration profiles - representative of different charge trans-
ferred (Q) from the working to the counter electrode - are considered
and compared with model simulations. Concerning our data on Aqui-
vion R79 membranes instead, the migration profiles obtained at end of
the test, i.e. after 4 h, are compared with model simulations. The charges
transferred, expressed in coulombs, are listed in Table 2 for all the tests.

As it is reported in Fig. S3(A), it is worth noting that for the Aquivion
R79 membrane used in this work, although the applied potential
gradient was kept constant to 1 V throughout the duration of the test, the
resulting current density progressively decreases with time due to a
gradually cerium accumulation towards the counter electrode. More-
over, depending on the cerium doping level, also the proton conduc-
tivity changes locally along the membrane length and, hence, varies
with the testing time. Therefore, given a constant applied potential
gradient, in the simulations the proton conductivity was properly
changed by solving the ionic charge conservation to compensate for the
progressive decrease of the current density in time. The current and
ionic potential profiles used in the model are shown in the Supple-
mentary Material (Fig. S3(B)—(C)).

The model validation on experimental data representative of
hydrogen pump operation is shown in Fig. 3. As it can be appreciated
from Fig. 3(C), at fixed temperature and RH, a reduction in the initial f¢,
gives rise to a flatter migration profile, which can be attributed to a
lower contribution of the migrative flux which is proportional to cerium

concentration (ucE -eilo‘i -Cee -V(Digm-c). Moreover, analysing the case with

an initial cerium doping level equal to 38% (blue line in Fig. 3(C)), we
can also observe a difference in the transitions towards both the elec-
trodes: because of a lower cerium content, the transition occurring close
to the WE is always less steep than the one occurring at the CE. This
aspect, which can be appreciated also from the data taken from the
literature [14] in Fig. 3(E) and (F), is captured by the model and will be
more detailed later. Fig. 3(D) shows the effect of temperature on Ce
mobility: an increase in the operating temperature, coupled with a
slightly higher initial Ce concentration, determines a faster transport of
cations from the working towards the counter electrode at fixed applied
potential and RH, which is a relevant aspect for heavy-duty operating

conditions that, because of higher loads, can be characterized by much
higher working temperatures [1,40]. In Fig. 3(D), it is also shown the
effect that the correction of protonic conductivity for the local Ce
ion-exchange fraction has on the migration profile. As already discussed
in the previous section, f¢. strongly affects the protonic conductivity. In
particular, at fixed temperature and water content, the protonic con-
ductivity decreases as fc. increases (Table 1). Therefore, during the
hydrogen pumping procedure, due to the cerium redistribution, we
expect the local protonic conductivity to vary along the x-coordinate. In
particular, near the counter electrode, the elevated fc, results in a lower
o. Thus, being the ionic potential expressed as — L, where i is the
experimentally measured current density and ¢ is the protonic conduc-
tivity, the local ionic potential gradient will be higher close to the
counter electrode rather than at the working one. The impact is visible in
Fig. 3(D), where the yellow line represents the outcome without the
local dependence of proton conductivity on Ce content, while the red
curve includes this phenomenon description. The introduction of this
correction on the protonic conductivity helps to explain the different
steepness of the two transitions and the fact that, according to both
experiments and model simulations, the fastest occurs closer to the
counter electrode.

Fig. 3(E) and (F) show the validation of the proposed model on data
taken from the literature [14], and representative of different RH con-
ditions. As it can be appreciated, according to both experiments and
simulations, and coherently with previous works [12,14], cerium
mobility is strongly hindered at low water contents. Indeed, at the same
applied potential and amount of exchanged charge, Ce transport pro-
ceeds more slowly at 50% RH. This is particularly evident for the cases
4C and 6C: at 100% RH, Ce ions are completely depleted from the
working electrode while, a 50% RH, the depletion zone is significantly
reduced.

To summarize, the results shown in this section prove the capability
of the in-plane transport model to correctly predict cerium migration
under a wide range of RHs, applied potentials and initial Ce ion-
exchange fractions. Despite the good adherence between model simu-
lations and experiments, some discrepancies are still present, especially
looking at the transition occurring close to the working electrode which
occurs faster according to the simulations. This small discrepancy with
respect to all the experiments may be attributed to the Einstein relation
used to model the migration coefficient: indeed, as reported in Ref. [14],
the Einstein relation, as the Okada theory [35], might lead to an over-
estimation of the mobility coefficient uc. and, therefore, of Ce ions
transport. To better investigate the impact of the migration coefficient
on hydrogen pump transport profiles, a sensitivity analysis on the value
assumed by uc, has been carried out, and it is reported in Fig. S4. With
the model parametrization adopted in this work, the Einstein relation
allows to maximize the adherence between simulations and experi-
ments. Anyway, according to the evidences reported in the literature by
Baker et al. [14] and Shinozaki et al. [16], the migration coefficient
computed by the Einstein relation could vary, being reduced by a factor
1.5 and 3 respectively. As it can be appreciated by the results of this
analysis, a reduction of this parameter simply determines a horizontal
shift of the f¢, profile, without affecting the steepness of the transition
occurring close to the WE. Therefore, the adopted approach was
considered accurate enough for the purpose of this work, even though
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future investigations regarding more complex and complete descriptions
could help to further explain the small discrepancies still present be-
tween simulations and experiments.

3.3. Impact of relative humidity gradient on cerium ion transport

The effect of water activity (i.e. relative humidity) gradient on
cerium ions transport, as it was previously discussed, is currently under
investigation in the literature and both the mechanism and the timescale
of the phenomena are not well known. Baker et al. [5] suggest that the
presence of a water content gradient gives rise to a water flux from the
high RH regions to the low RH regions which, in turn, by convection,
drags Ce ions with it. Ehlinger et al. [8] talk about a solvent-ion inter-
action between Ce cations and water: Ce ions in water become hydrated,
meaning they attract and coordinate a shell of water molecules. There-
fore, to quantify the impact of this driving force on cerium ions trans-
port, ad hoc tests were carried out in this work, according to the
methodology previously shown in Fig. 1(C). Two different membrane
samples, with an initial Ce ion-exchange fraction equal to 29% and 38%,
respectively, were tested under a 100%-5% RH gradient. The choice to
adopt an extreme gradient of 100% - 5SRH% was made to exacerbate the
driving force responsible for cerium transport and, therefore, to obtain a
valuable radical scavenger movement in a desired limited amount of
time, without compromising the accuracy of the experiment.

The resulting migration profile for the two samples are shown in
Fig. 4(A), where the bars indicate the error associated with the XRF
quantification. As it can be appreciated from Fig. 4(A), for the sample
with fc. equal to 29%, cerium ions take about 24 h to be transported on a
12 mm scale: indeed, with respect to the initial condition, in which the
cerium content was homogeneous across the whole membrane length, at
the end of the test the cerium loading decreases at the high RH side and
progressively increases moving towards the low RH side, achieving its

maximum at the x-coordinate equal to 12 mm. Then, going further to-
wards the end of the membrane, the cerium loading decreases again and
stabilizes around the initial content, meaning that in the low RH region
(i.e. far from the submerged portion of membrane) the cerium ions
transport is strongly hindered. This behaviour, that is coherent with
what already observed by Morita et al. [33], may be explained by the
fact that, in the low RH region, the water content and thus the diffusion
coefficient are very low, further contributing to slow down cerium ions
transport.

The same trend can also be observed for the case with an initial f¢,
equal to 38%, even though in this case, under the same RH gradient, the
transport length increases to 15 mm after 24 h. Indeed, being the
transport rate due to relative humidity gradient proportional to Ce ions
concentration (Equation (2)), it is reasonable that cerium transport is
speeded up as the initial content increases. Anyway, in both the two
cases it is worth noting that an in-plane Ce transport towards the low
humidity side occurs, coherently with what already observed in the
literature [5,16,33,41].

To identify and propose a reasonable range of values for the coeffi-
cient ¢, in Equation (2), the 1D in-plane cerium transport model
described in Section 3.1 was used under the assumption that, since no
ionic potential gradient is applied, only the contributions given by the
concentration and RH gradients are considered:

aCCe _
6‘icma_t -

To be applied, Equation (6) requires the knowledge of the RH
gradient. As already explained in the experimental methodology for the
test under analysis, the lower part of the membrane is in contact with
liquid water, while the upper part is exposed to air. Therefore, a water
transport from the high RH side towards the low RH side takes place. As
a consequence, to determine the cerium migration profile from a

V:[Dee - €35n  VCee + EgeDee * Cee - €35y - VIn RH] 6)
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Table 3
Water transport model parameters.
Property [Units] Equation Reference
Dy, [m? /s] 181075 \ 2 [42,43]
(1 EW/py, A) -0.054 ~(140 +
A—2.62
-3,2 -
2.7e73) ){1 + tanh( 088 )]exp(
27800
AT
S; [1/s] P . [24]
k(1 4)
kg [m/s] 6 16 20000 1 [44]
6.8x 107°-2"°exp —x \30315 ™
1
T
Smyair [mol/ m?/ hm,r.(cv _ C\“f”“"’) [45]
s]
hair [m/s] 21073 [45]
P [m) 21072 Geometry
A [m?] 2:1077 Geometry
Jeg -1 (1 — tanh(10-5))-(0.3 + 7 -RH-(1 — [24,45,
tanh(RH — 0.5))) + 0.69-(12.2 —
RH — 0.92 461
3.52)-VRH- (1 + tanh (W)) +
tanh(10-s)-(12.2 + 0.181 (T — 273.15))
Amax [-] 27 Calculated
AmIN [-] 2 Calculated

modelling point of view, it t is necessary to couple Equation (6) with
Equation (7), which describes the water transport inside the ionomer
due to the diffusion mechanism:

a% (ZWA) =v. (DAZ_‘;"‘, : w) +S @)
Where D, is the dissolved water diffusivity, which depends on temper-
ature and water content according to Refs. [42,43], and S, is the source
term, that accounts for water transport at the ionomer/gas boundary
interface. The complete formulation of D, and S; terms is listed in
Table 3, where the interfacial mass transport coefficient, kg, depends on
temperature and water content [44]. The equilibrium water content in

eq’
membrane exposed to air the source term S; is equal to the convective
water flux at the membrane-air interface, Syy/q;r, which depends on the

convective mass transfer coefficient hg;, on the vapor concentration at

the source term, 4,,, is computed ensuring that in the region of the

the membrane/air interface, CY/%", function of the RH of the sur-
rounding air, and on the vapor concentration at the membrane surface,
C,, function of the equilibrium water content [45].

The evolution of water content A in the in-plane x direction is shown
in Fig. 4(A) for different time steps of the simulation. At time zero the
water content is equal to Amax in the region of the membrane in contact
with liquid water and equal to Apgy in the region of the membrane
exposed to air which, for modelling purposes, is set equal to 2 [47]. The
value of Ayax, listed in Tables 3, is computed from the sorption isotherm
curve J¢q reported in Table 3 for temperature equal to 80 °C, RH equal to
100% and liquid water saturation, s, equal to 1. Starting from this initial
condition, the water balance is solved along the in-plane direction of the
membrane: as shown in Fig. 4(A), a progressive water transport occurs
from the high humidity towards the low relative humidity side. Knowing
the water content profile, it is possible to determine the RH gradient
across the membrane which, if provided as an input to the cerium
transport model described by Equation (6), allows to simulate the
loading profiles shown in Fig. 4(B): the coefficient &, affecting cerium
transport due to RH gradient was calibrated. In particular, the value
equal to 3.5 was found to minimize the root mean square error between
simulations and experiments, as confirmed by Fig. S5(A)—(B), where a
comparison between model simulations and experiments is shown for
values of &, ranging between 1 and 7. As it can be appreciated from the
Supplementary Material, a variation of the electro-osmotic drag
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coefficient affects the intensity of cerium depletion in the high humidity
side of the membrane and cerium accumulation close to the liquid
water/air interface, while the shape of the cerium transport profile is
unaltered. Indeed, as &, decreases, both the downward and upwards Ce
loading peaks increase in absolute value, but their location remains
unaffected. To prove the goodness of the value found for the
electro-osmotic drag coefficient, the experimental data taken from
Ref. [16] were also simulated. These data are representative of cerium
transport profiles in the through-plane direction when a difference in
terms of RH is applied at the anode and the cathode side of a CCM (i.e.
RH equal to 60% and 30%, respectively). As it can be appreciated from
Fig. 4(C) and from Fig. S5(C), a progressive cerium transport towards
the low relative humidity side occurs with time and the intensity of such
phenomenon is regulated by the electro-osmotic drag coefficient. The
model simulations are able to capture the cerium ion-exchange profiles
at different times of the experiment by using the parametrization
described in Section 3.1 and setting &., equal to 3.5, as calibrated before.
Therefore, an electro-osmotic drag coefficient &, = 3.5 is considered
sufficiently accurate and it will be also used in the following analysis. An
additional sensitivity analysis for this coefficient will be carried out in
Section 4.6.

4. Coupling between 1+1D dynamic PEMFC performance model
and the 1D in-plane cerium transport model

4.1. Dynamic load cycle protocols and model framework definition

The real-world automotive driving cycle DLC consists in the ID-FAST
single cell protocol extensively described in our previous works [9,19,
24] and here briefly summarized. The complete driving cycle is
composed of a low-power (LP) and a high-power (HP) operating mode,
separated by a short-stop procedure. The LP protocol, during which the
current density ranges among 0.095 A cm ™2 and 0.59 A cm ™2, lasts 40
min and it is followed by a 5 min short-stop. During this operating mode,
cell temperature and reactant pressures are kept constant, respectively
to 71 °C and 140 kPa and 190 kPa for cathode and anode side. Relative
humidity at cathode and anode channel inlet is set to 30% and 50%
respectively (Fig. 5(B)). The HP mode is characterized by current den-
sities ranging among 0.095 A cm ™2 and 1.75 A cm ™2 it lasts 20 min and,
once again, it ends with a 5 min short-stop. During this operating mode,
aramp increases the cell temperature from 71 °C to 90 °C, while the dew
point is switched from 58 °C to 72 °C at the anode, and from 43 °C to
57 °C at the cathode [19,24,48]. Stoichiometry is set constant to 1.4/1.6
for anode and cathode respectively. In this work, the effects of both the
operating modes and of the complete DLC protocol on Ce redistribution
are investigated. The complete driving cycle is repeated for 1000 h,
while for the single LP and HP modes 400 h and 330 h are considered
respectively.

In-plane cerium distribution is studied on a commercial catalyst
coated membranes (CCM). As reported in previous studies [9,19,24], it
is characterized by anode/cathode catalyst layers of 0.1/0.5 mgpcm-2
separated by a membrane whose thickness is 18 pm. The membrane
includes a mechanical reinforcement and cerium as radical scavenger.
By means of an X-ray fluorescence analysis, it was possible to determine
the cerium concentration for the pristine CCM: considering a saturation
concentration equal to 90.2 mgCecm'3 [2], the initial cerium content fc,
was calculated to be around 5.5% [9]. The cell consists of a 25 c¢m?
segmented hardware [19,49,50] whose graphite flow plates, as shown in
Fig. S6(B), are segmented into four portions of non-uniform active area:
segment 1 = 5.83 em?, segment 2 = 5.80 em?, segment 3 =7.65 em? and
segment 4 = 5.72 cm?. The cell adopts a counterflow configuration: air
stream enters in segment 1 and exits segment 4, while hydrogen flow
enters in segment 4 and exits in segment 1.

To predict the Ce distribution during each protocol, experimentally
obtained by XRF and already reported in Colombo et al. [9], an inno-
vative model framework was developed and here presented for the first
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reader is referred to the Web version of this article.)

time (Fig. S6(A)). Such framework couples the 1D in-plane Ce transport
model previously detailed (Equation (2)) with a 1+1D PEMFC perfor-
mance model. In principle, Ce ions can be transported across both anode
and cathode CLs and the membrane but, since during the operation Ce
ions will mostly move through-plane towards the cathode CL due to the
lowest ionic potential [51], only the in-plane transport inside the PEM
and CCL domains will be considered in the following analysis neglecting,
therefore, the planar transport in ACL. As shown in Fig. S6(A) and

previously described in Section 3.1, the 1D in-plane Ce transport model
requires some specific parameters as inputs:

e The initial cerium concentration in CCL and PEM domains, obtained
by a through-plane analysis;

o The local water content ) and the local temperature T in the in-plane
direction for each current step of the protocol, which are needed to
compute the Ce diffusion coefficient, Dc, and the migration

10
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Table 4

Average cerium content over one cycle of each protocol expressed as Ce ion-
exchanged fraction and loading in cathode CL and membrane. The values are
obtained through the 1D through-MEA performance model. For the anode CL, it
is assumed that the amount of cerium after one cycle is negligible due to
migration towards cathode side.

DLC Low Power High Power Complete Cycle

Domain CCL  Membrane CCL  Membrane CCL  Membrane

fee [%] 6.9 5.7 9.0 4.1 8.5 5.4

Cerium loading 2.2 8.6 2.8 6.2 2.7 8.1
[pg/cm?]

coefficient, uc.. According to the assumption previously mentioned,
these parameters are needed for both the CCL and PEM domains;

e The RH in the in-plane direction, in both CCL and PEM domains,
which is needed to compute the term Vln a,,, which represents the
driving force responsible for cerium ions transport due to water ac-
tivity gradient;

e The ionic potential gradient, V®jyi, in the in-plane direction for
both the CCL and the PEM domains, which represents the driving
force responsible for cerium ions migration.

The input parameters of the in-plane cerium transport model are
provided by a 1+1D transient non-isothermal and multiphase PEMFC
model through which the performance of the fuel cell at the beginning of
life are simulated for each one of the protocols of interest. The complete
description and validation of this model is reported in a previous paper
[24], which reproduces the performance data for the same CCM and DLC
protocol analysed in this manuscript. It should be noted that the 141D
PEMFC performance model considers diffusion media and catalyst
layers as isotropic and homogeneous. It solves kinetics, heat transfer and
water transport in three phases: liquid, vapor, and dissolved in the
ionomer, the latter including both diffusion and electro-osmotic drag
fluxes. The reader can refer to Ref. [24] for all the related parameters
and equations.

It is worth noting that the performance model consists in a 1+1D
geometry, focusing on the through-the-membrane and the along-the-
channel directions. The latter, as shown by Fig. S6(B), is discretized in
eight control volumes. Therefore, the 1+1D model outputs are provided
for eight discrete positions along the flow-field. However, since the
objective of this work is to simulate in-plane cerium transport, the
outputs were reduced to four x-direction coordinates -one for each cell
segment- by averaging the relevant variables between each pair of
adjacent control volumes (Fig. S6(B)). Furthermore, the 1+1D model is
also discretized along the through-plane direction: specifically, the
membrane is divided into ten control volumes of same dimensions while
the cathode CL consists of only one layer [24]. For the cathode domain,
the ionic potential is evaluated at the PEM/CCL interface, while for the
membrane domain it is evaluated in its middle. Regarding the mem-
brane water uptake, the mean value across all the ten layers is consid-
ered, which is then corrected to account for the effect of Ce ion-exchange
fraction and RH as already mentioned in Section 3.1. Same consider-
ations are valid for the water uptake of the cathode CL. Regarding the
temperature, it was considered constant in the in-plane direction since
its spatial variation resulted almost negligible (<4 °C).

First, it is necessary to assess the actual Ce concentration in the PEM
and CCL domains by simulating the Ce ions transport in the through-the-
membrane direction. For this purpose, a 1D through-MEA transient non-
isothermal and multiphase PEMFC model is used, which represents a
simplification of the 1+1D PEMFC model previously described. Starting
from the initial Ce concentration of the pristine CCM (5.5%), it was
possible to quantify the average Ce concentration in both CCL and PEM
domains throughout a cycle of each dynamic load protocol under
analysis. Such information was then provided as an input to the in-plane
Ce transport model. The implementation of the governing equations
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accounting for Ce transport in the 1D through-MEA model is completely
described in the Supplementary Material, and here not reported for
brevity.

Model results confirm that the amount of Ce ions in the anode CL is
negligible with respect to the concentration obtained in the PEM and
CCL domains which, therefore, proves the validity of the before
mentioned assumption of neglecting anode CL in the in-plane simula-
tions. In Table 4, the initial amount of Ce in CCL and PEM domains are
reported for each protocol.

The DLC protocols considered in this work are dynamic driving cy-
cles, namely they are made by several current steps during which each
variable of interest is characterized by its specific dynamic. Therefore,
starting from performance simulations at beginning of life obtained
through the 1+1D PEMFC model, for each current step and for each in-
plane coordinate, the time integral mean value of water content, RH, T
and ionic potential is computed and subsequently fitted with a poly-
nomial space function, while considering a null derivative at the ex-
tremes of the domain. All these functions are then saved and given as an
input to the in-plane Ce transport model which, depending on the pro-
tocol current setpoint, selects the proper function. Then, by applying the
methodology just explained, the LP, HP and the complete DLC protocols
are simulated. The main results are presented in the next section.

4.2. In-plane cerium distribution: low-power protocol

The low-power protocol previously described is now analysed in
details. As already mentioned, it was repeated for 400 h, at the end of
which the radical scavenger distribution was mapped [9]. The Ce
redistribution predicted by the model framework described above is
here compared to this experimentally measured profile, to identify the
main stressors influencing cerium in-plane mobility.

Fig. 5(A) shows Ce redistribution after 400 operating hours: an
heterogenous trend was observed, with cerium accumulation at the air
inlet, while a depletion was observed towards the outlet. This trend is
captured by the model, whose results are reported in Fig. 5(E) and
compared to the data acquired in the elemental analysis performed by
micro-XRF technique. For clarity, the XRF data shown in Fig. 5(E) were
derived by calculating the arithmetic mean of each row in the map
presented in Fig. 5(A). The error bars represent the deviation of the
individual data points in each row from the mean values. The in-plane
Ce loading profiles for both the cathode CL only (red line) and for the
membrane only (blue line) are reported as estimated by the model. By
summing the cerium loading in the CCL and the PEM it is possible to get
the overall Ce loading (yellow line) which, as it can be seen, is consistent
with the experimental data. The RMSE, indeed, is equal to 0.59 pgc.cm”
2, Specifically, the resulting overall cerium loading profile shows an
accumulation towards the air inlet region and, more precisely, for an in-
plane x coordinate equal to 10 mm, where the loading is around 13
pngceem?, which corresponds to a Ce ion-exchanged fraction equal to
9%. On the other hand, the minimum cerium loading is observed at the
air outlet region. This observed Ce redistribution is consistent with the
work of Lai et al. [21], where the authors observed a radical scavenger
transport towards the driest regions of the cell after the application of an
accelerated protocol which cycled the current between 0.05 and 1.2
Acm? at low inlet RH (30%).

To understand the reason of such heterogeneity in distribution, it is
helpful to comment the water content and the ionic potential profiles in
the membrane, which are shown in Fig. 5(C) and (D) for the three
different current steps representative of the low power operating mode,
graphically shown in Fig. 5(B) with three coloured triangles. By
comparing the cerium distribution obtained with the water uptake and
ionic potential profiles, it is possible to identify the drivers responsible
for radical scavenger transport. As shown in Sections 3.2 and 3.3, Ce ions
migrate towards regions characterized by lower ionic potentials and
water activity, i.e. lower RH. Therefore, it is not surprising to detect that
Ce ions are accumulated close to the air inlet region and depleted at the
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Fig. 6. (A) Heatmap of Ce loading obtained by XRF after 330 operating hours of the high-power protocol. Image reproduced from E. Colombo et al. [9] (https://doi.
org/10.1016/j.jpowsour.2024.235962) under the CC BY license (http://creativecommons.org/licenses/by/4.0/). (B) Current density profile and cell temperature
(red solid line) during the protocol. The dew point at anode and cathode side are represented by the red dashed and dotted lines respectively. (C) In-plane water
content and (D) ionic potential in the PEM domain for seven different current densities of the high-power protocol. The markers represent the values provided by the
1+1D PEMFC model while the solid lines represent the polynomial space functions. The profiles in cathode CL are shown in the Supplementary Material. (E) In-plane
Ce distribution. Comparison between XRF data and model simulations. In yellow the overall Ce loading in the CCM after 330 h, while in blue and red the Ce loading
in PEM and cathode CL domains. (F) Impact of ionic potential (grey line) and RH gradient (green line) on Ce ions transport under the operating conditions of the
high-power protocol. Comparison with the complete model (yellow line). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

air outlet. Indeed, as shown in Fig. 5(C), the low relative humidity of the
gas at cathode channel inlet (i.e. 30%) strongly penalizes the water
uptake of the air inlet region. Then, thanks to the progressive water
production and accumulation, the water content increases along the
flow-field channel. At the same time, the ionic potential profile is not
homogeneous in the in-plane direction too: indeed, depending on local
fuel cell performance, it increases from air inlet to air outlet due to a
progressive decrease of the ionic loss associated with a better ionomer
hydration state. Anyway, the Ce loading peak is shifted from the x co-
ordinate equal to O to around 10 mm: this effect is attributed to the
significantly limited mobility of Ce ions in a portion of MEA character-
ized by very low water contents. Being the diffusive, migrative and
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water activity gradient terms of the cerium flux all functions of the
diffusion coefficient, a reduction of D¢, due to a lower water content
slows down Ce ions transport.

In the cathode domain, the cerium loading profile shows the same
trend already discussed for the membrane. Ionic potential and water
content are reported in the Supplementary Material (Fig. S8(B)-(C))
and, being very similar to the one already described for the membrane,
they are here not furtherly discussed. However, it is worth noting that
the Ce profile in the CCL results to be much flatter with respect to the one
of the PEM. This behaviour may be explained by the lower ionomer
fraction in the cathode which, therefore, according to Equation (2),
strongly reduces cation mobility.
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Comparison with the complete model (yellow line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

In the light of this analysis, the water content and the ionic potential
gradients, which push cerium ions in the same direction, seem to be the
two main drivers responsible for the cerium redistribution observed
after 400 h of the LP DLC protocol. To quantify the role played by the RH
and ionic potential gradient on the final in-plane cerium redistribution
obtained after 400 h, the protocol was simulated neglecting either the
migrative or the water activity gradient contribution. The results are
shown in Fig. 5(F): as already discussed, this operating mode is char-
acterized by a strong in-plane heterogeneity in terms of water activity.
Nevertheless, considering only the RH gradient contribution (uce = 0),
the cerium loading profile would have a different trend, flatter in the
middle and with a more promoted accumulation towards air inlet.
Therefore, the results shown in Fig. 5(F) suggest that the shape of the Ce
loading profile at the end of the protocol is mainly related to the ionic
potential gradient contribution.

4.3. In-plane cerium distribution: high-power protocol

Cerium distribution after 330 h of the high-power DLC protocol is
shown in Fig. 6(A). As already discussed for the LP protocol, a cerium
accumulation towards air inlet is observed. However, compared to the
Low Power results, where the minimum of the Ce loading was located at
the air outlet, for this protocol it is located around an in-plane coordi-
nate equal to 30 mm, which corresponds to the third segment of the cell.
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To explain these results, it is necessary to look at the in-plane water
content and ionic potential profiles during the HP protocol, which are
shown in Fig. 6(C) and (D) for the membrane domain. Please, refer to
Fig. S8(E)—(F)) for the profiles in cathode CL.

The position of the maximum loading coincides with the minimum of
the ionic potential, which is located exactly at air inlet region, as for the
LP protocol. Moreover, also the minimum water content is at the cath-
ode inlet, which further contributes to drive cerium ions towards such
region of the cell. On the contrary, as it is visible in Fig. 6(D), the ionic
potential profile has its maximum at the air outlet region which,
therefore, should be the region characterized by the largest cerium
depletion. However, as shown in Fig. 6(C), for the highest current
densities of the cycle (blue, red and black lines) the water content has its
maximum around an in-plane coordinate equal to 30 mm and then it
decreases going towards the air outlet region due to a net water flux
from cathode to the anode side, as highlighted in Ref. [24]. This can
explain the reason why the minimum of the cerium loading profile is
shifted towards an in-plane coordinate equal to 30 mm. This result
confirms, once again, the key interplay between water content and ionic
potential gradient on cerium ions transport. Moreover, it is interesting to
highlight the more important Ce heterogeneity observed during this
operating mode: after 330 operating hours, indeed, the loading varies
between 9 and 15 pgcecm?, which is a wider range with respect to the
single LP protocol (10-13 pgcecm®). The main difference in radical
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scavenger redistribution is attributable to the operating conditions,
which strongly differ from the LP to the HP operating modes. In
particular, the low power working mode is characterized by a current
density ranging between 0.095 Acm™ and 0.59 Acm™ and by a constant
operating temperature around 71 °C. The high-power mode, instead, is
characterized by current densities ranging from 0.095 Acm™ to 1.75
Acm™2. Furthermore, the operating temperature is not constant as in the
LP, but increases up to 90 °C. As discussed in Section 3.1, Ce ions
diffusion coefficient strongly depends on the operating conditions and,
in particular, it increases with both temperature and water content.
Therefore, consistently to Figs. 5(C) and 6(C)), the diffusion coefficient
of Ce ions will be higher under the high power protocol. Moreover, the
higher loads required to the fuel cell in the HP operation also increase
the ionic potential gradients, which furtherly contribute to accelerate
radical scavenger redistribution.

Again, the trends of the cerium loading profiles of membrane and
cathode are quite similar. In terms of absolute values, the difference with
the Ce loading in the membrane domain is less marked with respect to
the low power protocol and this may be attributed to the higher current
densities achieved during this operating mode, which drive much more
cerium ions towards cathode CL, as highlighted also by the higher Ce
ion-exchange values reported in Table 4. Moreover, it is worth noting
that the Ce loading profile in the cathode, once again, is flatter with
respect to the one in the membrane since, although a higher water up-
take (see Fig. S8(E)) and therefore a higher cerium diffusion and
migration coefficients, the lower ionomer fraction in cathode CL reduces
cation mobility with respect to the PEM domain. The tomography
analysis carried out on the aged sample tested for 330 h of the HP
protocol, and reported in Fig. S12, supports model outcomes suggesting
that the much more complex structure of the cathode CL, and in
particular the presence of several cracks, may furtherly slows down the
in-plane radical scavenger transport which, therefore, finds in the PEM
domain a preferential pathway for diffusion. Comparing the air inlet and
outlet regions at the end of the HP protocol, similar membrane thick-
nesses are observed via a tomography analysis: 11.4 + 3 pm and 11.0 +
3 pm, respectively, with the slightly lower value in the outlet region
being masked by the statistical deviation.

Lastly, in Fig. 6(F) the effect of either the ionic potential or of the RH
gradient on the high-power protocol is shown. Since this operating mode
is characterized by a less important planar water activity gradient be-
tween air inlet and outlet with respect to the LP protocol, and because of
a much more relevant in-plane ionic potential gradient, the main driving
force responsible for cerium mobility is actually represented by the ionic
potential gradient under the HP operation. Indeed, considering the only
RH gradient contribution, the cerium loading profile would be charac-
terized by two different regions of accumulation, one at the air inlet and
one at the air outlet, and a region of depletion corresponding to the
middle part of the cell. This result, which is coherent with the water
content profile shown in Fig. 6(C), however, is not consistent with the
elemental analysis carried out by the micro-XRF. These results, there-
fore, further confirm the key role played by the ionic potential gradient
under the high-power operating conditions.

4.4. In-plane cerium distribution: complete dynamic load cycle protocol

The complete DLC protocol is a combination of the LP and HP
operating modes previously described. This is reflected also by the
cerium redistribution quantified after 1000 operating hours: the high-
power mode, and in particular its high ionic potential gradient,
strongly drives the cerium transport towards the air inlet region where,
indeed, as highlighted from Fig. 7(A) and (B) and already described in
previous section, is located the maximum of the Ce content. Further-
more, since the LP part represents the 66% of the overall DLC protocol,
the high RH gradient established during this operating mode contributes
to further drive cerium ions towards the air inlet and to reduce the
cerium content at the air outlet. It is interesting to underline that, with
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respect to the single operating modes, the radical scavenger transport is
even more exacerbated in the case of the complete DLC protocol, as
highlighted by the highest heterogeneities in terms of Ce loading.
Indeed, starting from a homogeneous fc, of approximately 5.5% at BoT,
the Ce ion-exchange fraction ranges between 2% and 13.5% after 1000
h, a result that can be explained by the longer duration of the protocol
under analysis.

As it can be detected from Fig. 7(B) and also confirmed by a RMSE
equal to 1.69 ngecm'z, small differences arise between model simula-
tions and experimental data. Ce accumulation at air inlet is correctly
predicted by the model even though the absolute value is slightly
overestimated. This result may be associated with an overestimation of
the mobility coefficients and, in particular, of the diffusion coefficient
Dc. Indeed, as already explained in Section 3.1, D¢, was calibrated on
experimental data taken from the literature [12,14,27] and represen-
tative of cerium ions diffusion under different operating conditions, i.e.
water content and temperature. However, the complete DLC protocols
analysed in this work, especially in its HP region, is characterized by a
short operating period during which the cell temperature increases
beyond 90 °C (see Fig. 6(B)) which, however, is out of the range in which
we calibrated the diffusion coefficient. Therefore, even if the results
shown for the hydrogen pumping test at 90 °C and for the single HP
protocol, which lasted 4 h and 330 h respectively, seem to suggest the
validity of the D¢, expression used in this work, in a protocol charac-
terized by a longer duration (1000 h) it may lead to slightly overestimate
cerium ions mobility. For this reason, in the next section a sensitivity
analysis on the diffusion coefficient is carried out. Another point to
consider and that may explain the small differences observed between
model simulation and the experimental Ce redistribution is the fact that,
during real operation, different degradation mechanisms take place,
responsible for the progressive cell voltage loss. A heterogeneous
degradation of the cathode catalyst layer was observed during ageing
[19,52], both in terms of electrocatalyst active surface area loss and
increased pressure independent oxygen transport resistance. Changes in
local current densities occurred, particularly evident in the air inlet re-
gion, which can affect the local ionic potential. This effect can be, at
least partially, attributed to the same redistribution of radical scaven-
gers over the CCM active area. As a result, ageing may progressively
reduce the in-plane ionic potential gradient, slowing down the Ce
transport, and partly explain the discrepancy between modelling and
experimental observations, as the current model assumes constant
driving forces throughout the test duration. Future studies could include
the development of a degradation framework and the interplay between
cerium cations migration and PEMFC performance.

The effects of the single driving forces of RH and ionic potential
gradients on the complete driving cycle load protocol are shown in Fig. 7
(C). Considering the RH contribution only, more relevant for the LP part
of the test (which represents the 66% of the overall protocol) the high
water content gradient contributes to drive cerium ions towards the air
inlet. Nevertheless, both the intensity of the cerium peak and the shape
of the loading profile would not be correctly captured without consid-
ering the ionic potential gradient contribution, especially as regards the
depletion at the air outlet region. This analysis, therefore, highlights the
key role played by the planar ionic potential gradient on radical scav-
enger migration under automotive-representative operating conditions.

As we discussed in the introduction section, the radical scavenger
redistribution observed in all the three driving cycle protocols has an
impact on both PEMFC performance and durability. Ce accumulation
could decrease PEMFC performance, especially at high current density,
highlighting its negative impact on local oxygen mass transport resis-
tance: for instance, at 1.8 Acm™ and under the operating conditions of
the driving cycle protocol, the voltage loss after 1000 h of the complete
DLC protocol is equal to 108 mV at the air inlet, that is 1.5 times more
than the average cell behaviour [19]. Ce depletion, instead, accelerates
membrane degradation increasing the hydrogen crossover current: for
instance, at the air outlet, where a reduction in Ce content was observed,
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the crossover current after 1000 h of the complete driving cycle protocol
increases 20% more than in the other regions of the cell [9]. To quantify
the impact of Ce content on the membrane chemical degradation rate,
Johnson et al. [53] developed a mathematical model to correlate the
fluoride emission rate (FER), representative of the chemical stability of
PFSA membranes, to the operating conditions and the radical scavenger
content; in particular, the chemical degradation rate decreases with the
Ce content. By applying their proposed formulation, it is estimated a
reduction in the FER at the air inlet region equal to 49% for the complete
protocol. On the contrary, because of Ce depletion, at the air outlet the
FER increases by 53%, highlighting the higher chemical degradation
rate induced by a lower scavenging efficacy. Additional details have
been added in Table S2.

The results discussed so far refer to 1000 h of automotive operation
on a lab scale single-cell. Clearly, the impact of this phenomenon and its
time scale is also affected by MEA dimensions: indeed, moving from a 5
cm long cell (representative of a lab-scale single cell) to a 40 cm long cell
(more representative of real operation), Ce redistribution requires more
time to take place. Indeed, as it is shown by Fig. S13(A), after 8000 h of
the complete DLC protocol, that is the durability target by the end of
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2050 for light-duty vehicles [1], the maximum of the Ce loading de-
creases by a factor 3.6 when the MEA length increases from 5 cm to 40
cm. In the same way, also the minimum Ce content varies with the
in-plane transport coordinate, and it increases by a factor 10 increasing
the MEA length from 5 cm to 40 cm. The lab-scale test hence accelerates
the process, that is anyway consistently evolving with respect to the
application. Indeed, Fig. S13(B) confirms that, independently on the size
of the cell, Ce accumulates at the air inlet and depletes at air outlet.
Therefore, mitigation strategies must be developed especially consid-
ering that the high operating temperatures, higher loads and the target
of 30000 h of operation for the heavy-duty application can further
promote Ce ions transport. In this scenario, advances in the development
of more stable radical scavengers have been done recently. For instance,
a current strategy consists in the adoption of cerium oxides (ceria
nanoparticles) instead of Ce ions as radical scavengers, which offer the
advantage to be much more stable. However, under the typical PEMFC
operating conditions, ceria-based free radical scavengers have the ten-
dency to agglomerate and dissolve in Ce®* /Ce** which are characterized
by a significant mobility [54]. To address this issue, various support
materials have been investigated. In particular, acid-resistant ceramic or
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oxide materials have been employed to improve the overall stability of
ceria nanoparticles as well as their scavenging kinetics [54]. Agarwal
et al. [55] studied cation size selective agents to reduce Ce mobility
within PFSA membranes. They synthesized an organometallic Ce com-
plex which, not migrating in presence of a potential gradient, allows to
increase by 80% the chemical durability. In recent studies [56], the
possibility to adopt Cerium-based Mixed Metal Oxide as radical scav-
enger was also explored. For example, Oh et al. [56] developed a
perovskite-structured multi-metal oxide which, having high radical
scavenging properties and good structural stability, allowed to enhance
membrane durability with respect to membranes adopting only CeO- as
scavenger.

4.5. Effect of diffusion, migration and electro-osmotic drag coefficients on
cerium ions transport under automotive-representative operating
conditions

The modelling analysis carried out in previous sections pointed out
that the interplay among Ce concentration, water content and ionic
potential gradients is responsible for cerium ions transport under
automotive-representative operating conditions. The modelling of each
one of these mechanisms, as it is reported in Equation (2), requires the
definition of specific coefficients, namely Dc,, £c., and uc.. The first, as
described in Section 3.1, was calibrated from data available in the
literature [12,14,27] and it proves to correctly describe cerium ions
diffusion for Nafion XL and NR 211 membranes. Nevertheless, it is not
yet clear as membrane properties, such as the EW or the pre-
sence/absence of the mechanical reinforcement, may influence cation
mobility. Indeed, as recently highlighted in the work of Shinozaki et al.
[16], for a thin reinforced PFSA membrane the through-plane diffusion
coefficient is approximately half that of a thick non-reinforced mem-
brane. Therefore, it is reasonable to assume that D¢, and in particular
the dependence of the diffusion coefficient from water content and
temperature, may slightly vary from one membrane to another. In this
work, for instance, the used commercial CCM adopts a 18 pm thick
membrane with mechanical reinforcement. For this reason, a sensitivity
analysis was conducted to understand how the cerium transport may be
influenced by a change of this parameter, in particular by dividing and
multiplying the D¢, coefficient by a factor of 2.

The main results of this sensitivity analysis are shown in Fig. 8(A)-
(B)-(C): it is evident that, for the LP operating mode, being character-
ized by lower temperatures and water contents, the in-plane cerium
distribution predicted by the model does not change significantly by
multiplying or dividing the diffusion coefficient by a factor of 2. For the
high power and complete DLC protocols, instead, the results change
with the diffusion coefficient and, in particular, as shown in Fig. 8(B)
and (C), by halving D¢, it would be possible to improve the model ac-
curacy for the HP even though, for the complete protocol (Fig. 8(C)), Ce
accumulation at the air inlet would be underestimated as well as the
depletion at the air outlet region suggesting that, as it will be discussed
in a while, the radical scavenger redistribution profile is more affected
by a change in the migration coefficient rather than the diffusion
coefficient.

An additional sensitivity analysis was carried out on the migration
coefficient uc, since, as reported in the literature [14,16], the validity of
the Einstein relation is still under discussion. As already discussed in
Section 3.2, in the work of Baker et al. [14], the mobility coefficient uc,
-fitted by the authors’ model- is 1.5 times lower than the one that would
be obtained by the Einstein relation. In the work of Shinozaki et al. [16],
instead, uc, is approximately divided by a factor of 3 to account for the
deviation caused by the mixing energy between protons and metal
cations. As a consequence, a sensitivity analysis was carried out for all
the three protocols by comparing the reference case, in which the Ein-
stein relation is adopted, with two additional cases where the migration
coefficient is divided by a factor of 1.5 and 3 respectively. Once again, as
it is shown in Fig. 8(D)-(E)-(F), the LP protocol does not seem to be
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significantly affected by a variation of uc.. Much more differences can be
detected for the HP and complete protocols, where the local operating
conditions leads to an increase of the diffusion coefficient and, therefore,
of uc,. As highlighted by Fig. 8(E)-(F), a reduction of the migration
coefficient could help to improve the adherence with experimental data.
In particular, the case uc./1.5 seems to be the best one. Since, according
to our analysis, the ionic potential gradient contribution seems to be
most influential one on radical scavenger transport, a further sensitivity
analysis was conducted to understand how the uncertainty of this
parameter affects the long-term predictions. For this purpose, the com-
plete driving cycle protocol was simulated for 8000 h in the case of a 20
cm X 30 cm cell, being it more representative of real applications. This
analysis, reported in Fig. S13(B), revealed that dividing the migration
coefficient computed by the Einstein relation by a factor of 1.5 and 3
does not significantly affect the prediction capabilities of the model.
After 8000 h, Ce accumulation at the air inlet ranges between 13.7 and
14.9 pgceem? while Ce depletion at the air outlet varies between 10.9
and 11.9 pgceem™? depending on the values assumed of uce.

Lastly, due to the uncertainty on the electro-osmotic drag coefficient
for trivalent ions, a sensitivity analysis was carried out by setting the
coefficient &, equal to 1 and 5 in addition to the reference value of 3.5
since, consistently to the analysis already shown in Fig. S5. As high-
lighted by Fig. 8(G)-(H)-(I), a reduction or an increase in the electro-
osmotic drag coefficient, at fixed water content gradient between air
inlet and air outlet, does not change significantly the final Ce loading
profile whose shape is unchanged. On the contrary, the Ce loading peak
located at the air inlet is influenced by a variation of the coefficient &c,:
in particular, by doubling &, an increase in the Ce peak is observed -less
adherent to the experimental data-, but the variation is anyway limited.

5. Conclusion

Based on the Nernst-Planck equation, a 1D in-plane Cerium transport
model was calibrated and validated.

Experimental data taken from the literature were used to calibrate
the diffusion coefficient for Ce ions and the effect of Ce ion-exchange
fraction on the protonic conductivity and water uptake of the mem-
brane. Concerning the migration coefficient, the Einstein relation was
adopted. The in-plane Ce transport model was validated on both tailored
and literature data gathered via hydrogen pumping experiments and
representative of different membranes, different initial cerium concen-
trations and various operating conditions (T, RH). The model succeeded
in the predictions and revealed the critical role played by the relative
humidity and the temperature: indeed, at fixed applied potential, a
decrease in the RH strongly reduces cation mobility. On the other hand,
an increase in the operating temperature accelerates Ce ions transport.
At fixed operating conditions, also the initial Ce ion-exchange fraction
has an impact on cation mobility: indeed, a reduction in f¢, gives rise to a
flatter migration profile, which can be mainly attributed to a lower
contribution of the migrative flux.

To study the effect of water content gradient on cerium transport, ad-
hoc tests were carried out: Ce-doped membranes were placed into a
vessel containing 700 ml of deionized water at 80 °C such that the lower
part of the membrane was submerged while the remaining part was
above the liquid-air interface, where the temperature was set at 80 °C
with a 5% RH. The XRF analysis revealed a transport of cerium ions from
the high RH side to the low RH side and a modelling analysis allowed to
fit an electro-osmotic coefficient, &g,, equal to 3.5.

The 1D in-plane Ce transport model was then coupled with an
existing 1+1D PEMFC performance model to develop an innovative
model framework able to identify the main drivers responsible for Ce
migration under operating conditions that are representative of the
automotive operation. In particular, the complete DLC protocol defined
in the frame of the European ID-FAST project and both single low-power
and high-power operating modes were analysed. Model simulations,
coherently with the XRF analysis outcomes, revealed a significant in-
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Table 5
Summary of the drivers responsible for radical scavenger redistribution, related
transport parameters and influence, with some critical considerations.

Driving Force Transport Influence Critical considerations
parameter
Concentration Ce e In-plane, it o Necessity to
gradient diffusivity: counteracts ionic- investigate the role
Dc¢e = Dce(4, potential and played by
T) water activity membrane
gradients properties (e.g.
thickness,
reinforcement) on
D

Dc, directly impacts
on migration
process, being
directly
proportional to the
migration
coefficient

It affects the Einstein relation

Ionic potential Ce migration

gradient coefficient: intensity of in- still valid, but more
Uge = plane transport accurate
ZceFDce o It determines the descriptions could
RT regions of be researched
accumulation/
depletion
e Quantified as the
main driver,
especially during
high power
operation
Water activity Ce electro- o It affects the e Future works to
gradient osmotic drag intensity of in- address the physical
coefficient: plane transport mechanism behind
Ece e Lower contribution Ce transport due to

rather than jonic
potential gradient
under in-plane
automotive-repre-
sentative operating
conditions

RH gradient

plane Ce redistribution during the application of all the three different
protocols, with an accumulation at air inlet, characterized by the lowest
ionic potential and water content, and a depletion at the air outlet,
characterized by the highest ionic potential and water content. The ef-
fect is more pronounced during high-power operation, highlighting the
critical role of high current densities in driving radical scavenger
redistribution, an aspect even more relevant for heavy-duty applica-
tions. Furthermore, the model framework developed in this work
allowed to identify the key role played by the planar ionic potential
gradient on cerium transport: indeed, for the high-power and for the
complete DLC protocols, the water content gradient alone may not be
sufficient to explain the experimentally observed radical scavenger
redistribution whose intensity and shape, as highlighted by Table 5,
seems to be mainly controlled by the ionic-potential gradient.

Lastly, a sensitivity analysis was carried out to investigate the in-
fluence of diffusion, migration and electro-osmotic drag coefficients on
cerium transport, which are the parameters characterized by the highest
uncertainty. Lowering the diffusion coefficient, cerium transport is
slowed down; this effect is particularly evident for the HP protocol, and
hence for the complete DLC, since it is characterized by the highest
water content and temperature, hence most influenced by a variation of
the diffusion coefficient: by halving D¢, it would be possible to improve
the adherence between model simulations and experiment. The HP and
complete protocols are also sensitive to a variation of uc,: by dividing the
migration coefficient by a factor 1.5, the experimental data would be
even better reproduced by the model. A variation of the electro-osmotic
drag coefficient, instead, does not change significantly cerium redistri-
bution. Some variations, mainly concerning the maximum cerium peak
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achieved at air inlet, are observed for the HP and complete DLC.

Succeeding in the prediction, the proposed model framework rep-
resents a valuable diagnostic tool: indeed, if coupled with a semi-
empirical or physical-based membrane degradation model, it may pro-
vide useful information about the impact of Ce ions transport on both
PEMFC performance and durability. Consequently, it might also be used
to develop possible mitigation strategies, both material-based or system
control-based. At the same time, it might also be adopted to support the
design of water management strategies aimed at avoiding excessive
water activity gradient between air inlet and air outlet regions, espe-
cially under high loads operating conditions, more severe for what
concern radical scavenger transport.
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