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Abstract
One of the primary limiting factors for proton-exchange-membrane (PEM) fuel-cell lifetime is
membrane degradation driven by operational stressors such as generation of highly reactive radical
species, which result in cell failure and voltage decay. To extend the lifetime of the membrane,
cerium ions are added to the membrane to mitigate the effects of chemical degradation by
scavenging radicals produced by crossover of reactant gases across the PEM. Although cerium has
shown to be very effective at reducing chemical degradation during PEM fuel cell operation, the
cerium ions also lead to a decrease in performance due to changes in the membrane transport
properties and possible site blockage in the catalyst layers. In this paper, a full-cell, transient
performance and durability model is presented in which a micro-kinetic framework accounts for
gas crossover induced degradation and concentrated-solution theory describes transport in the
PEM. The transport model takes into account the coupled nature of the electrochemical driving
forces that cause transport of cerium ions, protons, and water. The cell model predicts the
migration of cerium out of the membrane and into the catalyst layers and its impact on
performance. A comparison between dilute-solution-theory and concentrated-solution-theory
models shows how water management in the cell also effects cerium distribution, where higher
relative humidity leads to better retention of cerium in the membrane. A voltage loss breakdown
shows that cerium leads to performance losses in the cell both by decreasing proton activity and by
modifying transport properties of water and protons through the membrane. Transient
simulations show that the optimal tradeoff between performance and durability metrics is reached
at low cerium concentrations in the membrane (less than 1% of membrane sulfonic acid sites
occupied by cerium for our analysis). Finally, analysis of membrane thickness and catalyst layer
thickness as design parameters shows that thicker membranes and thinner catalyst layers best
optimize both performance and durability.

Nomenclature

Roman

ai activity of species i
ci concentration of species i (mol cm−3)
Di diffusivity of species i (cm2 s−1)
Di j binary diffusion coefficient for species i and (cm2 s−1)
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Eh effectiveness factor of reaction h
F Faraday’s constant (96 485 C equiv−1)
fce fraction of sulfonic acid sites occupied by cerium
f membrane water fraction
ih current density of reaction h (A cm−2)
K ij friction factor for species i and j
kh rate constant of reaction h
Ni flux of species i (mol cm−2 s−1)
ni total moles of species i (mol)
nh number of electrons in reaction h
pi partial pressure of species i (bar)
prefi reference pressure for species i(1 bar)
p total pressure (bar)
rh rate of reaction h
R ideal gas constant (8.314 J mol−1 K−1)
Ri reaction rate of species i
T temperature (K)
ti transference number of species i
Uh
0 equilibrium potential of reaction h(V)

ui ionic mobility of species i (cm2 V−1 s−1)
vi velocity of species i (cm s−1)
zi valence of species i

Greek

αij transport coefficient for species i and j (mol2 J−1 cm−1 s−1)
αa anode transfer coefficient
αc cathode transfer coefficient
η viscosity (Pa·s)
κ conductivity (S cm−1)
λ water content
µi (electro)chemical potential of species i (J mol−1)
µi,n electrochemical potential of species i relative to that of species n (J mol−1)
νi stoichiometric coefficient of species i
ξ electro-osmotic coefficient
ρi density of species i (mol cm−3)
Φ potential (V)
ψi permeability of species i (mol bar−1 cm−1s−1)

Superscripts and
subscripts

0 initial value
1 electron-conducting phase
2 proton-conducting phase
a anode
c cathode
Ce cerium
H protons
M membrane
ref reference
SO−

3 sulfonic acid groups in the membrane
w water

Vectors
and arrays

D vector of driving forces
LM matrix of inverted friction coefficients
MM transport coefficient matrix
V vector of velocities

2
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Abbreviations

EW equivalent weight
FRR fluoride release rate
GDL gas diffusion layer
HOR hydrogen oxidation reaction
MEA membrane electrode assembly
OCV open circuit voltage
ORR oxygen reduction reaction
PEM proton-exchange membrane
PFSA perfluorosulfonic acid
RH relative humidity

1. Introduction

With increasing interest in proton-exchange-membrane fuel cells (PEMFCs) for medium- and heavy-duty
applications, the research needs shift towards improving lifetime and durability to enable commercialization.
During PEMFC operation, a combination of mechanical and chemical stressors occur that lead to loss of
performance, or even failure of the proton-exchange-membrane (PEM). Failure could occur in the form of
formation and growth of defects, delamination, membrane thinning, etc [1–5]. Chemical degradation results
from the oxidative attack of hydroxyl radicals to the chemical bonds in the ionomer’s fluorocarbon backbone
and side-chains [6–8]. Such radicals are generated by the decomposition of H2O2, which can be formed
electrochemically or when reactant gases cross through the membrane [1, 9, 10]. Hydroxyl radicals are also
generated via Fenton’s reaction of H2O2 with iron ions, which is believed to be present in the PEM due to
migration from the metallic bipolar plates [11, 12]. Mechanical degradation typically occurs due to stresses
acting on manufacturing defects in the membrane or sites initiated by chemical attack during operation
[1, 3, 4, 13–17].

To reduce chemical degradation in PEMFCs, radical scavengers are embedded into the membrane. The
purpose of these radical scavengers is to react with the hydroxide radicals before attacking the membrane due
to more favorable thermodynamics and faster reaction kinetics. Experiments have shown that cerium acts as
a highly effective mitigant of membrane degradation in PEMFCs [18–20]. However, increasing
concentrations of cerium in the PEM decrease its proton conductivity and inhibit the
oxygen-reduction-reaction kinetics due to a lower availability of protons, which can result in proton limiting
currents [5, 21–24]. Modeling studies have shown the tradeoffs for durability and performance due to
varying cerium content in PEMs [25–27]. Previous work showed the coupled nature of mechanical and
chemical degradation by incorporating membrane degradation and pinhole effects into the PEM fuel-cell
performance model [28]. Here, a microkinetic model for chemical degradation is incorporated along with
the mitigating effects of cerium. A concentrated-solution-theory model is used to model the transport of
cerium through the membrane and catalyst layers. This approach allows important consideration of the
effects of cerium on water and proton transport and identifies two phenomena that cause performance losses
when cerium is added to the fuel-cell membrane.

The outline of this paper is as follows. First, the model approach is described, including
concentrated-solution-theory approach for cerium transport, the effect of cerium on reaction kinetics, and
chemical degradation and mitigation kinetics. A comparison between the concentrated-solution-theory
based model and dilute-solution theory model is then carried out. Next, a voltage-loss breakdown elucidates
the contributions of cerium to performance losses in the PEMFC. Finally, a study of the trade-offs between
performance and durability is accomplished along with a sensitivity analysis with respect to membrane
thickness.

2. Theoretical

A diagram of the modeling domain and location of key degradation species is shown in figure 1. The model
presented here builds upon our previous model, which is transient, one-dimensional across the PEMFC
sandwich (includes the gas diffusion layers (GDLs), catalyst layers, (CLs) and membrane), and assumes water
is present in the vapor-phase only (i.e. lower RH feeds) [28]. A mass and energy balance on the gas channels
is carried out and used as the boundary conditions for temperature and water flux in the cell. It is assumed
that current flows through two phases: an electron-conducting solid phase and the proton-conducting
membrane phase. In the gas-transporting GDL and porous CL, the model uses multicomponent diffusion
Stefan-Maxwell equations. In the CL, an agglomerate model accounts for the transport of gases to the
platinum catalyst sites. Ohm’s law describes current in the electron-conducting phases of the GDL and CL.

3
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Figure 1. Diagram of the fuel-cell sandwich modeling domain and location of degradation species in the model.

Table 1. Physical properties.

Property Units Equation Ref

Water density ρw g cm−3 1.1603− 5.371× 10−4T [29]
Water viscosity µw bar·s 1× 10−11 (2695.3− 6.6T) [29]

Water vapor pressure pvapw bar exp
(
11.6832− 3816.44

T−46.13

)
[29]

Hydrogen/water diffusion coefficient pDH2,w bar·cm2 s−1 2.470
(

T
146.55

)2.334
[29]

Oxygen/water diffusion coefficient pDO2,w bar·cm2 s−1 0.3022
(

T
323.83

)2.334
[30]

Nitrogen/oxygen diffusion coefficient pDN2,O2 bar·cm2 s−1 0.0544
(

T
143.01

)1.823
[30]

H2O2 diffusion coefficient in the membrane/CLs DH2O2,M cm2 s−1 1.5× 10−6 [31]
H2O2 diffusion coefficient in the GDLs DH2O2,GDL cm2 s−1 0.188 [32]
HF diffusion coefficient in the membrane/CLs DHF,M cm2 s−1 1.5× 10−6 [31]
HFdiffusion coefficient in the GDLs DHF,GDL cm2 s−1 0.26 [32]
Electrode specific interfacial area a cm−1 8× 105 fit

Membrane/water vapor rate constant kM,H2O
mol2

s·J·cm3 1000 fit

Physical constants used in the model, including binary diffusion coefficients and membrane properties, are
listed in table 1. Noted below are the changes of the traditional and previous governing equations due to
inclusion of cerium and chemical degradation kinetics.

2.1 Cerium-ion transport model
The equations describing transport of water and protons through the membrane is derived from
concentrated-solution theory, where the membrane acts as the reference velocity (i.e. zero velocity relative to
the laboratory frame of reference for negligible swelling rate) [33, 34]. For a multicomponent system that is
isothermal and isotropic, transport of all mobile species i obeys,

ci∇µi = KiM (−vi)+
∑
j ̸=i,M

Kij

(
vj − vi

)
(1)

Where ci, µi, and vi are the concentration, chemical potential, and velocity of species i, respectively, and Kij is
the friction coefficient between species i and j, and KiM is the friction coefficient between species i and the
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membrane [35]. To satisfy the Gibbs–Duhem equation, for the membrane,

cM∇µM −∇p=
∑
i̸=M

KiMvi (2)

Where p is the pressure. This results in N− 1 independent equations for a system with N species.
Onsager’s reciprocal relations show that Kij = Kji, therefore a system with N species will

have N(N−1)
2 friction coefficients [36]. The friction coefficients are related to the binary diffusion coefficients

by,

Dij =
RTcicj
KijcT

(3)

WhereDij is the binary diffusion coefficient of species i and j, R is the ideal gas constant, T is the
temperature, cT is the total molar concentration of the solution [35].

For the system of interest, which is 1D across the PEMFC sandwich, equation (1) in matrix form is

D=MMV (4)

WhereD is the vector of driving forces with length N− 1, V is the vector of velocities with length N− 1,
andMM is the transport coefficient matrix with dimensions N− 1 by N− 1. equation (2) is excluded from
the matrix (i.e. it is the N th equation) because it depends on the N− 1 instances of equation (1) The
superscript M denotes that the reference velocity is that of the membrane. The entries of the matrix
are Di = ci∇µi, Vi = vi, andMM

ij = Kij for i ̸= j andMM
ii =−

∑
j ̸=i

Kij.

In an isothermal system, inverting equation (4) relates the flux of species i to a linear combination of
non-membrane electrochemical potentials,

Ni =−
∑
j ̸=M

LMij cicj∇µj (5)

Where ci is the concentration of species i, Ni is the molar flux vector of species i, and LMij is the transport

coefficient for species i and j [33] The matrix LM with entries LMij is symmetric and has dimensions N− 1 by

N− 1, where N is the total number of species in the system (including the membrane). LM is defined as

LM =−
(
MM
)−1

(6)

The LMij transport coefficients are not measured directly because experimental conditions that isolate each of
these coefficients are not practical. To use this system of equations, the transport coefficient matrix must be
rewritten in terms of measurable properties,

Ni =−
∑
j ̸=M

(
αM
ij +

tMi t
M
j κ

zizjF2

)
∇µj,n −

tMi κ

ziF2
∇µn
zn

(7)

Where F is Faraday’s constant, zi is the valance of species i, and µi,n = µi − zi
zn
µn is the chemical of

species i relative to charged species n, αM
ij is the transport coefficient for species i and j, t

M
i is the transference

number for species i, κ is the ionic conductivity, and ξ is the electroosmotic coefficient [37] αij is
symmetric (αij = αji) and is similar to a generalized effective diffusion coefficient and describes the flux
of i due to a chemical potential gradient of µi,n in the absence of current. µi,n quantifies the chemical
potential of species i and, since it is taken relative to charged species n, is independent of electric
potential. µn is the only term that depends on the electric potential in the membrane. The relationship
between these properties and the entries in LM are

κ= F2
∑
i̸=M

∑
j̸=M

LMij zicizjcj (8)

tMi =
ziciF2

κ

∑
j ̸=M

LMij zjcj (9)

5
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ξ =
tMw
zw

(10)

αM
ij = LMij cicj −

tMi t
M
j κ

zizjF2
(11)

Note that the electro-osmotic coefficient has a finite value although zw = 0 [37].
Reactions at the electrodes in the PEMFC involve protons and, as such, the electric potential is typically

quantified by the electrochemical potential of a proton (i.e. a proton reference electrode). Therefore, a
convenient choice for the electrochemical reference species n is the proton, so that µn = µH = FΦ. Using this
definition, equation (8) with protons (H) set as the reference species, yields for protons,

NH =−
(
αM
HCe+

tMH t
M
Ceκ

zHzCeF

)
∇µCe,H −

(
αM
Hw + ξ

tMHκ

zHF

)
∇µw −

tMHκ

zHF
∇Φ (12)

for cerium,

NCe =−

(
αM
CeCe +

(
tMCe
zCe

)2
κ

F

)
∇µCe,H −

(
αM
Cew+ ξ

tMCeκ

zCeF

)
∇µw −

tMCeκ

zCeF
∇Φ (13)

and for water,

Nw =−
(
αM
wCe + ξ

tMCeκ

zCeF2

)
∇µCe,H −

(
αM
ww + ξ2

κ

F2

)
∇µw − ξ

κ

F
∇Φ (14)

To relate µCe,H to the species concentrations, an ideal solution for cerium, protons and the membrane is
assumed,

∇µCe,H =
RT

cCe
∇cCe −

(
zCe
zH

)
RT

cH
∇cH (15)

The friction factors are calculated using the theory of multi-ion transport developed by Crothers et al
[38, 39]. which is summarized in the supplemental Material (available online at
stacks.iop.org/JPENERGY/2/044006/mmedia) and uses the parameters in table S1. Figure 2 shows the results
of these calculations for a range of water content and cerium concentrations, based on the experimental data
reported in reference [40].

Using the measured data [40], the dependence of water uptake on the concentration of cerium is
calculated using a polynomial fit of cerium content and water activity,

λ= 1.426+ 9.88a+ 0.1256fCe− 14.73a2 + 2.826afCe+ 14.42a3 − 4.0406a2fCe (16)

Where λ is the water content, which is defined as the ratio of water molecules to sulfonic acid sites, a is the
water activity, and fCe is the fraction of sulfonic acid sites in the membrane that are occupied by cerium ions,

fCe =
zCe3+cCe3+

ρM/EW
(17)

Where ρM is the membrane density and EW is the equivalent weight of the polymer (1100 g mol−1) [40]. An
illustration of cerium in the membrane and how fCe is calculated is shown in figure 3.

The operating potential for the PEMFC results in a high overpotential for the Ce3+/Ce4+ redox reaction
(E0 = 1.44 V), driving cerium ions into the 3+ charge state [25, 27]. Therefore, cerium in the membrane is
assumed to be present only in the 3+ charge state and the concentration of cerium ions in the 4+ charge
state is considered to be equal to approximately zero. A more complete analysis of the Ce3+/Ce4+ redox
couple in PFSA membranes is analyzed by Gubler and Kopponel, who demonstrated that >99.99% of cerium
ions are present in the 3+ charge state [27]. The model can be extended to include the effects of Ce4+, which
may be an important consideration for analysis of start/stop cycles, by modifying the
concentrated-solution-theory equations.

6
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Figure 2.Membrane properties as a function of water content and cerium concentration, (a) water-water transport coefficient,
(b) transference number, (c) cerium-cerium transport coefficient, (d) conductivity, (e) water-cerium transport coefficient, and
(f) electroosmotic coefficient, as calculated by concentrated solution theory. The water content is defined as the number of water

molecules per sulfonic acid group

(
λ=

nH2O
n
SO
−
3

)
.

Assuming that the cerium cannot leave the ionomer, an additional mass balance is required to determine
the concentration profile within the membrane phase of the PEMFC,

x
∫
0
cCedx = nCe (18)

Where nCe is the total number of moles of cerium ions initially present in the membrane at the
beginning-of-life and x is the distance across the membrane and catalyst layers. This formulation ensures
conservation of the mass of cerium inside of the membrane-electrode assembly (MEA). Experiments have
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Figure 3. Concentrated solution theory model with (a) membrane, water and protons, (b) membrane doped with cerium ions. In
the representative volume of (b) with 10 SO−

3 groups, 2 Ce3+ ions complex with 6 SO−
3 groups, resulting a fCe value of 0.6.

shown the presence on cerium in the PEMFC effluent, indicating that cerium can leave the cell via ion
pairing [41]. However, the amount of cerium that exits the cell is very small, on the order of ng cm−2, and is
therefore neglected in the model.

2.2 Cerium-ion impact on reaction kinetics
The hydrogen-oxidation reaction (HOR) and the oxygen-reduction reaction (ORR) that predominantly
occur at the anode and cathode, respectively, can in reality occur at either electrode due to the crossover
of H2 and O2 through the membrane. In addition, the two-electron ORR can take place and form hydrogen
peroxide. Butler–Volmer kinetics are used for HOR and Tafel kinetics are used for ORRs,

iHOR = i0HOR

[
pH2

pHref
2

exp

(
αaF

RT

(
Φ1 −Φ2 −UHOR

0

))
−
(
aHM
arefHM

)2

exp

(
−αcF

RT

(
Φ1 −Φ2 −UHOR

0

))]
(19)

iORR4e−
=−i0ORR

4e−

pO2

prefO2

(
aHM
arefHM

)4

exp

(
−αcF

RT

(
Φ1 −Φ2 −U

ORR4e−
0

))
(20)

iORR2e−
=−i0ORR

2e−

pO2

prefO2

(
aHM
arefHM

)2

exp

(
−αcF

RT

(
Φ1 −Φ2 −U

ORR2e−
0

))
(21)

Where i0,HOR, i0,ORR4e−
, and i0,ORR2e−

are the respective exchange current densities, αa and αc are the anode

and cathode coefficients, UHOR
0 , U

ORR4e−
0 , and U

ORR2e−
0 are the respective standard potentials, pi and prefi are

the partial pressure and reference pressure of species i, and aHM and arefHM are the proton activity and reference
proton activity, respectively, R is the ideal gas constant, and T is the absolute temperature [24]. Kinetic
properties used in the model are listed in table 2. The proton activity is taken to be the fraction of membrane
sulfonic-acid sites that are occupied by protons. The reference value for proton activity is that of protons in
unexchanged Nafion and is taken to be equal to 1. The ratio aHM/arefHM reduces to the mole fraction of
protons occupying sulfonic acid sites, which is equivalent to 1− fCe.

2.3 Chemical degradation andmitigation kinetics
The modeling approach for the degradation of Nafion is based on the works of Wong and Kjeang and the
reactions are listed in table 3 [32, 42]. Figure 4 illustrates the different types of degradation of Nafion when

8
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Table 2. Kinetic properties.

Property Units HOR [30] 4e−ORR [30] 2e−ORR

Activation energy EA J mol−1 9500 73 269 —

Exchange current density i0 A cm−2 10−4
(

EA
R

(
1
T − 1

Tref

))
1.1× 10−8

(
EA
R

(
1
T − 1

Tref

))
7× 10−7

Equilibrium potential U0 V 0 4.1868((70650+ 8T logT− 92.4T)/2 F) 0.695
Anodic transfer coefficient αa 1 — —
Cathodic transfer coefficient αc 1 1 1
Thiele mass transport coefficient ϕmt

bar·cm·s
mol 8000 6000 E= 1

Table 3.Membrane degradation reaction kinetics.

Reaction Number Rate constant Ref.

1 H2O2 → 2HO• 3× 10−3s−1 fit
2 RfSO3 +HO• → RfαO

• + 4HF 3.7× 106M−1s−1 [32, 42]
3 RfαO

• + 3HO• → RfβO
• + 6HF 3.75× 107M−1s−1 [32, 42]

4 RfβO
• + 2H2O+ HO• → 2RfCOOH+ 3HF 7.5× 107M−1s−1 [42]

5 RfCOOH+ 2HO• → RfCF2 + 2HF 5.8× 106M−1s−1 [32, 42]
6 Ce3+ +HO• +H+ → Ce4+ +H2O2 1× 1011M−1s−1 fit

attacked by hydroxyl radicals. All the reactions are assumed to be elementary steps, so that the reaction rates
can be written as

rh = kh

nh∑
i=1

cνii (22)

where rh, kh, and nh are the reaction rate, rate constant, and total number of reactants of reaction h,
respectively, and ci and νi are the concentration and stoichiometric coefficient of species i, respectively. The
initial concentration of sulfonic-acid sites in the PEM is assumed to be equal to ρM/EW.

The degradation process can be initialized by reaction of hydroxyl ions at the side-chain or the end-chain.
Once the initial attack of hydroxyl ion on the side chain has occurred, leading to the degradation of the
sulfonic-acid site, the remaining CF2 groups in the side chain will also degrade until the main chain is
reached and attacked. The kinetic equations are simplified in order to account for the total number of
sulfonic-acid groups, end-chain groups, and fluoride ions that are present in the Nafion membrane and are
released as a result of chemical degradation. The amount of fluoride ions that exits the PEMFC, called the
fluoride release rate (FRR), is a measurement often used to quantify chemical degradation. In the model, the
FRR is calculated as the sum of hydrogen-fluoride fluxes at the gas channels.

The gas crossover rate through the membrane drives chemical degradation, as hydrogen and oxygen react
to form hydrogen peroxide and hydroxyl radicals. The gas crossover rate rates are calculated as

Ni =−ψi∇pi (23)

Where ψi and pi are the permeation coefficient and partial pressure of species i, respectively. The initial
values for the membrane permeation coefficients for hydrogen and oxygen are,

ψH2,0 =
(
2.2× 10−11ϕw + 2.9× 10−12

)
× exp

(
21000

R

(
1

Tref
− 1

T

))
(24)

ψO2,0 =
(
1.9× 10−11ϕw + 1.1× 10−12

)
exp

(
22000

R

(
1

Tref
− 1

T

))
(25)

Where ϕw is the volume fraction of water, Tref is the reference temperature (303.15 K) [43].
To account for the impact of membrane degradation on gas crossover, a polynomial function was fit to

the data of Coms et al [18]. The modified permeation coefficients are,

ψi =

(
102

(
cRfSO3

ρM

EW

)2

− 201

(
cRfSO3

ρM

EW

)
+ 100

)
ψi,0 (26)
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Figure 4. Degradation mechanisms: (a) side-chain degradation/reactions 2 & 3, (b) chain scission/reaction 4, (c) end-chain
degradation/unzipping/reaction 5.

Where cRfSO3 the concentration of sulfonic-acid sites in the membrane. The experimental data used for
fitting is shown in figure S1 of the supplemental Material.

The degradation products H2O2 and HF are generated in the catalyst layers and membrane and are
allowed to diffuse into to the GDLs and out of the PEMFC. The rate of diffusion for these species is
calculated using Fick’s law. Due to the short lifetime of the radical species, the diffusion distance can be
approximated as zero [22, 31] Furthermore, it is assumed that the concentration of Ce4+ is negligible, as it
has been shown that over 99% of cerium ions are in the 3+ charge state during cell operation [27, 44].
Previous studies on modeling mitigation of chemical degradation in PEMFCs using cerium have
incorporated the presence of iron-ion contaminants leading to generation of peroxide radicals via Fenton’s
reaction [25, 27, 31, 32, 42]. Incorporation of iron-ion contaminant effects could be included in the model
by further modifying the concentrated-solution-theory equations to include additional terms in the
transport equations and by including the relevant chemical reactions in the chemical-degradation model. In
this study it is assumed that hydrogen peroxide degrades into peroxide radicals at a constant rate and does
not consider the influence of iron ions. The primary source of iron ions in the membrane is due to migration
from metallic bipolar plates [12] A graphite flow field was used in the experiment whose data was used
to fit the model, so the amount of iron in the membrane can be assumed to be neglegible [18].
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2.4 Model solution
The model is run in MATLAB. To initialize the simulation, certain operating parameters such as
temperature, pressure, feed stoichiometry, air stoichiometry, membrane properties, initial cerium doping, etc
must be specified. These parameters are used to calculate the initial condition for the transient simulation by
solving the PEMFC model under steady-state conditions. Furthermore, the cerium is assumed to be present
in the membrane only at uniform concentration, and the initial cerium flux is zero. The governing equations
are constructed using a finite-volume method approach, which enforces conservation of mass and energy.
The system of equations is solved using a multidimensional Newton-Raphson technique (Band(j)) developed
by Newman [35, 45], which is detailed in appendix C of Newman and Thomas-Alyea [35]. Each domain in
the model is discretized using 40 mesh points. The full list of equations and boundary conditions are listed in
table S2 in the Supplemental Material. The simulation must be initialized by specifying certain conditions,
including: cell current or cell voltage, relative humidity in the hydrogen and air feeds, stoichiometry of feed
or feed rates, temperature, pressure in the gas channels, membrane thickness, and cerium content (fCe), To
incorporate transient effects, a Crank-Nicolson approach was used to calculate the time derivatives in the
mass- and energy-balance equations.

To explore the impact of the various contribution to the overpotentials, a voltage-loss breakdown was
calculated by removing limiting factors to PEMFC performance sequentially from the final polarization
curve. The transport losses attributed to cerium are divided into two categories. The first is effects that the
cerium ions have in changing the transport properties of water and protons. The second is losses that occur
due to the reduction in proton activity in the membrane phase, which is included in the kinetics in equations
(19, 20 and 21). To remove this limitation, we set the ratio aHM/arefHM = 1, which assumes a membrane with
zero cerium content. Mass-transport limitations occur when the PEMFC starts to become reactant limited.
To remove mass-transport limitations, the simulation is run at a high stoichiometry for hydrogen gas and air.
The ohmic losses are due to resistance through each of the PEMFC layers; the ohmic losses are removed by
setting a high value for conductivity both in the membrane phase and solid phase. Kinetic losses occur due to
the activation energy required for the electrochemical reactions. As a PEMFC operates, crossover gasses will
permeate the membrane and react at the electrodes, leading to a mixed potential at the electrodes and an
overall decrease in cell potential. The gas crossover effects lead to the difference between the thermodynamic
potential and the open-circuit voltage. The thermodynamic potential, which is the maximum possible
potential that can be achieved, is taken to be 1.18 A cm−2 for the oxygen reduction reaction at 80 ◦C.

3 Results and discussion

3.1 Comparison of dilute and concentrated-solution theory
To illustrate the effects and needs for concentrated-solution theory, a comparison is made with a
dilute-solution theory model using Nernst-Planck equation (27) for cerium. The proton flux and water flux
were calculated using equations (13) and (15), where the∇µCe,H terms are assumed to be zero. The diffusion
and migration coefficients for cerium in Nafion as a function of water content are taken from Baker et al
[44].

NCe =−zCeuCecCeF∇Φ−DCe∇cCe (27)

WhereDCe (λ) = 3.11× 10−8λ cm2 s−1 and uCe (λ) = 1.89× 10−6λ cm2 V−1 s−1.
The dilute-solution theory model includes all of the chemical degradation reactions in table 3 as well as

the cerium effects on hydrogen activity. Polarization curves generated from the concentrated-solution-theory
model and dilute-solution-theory model are shown in figures 5(a) and (b).

As expected, the two models exhibit good agreement at low cerium concentrations. However, at higher
cerium concentrations, the dilute-solution-theory model reaches mass-transport limitations at lower current
densities as the cathode catalyst layer becomes saturated with cerium ions. The cerium content profiles in
figure 6 clearly show that as the current density increases, the potential gradient increases and the migration
term drives cerium ions into the cathode catalyst layer. However, the migration term dominates the transport
of cerium in the dilute-solution-theory model. Even at a low current density value of 0.01 A cm−2, a
concentration gradient of cerium across the PEMFC is predicted by the dilute-solution-theory model. In
contrast, the concentrated-solution-theory model predicts a uniform distribution of cerium across the cell at
0.01 A cm−2. Therefore, the dilute-solution-theory model tends to overestimate the migration term. The
concentrated-solution-theory model corrects this term by including the solvent-ion interactions between the
cerium ions and water, which drives cerium ions back toward the membrane and anode catalyst layer.

To analyze the impact of cerium on transport of water and protons through the membrane, both models
are modified so that the transport properties (i.e. ξ, κ, tCe3+ , αij’s) are calculated for a membrane with zero
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Figure 5. A comparison of polarization curves using various simulation approaches for cerium ion transport throughout the
PEM, (a) concentrated-solution theory, (b) dilute-solution theory, (c) concentrated-solution theory without cerium-dependent
properties, (d) dilute-solution theory without cerium-dependent properties. Simulation conditions are 80ºC, 1 bar, 90% RH,
100/60 standard cm3 min−1 air/H2 flow rates.

Figure 6. Concentration profiles for cerium based on (a) concentrated-solution theory model and (b) dilute-solution theory
model. Simulation conditions are 80ºC, 1 bar, 90% RH, 1.67/1.0 cm3 s−1 air/feed flow rates, 10% fCe.

cerium content. These polarization curves are shown in figures 5(c) and (d). The difference in the results in
figures 5(a) and (c) show that accounting for the amount of cerium in determining membrane transport
properties has a significant effect in the concentrated-solution-theory model. The inclusion of cerium
dependence leads to higher ohmic losses, as conductivity decreases with cerium content (see figure 2). The
limiting current density converges to the same value when the cerium effects on membrane transport
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Figure 7. Cerium content as a function of RH at 0.5 A cm−2. Simulation conditions are 80 ºC, 1 bar, 1.67/1.0 cm3 s−1 air/feed
flow rates, 10% fCe.

properties are not considered; therefore, the increase in mass-transport limitations with cerium content can
be attributed to the cerium effects on transport properties and not on the loss of proton activity caused by
the presence of cerium ions. A comparison between the results in figures 5(b) and (d) show the impact of
cerium-ion effects on transport properties in the dilute-solution-theory model. There is little difference
between the polarization curves at low cerium content due to the dominance of the cerium migration in
comparison to the diffusion term. The limiting current density decreases with cerium content in both cases,
with a steeper drop-off for the limiting current density when the cerium-dependent transport properties are
used.

Figure 7 shows the dependence of cerium concentration throughout the cell on RH using the
concentrated-solution-theory model. Increasing the RH into the cell drives the cerium ions back toward the
anode catalyst layer and leads to better retention of cerium ions in the membrane, while decreasing the RH
leads to accumulation of cerium in the cathode catalyst layer.

The results in figure 8 provide a breakdown of the various driving forces for transport of water and
cerium throughout the membrane. For both species, the migration term is positive, which means that the
electrostatic forces are driving them from anode to cathode. At steady state, the migration term is balanced
by the cerium and water electrochemical potential terms. The µCe-driven term in the cerium flux increases in
an exponential manner across the membrane, whereas the µw term in the water flux is roughly linear across
the membrane. Thus, the primary driving force for the cerium ions entering the cathode is due to the Φ
contribution to the overall flux, and the µCe contribution drives cerium back toward the membrane and
anode.

3.2 Voltage-loss breakdown
To analyze the performance losses from the addition of cerium to the membrane, a voltage loss breakdown
curves was carried out for 5% fCe and 20% fCe in the membrane. The results in figure 9 show that at low
cerium content, below 5% fCe, the performance losses from the addition of cerium are small compared to the
kinetic and ohmic losses. As the cerium content increases, the voltage losses increase and become one of the
primary sources of performance losses. The impact of cerium ions on mass-transport properties leads to the
decrease in limiting current density in the PEMFC, whereas the presence of cerium ions in the membrane
limiting access to catalyst sites contributes to ohmic losses. Both proton activity loss from cerium and cerium
transport effects have significant contributions to the voltage loss breakdown, further showing the benefits of
using a concentrated-solution-theory approach.

3.3 Cerium impacts on durability and performance
To look at the impact of cerium on degradation rate, several transient simulations were run at a constant
current density. The results shown in figure 10 show the effectiveness of adding cerium to the membrane to
reducing FRR. Between 0% cerium content and 1% cerium content, the cumulative FRR decreases by two
orders of magnitude. The FRR decreases further as more cerium is added, however the mitigation rate
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Figure 8. Driving forces for water flux (solid) and cerium flux (dashed) in the membrane. Positive flux is in the direction of anode
to cathode. Simulation conditions are 80 ºC, 1 bar, 100/60 sccm air/feed flow rates, 10% fCe, 90% RH and 0.5 A cm−2.

Figure 9. Voltage-loss breakdown for a cerium-doped membrane with (a) 5% fCe and (b) 20% fCe Simulation conditions are
80 ºC, 1 bar, 90% RH, 100/60 sccm air/feed flow rates.

decreases; thereby suggesting that only minimal cerium is required. However, in full cells multidimensional
aspects and eventually cerium removal or interactions within the electrodes probably mean the values here
are lower than in reality. While the cerium decreases the rate of chemical degradation in the membrane, the
open circuit voltage (OCV) also decreases. The OCV is highest at 0% cerium and decreases as more cerium is
added to the membrane. However, the OCV decays over time when zero cerium is present in the membrane;
in all cases with cerium, the OCV decay is negligible.

Performance and durability are often seen as competitive metrics; increasing membrane thickness is a
strategy used to improve durability in commercial PEMFC vehicles, while decreasing membrane thickness is
often the focus of research due to less material use, better water management and less ohmic drop, and thus a
higher performance. Likewise, catalyst loading and subsequently catalyst layer thickness is a critical design
variable. A sensitivity study was carried out to study the effects of membrane thickness and catalyst layer
thickness on performance and durability as a function of cerium content. As was established by the results in
figure 10, the majority of the mitigation benefits occur with a cerium content of fCe ⩽ 1% in the membrane.
The results in figure 11 show the ratio of OCV to FRR for different membrane and catalyst-layer thicknesses
and the respective times to failure, which is defined as a hydrogen crossover current density of >2 mA cm−2

[1]. The results in figures 11(a) and (b) shows that the tradeoff between performance losses and degradation
mitigation levels off very quickly, as the mitigation benefits increase quickly at small amounts of cerium and
then begin to asymptote, whereas the OCV decrease with cerium content is more linear. The time to failure
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Figure 10. Transient simulation for various cerium concentrations, including (a) cumulative FRR and (b) OCV. Simulation
conditions are 80 ºC, 1 bar, 90% RH, 1.67/1.0 cm3 s−1 air/feed flow rates.

Figure 11. A comparison of performance and durability metrics for varying membrane thickness and catalyst-layer thickness: (a)
varying membrane thickness with a constant catalyst-layer thickness (10 µm), (b) varying catalyst-layer thickness with a constant
membrane thickness (25 µm). Time to failure as a function of cerium content for the cases in (a) and (b) are shown in (c) and
(d). Simulation conditions are based on the DOE membrane chemical durability test: 90 ºC, 1.5 bar, 30% RH, 0.23/0.63 cm3 s−1

air/feed flow rates [1].

increases linearly with cerium content for all cases and increases with increasing membrane thickness and
decreases with increasing catalyst-layer thickness. The thicker membranes increase lifetime because the
crossover gases are slower to permeate the membrane, while the thicker catalyst layers decrease lifetime due
to the increased reaction rate due to a greater availability of reaction sites for radical formation. These results
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show that an optimal tradeoff between performance and durability requires (within reason) thicker
membranes and thinner catalyst layers, while also considering limitations due to local losses and flooding
that are not included in this model.

4. Conclusions

A full-cell, transient durability model with a microkinetic framework for degradation and
concentrated-solution-theory based transport and mitigating effects of cerium ion was developed for a
proton-exchange-membrane fuel cell. The model predicted the migration of cerium out of the membrane
into the catalyst layers, with the cerium primarily accumulating in the cathode. Simulation results agree with
decrease in FRR and OCV drop as the cerium concentration increases. A comparison of results between
dilute-solution-theory and concentrated-solution-theory shows that the dilute-solution-theory
overestimates the migration force acting on cerium, which leads to an accumulation of cerium ions in the
cathode catalyst layer and subsequent steep drop in limiting current densities at high cerium content. A
voltage-loss breakdown shows that cerium leads to voltage losses in the cell due to both proton activity loss
and modification of membrane transport properties, and these losses occur simultaneously and are
comparable in magnitude. The concentrated-solution-theory model corrects for this effect by accounting for
the interaction between cerium ions and water in the membrane. Transient simulation results show that the
majority of the benefits to chemical degradation mitigation can be achieved at <1% cerium content in the
membrane (with the assumed 1-D, single-phase model), at which point the decrease in performance is
largely outweighed by the degradation mitigation increase. Additional analysis shows that the time to failure
is roughly linear with cerium content at low cerium content, where the slope is dependent on the membrane
and catalyst-layer thicknesses. While optimizing performance and durability, thicker membranes and thinner
catalyst layers should be considered which are considered within reasonable design limitations. Extensions to
the model include incorporation of metal ions and radical generation via Fenton’s reaction and explicit
consideration of cerium ions in the 4+ charge state in the concentrated-solution-theory equations, as well as
the addition of multiphase phenomena for modeling higher relative-humidity conditions. The model could
also be modified to include higher dimensional effects such as along-the-channel or land/channel
distribution of cerium.
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