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H I G H L I G H T S

Catalyst activity is described by Tafel slope and exchange current density.
Catalyst activity correlates with changing ECSA.
The presented model consists of two submodels: 1st model describes ECSA loss.
2nd model: prediction of voltage losses across a wide range of AST parameters.
Voltage losses are dominated by the change of Tafel slope, not by the loss of ECSA.
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A B S T R A C T

This work presents a model for the prediction and analysis of voltage losses in proton exchange membrane fuel 
cells arising from accelerated stress testing. It consists of two submodels. The first submodel uses a statistical 
physics-based population balance approach to describe the degradation of the catalyst active surface. It is 
combined with a performance submodel that allows incorporating the degradation of the catalyst activity. 
During testing, a dedicated diagnostic procedure is used to determine the cell performance and the cathode 
properties, like the electrochemical active surface area, during the stress tests. It was found that the change 
of the catalyst activity, described by Tafel slope and exchange current density, correlates with the change 
in active surface area. The model allows the description of catalyst surface reduction, changes of Tafel slope 
and exchange current density as well as voltage losses. We find that the voltage losses attributed to the loss 
of electrochemical active surface area are minor, while the dominant factor is the change of the Tafel-slope. 
Accordingly, this study shows that during PEM-FC cathode degradation studies the Tafel slope should be the 
most relevant metric. The model describes the experimental data with a standard deviation of 7.1 mV in a 
range of 0–2.0 A/cm2. The model is intended to be used as a building block for the prediction of performance 
losses of PEM fuel cells under drive cycle conditions.
1. Introduction

In view of climate change and an increasing uncertainty in the
energy market, hydrogen is becoming increasingly important as emis
sion free energy source for stationary and mobility applications [1 3].
Polymer Electrolyte Fuel Cells (PEM FCs) are currently the best option
to convert H2 into propulsion energy to drive passenger cars, trucks,
trains or even planes. Due to the higher well to wheel efficiency, bat
teries have an advantage in operating costs in these transport sectors.
But as batteries come with more weight, more cost (at least for long
ranges) and longer charging times, PEM FCs have a good chance to
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have their market share as soon as H2 becomes available, especially
for heavy duty vehicles (HDV) [3,4]. Nevertheless, PEM FCs in HDV
face the same or even greater technical challenges as in light duty
vehicles (LDVs). For example, the US Department of Energy lifetime
target for hydrogen Class 8 long haul trucks in 2030 is 25.000 h
with an ultimate target of as much as 30.000 h [3,5 7], compared to
LDV with 8.000 h. Consequently, degradation is still one of the major
challenges to make PEM FCs in automotive applications commercially
competitive [3,4,6 8].

Especially cathode degradation must be managed, as catalytic activ
ity losses and losses of the electrochemically active surface area (ECSA)
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are the dominant sources of performance loss [4,9 15]. The losses 
re linked to different degradation mechanisms. Losses of ECSA are
elated to (1) platinum dissolution and redeposition, (2) precipitation of 

dissolved platinum ions in the adjacent membrane, (3) coagulation or 
4) loss of catalyst particles due to the corrosion of the carbon support
aterial [16 20]. Losses of catalytic activity arise in consequence of 

structural changes such as distributions of particle sizes and particle
acets, and of changes in composition, if alloy materials are used [21 
9]. The catalytic activity for the oxygen reduction reaction (ORR) can
e described by using the Tafel kinetic approach with the parameters
afel slope and exchange current density [10,24,30,31]. For pure plat 

inum catalysts these parameters are often assumed as constant over
PEM FC cathode lifetime [13,15,32]. However, changes of the Tafel 
slope and the exchange current density are significant, as highlighted
recently [10]. While some works show that in the course of degra 
ation, the Tafel slope increased for Pt based cathodes, Arisetty et al.

found an increasing exchange current density [21]. Not unexpectedly,
changes in Tafel slope and exchange current density were also found 
during the degradation of alloy catalysts [33,34].

A variety of accelerated stress tests (ASTs), like triangular wave 
or square wave ASTs, are used in literature to produce an electrode
state close to the end of life (EoL) state targeted in LDV or HDV 
application. In a number of works, different stressors, controlled by
the operating parameters of the AST, such as potential, waveform,
hold times, temperature and relative humidity on catalyst degradation 
are studied [9,12,13,15,35]. Such data is specifically relevant for the 
development and validation of degradation models of PEM FCs.

Generally, the variety of different degradation model approaches 
can be divided into empirical approaches, physical approaches and
hybrid approaches combining empirical and physical equations. In the
group of the empirical approaches, data driven modeling has recently
gained more interest [36 40]. A summary of models that make use
of artificial intelligence like neural networks or machine learning is 
given in [41 43]. These models gain their predictive capabilities from
analyzing large sets of data [40,41]. But as large amount of degradation 
and performance data are rare, the applicability of these approaches 
is limited. Further empirical approaches dealing with degradation and
performance losses in PEM FCs can be found in literature [8,44 48].
For example, Chen et al. [45] assigned data from fuel cell buses 
to four alternative operating modes. For these operating modes, the
voltage loss per start stop and load change cycles or per hour for 
idling and high power load phases is determined. By summing up
these losses, the performance loss can be predicted. With this approach,
Chen et al. were able to predict the voltage loss for their PEM FC
stack for arbitrary drive cycles. However, the applicability to other
PEM FC systems or operating conditions lacks generalizability. The
model published by Messing et al. [8] used a start stop AST and a 
load cycling AST with harsh conditions. They derived two equations to 
describe the voltage loss caused by the two distinct ASTs. Then, they
deconvoluted drive cycles into a series of start stop and load cycling 
ASTs. With this approach, they were able to predict the run time
under different drive cycle scenarios until 90% of the starting voltage 
at 0.6 A/cm2 is reached. Unfortunately, the impact of changes in 
emperature, relative humidity and pressure is not considered, even
hough the operating conditions can have a significant influence on the
athode degradation [12,28,49 53].

In contrast to empirical models, physical mathematical models are
sed to describe changes of the cathode catalyst [11,12,52,54 59]. For
xample, Holby et al. derived a kinetic platinum dissolution model 
o describe ECSA losses. These losses are related to a change of the

particle size distribution (PSD) [54]. Li et al. refined this model by
dding Ostwald ripening, platinum precipitation in the ionomer and

the membrane [57]. A further model that uses the PSD changes to
predict ECSA losses is presented by Schneider et al. [12]. Their model 
accounts for Pt in the membrane, Ostwald ripening, the loss of catalyst 

particles caused by carbon corrosion and the loss of platinum due to
the formation of subsurface oxides at potentials of >1.1 V. Further PSD
based degradation models can be found in [11,52,58 63]. While these
models are very useful to describe one part of catalyst degradation,
namely ECSA loss, to the best of our knowledge, no physical models
exists to describe the other part, namely losses of catalyst activity
(measured by Tafel slope and exchange current density). Accordingly,
the derivation of cell voltage losses based on Tafel kinetics lacks
precision when only ECSA losses are considered. From this perspective
the voltage loss should be independent of current density, whereby it
typically increases.

Alternatively, catalyst degradation and linked voltage losses can be
described with semi empirical approaches [13,64 68]. For example,

oein Jahromi et al. used an empirical model approach to describe
he decay of ECSA, which is based on a first order ECSA decline rate.
his loss of active surface is converted into a PSD, to derive the surface
or oxygen diffusion through the ionomer film surrounding the catalyst
articles. In addition, they have developed a physics based performance
rediction model, which uses ECSA and the surface for oxygen diffusion
s input parameters [69]. Another semi empirical approach is presented
y Kneer et al. [13]. They derived an empirical ECSA loss model, based
n a first order kinetic approach, that is capable to predict the ECSA
oss for a wide range of AST parameters. These losses are then used
s input for their performance loss prediction model that is based on
imple Tafel kinetics. With this model they are able to predict the
oltage loss up to a current density of 1.5 A/cm2 reasonably. However,
lso here the dependence on current density is lacking as a consequence
f ignoring the changes in the other kinetic parameters.

For the design of durable fuel cell systems, models are needed,
hich allow the prediction of degradation related performance losses
nder drive cycle scenarios and related operating conditions. A possible
pproach is to convert drive cycles into an equivalent series of accel
rated stress tests. Accordingly, the main objective of this work is to
nable the performance loss prediction for accelerated stress test under
arious operating conditions like voltage profile or temperature.

One suitable model, capable to predict the loss of the electro
hemical active surface area and the related performance losses for
ure platinum catalysts aged with accelerated stress test with various
perating conditions is the one presented in [13]. Our work extends
his approach by enabling predictions of Tafel slope, exchange current
ensity and consequently performance losses in PEM fuel cells.

The first part of the model is formed by a statistical physical model
or particle radius distribution (PRD) evolution and ECSA loss [55].
he model is extended to account for the impact of the most important
ST parameter dependencies. By analyzing the experimental data, cor
elations were found between the ECSA loss on the one side, and Tafel
lope as well as specific exchange current density on the other side.
hese observed changes of Tafel slope and specific exchange current
ensity are related to the different catalyst degradation mechanism
ike dealloying and changes in the distribution of the crystal facets.
ccordingly, the second part of the model, bases on an extended Tafel
inetic approach that accounts for these correlations and allows to
redict cell voltage losses. After global parametrization, the model
llows to reproduce the voltage losses, measured in a current density
ange of 0.0 2.0 A/cm2 with an accuracy of 7.1 mV.

. Experimental

.1. Materials and equipment

The size of the active area during single cell testing was 5 cm2, with
lowfields made of graphite and a flowfield design based on studies
f Caulk and Baker (shown in the supplementary material (A) [70].

The catalyst coated membrane had a loading of 0.25 mgPt/cm2 PtCo
cathode catalyst with a Pt:Co molar ratio of 70:30 in the raw powder,
an un alloyed Pt anode with a loading of 0.05 mgPt/cm2, an ionomer

in both electrodes with a low equivalent weight, and a persulfonic
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Table 1
Overview of the varying conditions during accelerated test aging of the fuel cells.
AST-type LPL [V] UPL [V] T [◦C] RH [%] 𝜏 [s]a nEoT

1 (Ref.) 0.6 OCVb (∼0.98) 90 100 5 63500
2 0.72 OCV 90 100 5 63500
3 0.6 OCV 90 100 20 31500c

4 0.6 OCV 90 100 2.5 63500
5 0.6 OCV 70 100 5 63500
6 0.6 OCV 90 80 5 63500
7 0.6 0.85 90 100 5 63500
8 0.6 0.85 80 52.4 5 63500
9 0.6 0.9 90 100 10 31500d

10 0.6 0.9 90 100 2.5 63500

aDescribes the hold time at the lower potential limit (LPL) and upper potential limit (UPL).
bOpen circuit voltage.
cAST stopped after 31500 cycles as ECSAnorm < 0.5 is reached.
dAST stopped after 31500 cycles due to technical problems.
f
g
t

cid based membrane with a thickness of 18 μm. Sigracet 25BC gas
iffusion layers were used on both electrodes, compressed with a
neumatic hardware to 1 MPa in the active area. All electrochemical
ata and operation conditions were gathered with a fully automatized
est bench from Horiba FuelCon and an additional external Zahner
ennium potentiostat.

.2. Testing

The basic test sequence consists of four parts. It begins with a
onditioning procedure, consisting of several step changes in current
nd voltage, to activate the membrane electrode assemblies (MEAs).
fterwards, the MEAs were characterized at begin of life (BoL) with
developed diagnostic procedure, containing cyclic voltametry to de

ermine the ECSA and an extended polarization curve measurement
etween 0.0 2.0 A/cm2. For every single load point of the polar
zation curve, the limiting current measurement and electrochemical
mpedance spectra (EIS) between 50 Hz and 30 kHz were recorded to
etermine the oxygen mass transport resistance (Rmt) respectively, the
igh frequency resistance (RHFR) and the proton transport resistance
RH+ ). Exemplary data sets are given in the supplementary material
. The operation conditions used in the diagnostic procedure and a
etailed description of this procedure can be found in [9]. After the
iagnostic procedure, the MEAs were degraded with accelerated stress
ests. These tests were stopped when 50 % loss of ECSA or 63,500
ST cycles were reached. The diagnostic procedure was repeated to
haracterize the MEAs within the AST and at end of test (EoT). The
STs and the extended polarization curve measurements were carried
ut with an air and H2 flow of 5 Nl/min and an inlet pressure on
oth sides of 2 bar, to ensure that the cell is working under differential
onditions. Thus, cell temperature, pressure and relative humidity can
e assumed to be constant over the active area of 5 cm2. The parameters
or the individual square wave ASTs are listed in Table 1.

ASTs 1, 3 and 4 are used to analyze the influence of the hold
imes at the potential limits on the degradation behavior of the MEA
sed. In AST 1 and AST 2, the lower potential limit (LPL) is varied in
rder to determine the influence of ASTs with two distinct LPLs on the
atalyst used. ASTs 1 and 7 are used to analyze the influence of the
pper potential limit (UPL) on the degradation of the catalyst. With
STs 1 and 5, it was determined how degradation is impacted by the

emperature, and with ASTs 1, 7 and 8 the impact of relative humidity
RH) is investigated.

.3. Determination of kinetic cathode losses

Kinetic cathode losses are understood as voltage losses in absence of
hmic losses (majorily from membrane and cathode ionomer), losses
rom oxygen transport. Anodic losses are generally assumed to be negli
ible. By correcting the measured cell voltage with these overpotentials,
he cathodic half cell voltage 𝐸𝐶 can be calculated with Eq. (1)

𝐸𝐶 (𝑛, 𝑖) = 𝑈𝐶𝑒𝑙𝑙(𝑛, 𝑖) + 𝜂𝑅𝐻𝐹𝑅
(𝑛, 𝑖) + 𝜂𝑚𝑡(𝑛, 𝑖) + 𝜂𝑅𝐻+ (𝑛, 𝑖), (1)

where UCell(n,i) represents the measured cell voltage depending at the
number of AST cycles 𝑛 and the current density 𝑖 [10,71]. The second,
third and fourth term on the right hand side of Eq. (1) describe the
overpotentials related to the Ohmic resistance determined by 𝑅𝐻𝐹𝑅,
the oxygen mass transport determined by 𝑅𝑚𝑡 and the transport of the
protons through the catalyst ionomer determined by 𝑅𝐻+

. The Ohmic
overpotential, linked to the high frequency resistance, can be calculated
with

𝜂𝑅𝐻𝐹𝑅
(𝑛, 𝑖) = 𝑖 ⋅ 𝐴 ⋅ 𝑅𝐻𝐹𝑅(𝑛, 𝑖), (2)

where 𝐴 describes the active area of the MEA (5 cm2). The second
overpotential in Eq. (1) related to the oxygen mass transport behavior
of the MEA, can be calculated with [15]

𝜂𝑚𝑡(𝑛, 𝑖) =
𝑅 ⋅ 𝑇
𝐹

⋅
( 1
4
+

𝛾
𝛼

)

⋅103 mV
V ⋅ 𝑙𝑛

⎛

⎜

⎜

⎝

𝑝𝑂2 −
𝑅⋅𝑇
4𝐹 ⋅ 𝑖 ⋅ 𝑅𝑚𝑡(𝑛, 𝑖) ⋅ 106

cm3

m3

𝑝𝑂2

⎞

⎟

⎟

⎠

,

(3)

where 𝛼 represents the cathodic transfer coefficient obtained from the
Tafel slope, 𝛾 is the ORR reaction order with respect to oxygen partial
pressure (𝛾 = 0.54 according to [32])and 𝑝𝑂2 is the oxygen partial
pressure in the channels of the flow field. According to Makharia
et al. [72] the third overpotential is calculated by using the proton
transport resistance of the cathode ionomer 𝑅𝐻+

𝜂𝑅𝐻+ (𝑛, 𝑖) =
1
3
⋅ 𝑖 ⋅ 𝐴 ⋅ 𝑅𝐻+ (𝑛, 𝑖), (4)

Half cell voltages 𝐸𝐶 (𝑛, 𝑖) over the course of AST testing can be seen in
Section 4.1(see Fig. 3a). The half cell voltages are also used to derive
the slope m and the exchange current density i0 by extrapolating the
polarization curves between 0.04 and 0.12 A/cm2 to the reversible cell
voltage (1.18 V).

3. Modeling

In the following, the model equations describing the ECSA loss
(Section 3.1) and the voltage loss prediction (see Section 3.2) are in
troduced. Afterwards, an exemplary simulation is presented to visualize
the mechanics of the models (see Section 3.3).

3.1. Losses in electrochemical surface area

The variable to track the degradation of the electrode catalyst is the

particle radius distribution 𝑓𝑁 (𝑟, 𝑡), which is normalized to the begin of
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life particle radius distribution. According to Urchaga et al. the change
of the distribution over time can be described by a Fokker Planck type
continuity equation, where the particle radius distribution (PRD) is
described by using the particle radius 𝑟 [55],
𝜕𝑓𝑁 (𝑟, 𝑡)

𝜕𝑡
= 𝜕

𝜕𝑟
⋅
(

𝑓𝑁 (𝑟, 𝑡) ⋅ 𝑑𝑟
𝑑𝑡

)

+ 𝐽+ − 𝐽− − 𝑘𝑑𝑒𝑡 ⋅ 𝑓𝑁 (𝑟, 𝑡). (5)

In this equation, the first term on the right hand side describes the
dissolution and redeposition due to Ostwald ripening. The terms 𝐽+

nd 𝐽− describe particle coagulation and represent the particle creation
nd extinction terms, respectively. The last term describes particle in
ctivation, e.g. by detachment from the substrate. By trying to identify
+ and 𝐽− in the individual AST data sets we ran into the problem
f overfitting and in consequence we neglected these contributions.1
ccordingly, the change in particle radius distribution can be described
ith

𝜕𝑓𝑁 (𝑟, 𝑡)
𝜕𝑡

= 𝜕
𝜕𝑟

⋅
(

𝑓𝑁 (𝑟, 𝑡) ⋅ 𝑑𝑟
𝑑𝑡

)

. (6)

The rate of particle radius change is determined by dissolution and
redeposition terms [55],

𝑑𝑟
𝑑𝑡

= 𝑉𝑚 ⋅ 𝑘𝑟𝑑𝑝 ⋅ 𝑐𝑃 𝑡(𝑡) ⋅ 𝑒𝑥𝑝
(

−𝑅0
𝑟

)

− 𝑉𝑚 ⋅ 𝑘𝑑𝑖𝑠 ⋅ 𝑐
𝑟𝑒𝑓
𝑃 𝑡 ⋅ 𝑒𝑥𝑝

(

𝑅0
𝑟

)

, (7)

here the redeposition parameter 𝑘𝑟𝑑𝑝, the product of dissolution pa
ameter and platinum concentration 𝑘𝑑𝑖𝑠 ⋅ 𝑐

𝑟𝑒𝑓
𝑃 𝑡 and the characteristic

radius 𝑅0 are extracted from the measured ECSA evolution depending
on the AST conditions summarized in Table 2. Note that we use two dif
ferent rate constants 𝑘𝑑𝑖𝑠 and 𝑘𝑟𝑑𝑝 for forward and backward reaction.
The Pt redeposition rate depends on the concentration of Pt dissolved
in the electrolyte, which can be calculated as [55]

𝑐𝑃 𝑡(𝑡) =
𝑚𝑉
𝑀𝑃 𝑡

⋅
(

1 −𝑀𝑁 (𝑡)
)

(8)

assuming that the initial concentration is zero, 𝑐𝑃 𝑡(𝑡 = 0) = 0. Here,
𝑉 is the Pt mass loading per unit volume, 𝑀𝑃 𝑡 is the molecular

weight of Pt and 𝑀𝑁 (𝑡) is the normalized dimensionless mass moment
of 𝑓𝑁 (𝑟, 𝑡) [55].

𝑀𝑁 (𝑡) =
∫ ∞
0 𝑟3 ⋅ 𝑓𝑁 (𝑟, 𝑡)𝑑𝑟

∫ ∞
0 𝑟3 ⋅ 𝑓𝑁 (𝑟, 0)𝑑𝑟

(9)

Solving Eq. (6), using Eq. (7), allows the determination of the evolution
of the normalized electrochemical active surface area 𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚 [55],

𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚(𝑡) =
∫ ∞
0 𝑟2 ⋅ 𝑓𝑁 (𝑟, 𝑡)𝑑𝑟

∫ ∞
0 𝑟2 ⋅ 𝑓𝑁 (𝑟, 0)𝑑𝑟

. (10)

he model is solved by using a variable order solver based on numerical
ifferentiation formulas implemented as ODE15s in MATLAB version
.5.0.944444 (R2018b). The three parameters 𝑘𝑟𝑑𝑝, 𝑘𝑑𝑖𝑠 ⋅ 𝑐

𝑟𝑒𝑓
𝑃 𝑡 and 𝑅0

ere fitted with a least squares method. For the minimization a Nelder
ead simplex algorithm was implemented (Used MATLAB function:

minsearch).
The evolution of the ECSA depends on the operating conditions of

he AST. Empirical relationships between the degradation parameters
nd operating conditions were derived. More information are given
n the supplementary material C. In Eqs. (11) and (12) the derived

relationship between the dissolution related parameter 𝑘𝑑𝑖𝑠⋅𝑐
𝑟𝑒𝑓
𝑃 𝑡 , respec

tively the redeposition related parameter 𝑘𝑟𝑑𝑝 and the AST conditions

1 This simplification of Eq. (5) is justified, as degradation of the cathode
catalyst due to coagulation and inactivation of the catalyst particles is mainly
driven by carbon corrosion [43,73,74]. Significant corrosion rates are normally
expected at cell voltages higher than 1 V [10,75–77], which do not occur in
the degradation experiments carried out in this work.
Table 2
Overview parameters ECSA-Model (see equations (11) and (12)).
Parameter Unit

𝑅0 22.039 [nm]

𝑐𝑟𝑒𝑓𝑃 𝑡 𝑘𝑑𝑖𝑠 1.9909 ⋅ 10−16 [mol∕m2s]

𝑔𝜏 0.0728 [1∕s]
𝑔𝑇 4875.7 [K]
𝑔𝐿𝑃𝐿 2.6930 [1∕V]
𝑔𝑈𝑃𝐿 12.8143 [1∕V]
𝑔𝑅𝐻 1.1644 [–]
𝑘𝑟𝑑𝑝,𝑟𝑒𝑓 1.9900 ⋅ 10−10 [m/s]
ℎ𝜏 0.3446 [1∕s]
ℎ𝑈𝑃𝐿 28.8074 [1∕V]
𝑇𝑟𝑒𝑓 363.15 [K]
𝜏𝑟𝑒𝑓 5 [s]
𝐿𝑃𝐿𝑟𝑒𝑓 0.6 [V]
𝑈𝑃𝐿𝑟𝑒𝑓 OCV(∼0.98) [V]
𝑅𝐻𝑟𝑒𝑓 100 [%]

are shown,

𝑐𝑟𝑒𝑓𝑃 𝑡 ⋅ 𝑘𝑑𝑖𝑠(𝑈𝑃𝐿,𝐿𝑃𝐿,𝑅𝐻, 𝑇 , 𝜏) = 𝑐𝑟𝑒𝑓𝑃 𝑡 𝑘𝑑𝑖𝑠,𝑟𝑒𝑓 ⋅
(

1 + 𝑔𝜏 ⋅ (𝜏 − 𝜏𝑟𝑒𝑓 )
)

⋅ 𝑒𝑥𝑝
(

−𝑔𝑇 ⋅
(

1
𝑇

− 1
𝑇𝑟𝑒𝑓

))

⋅ 𝑒𝑥𝑝
(

𝑔𝐿𝑃𝐿 ⋅ (𝐿𝑃𝐿 − 𝐿𝑃𝐿𝑟𝑒𝑓 )
)

⋅ 𝑒𝑥𝑝
(

𝑔𝑈𝑃𝐿 ⋅ (𝑈𝑃𝐿 − 𝑈𝑃𝐿𝑟𝑒𝑓 )
)

⋅
(

1 + 𝑔𝑅𝐻 ⋅
(

𝑅𝐻
𝑅𝐻𝑟𝑒𝑓

− 1
))

(11)

and

𝑘𝑟𝑑𝑝(𝜏, 𝑈𝑃𝐿) = 𝑘𝑟𝑑𝑝,𝑟𝑒𝑓 ⋅𝑒𝑥𝑝(ℎ𝜏 ⋅ (𝜏−𝜏𝑟𝑒𝑓 )) ⋅𝑒𝑥𝑝(−ℎ𝑈𝑃𝐿 ⋅ (𝑈𝑃𝐿−𝑈𝑃𝐿𝑟𝑒𝑓 )).

(12)

The parameters 𝑐𝑟𝑒𝑓𝑃 𝑡 𝑘𝑑𝑖𝑠,𝑟𝑒𝑓 , 𝑔𝜏 , 𝑔𝑇 , 𝑔𝐿𝑃𝐿, 𝑔𝑈𝑃𝐿 and 𝑔𝑅𝐻 , respectively
𝑘𝑟𝑑𝑝,𝑟𝑒𝑓 , ℎ𝜏 and ℎ𝑈𝑃𝐿 are needed to describe the dependency of the
degradation parameters 𝑘𝑑𝑖𝑠⋅𝑐

𝑟𝑒𝑓
𝑃 𝑡 and 𝑘𝑟𝑑𝑝 from the operation conditions

of the AST. The identified parameters and the reference values are
summarized in Table 2.

3.2. Kinetic voltage losses

Assuming that Tafel slope and exchange current density can be
correlated uniquely to the cycle number n of a given AST (see Sec
tion 4.3 for proof), the cathode overpotential 𝐸𝐶 can be understood
via a generalized Tafel approach

𝐸𝐶 (𝑛, 𝑖) = 𝑚(𝑛) ⋅ 𝑙𝑜𝑔
(

𝑖
𝑖0(𝑛) ⋅ 𝐸𝐶𝑆𝐴(𝑛)

)

, (13)

with 𝑚 being the tafel slope and 𝑖0 the exchange current density. The
kinetic cathode voltage losses arising from AST testing then follow from

𝛥𝐸𝐶 (𝑛, 𝑖) = 𝑚(𝑛) ⋅ 𝑙𝑜𝑔
(

𝑖
𝑖0(𝑛) ⋅ 𝐸𝐶𝑆𝐴(𝑛)

)

− 𝑚(0) ⋅ 𝑙𝑜𝑔
(

𝑖
𝑖0(0) ⋅ 𝐸𝐶𝑆𝐴(0)

)

.
(14)

According to Eqs. (14), at least two further functions are needed to
describe 𝑖0(𝑛) and 𝑚(𝑛). In Section 4.3 two empirical correlations are
introduced, which can be used to describe the change of these two
cathode parameters.

3.3. Modeling process

Fig. 1 gives a visual impression of the model and its mechanics for
an exemplary data set based on the degradation conditions of AST 1
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Fig. 1. Model process shown with a exemplary data set based on the operation conditions of AST 1 defined in Table 1: (a) Evolution of the normalized particle radius distribution
(surface scaled) with cycle number given in the legend; (b) Evolution of the normalized 𝐸𝐶𝑆𝐴 derived from the PSDs shown in (a) and the simulated values for 𝑚 and 𝑖0 depending
n the number of AST cycles 𝑛; (c) Kinetic voltage losses 𝛥𝐸𝐶 between 0.0–2.0 A/cm2 calculated with 𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚, 𝑚 and 𝑖0 shown in (b).
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see Table 1). Fig. 1a shows the simulated evolution of the PRD for the
atalyst used under the operating conditions of AST 1. It can be seen
hat the PRD is shifted to larger particle radii with increasing number
f AST cycles and ongoing degradation. The black line in Fig. 1b
epresents the ECSA evolution based on Eq. (10). The simulated values
or 𝑚 and 𝑖0 (the empirical correlations with Eq. (15) and (16) are
resented below) depending on the number of AST cycles 𝑛 are shown
n Fig. 1b. In Fig. 1c, the voltage losses 𝛥𝐸𝐶 in the current density range

from 0.0 2.0 A/cm2 are shown, calculated with the generalized Tafel
approach.

4. Results and discussion

In the following, we first analyze the experimentally determined
trends of key variables for the different AST conditions summarized
in Table 1. The key variables are ECSA, Tafel slope, exchange current
density and cathode kinetic loss (see Section 4.1). In Section 4.2,
the results obtained with the surface loss model introduced in Sec
tion 3.1 are shown and discussed. Subsequently, empirical correlations
describing the Tafel slope and exchange current density as function of
the normalized ECSA are derived and the parameters describing these
correlations are identified (see Section 4.3). Finally, the accuracy of the
kinetic cathode voltage loss model is discussed in Section 4.4.

4.1. Evaluation of experimental data

Fig. 2 displays the influence of the different AST conditions on the
measured ECSA loss. Fig. 2a shows the influence of the UPL variation
(0.85 V vs. OCV). It can be seen that with an UPL of 0.85 V, an ECSA
loss of 15% is reached after 3.000 AST cycles. Afterwards, the ECSA
loss decreases and an almost asymptotic behavior can be observed.
Contrary with an UPL of 0.98 V, the ECSA is continuously reduced
and no asymptotic behavior can be observed within the first 30,000
AST cycles. Overall, there is a reduction to 55% of ECSA for 0.98 V
vs. 83% for 0.85 V. This result is in line with the findings presented
in [10,12 15,78 80]. In Fig. 2b, the influence of the hold time is
presented. It can be seen, that the ECSA loss increases with increasing
old time of the potential limits. After 31,500 AST cycles, the ECSA
s reduced by 33%, 45% and 64% of the original ECSA for hold time
𝜏 of 2.5 s, 5 s respectively 20 s. Comparable trends were observed
earlier [10,12,13,15,78]

In Fig. 2c, the influence of T, RH and LPL on the measured ECSA
oss is shown. Again, the ECSA decay of AST 1 is used as reference (blue
ine in 2a c). It can be seen that an increase of the LPL to 0.72 V has no
ignificant influence on the ECSA loss, comparable to observations of
neer et al. [13]. Reducing the temperature by about 20 𝐾 reduces

he ECSA loss after 31,500 AST cycles by about 20%. A decreased
egradation due to a temperature reduction has been also reported
n [12,49 52]. Similarly, a reduction of the relative humidity causes
slight decrease of the ECSA loss rate. This result is also in line with
the observations in [12,29,52,53]. Consequently, model parameters,
𝑘𝑑𝑖𝑠 ⋅ 𝑐

𝑟𝑒𝑓
𝑝 and 𝑘𝑟𝑑𝑝 are most sensitive to the following AST properties:

PL, hold time and temperature. Only a slight dependency on RH is
xpected and the LPL should also have only a minor influence. The
elated empirical trends are part of the model formulation (see Eqs. (11)
nd (12)). Fig. 3a shows cathode half cell voltages during aging for

an exemplary data set obtained with AST 1. The half cell voltage
(Fig. 3a) is plotted logarithmically with respect to current density, to
better focus the Tafel slopes. Evidently, the linear slope in the current
ensity range between 0.0 and ∼1.2 A/cm2 seems constant on first
ight as cycling progresses. But if analyzed in detail, (see Fig. 3b

blue dashes) the Tafel slope is increasing from initial 65 mV/dec
o 85 mV/dec at the end of test. At the same time, the exchange
urrent density extracted from the range 0.0 0.2 A/cm2 goes through
maximum (Fig. 3b orange dotted). Simultaneously, the particle

adius distribution is shifted to bigger particles and the ECSA is reduced
Fig. 3b black solid). The observed changes of the activity parame
ers might be linked to dealloying, or changes in the distribution of the
rystal facets. While dealloying reduces the activity enhancing strain
nd ligand effects [23,81,82], might impact due to altered relevance
f differing reaction pathways. We hypothesize that the surface of the
ost active facet (111) at low current density (∼120 mV/dec [83])
ight degrade less or even grows at the cost of the most active facet

110) at high current density (∼60 mV/dec [83]) [84], as this facet
s most prone to degradation [85]. The increasing m and i0 in this
tudy would be a consequence of fitting these overlapping kinetics in
he specific current density window. Coming back to the higher current
ensities in Fig. 3a, the curves are bending down, the earlier the larger
he number of AST cycles. These high current Tafel slopes are much
teeper compared to the ones obtained for lower current densities and
ound frequently in literature [10,13,15,28,34]. A variety of reasons
or this behavior is given, like an increased mass transport [10,13],

reduced proton conductivity due to leaching of alloy ions into the
ionomer phase [28], catalyst poisoning due to a adsorbing ionomer [86,
87] changed reaction kinetics mechanism [31,88]. In our opinion, an
unambiguous answer to this phenomena is still missing [10]. However,
in this study this is of secondary importance as the operation range of
heavy duty vehicles is focused on lower current densities.

In Fig. 3c, the kinetic voltage losses are presented alongside with the
corresponding kinetic voltage loss simulation. After 500 AST cycles, the
calculated aging related cathode voltage losses are more or less con
stant over the analyzed current range. With progressing AST cycling,
this behavior changes and the losses show a wave like behavior: The
additional losses in cathode potential increase up to a current range
between 0.2 and 0.6 A/cm2 depending on the number of AST cycles.
For higher current densities, in a medium range (0.3 1.4 A/cm2), a de
crease of the kinetic voltage losses can be observed, more pronounced
for 15,500, 31,500 and 63,500 AST cycles, compared to 500, 1500 and
3500 AST cycles. For even higher current densities the voltage losses

increase again, rapidly.



Fig. 2. Measured ECSA evolution depending on the AST conditions UPL, hold time and T,RH, LPL and the number of AST cycles. As reference the data measured for AST 1
represented by the blue data points in the Figs. a–c are used. (a) Influence of the UPL variation on the ECSA decay; (b) Influence of the hold time 𝜏 at the UPL and LPL in the
ECSA decay; (c) Influence of RH,T and LPL variation on the ECSA decay. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 3. Exemplary data set obtained within the degradation process of AST 1 (see Table 1) a) Half cell voltage of the cathode; (b) Measured evolution of ECSA, m and i0 depending
on the number of AST cycles n; (c) Determined voltage losses (solid lines) using the calculated half cell voltages shown in (a) and simulated voltage losses (dashed lines) for n:
500, 15,500 and 63,500 .
The increase of cathode voltage loss for small current densities can
be related to the increase of the kinetic overpotential with ongoing
degradation [15,21,24] in line with the model presented in this paper.
Contrary, to this increase, the voltage losses decreases in the medium
range of the current density. This observation can be related to a
changed oxide formation on the active sites of the PtCo catalyst: For
highly degraded MEAs, the half cell voltage for current densities be
tween 0.6 and 1.2 A/cm2 falls below ∼ 820 mV. Below this voltage, the
influence of surface oxides on the obtained cell voltage is significantly
reduced (10 30 mV) as shown in Fig. 5 in [9]. These benefits from
reduced oxide loadings after Pt dissolution testing is not part of our
model. Accordingly, the benefits in the medium current range cannot
be predicted. The rapid increase of the performance losses at even high
current densities above 1.2 A/cm2 is in line with observations made
by [10,13,15,28,34] but also not part of our model. This increase can be
related to the change of Tafel slope at high current densities discussed
earlier, whose origin is yet to be identified unambiguously.

4.2. Evaluation of the ECSA loss model

Fig. 4a compares the simulated data with ECSA results obtained
from the AST experiments. It can be seen that the mechanistic based
model presented in Section 3.1 complies with the experimental data
gathered with a variety of aging conditions. With a standard devi
ation of 1.52%, the model shows a good accuracy compared to the
experimental data.

This result shows, that the model presented in Section 3.1 can be
used to describe 𝐸𝐶𝑆𝐴 losses under different operation conditions,
by assuming dissolution and redeposition of the catalyst as governing
degradation mechanism.
Table 3
Overview of the parameters used in the empirical correlations
(see equations (15) and (16)).
Parameter Value Unit

𝑝1 39.59 [mV/dec]
𝑝2 −101.19 [mV/dec]
𝑝3 735.13 ⋅ 10−9 [A∕cm2

Pt]
𝑝4 −3.9049 [–]

4.3. Correlating tafel slope and exchange current density with ECSA

Fig. 5 shows the experimentally determined 𝑚(𝑛) and 𝑖0(𝑛) vs. the
normalized ECSA values obtained with the different ASTs (see Table 1).
In order to reduce the influence of the measurement noise and to
avoid an overestimation of data points measured at high degradation
rates, the measured data are averaged within 𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚 steps of 10%.
The resulting standard deviations are shown with the vertical and
horizontal bars in Fig. 5.

The potential mechanisms behind these trends were discussed ear
lier (see Section 4.1). It can be seen that the Tafel slope correlates
linearly with ECSAnorm, while the exchange current density shows an
exponential dependency,

𝑚(𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚) = 𝑝1 ⋅ 𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚 + 𝑝2 (15)

and

𝑖0(𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚) = 𝑝3 ⋅ 𝑒
(𝑝4⋅𝐸𝐶𝑆𝐴𝑛𝑜𝑟𝑚), (16)

with the parameters given in Table 3.

4.4. Evaluation of the kinetic voltage loss model

In Fig. 6a, the accuracy of the kinetic voltage loss model is demon

strated by comparing simulated and experimental kinetic voltage losses



Fig. 4. (a) Comparison of the simulated and experimentally obtained electrochemical active surface area development within the accelerated stress tests. (b) Histogram of the
simulated and experimentally obtained electrochemical active surface area development within the accelerated stress tests.
Fig. 5. (a) Correlation between averaged Tafel slopes and the normalized ECSA. The empirical correlation is based on a linear equation (red line). (b) Correlation between averaged
exchange current densities and the normalized ECSA. The empirical correlation is based on a exponential function (red line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
in the range of 0.0 1.2 A/cm2 (low and medium current range). The
histogram shown in Fig. 6b analyzes the accuracy of the model, by
presenting the difference between simulation and experiment on the
𝑥 axis and the counts of these differences on the 𝑦 axis. With a standard
deviation of 5.3 mV the model describes the kinetic voltage losses in
PEM FCs with a good accuracy.

The model shows some inaccuracies especially at high kinetic volt
age losses, which are related to high degrees of degradation. We relate
this to a changed oxide formation on the active sites of the PtCo
catalyst [9], as discussed in Section 4.1. These findings can also be
seen by comparing the simulated performance losses with the measured
performance losses in Fig. 3c. It can be seen, that the voltage losses in
current density range between 0.0 and ∼0.4 A/cm2 are almost perfectly
described with the model, independently from the number of AST
cycles. In the medium current range (0.4 1.2 A/cm2, represented by
the green data points), the model overestimates the voltage losses, as
it does not account for the changed influence of PtOx.

To get an impression whether the model is also valid over a wider
range of performance, the model is analyzed for a current density range
from 0.0 up to 2.0 A/cm2. The result is shown in Fig. 7. It can be seen
that the maximal overestimation of the performance losses in Fig. 7
(max: 29.2 mV) is identical to the values in Fig. 6, showing that the
related test points are already part of the smaller data set. For the un
derestimation of the voltage losses a slight increase from −10.3 mV up
to 12.9 mV is obtained. Furthermore, the standard deviation increases
by about 34% from 5.3 mV to 7.1 mV. This broadening of the standard
deviation is on the one hand related to a significantly increased num
ber of data points with overestimated performance losses, at current
densities between 1.2 and 1.8 A/cm2. Especially these load points are
also impacted by the changed oxide formation (shown with the cyan
data points in Fig. 7a). On the other hand the model shows a higher
inaccuracy at 2.0 A/cm2 (represented with the orange data points in
Fig. 7a). At these high current densities and high degrees of degradation
the change in high current Tafel slope plays a major role (see also Fig. 3
a and c) and the model starts to systematically underpredict the related
losses. Hence, if the model was to be applied to high current densities,
e.g. in LDV, it requires an additional contribution, probably linked to
the high current Tafel slope.

4.5. Deciphering the kinetic voltage loss model

We finalize the discussion by first breaking down the total loss
𝛥𝐸𝐶 (𝑛) into contributions arising from changes in ECSA as well as
changes in m and i0. While the former represents the impact of chang
ing catalyst surface area, the later show the relevance of a changed ac
tivity parameters (as discussed in Section 4.1). Afterwards, we analyze
the relevance of these contributions. The performance loss 𝛥𝐸𝐶 (𝑛, 𝑖) can
be split into three contributions (shown in the supplementary material
C)
𝛥𝐸𝐶 (𝑛, 𝑖) = 𝛥𝜂𝑂𝑅𝑅,𝑚(𝑛, 𝑖) + 𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0(𝑛) + 𝛥𝜂𝑂𝑅𝑅,𝑚𝐸𝐶𝑆𝐴(𝑛), (17)



𝑖
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Fig. 6. (a) Comparison of the simulated and experimentally obtained degradation related performance losses in a current density range of 0.0–1.2 A/cm2. The black lines
represents the parity line and the red lines mark the maximum under — respectively overestimation of the measured voltages losses by the model; (b) Histogram of the simulated
and experimentally obtained voltage losses in a range of 0–1.2 A/cm2 with a standard deviation 𝜎 of 5.3 mV. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Fig. 7. (a) Comparison of the simulated and experimentally obtained degradation related performance losses in a current density range of 0.0–2.0 A/cm2. The black lines
represents the parity line and the red lines mark the maximum under — respectively overestimation of the measured voltages losses by the model; (b) Histogram of the simulated
and experimentally obtained voltage losses in a range of 0–2.0 A/cm2 with a standard deviation 𝜎 of 7.1 mV. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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with the first contribution representing the overpotential change caused
by a change of Tafel slope 𝑚(𝑛)

𝛥𝜂𝑂𝑅𝑅,𝑚(𝑛, 𝑖) = (𝑚(𝑛) − 𝑚(0)) ⋅ 𝑙𝑜𝑔
(

𝑖
𝑖0(0) ⋅ 𝐸𝐶𝑆𝐴(0)

)

. (18)

The second contributor describes the combined influence of 𝑚(𝑛) and
0(𝑛) on the overpotential

𝜂𝑂𝑅𝑅,𝑚,𝑖0(𝑛) = 𝑚(𝑛) ⋅ 𝑙𝑜𝑔
(

𝑖0(0)
𝑖0(𝑛)

)

= 𝑚(0) ⋅ 𝑙𝑜𝑔
(

𝑖0(0)
𝑖0(𝑛)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0,1(𝑛)

+ (𝑚(𝑛) − 𝑚(0)) ⋅ 𝑙𝑜𝑔
(

𝑖0(0)
𝑖0(𝑛)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0,2(𝑛)

. (19)

The third contributor combines the overpotential change due to re
duced 𝐸𝐶𝑆𝐴(𝑛) and the influence of 𝑚(𝑛)

𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴(𝑛)

= 𝑚(𝑛) ⋅ 𝑙𝑜𝑔
(

𝐸𝐶𝑆𝐴(0)
𝐸𝐶𝑆𝐴(𝑛)

)

= 𝑚(0) ⋅ 𝑙𝑜𝑔
(

𝐸𝐶𝑆𝐴(0)
𝐸𝐶𝑆𝐴(𝑛)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

+ (𝑚(𝑛) − 𝑚(0)) ⋅ 𝑙𝑜𝑔
(

𝐸𝐶𝑆𝐴(0)
𝐸𝐶𝑆𝐴(𝑛)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

.
(20)
𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴,1(𝑛) 𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴,2(𝑛)
hereby, the differentiation into two terms indexed with ‘‘1’’ and ‘‘2’’
n Eq. (19) is meaningfull as the two terms represent i0 linked voltage
oss contributions referred to the Tafel slope begin of life and the
hange of Tafel slope over the course of testing, respectively. The
ame applies to the ESCA losses in Eq. (20). Below, we will show that
he terms with ‘‘2’’ can be neglected. Accordingly, the voltage loss

contributions from change of Tafel slope, exchange current density and
ECSA can be separated. Figs. 8a, b, and c represent this deconvolution
for simulated performance losses caused by the operating conditions of
AST 1 after 500, 15,500 and 63,500 AST cycles. To get an impression
of how 𝛥𝜂𝑂𝑅𝑅,𝑚 is influenced by the current density, the deconvolution
is shown at 0.04, 0.2, 0.6, 1.0 and 1.8 A/cm2. Positive values are
voltage losses, which are obtained for 𝛥𝜂𝑂𝑅𝑅,𝑚 and 𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴,1 and
𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴,2. Negative values can be interpreted as voltage ‘‘gains’’
due to a increasing 𝑖0 (see Fig. 1b resulting in negative values for
𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0 ,1 and 𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0 ,2. Generally, it can be seen that the secondary
contributions 𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0 ,2 and 𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴,2 are of minor importance
and can be neglected. Consequently, the evaluation of 𝛥𝐸𝐶 can be done
by analyzing 𝛥𝜂𝑂𝑅𝑅,𝑚,𝐸𝐶𝑆𝐴1 related to a reduced ECSA and the sum of
‘‘𝛥𝜂𝑂𝑅𝑅,𝑚+𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0 ,1’’, representing the impact of deallyoing or altered
facet distribution. It can be seen that the voltage losses are dominated
by 𝛥𝜂𝑂𝑅𝑅,𝑚+𝛥𝜂𝑂𝑅𝑅,𝑚,𝑖0 ,1, which cause at least 50% of the voltage losses.

These losses are higher than the losses caused by losses of ECSA. This
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Fig. 8. Deconvolution of kinetic voltage losses simulated with the introduced model with the operating conditions of AST 1 after: (a) 500 AST cycles, representing a low level of
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conclusion is the same, no matter which AST or which cycle number is
considered. Accordingly, Fig. 8 reveals that the poorly understood con
ributor to End of Life performance losses, namely change of activity,
s of major importance, while well understood losses associated with
atalyst surface changes are of much lower importance.

. Conclusion

In this work, a model for the degradation of alloy catalysts in
olymer electrolyte membrane fuel cells is developed. The model con
ists of two submodels, the first submodel accounts for the changes
n electrochemically active surface, the second submodel accounts for
hanges in the activity of the catalyst material, probably caused by
ealloying and changes in the distribution of crystal facets.

The changes in electrochemically active surface were modeled with
statistical physics based model that describes the evolution of the

article radius distribution based on particle altering processes, includ
ng dissolution and redeposition. This model was fitted to ECSA data
btained within accelerated stress tests, which were performed over a
ide range of operating conditions. The obtained model parameters,

.e. dissolution and redeposition rate constants, were described as func
ions of the AST operating conditions using empirical relationships to
arameterize these dependencies. With this semi empirical ECSA loss
odel, the experimentally determined ECSA losses were reproduced
ith a standard deviation of 1.52% in a range of 0 50% total surface

oss.
The second submodel is based on a generalized Tafel approach. It

s coupled to the first submodel by using experimentally found cor
elations between ECSA and the Tafel parameters, namely Tafel slope
nd exchange current density. After parametrization, degradation was
redicted for ASTs of a wide parameter range for a current range of 0.0
.0 A/cm2 with a standard deviation of 7.1 mV. By reducing the current
ensity range to 0.0 1.2 A/cm2, the accuracy of the model improves to
.3 mV. Systematic deviations are in our opinion a consequence of the
oltage loss model’s simplicity. As reduced oxide loadings in a current
ensity range between 0.6 and 1.2 A/cm2 for degraded cathodes are
gnored, the model overestimates the losses in this range. Oppositely, at
igher current densities, the kinetic voltage losses are underestimated
s the model disregards the possibility of a changing Tafel slope.

espite these limitations, the presented model allows to interpret the
inetic voltage loss as a sum of overpotentials related to a loss of
lectrochemical surface area and changes of the activity. Interestingly,
e find that the performance losses for the MEA used in this work
re not described sufficiently due to loss of electrochemical active
urface area alone, as at least 50% of the voltage losses are caused by
he overpotentials related explicitly to a changing activity parameters.
ccordingly, this study shows that during cathode degradation studies
f PEM FCs, Tafel slope and exchange current density should be the
ost relevant metric, not the electrochemical surface area.
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