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PEM Fuel Cell Start-up/Shut-down Losses vs Temperature for
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One of the key figures for the success of proton exchange membrane fuel cells (PEMFCs) in automotive applications is lifetime.
Damage of the cathode carbon support, induced by hydrogen/air fronts moving through the anode during start-up/shut-down (SUSD),
is one of the lifetime limiting factors. In this study, we examine the impact of varying the temperature at which SUSD events take
place, both experimentally and by a kinetic model. For MEAs with conventional carbon supports, the model prediction of carbon
oxidation reaction (COR) currents as a function of temperature matches well with the temperature dependence of experimentally
determined SUSD degradation rates (predicting ≈8-fold lower COR currents compared to ≈10-fold lower measured degradation
rates at 5◦C compared to 80◦C). This, however, is not the case for MEAs with graphitized carbon supports, where a factor of ≈39
lower COR currents are predicted when decreasing SUSD temperature from 80 to 5◦C, in contrast to the measured decrease by a
factor of ≈10. As we will show, this is explained by a change of the governing degradation mechanism from predominantly carbon
corrosion induced losses at higher temperature to predominantly voltage cycling induced platinum surface area losses near/below
room temperature.
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With the launch of the Hyundai Tucson/ix35 Fuel Cell mid 2014,1

the Toyota Mirai in late 2014,2 and the Honda Clarity in 2016,3 the
first commercial proton exchange membrane fuel cell (PEMFC) elec-
tric vehicles were introduced into the automotive market. While this
demonstrates a technology readiness level (TRL) as high as TRL 9,
thus a proven ability for operation from component to system level,4

several practical aspects of automotive PEMFC operation remain chal-
lenging to date.5 One such phenomenon is the degradation caused by
start-up and/or shut-down (SUSD) of the PEMFC, where a H2/airanode

gas front moves through the anode flow-field, which was first dis-
cussed in the scientific literature by Reiser et al.6 in 2005 (note that
it was described in the patent literature as early as 20027). Typi-
cally, during an uncontrolled shut-down, air will leak slowly into the
H2 compartment through leaks in the back-pressure valve, through the
stack sealing or by crossover through the membrane, which was found
to lead to substantial damage of the cathode catalyst carbon support in
the MEA (membrane electrode assembly).6 One of the early methods
to mitigate this damage was the use of a controlled shut-down, in
which a high-flow air purge of the anode compartment was applied
in order to minimize the H2/airanode front residence time, which is
proportional to the induced damage.8

The reactions occurring during the passing of the H2/airanode front
through the anode flow-field are listed in Figure 1a (slightly modified
from what was shown in Ref. 9 and 10), illustrating the partially H2-
filled (lower left segment, colored in red) and partially air-filled (upper
left segment, colored in blue) anode, opposite of the air-filled cathode
flow-field (right blue segments) and separated by the proton con-
ducting membrane (orange). While electrons can be well conducted
in-plane, mainly via the diffusion media (DM) and flow fields (FF), the
in-plane proton conduction resistance through the membrane is very
high, so that significant proton conduction in-plane can be supported
only over very short distances across the H2/airanode front, namely over
a distance on the order of ca. 6 times the membrane thickness.6 There-
fore, an SUSD event can be approximated by a fuel cell (lower part
of Figure 1b) which is electrically short-circuited with an electrolytic
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cell (upper part of Figure 1b). From this it is easy to see that this con-
ceptual fuel cell (FC), represented by the H2-filled part of the anode
and by its adjacent cathode, will provide electrical power from the
hydrogen oxidation and oxygen reduction reaction (HOR and ORR)
shown in the lower part of Figure 1a. The voltage provided by this
conceptual fuel cell will drive the electrolysis reactions in the elec-
trolytic part of the cell (EL), namely the ORR on the anode and both
the oxygen evolution and carbon oxidation reaction (OER and COR)
on the cathode, as shown in the upper part of Figure 1a. The oxidation
of the carbon support on the cathode side leads to a weight loss of
carbon, resulting in a thinning of the cathode catalyst layer,6 and, ulti-
mately, in its structural collapse. This is accompanied by a substantial
increase in the oxygen transport resistance, so that the SUSD induced
voltage losses increase with increasing current density.11,12

While the SUSD degradation rate can be reduced by applying a
high flow rate air-purge prior to start-up or following a shut-down, i.e.,
by minimizing the H2/airanode front residence time,8 this would still
lead to excessive damage over a very large number of SUSD events
(e.g., for car applications, almost 40,000 SUSD cycles would have to
be tolerated over vehicle lifetime13), so that additional system-related
mitigation strategies are required (details can unfortunately only be
found in the patent literature),14 namely partial stack shorting dur-
ing start-up and shut-down and, most effectively, devising means by
which H2 can be kept in the anode after shut-down for extended peri-
ods of time (hours, even days). Owing to the latter strategy, damaging
SUSD events would mostly occur near or below room temperature
(e.g., air-intrusion and start-up after very long down-time), so that
the quantification of SUSD degradation rates near/below room tem-
perature is quite relevant. However, accelerated SUSD aging tests
have predominantly been conducted at/near fuel cell operating tem-
peratures, i.e., at 65◦C,6 or 80◦C,12 and very few data are available
at lower temperatures (to our knowledge, none at/below room tem-
perature). As one would expect, SUSD degradation rates decrease
with temperature, as was reported in several patents by General Mo-
tors for temperatures ranging from 30 - 80◦C.8,15 Later on, Lim et
al. examined SUSD degradation between 60◦C and 90◦C, but since
they maintained a constant water partial pressure, the relative humid-
ity (RH) also varied with temperature, so that temperature and RH
effects cannot be deduced independently.16 Only in the studies by
Kreitmeier et al.17 and by Jo et al.18 the temperature was varied while
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Figure 1. Schematic of a start-up and/or shut-down (SUSD) event in a PEMFC, sketching the passage of a H2/airanode front through the anode flow-field (H2-filled
regions in red, air-filled regions in blue) while the cathode flow-field is filled with air. a) Illustration of the reactions occurring during the SUSD event, with
sketched pathways of electrons (in green) through the electrode, diffusion medium (DM) and flow-field (FF) as well as of protons (in orange) across the membrane;
b) Conceptual separation into a fuel cell (FC) segment and an electrolytic cell (EL) segment (H2-filled and air-filled flow-field segments are indicated in red and
in blue, respectively). In-plane proton conduction is only possible within very short distances from the H2/airanode front (≈120 μm for a 20 μm thick membrane)
and not over extended distances, which is indicated by the crossed-out arrows.

keeping RH constant, reporting temperature dependent SUSD degra-
dation over an overall range from 35–90◦C. These studies were con-
ducted with cathode catalysts based on conventional carbon supports
and, to our knowledge, no temperature dependent SUSD degrada-
tion rates have been determined with graphitized carbon supports,
which exhibit roughly 5-fold lower SUSD degradation rates at 80◦C
compared to conventional non-graphitized carbons.12 In summary,
while in current PEMFC systems damaging H2/airanode front events
are expected to occur only near/below room temperature, no SUSD
degradation rate data are available under these conditions, particularly
not for graphitized carbon supports, even though these might be useful
for developing new and improving existing mitigation strategies.19–21

Therefore, we performed 50 cm2 single-cell SUSD aging tests
covering a wide temperature range from 5–80◦C with MEAs con-
taining platinum cathode catalysts supported on either conventional
or graphitized carbon supports. The MEA performance loss over the
SUSD cycling was determined from polarization curves measured at
80◦C. Further, we applied a quasi-steady-state one-dimensional model
developed by Gu et al.22 to predict the temperature dependence of the
SUSD degradation rates for the two different types of carbon support.
The experimental SUSD degradation rates and the model predictions
agree reasonably well and only deviate at low temperatures for the
graphitized carbon supports, where voltage cycling induced platinum
losses dominate the MEA performance decay rather than carbon cor-
rosion.

Experimental

Hardware, set-up and materials.—PEM fuel cell testing was
performed on a customized G60 test station (Greenlight Innovation
Corp.). All SUSD experiments were carried out with 50 cm2 active
area single cells, in either commercial fuel cell hardware (Fuel Cell
Technologies, Inc.) or a modified version with additional coolant chan-
nels, allowing for water cooling of the endplates. Both configurations
utilized quadruple serpentine graphite flow-fields (Fuel Cell Tech-
nologies, Inc.) with gases flowing in counter-flow configuration. The
MEA, i.e., the catalyst coated membrane (CCM) placed in between
two gas diffusion layers (SIGRACET 25BC, SGL Carbon GmbH) was
sandwiched between the two flow-field plates. The gas diffusion layer
compression of ca. 20% (corresponding to ≈1.5 MPa compression
pressure on the flow-field lands) was assured by choosing the appropri-
ate thickness of nearly incompressible PTFE coated fiberglass subgas-
kets (Fiberflon GmbH). Two different CCM types with anode/cathode
platinum loadings of 0.1/0.4 mgPt/cm2 were tested in this study:
i) a commercial CCM (Primea Mesga A510.1/M715.18/C580.4,
W. L. Gore GmbH) featuring a platinum cathode catalyst with a

conventional high-surface area carbon support as well as an 18 μm
reinforced perfluorsulfonic acid membrane (all CCMs of this type
are denominated “conventional C” throughout this work); ii) a CCM
with platinum catalysts supported on a graphitized high-surface area
carbon support (denominated “graphitized C”), which was fabricated
by hot-pressing a sandwich of a catalyst coated anode decal (D-0708,
Greenerity GmbH), a 15 μm reinforced low equivalent weight per-
fluorsulfonic acid membrane (Asahi Kasei Corp.), and a cathode decal
(D-0682, Greenerity GmbH) at 155◦C and 1.5 MPa for 2 min. Details
about materials properties can be found in Table I.

Gas flow scheme for SUSD experiments.—Sharp H2/airanode

shut-down fronts (from H2-filled anode to airanode-filled anode) and
airanode/H2 start-up fronts (from airanode-filled anode to H2-filled an-
ode) were created by switching between two constantly flowing gas
streams on the anode side of the fuel cell, H2 and airanode, with each
gas stream controlled at the same temperature, pressure, and humid-
ity (separate humidifier for H2 and airanode gas stream). The upper
part of Figure 2 illustrates the gas flows and the valve positions for
a shut-down/start-up sequence, while the lower part shows a typical
resulting voltage profile. During fuel cell operation (segment a), the
four shown pneumatic valves are configured such that H2 reaches the
fuel cell anode, while the airanode gas stream is directed to the exhaust
via a separate backpressure regulator (not depicted). By switching
all four valves simultaneously, both pathways cross over, such that
the H2 gas stream bypasses the fuel cell through the exhaust, while
the airanode gas flows through the gas line previously delivering H2

to the fuel cell anode (segment b). With the switching time of tens
of milliseconds for pneumatic valves, a sharp H2/airanode shut-down
front on the anode side of the fuel cell is created. The lower part of
Figure 2 shows the resulting voltage profile vs. time. Note that to our
knowledge, this experimental approach, preserving constant pressure,
gas velocity, and relative humidity during flow switching is unique in
the literature (generally, the air stream on the anode is not humidified,
as this requires an additional humidifier). Switching the valves back to
their original position results in an equally sharp airanode/H2 start-up
front (segment c) and an exemplary cell voltage profile vs. time is
shown in the lower part of Figure 2. Note that one SUSD cycle in this
study refers to the sequence of one shut-down event (from H2-filled
anode to air filled anode) and one start-up event (air filled anode to
H2-filled anode).

MEA conditioning and H2/air polarization curves.—All MEAs
were conditioned before the actual SUSD experiments at 60◦C,
50 kPagauge,inlet (pressure controlled at cell inlet) with fully hu-
midified (dew point 60◦C) H2/air (1400/3300 nccm (referenced to
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Table I. Specificiations of the two different CCM types examined in this study, based on platinum cathode catalysts supported on either conventional
high-surface area carbon (referred to as “conventional C”) or on graphitized high-surface area carbon (referred to as “graphitized C”). APt and
RCont were determined via hydrogen underpotential deposition at room temperature and via four-point probe measurements,23 respectively. Pt
loadings and membrane thickness were obtained from the manufacturers; the carbon support BET areas were obtained from Refs. 22 and 13.

Parameter Value Unit

CCM type: conventional C / graphitized C
APt (anode) Platinum surface area (anode) 50 / 42 m2/g
APt (cathode) Platinum surface area (cathode) 50 / 42 m2/g
lPt (anode) Platinum loading (anode) 0.1 / 0.1 mg/cm2

lPt (cathode) Platinum loading (cathode) 0.4 / 0.4 mg/cm2

AC Carbon surface area 800 / 160 m2/g
lC Carbon loading (cathode) 0.4 / 0.4 mg/cm2

tMEM Membrane thickness 18 / 15 μm
RCont. Cross plane resistance 20 / 20 m � · cm2

T0 = 273.15 K and p0 = 101.3 kPa)), applying eight subsequent cy-
cles of three potentiostatic steps: i) 0.60 V for 45 min, ii) 0.95 V for
5 min, and iii) 0.85 V for 10 min. Initial polarization curves were
taken after MEA conditioning and then after each n cycles of SUSDs,
where n varied between 10 (at SUSD temperature of 80◦C) and 300
(at 5◦C for graphitized C MEAs), depending on the level of SUSD
degradation. All polarization curves were taken at 80◦C, a total reac-
tant inlet pressure of 70 kPagauge,inlet, a relative humidity of RH = 0.66
(≡ 66% RH, but defined as fraction throughout the remainder of this
work), and controlled H2/air stoichiometries of 1.5/1.8 (note: below
0.2 A/cm2, constant flows corresponding to the flows at 0.2 A/cm2

were applied). Polarization curves were acquired from low to high
current densities, averaging the cell voltage over the last 10 s at each
current density after a 6 minute hold. Prior to each polarization curve,
a potentiostatic recovery step at UCell = 0.60 V (for 2 minutes, with
H2/air flows of stoichiometries 1.5/1.8 of H2/air) was performed.

SUSD cycling procedure.—SUSD cycling at different tempera-
tures (5 – 80◦C) was done at a reactant inlet pressure of 50 kPagauge,inlet.
The time between applying start-up and shut-down H2/airanode-fronts

Figure 2. The upper part shows the flow switching scheme to generate
H2/airanode fronts for SUSD experiments: a) configuration for normal fuel
cell operation; b) application of an H2/airanode front representing a shut-down
process, created by simultaneous switching of the four pneumatic valves; and,
c) application of an airanode/H2 front representing start-up, created by repeated
switching of the valves. The lower part shows a typical resulting cell voltage
profile during switching H2 and airanode on the anode side of a fuel cell while
the cathode side is continually fed with air (red segments mark a H2-filled
anode, blue segments an air-filled anode).

was kept constant at 120 s. For most experiments, the H2 and airanode

flows were maintained at 113 nccm (dry gas flows) and humidi-
fied to RH values of ≥1.0 by adjusting the dewpoint either to the
cell temperature (at ≥40◦C) or by setting it to 40◦C (at < 40◦C).
The resulting H2/airanode-front residence time (tresidence) for SUSD
experiments between 5 – 80◦C thus ranges from 1.3 – 2.4 s (see
Equation 20). Different H2 and airanode flows were only applied when
examining the residence time effect on SUSD degradation at 80◦C
(tresidence = 0.3 - 2.2 s) and the applied flows are reported there.

Linearized current density dependent SUSD degradation rates (in
units of mV/cycle) were obtained from the polarization curves (see
above) by determining the number of SUSD cycles required to induce
a 50 mV performance loss at any given current density (see Results and
Discussion). Since these are essentially independent of tresidence within
the examined range (see Results and Discussion), time-normalized
linearized SUSD degradation rates (in units of mV/cycle/s) are used
to compare the temperature dependence of the measured SUSD degra-
dation.

Quantification of electrode thicknesses.—Electrode thicknesses
were determined on cut-outs of either pristine CCMs or of
DM/CCM/DM sandwiches harvested after SUSD experiments. Five
quadratic cut-outs (≈1 × 1 cm2) were taken from each sample (one
from the center and one from each corner), embedded into a poly-
mer resin, and then ground and polished to a mirror finish. Catalyst
layer thicknesses were determined using a benchtop scanning electron
microscope (SEM; JCM-6000, JEOL GmbH) which was operated in
backscattering mode at an acceleration voltage of 15 kV and a magni-
fication of x1,000. Each cut-out was evaluated at five positions (i.e.,
25 measurements per sample) to obtain an average thickness and its
standard deviation (represented by error bars).

Kinetic H2/Airanode SUSD Model

A one-dimensional quasi-steady-state fuel cell model was em-
ployed to predict the temperature dependence of anode H2/airanode

front (SUSD) induced performance degradation by projecting car-
bon oxidation reaction (COR) currents versus temperature for the
two different cathode catalyst supports. The underlying assumptions
are that the SUSD degradation rate is directly proportional to the
carbon oxidation current (iCOR) on the fuel cell cathode induced by
H2/airanode fronts as well as that the cathode carbon support oxidation
is the only contribution to the measured performance degradation (as
shown later, this is true in most cases). The applied model is a slightly
modified version of the model presented by Gu et al.,22 principally
considering two conceptually separate but electrically short-circuited
electrochemical devices, viz., a fuel cell (FC) and an electrolytic cell
(EL) (see Figure 1b). Those are distinguished by the relative position
τ of the H2/airanode front moving through the fuel cell (τ ≡ 0 when
the entire anode is filled with airanode; τ ≡ 1 when the entire anode
is under H2, cf. Figure 1a). Since both devices form a closed elec-
trical circuit, both cell voltage and interchanged total current must
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match. In consequence, the quasi-steady-state condition is defined by
UFC = UEL, at which point the same current density (i) is flowing
through each of the four segments shown in Figure 1a. Even though
the model has already been discussed in detail by Gu et al. in Refer-
ence 22 we will reproduce parts of it here in order to specify all our
model parameters and to indicate the minor differences in the model.

Equation 1 shows the calculation of the cell voltage for the fuel
cell part (UFC)

UFC = Ecathode
ORR − Eanode

HOR − ηFC
mem − ηFC

cont − ηFC
H+ [1]

where Ecathode
ORR and Eanode

HOR represent the electrode potentials of cath-
ode and anode in the H2-filled segment of the cell (lower part in
Figure 1a). The η-terms refer to the overpotentials/voltage losses
induced by membrane protonic resistance (ηmem), electrical cross-
plane/contact resistances (ηcont), and effective proton conduction re-
sistance in the electrode in which the ORR occurs (ηH+). An analogous
equation can be written for the cell potential (UEL) of the conceptual
electrolyzer, based on the relevant reactions which are shown in the
upper segment of Figure 1a:

UEL = Ecathode
OER/COR − Eanode

ORR + ηEL
mem + ηEL

cont + ηEL
H+ [2]

Here, Ecathode
OER/COR is the electrode potential at the cathode, where both

the oxygen evolution and the carbon oxidation reaction (OER and
COR) occur simultaneously (see upper right segment of Figure 1a),
and (ηH+) is the loss by proton conduction resistance in the electrode
where OER/COR occurs (we neglect the proton conduction losses in
the anode, as it has only ≈1/4 of the thickness of the cathode); note
that throughout this manuscript we use a static definition of anode
(≡ electrode which is the H2-anode under normal operation) and cath-
ode (≡ electrode which is the air-cathode under normal operation),
independent of the actual reactions at the electrodes. Eanode

ORR then de-
notes the electrode potential of the anode electrode of the cell, where
the oxygen reduction reaction (ORR) occurs in the electrolytic part
of the cell (see upper left segment of Figure 1a). Note that capacitive
effects are neglected in this model, as the residence times used in our
SUSD temperature-dependence study (1.3 – 2.4 s) are long enough
for the contributions from capacitive effects to carbon corrosion to be
minor and can thus be neglected.13,22

For the fuel cell part, the positive electrode (see lower part in
Figure 1a) is associated with the oxygen reduction reaction (ORR),
and the corresponding electrode potential can be described by Tafel
kinetics:

Ecathode
ORR = Erev

ORR/OER − R · T

αC · F
· ln

[
icathode
ORR

i0 · Acathode
Pt · lcathode

Pt

]
[3]

Here, Erev
ORR/OER is the reversible potential of the ORR/OER at the given

temperature T and at the applied oxygen partial pressure, R is the
universal gas constant (8.314 J mol−1 K−1), αC is the cathodic transfer
coefficient for the ORR, F is the Faraday constant (96,485 C mol−1),
i0 is the exchange current density at the given conditions, and Acathode

Pt
and lcathode

Pt are the electrochemically active Pt surface area and the
Pt loading of the cathode electrode. The electrode potential of the
negative electrode of the fuel cell part (see lower part of Figure 1a) is
determined by the hydrogen oxidation reaction (HOR) kinetics:

Eanode
HOR = Erev

HOR + R · T

2 · F
· ianode

HOR

i0 · Aanode
Pt · lanode

Pt

[4]

where Erev
HOR is the reversible potential of the HOR (note that owing

to the fast HOR kinetics on Pt, a Butler-Volmer equation linearized
near zero overpotential is used – the highest value in this work is
≈1 mV; here the sum of the anodic and cathodic transfer coefficient
was assumed to be 2, in accordance with Gu’s original model22) and
the other parameters have the above defined meaning.

For the conceptual electrolytic part of the cell (see upper part of
Figure 1a), the anode is governed by the ORR, already described by
Equation 3 (see upper left part of Figure 1a), while in the cathode
both the oxygen evolution reaction (OER) and the carbon oxidation
reaction (COR) take place (see upper right part of Figure 1a). Hence,

at the cathode electrode potential of the electrolytic part of the cell
(Ecathode

OER/COR), both OER and COR currents are driven at rates commen-
surate with this potential:

Ecathode
OER/COR = Ecathode

OER = Ecathode
COR [5]

Here, Ecathode
OER and Ecathode

COR are the electrode potentials at which the
OER and COR take place, whereby the respective current densities
are described by the following Tafel kinetics:

Ecathode
OER = Erev

ORR/OER + R · T

αA · F
· ln

[
icathode
OER

i0 · APt · lcathode
Pt

]
[6]

Ecathode
COR = Erev

COR + R · T

αA · F
· ln

[
icathode
COR

i0 · AC · lcathode
C · (1 − �)m

]
[7]

In the latter equation, � describes the fraction of the carbon-support
that has already been oxidized to CO2; m describes the COR rate
dependence on �, whereby m ≈ 0 for graphitized carbons (i.e., the
COR is independent of the extent of already oxidized carbon), while
m is a positive number for conventional carbons (e.g., m = 10.4 for
Vulcan22), for which the COR decreases as the fraction of oxidized
carbon increases.12,13,22,24 Thus, since � increases with the number of
SUSD cycles, the COR currents for conventional carbon will also de-
crease. Projecting that the end-of-life carbon loss (�max) at an SUSD
temperature of 80◦C is likely in the region of 10 wt% (� ≈ 9 -10
wt% at an SUSD induced voltage loss of 50–100 mV for high-surface
area non-graphitized carbon based on Figure 6 in Reference 13), one
can calculate an effective average COR current factor for conven-
tional carbon by averaging the (1 − �)m term in Equation 7 between
� = 0 and � = �max (i.e., �−1

max · ∫�max
0 d�(1 − �)m). This yields a

value of 0.61 for m = 10.4 and �max = 10 wt%, which we used to
calculate average carbon corrosion currents on conventional carbon
electrodes (i.e., the (1 − �)m term in Equation 7 was replaced by 0.61
for conventional C MEAs).

At quasi-steady state, the total current that is supplied by the fuel
cell (lower part in Figure 1b) equals the total current consumed by the
electrolytic cell (upper part in Figure 1b) and will be referred to as
ISUSD. The local current densities in either part of the cell, iFC and iEL,
then scale inversely with the relative position of the H2/airanode front
τ. In the case of the electrolytic part of the cell, the current density iEL

is thus described by:

iEL = ISUSD

Acell · (1 − τ)
= ISUSD/Acell

(1 − τ)
[8]

where Acell refers to the total active area of the entire cell (50 cm2

in this study). Since in some cases the predicted ISUSD values are
relatively small, the current density in the fuel cell part (iFC) was also
corrected for the hydrogen crossover current density (iH2−cross).

iFC = ISUSD + Acell · τ · iH2−cross

Acell · τ
= ISUSD/Acell

τ
+ iH2−cross [9]

The value of iH2−cross was determined experimentally for each ex-
amined SUSD condition (i.e., at various temperatures, RH = 1, and
a total cell pressure of 50 kPagauge,inlet) and fitted to an Arrhenius type
relation, so that it is valid at constant total pressure of 50 kPagauge and
RH = 1:

iH2−cross = i∗H2−cross

tmem
·
(

pH2

p∗
H2

)
· exp

[
−Eact

H2−cross

R · T

(
1 − T

353.15

)]
[10]

Here, i∗H2−cross is the membrane thickness normalized reference hy-
drogen crossover current at 80◦C and p∗

H2
= 101.3 kPa, tmem is the

membrane thickness, Eact
H2−cross is the associated apparent activation

energy, and T is the temperature in units of Kelvin.
During the SUSD event, the quasi-steady-state current density in

the fuel cell part (iFC) caused by the flowing SUSD current (ISUSD)
and described by Equation 9 must equal the HOR current density in
the anode of the fuel cell part (ianode

HOR ; see Equation 4), which in turn
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must equal the ORR current density in the cathode of the fuel cell part
(icathode

ORR ; see Equation 3):

iFC = ISUSD/Acell

τ
+ iH2−cross = ianode

HOR = icathode
ORR [11]

Similarly, quasi-steady-state current density in the electrolytic part
(iEL) described by Equation 8 must be matched by the sum of the
current densities for the OER and the COR in the cathode of the
electrolytic part of the cell (icathode

OER and icathode
COR described by Equation

6 and Equation 7, respectively), which in turn must equal the ORR
current density in the anode (ianode

ORR ) of the electrolytic part:

iEL = ISUSD/Acell

(1 − τ)
= icathode

OER + icathode
COR = ianode

ORR [12]

Here, ianode
ORR is obtained from a Tafel kinetics equation analogous to

that given in Equation 3:

Ecathode
ORR = Erev

ORR/OER − R · T

αC · F
· ln

[
ianode
ORR

i0 · Aanode
Pt · lanode

Pt

]
[13]

The reversible potentials of for all of the above described reactions
are obtained from the Nernst equation:

Erev
j = E0

j + �Ej · (T − 298.15) + R · T

n · F
· ln

[∏
k (ao)νo∏
l (ar)

νr

]
[14]

where n is the number of electrons, T is the temperature in Kelvin,
and ao/ar are activities of oxidized/reduced species at stoichiometry
υo/υr, respectively, defined as the respective gas partial pressures (in
kPa) divided by the standard pressure of 101.3 kPa (i.e, ao = po

101.3 and
ar = pr

101.3 ); the activity for H2O was set to 1 as RH = 1. The terms E0
j

and �Ej represent the standard electrode potentials and its temper-
ature coefficient, respectively, for each of the considered reactions.
Nernstian corrections were carried out for O2, H2 and CO2, based on
the nominal gas composition (assumed 400 ppm of CO2 in air).

The exchange current densities under the actual reactant con-
centrations (i0) were obtained from the exchange current densi-
ties at reference conditions of 80◦C and activities of aj = 1
(i00 = i0|T=353.15 K, aj=1) for the HOR, the ORR, and the OER:

i0 = i00 · (ai)
γi · exp

[
− Eact

j

R · T
·
(

1 − T

353.15

)]
[15]

Here, γi is the reaction order with respect to the reactant i, and
Eact

j is the activation energy for reaction j. All thermodynamic and
kinetic parameters as well as the temperature dependence of the hy-
drogen crossover current density are given in Table II. For the COR,
aH2O = 1 in any case (as was kept RH ≥ 1 during the SUSD cycles),
thus the only correction of i00 was carried out via the Arrhenius term
in Equation 15.

Having described the kinetic overpotential losses to determine the
anode and cathode electrode voltages in Equations 1 and 2, we now
describe the equations used to determine the ohmic voltage losses. The
voltage loss by proton conduction resistance through the membrane
is given by (taken from Ref. 22):

ηFC/EL
mem = iFC/EL · tmem(

8.81 · 10−2 · RH1.84 · exp

[
− Eact

H+
R·T

(
1 − T

353.15

)])
[16]

Whereby the tmem refers to the membrane thickness (15 or 18 μm)
and the apparent activation energy for proton conduction (Eact

H+ )
was taken as 6 kJ/mol.22 The electrical bulk and contact resis-
tances (ηFC/EL

cont. ) were obtained from the measured electronic resistance
(Rcont. = 20 m � · cm2) at the given cell compression:

η
FC/EL
cont. = iFC/EL · Rcont. [17]

Finally, the proton conduction through the cathode electrode was
determined by the following equation given in Reference 22 and as-
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MEAs with conventional/graphitized carbon supports of the cathode catalysts
(full/dashed lines) for 5 and 80◦C (blue and red lines, respectively). The vertical
drop lines mark the intersections of the polarization curves for the fuel cell
and the electrolytic part of the cell. Lower part: Full/open symbols indicate the
fraction of the total current going into the COR (see Equation 19) for MEAs
with conventional/graphitized cathode carbon supports. This plot is based on
a H2/airanode location τ = 0.5 and a total gas pressure of p = 50 kPagauge, at
RH ≥ 1.

suming tcathode = 30 μm/(mgPt · cm−2):

η
FC/EL
H+ = iFC/EL · lcathode

Pt · tcathode

3 ·
(

2.23 · 10−2 · RH2.84 · exp

[
− Eact

H+
R·T

(
1 − T

353.15

)])
[18]

Under the simplifying assumption that the OER in the electrolytic
part of the cell can be neglected, an analytical expression for the po-
larization curve of the electrolytic cell could be obtained. However, in
the case of using a cathode catalyst with a graphitized carbon support,
the effective potential in the cathode of the electrolytic part of the cell
increases to values at which the OER currents become substantial, so
that this simplifying assumption is not anymore satisfied.22 Therefore,
the value of the SUSD current (ISUSD) was determined by first evalu-
ating the cell voltage versus the effective current density (ISUSD/Acell)
for the fuel cell part of the cell (HOR on the anode and ORR on the
cathode) and for the electrolytic part of the cell (ORR on the anode
and COR/OER on the cathode), in which case the quasi-steady-state
ISUSD/Acell value could be obtained from the intersection of the two
polarization curves. This is shown in Figure 3 for a H2/airanode front po-
sition of τ = 0.5 s, which is generally considered to be a good estimate
for obtaining the τ-averaged SUSD current (discussed in Reference
22 and verified later on). For both conventional C MEAs (solid lines
in Figure 3) and graphitized C MEAs (dashed lines in Figure 3), the
cell voltage curve for the fuel cell part of the cell (monotonically de-
creasing lines) are, as one would expect, essentially identical. There is
also very little difference with temperature of the fuel cell polarization
curves at 80◦C (red lines) compared to 5◦C (blue lines), which is due
to the very low activation energy if evaluated at constant cell poten-
tial, as described by Neyerlin et al.26 On the contrary, the polarization
curves for the electrolytic part of the cell (monotonically increasing
lines in Figure 3) show a very strong dependence on both temperature
and carbon type, which is due to the very high activation energy for
the COR (see Table II). The quasi-steady-state SUSD current den-
sity (expressed as ISUSD/Acell shown as x-axis in Figure 3) flowing
through both the fuel cell and the electrolytic part of the cell corre-
sponds to the intersection of the respective fuel cell and electrolytic cell
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Table II. Kinetic parameters used in the SUSD model (the references from which the parameters were obtained are given in parentheses for each
reaction). Hydrogen crossover was determined experimentally as a function of temperature at constant total pressure of 50 kPagauge and fitted to
Equation 10 for RH ≥ 1.0 experimentally.

Parameter Value Unit

HOR21,24

i00 Exchange current density at reference conditions (80◦C,
101.3 kPa H2)

0.3 A/cm2
Pt

Eact Activation energy 10 kJ/mol
γ (H2) Hydrogen reaction order 1
E0 Standard electrode potential 0 V
�E Temperature coefficient 0 V/K

ORR21,25

i00 Exchange current density at reference conditions (80◦C,
101.3 kPa H2)

2.47 · 10−8 A/cm2
Pt

Eact Activation energy 67 kJ/mol
γ (O2) Oxygen reaction order 0.79
αC Cathodic transfer coefficient 1
E0 Standard electrode potential 1.2291 V
�E Temperature coefficient −8.456 · 10−4 V/K

OER21

i00 Exchange current density at reference conditions (80◦C,
101.3 kPa H2)

1.89 · 10−9 A/cm2
Pt

Eact Activation energy 38 kJ/mol
γ (H2O) Water reaction order 0.88
αA Anodic transfer coefficient 0.65
E0 Standard electrode potential 1.2291 V
�E Temperature coefficient −8.456 · 10−4 V/K

COR
conventional / graphitized (11, 12, 21)

i00 Exchange current density 1.03 · 10−18 / 2.17 · 10−19 A/cm2
Pt

Eact Activation energy 134 / 140 kJ/mol
αC Cathodic transfer coefficient 0.67 / 0.65
E0 Standard electrode potential 0.2073 V
�E Temperature coefficient −8.53 · 10−4 V/K

iH2−cross|50 kPagauge

i∗H2−cross Thickness normalized reference H2 crossover (80◦C,
101.3 kPa H2)

5.2 · 10−6 A · cm/cm2

Eact Effective activation energy 27 kJ/mol

polarization curves and is marked by the four vertical lines in Figure 3.
It is obvious that these intersects occur at higher values of ISUSD/Acell

in the case of MEAs based on conventional carbon supports (solid
lines) compared to MEAs with graphitized carbon supports (dashed
lines). Furthermore, Figure 3 also predicts a rather large decrease of
ISUSD/Acell when lowering the temperature from 80 to 5◦C (red vs.
blue lines), by a factor of ≈8 for conventional C MEAs and ≈5 for
graphitized C MEAs.

In order to quantify the quasi-steady-state COR current density in
the electrolytic part of the cell, the determined ISUSD/Acell values must
be multiplied by the fractional contribution from the COR (χCOR), i.e.,
by the fraction of iEL provided by the COR:

χCOR = icathode
COR

icathode
COR + icathode

OER

[19]

For conventional carbon supports, χCOR is essentially one at 80◦C
(solid red square in Figure 3) and χCOR ≈ 0.85 at 5◦C (solid blue
square in Figure 3), which is due to the fact that the COR kinetics are
much faster than the OER kinetics for Pt catalysts with conventional
carbon supports. On the other hand, for graphitized carbon supports,
χCOR ≈ 0.75 at 80◦C (open red circle in Figure 3) and drops to χCOR

≈ 0.1 at 5◦C (open blue circle in Figure 3), reflecting both the more
similar COR and OER kinetics for Pt catalysts with graphitized carbon
supports and the much higher activation energy for the COR compared
to the OER (see Table II).

The thus obtained value of χCOR · ISUSD/Acell represents the COR
current which flows in the electrolysis part of the cell for a H2/airanode

front position of τ = 0.5 (i.e., located towards the anode outlet during
start-up and towards the anode inlet during shut-down) referenced to
the entire active area of the cell (Acell). In the case where capacitive
effects are negligible (i.e., for residence times between 1.3 and 2.4 s as
applied in this study, as discussed above), ISUSD and χCOR are identical
for the start-up and the shut-down process, so that χCOR · ISUSD/Acell

is indeed a reasonably good measure for the effective average carbon
oxidation current density at each location of the cathode active area
over a complete SUSD cycle. This was shown in SUSD experiments,
where the distribution of the carbon oxidation rate was measured ei-
ther by local CO2 evolution measurements,17 or where it was inferred
from local cathode thinning measurements,22 both showing that the
local carbon support oxidation over a complete SUSD cycle is reason-
ably constant, with slightly more damage occurring in the mid-point
position.17,22 This is the reason why the analysis shown in Figure 3, at
a fixed H2/airanode front position of τ = 0.5, has been used previously
to estimate the area averaged SUSD damage.22

As a matter of fact, Gu et al.22 stated that the carbon oxidation
currents obtained in an analysis with τ = 0.5 (as done in Figure 3)
are representative not only of the area averaged but also of the resi-
dence time averaged damage. That this is indeed the case can be seen
from Figure 4, where χCOR · ISUSD/Acell and χCOR are shown vs. the
H2/airanode front position (τ) for both conventional and graphitized
cathode carbon supports. Clearly, as one would expect, the magnitude
of the predicted average COR current density strongly depends on the
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Figure 4. Upper panel: Carbon oxidation reaction (COR)
current densities averaged over the cathode active area for
SUSD temperatures from 5 - 80◦C (see legend in lower
left panel) versus relative H2/airanode front position (τ = 0
means only air is in the anode, τ = 1 means only H2 is in
the anode) on a) conventional and b) graphitized cathode
carbon supports. Lower panel: fractions of the SUSD current
consumed by the COR (χCOR; see Equation 19) for each
carbon support type. Note that the COR current density
scale is different by a factor of 5 for a) and b).

H2/airanode front position, with a maximum value near τ ≈ 0.6 for con-
ventional carbon supports (upper panel of Figure 4a) and near τ ≈ 0.3
for graphitizes carbon supports (upper panel of Figure 4b), whereby
the predicted COR currents are clearly higher on conventional than
on graphitized carbon supports. Interestingly, the extent of the SUSD
current going into the COR vs. the OER is essentially independent
of the H2/airanode front position (see lower panels in Figure 4). The
SUSD damage averaged over the passage of the H2/airanode front (i.e.,
averaged over the H2/airanode front residence time) then corresponds to
the COR current density integrated over the front position τ, indicated
by the hatched areas below each curve in Figures 4a and 4b.

Table III shows the different COR current densities estimated from
either the approximate analysis at a fixed τ value of 0.5 or from a more
precise integration over τ. While the latter yields ≈30% lower values,
this difference is independent of both temperature and carbon type,
so that the more simple analysis at a fixed value of τ = 0.5 should
be able to capture the temperature and materials dependence of the
SUSD damage. Nevertheless, for the remainder of this study, we
used the values obtained by integration over τ, in order to avoid any
potential ambiguities.

Results and Discussion

Figure 5a shows a typical set of polarization curves for a graphi-
tized C MEA after 0, 50, 100 and 150 H2/airanode front start-up/shut-

Table III. Comparison of COR current densities calculated either
from assuming a fixed value of τ = 0.5 (i.e., when the H2/airanode
front has passed half of the cell) or from properly integrating
over the range of 0.01 ≤ τ ≤ 0.99. Calculations were done for
conventional cathode carbon supports (“Conventional C MEA”)
and graphitized cathode carbon supports (“Graphitized C MEA”),
for temperatures between 5 and 80◦C and for RH = 1 and a cell
pressure of 50 kPagauge. The lowest line for each carbon type is the
ratio of the values obtained by the two different methods.

COR current
density [mA/cm2] T [◦C] 80 60 40 25 15 5

Conventional C MEA integrated 70 50 30 19 13 9.1
τ = 0.5 93 65 39 24 17 12

ratio 1.3 1.3 1.3 1.3 1.3 1.3
Graphitized C MEA integrated 14 7.7 3.3 1.4 0.7 0.4

τ = 0.5 17 9.7 4.1 1.8 0.9 0.5
ratio 1.3 1.3 1.3 1.3 1.3 1.3

down cycles on the anode side (SUSD cycles) while air is continuously
flowing through the cathode. By comparing the initial polarization
curve with the set of polarization curves after SUSD cycling (shown
after 50, 100, and 150 cycles), the observed voltage losses are obvi-
ously more severe at higher current densities than in the low current
density region. This is commonly explained with the oxidation of the
cathode catalyst carbon support, and the subsequently increased mass
transport resistance due to structural changes and, ultimately, the col-
lapse of the porous electrode structure. On the other hand, the voltage
losses observed at low current densities are mainly attributed to the
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UCell as function of performed SUSD cycles for four selected current densities
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degradation rates are obtained. H2/air polarization curve conditions: Tcell =
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Tcell = 80◦C, RH = 1.0, pcell = 50 kPagauge,inlet, H2 and airanode flow rates at
the anode as well as cathode air flow rates were all kept at 113 nccm. 50 cm2

MEA with graphitized carbon supported electrodes, 0.1/0.4 mgPt/cm2
Electrode

(anode/cathode), 15 μm low-EW PFSA membrane.
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decrease of the electrochemically active surface area (ECSA).11 In
order to quantify the voltage losses in both the high and low current
density region, cell voltages as a function of conducted SUSD cy-
cles at four different current densities are plotted in Figure 5b. Here,
linear trend lines up to an SUSD induced voltage loss of 50 mV
were fitted (least-square regression), from which the linearized SUSD
degradation rate used throughout this work was determined (in units
of mV/cycle). It should be noted that the thus determined degrada-
tion rates do depend on the selected voltage loss range, owing to the
increasing non-linearity of the voltage loss vs. the number of SUSD
cycles with increasing voltage loss. In our study we observed a rea-
sonably linear behavior up to voltage losses of 50 mV, which may be
compared to other cut off values used in the literature (e.g., 30 mV
in Reference 27 or 100 mV in Reference 12). The value of 50 mV
chosen here is, we believe, a good compromise between obtaining a
sufficiently linear response and the maximum acceptable SUSD loss
in automotive applications, especially considering that SUSD induced
voltage losses are only one of the various contributions to cell voltage
degradation during fuel cell lifetime.27

Residence time normalized SUSD degradation rates.—The
H2/airanode front residence time for accelerated SUSD degradation
tests is usually on the order of ≈1 s. However, practically relevant
residence times in fuel cell applications are more like on the order of
≈0.1 s.15 Thus, to project SUSD-induced degradation rates from ac-
celerated SUSD tests towards automotive timescales, a more general
definition of the degradation rate – independent of the actual H2/airanode

front residence time tResidence – is desirable. Yu et al. demonstrated for
low polarization current densities, that the degradation rate is linearly
correlated with tResidence,12 allowing for a normalization of the degra-
dation rate to tResidence. It should be noted that for very short residence
times (< 0.5 s13), capacitive effects may lead to lower tResidence normal-
ized SUSD degradation rates than those determined from accelerated
tests,22 but the latter nevertheless provide a reasonably good estimate.
The residence time is calculated from the applied dry gas flow rate un-
der standard conditions ( V̇

dry
0 in units of nccm), the internal flow-field

volume (VFF = 2.35 cm3), and the void volume of the compressed
gas diffusion layer (VGDL ≈ 0.72 cm3), whereby the actual wet gas
flow rate (V̇wet

T,p,RH) at any given temperature (T), RH, and cell pressure

(pcell) is calculated from the water saturation pressure (pH2O,sat.
T ) and

the ideal gas law:

tResidence = VFF + VGDL

V̇wet
T,p,RH

= VFF + VGDL

V̇dry
0 · p0

pgas
· T

T0

[20]

Here, T0 = 273.15 K, p0 = 101.3 kPa, and pgas = pcell − pH2O =
pcell − RH · pH2O.sat.

T .
Figure 6a shows the degradation rates (linearized for up to 50 mV

voltage loss and in units of mV/cycle) for various current densities as
a function of tResidence, measured for conventional C MEAs at 80◦C.
Apparently, the correlation between degradation rate and tResidence is
rather linear, starting to deviate only at residence times approaching
≈2 s. This can possibly be attributed to i) diffusional broadening of
the H2/airanode front at low gas flow rates in the experimental set-
up and/or ii) to reactant depletion in the flow-field at long residence
times, as reported by Yu et al.13 Figure 6b re-plots the data normalized
to tResidence (i.e., in units of mV/cycle/s), including data reported by
Yu et al.,12 at 200 mA/cm2 which are in excellent agreement with
our measurements. Furthermore, the tResidence normalized degradation
rates for each current density are reasonably independent of residence
time, rendering the normalization of SUSD degradation rates to the
H2/airanode front residence time a good approximation over the inves-
tigated residence time range.

Measured vs. projected temperature dependent SUSD degra-
dation rates.—Figure 7 summarizes the residence time normalized
SUSD degradation rates (in mV/cycle/s) versus temperature in an Ar-
rhenius type plot at various current densities for conventional C MEAs
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(solid symbols) and graphitized carbon MEAs (open symbols). At
80◦C, the experimentally determined 2 - 3 times lower SUSD degra-
dation rates for graphitized C MEAs are in good agreement with the
factor of 2.5 - 3.5 determined at 0.2 - 1.2 A/cm2 by Yu et al.13 To the
best of our knowledge, Figure 7 is the first systematic study of the
temperature dependence of SUSD degradation rates, quantifying the
decrease of the SUSD degradation rates from 80 to 5◦C, by a factor
of ≈10 - 15 for conventional cathode carbon supports (upper shaded
area in Figure 7) and by a similar factor of ≈10 - 15 for graphitized
cathode carbon supports (lower shaded area in Figure 7). It is interest-
ing to note, however, that the SUSD degradation rate decreases faster
with temperature for graphitized C MEAs in between 80◦C and room
temperature, but that their SUSD degradation rate at low tempera-
tures exhibits a substantially weaker temperature dependence. As a
consequence, below room temperature, the SUSD degradation rates
of graphitized and conventional C MEAs are approaching each other,
so that the SUSD stability advantage of graphitized carbon supports
over conventional carbon supports apparently diminishes. This raises
the question whether graphitized carbon supports will offer significant
advantages over conventional carbon supports with regards to SUSD
degradation, since SUSD effects in state-of-the-art fuel cell systems
mostly occur at low temperatures (see Introduction).

Next we will compare the temperature and carbon support depen-
dence of the measured tResidence normalized SUSD degradation rates
with our modeled COR oxidation rates. In the range where the volt-
age loss vs. the number of conducted SUSD cycles is roughly linear
and under the assumption that the slight variation of carbon oxida-
tion across the cathode active area can be neglected, it is reasonable
to assume that the modeled COR oxidation rates (see “integrated”
values in Table III) be roughly proportional to the tResidence normal-
ized SUSD degradation rates. The calculated COR current densities
are plotted on the right y-axis in Figure 7 for both conventional C
MEAs (solid line) and graphitized C MEAs. The difference in COR
current density for conventional and graphitized MEAs at 80◦C is a
factor of ≈5 (see solid vs. dashed line in Figure 7) and thus larger
than the experimentally observed difference in SUSD degradation
rates of ≈3 (see solid vs. open symbols in Figure 7). Nevertheless,
considering all the simplifying assumptions and the limited accu-
racy of the kinetic parameters (particularly for the COR) required for
the model (see Table II), a prediction within a factor of ≈2 is quite
good.

A further, implicit simplification of our model is that the COR
oxidation rates are calculated based on beginning-of-life (BOL) po-
larization curves, neglecting that the gradually degrading cathode
electrode is increasingly hindering the ORR on the FC part of the cell
at increasing numbers of SUSD events (see Figure 1). This would, in
principle lead to lower internal SUSD currents ISUSD, thus finally low-
ering COR oxidation rates (see Equations 11 and 12) over the course
of SUSD cycling experiments. One can try to give a rule-of-thumb
estimate for the magnitude of this effect. Local ORR current densities
occurring during SUSD can be obtained from Figure 4, dividing the
y-axis by χCOR and by τ (cf. Equation 11; H2 crossover is negligible
at the relevant current densities). As a result, the highest local current
densities are on the order of 0.2 - 0.3 A/cm2 (in the worst case, i.e.,
for conventional C MEAs at 80◦C). From the diagnostic polarization
curves taken in between SUSD cycles, the EOL (end-of-life) polar-
ization loss (defined to be 50 mV compared to the BOL value) at
200 mA/cm2 is known (although the polarization curves in the study
were not performed at identical conditions as the SUSD experiments,
we take this value as an estimate for the penalty due to hindered oxy-
gen mass transport during SUSD at EOL). However, comparing the
calculated COR current density not only to the experimental degrada-
tion rates obtained at 200 mA/cm2, but also to those obtained at 800,
1200 and 1500 mA/cm2 where the EOL criterion of 50 mV loss is
fulfilled after different numbers of SUSD cycles for each current den-
sity, a representative average needs to be found in order to reference
it to the calculated COR current density. A reasonable means could
be one of the intermediate current densities (800 or 1200 mA/cm2),
where approximately half the number of cycles necessary to reach

50 mV performance loss compared to 200 mA/cm2 (an analogue plot
to Figure 5 but for conventional C MEAs would show this). This
means, that at 200 mA/cm2, which we use as a prediction for the hin-
drance of ISUSD over the number of cycles performed, we can expect
≈0.5 · 50 mV = 25 mV mass transport penalty. If one translates this
into a projected difference of ISUSD (see Equation 3), it would mean a
reduction to ≈45% of the initial value at EOL, and (assuming linear
behavior over SUSD cycles) to ≈73% on average. Note that exercising
this estimation for lower temperatures and for graphitized C MEAs
yields significantly lower BOL values for ISUSD, thus lower local oxy-
gen reduction current densities during SUSD, ultimately leading to
less significant decay of COR current density over the SUSD cycling
experiments. In conclusion, the error introduced by ignoring the de-
cay in polarization curves over SUSD cycles on the COR current
density would be largest for conventional C MEAs at high tempera-
tures, while this error is minor for graphitized C MEAs over the full
temperature range and for conventional C MEAs at low temperatures.
Thus, the left hand side of the full line in Figure 7 would be shifted
slightly to lower values (to ≈73% of its shown value), while shifting
the right hand side (low temperatures) as well as the complete dashed
line (projected COR current densities on graphitized C MEAs) only
marginally. Admittedly, this would qualitatively lower the factor for
the projected COR currents of conventional C MEAs between 5 and
80◦C. However, as this rough estimate has to rely on many additional
assumptions – appropriate cycle number, cell voltage penalty (only es-
timated from polarization curves, etc.) – with associated uncertainties
and as the resulting change of <30% is presumably small compared
to the overall precision of the model, it is not being considered in the
further analysis.

In the case of conventional C MEAs, temperature dependence of
the projected (solid line) and experimentally determined tResidence nor-
malized SUSD degradation rates (solid symbols) are in good agree-
ment, with a projected factor of ≈8 versus an experimentally observed
factor of ≈10 - 15 between 5 and 80◦C (see Figure 7). On the other
hand, for graphitized C MEAs, the projected (dashed line) and mea-
sured (open symbols) temperature dependence only agrees for tem-
peratures between 25 and 80◦C (projected factor of ≈10 vs. measured
factor of ≈10 - 15), while at T < 25◦C, the measured degradation rates
display a much weaker temperature dependence than what would be
predicted by the model. Quite obviously, the in comparison to con-
ventional C MEAs projected increasingly superior SUSD stability of
graphitized C MEAs with decreasing temperature (see Table III and
solid vs. dashed lines in Figure 3) is at variance with our experimental
SUSD data. As the model solely takes into account carbon corrosion
to project performance loss, this suggests that some other degradation
mechanism may become governing under conditions where the SUSD
induced carbon corrosion becomes very small (i.e., at low tempera-
tures and for graphitized supports).

With experimental tResidence normalized degradation rates in the
vicinity of 0.03 mV/cycle/s, it may be hypothesized that the pre-
dominant degradation mechanism transitions from structural electrode
degradation induced by carbon oxidation to voltage losses caused by a
loss of the electrochemically active surface area (APt). This would be
consistent with the high activation energy for the COR (see Table II)
and the fact that a large number of SUSD cycles is required at low
temperatures to result in a voltage loss of 50 mV for which we deter-
mined the linearized SUSD degradation rates. To test this hypothesis,
one can examine the change of the electrochemically active surface
area of the cathode of the graphitized C MEA over the number of
SUSD cycles. Figure 8 shows the electrochemically active surface
area obtained by cyclic voltammetry and normalized to its BOL value
([APt]cycle#/[APt]BOL), with [APt]BOL = 42 m2/gPt (see Table I) vs. the
number of SUSD cycles. From Figure 8 one can now determine the
remaining platinum surface area at the number of SUSD cycles at
which the SUSD degradation rate was determined, i.e., the number
of SUSD cycles where the voltage loss at 0.2 A/cm2 amounted to
50 mV, furtheron referred to as end-of-life condition (EOL). These
are indicated by the dashed vertical lines in Figure 8 (see also 4th col-
umn in Table IV), together with the remaining normalized Pt surface
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Figure 8. Relative remaining electrochemically active platinum surface area
of cathode electrode ([APt]cycle#/[APt]BOL) as a function of the number of
SUSD cycles conducted on graphitized C MEAs. The number of SUSD cycles
at which a 50 mV SUSD loss at 0.2 A/cm2 was obtained is indicated by
vertical dashed lines, together with the relative platinum surface area at this
point (referred to as end-of-life (EOL)). The testing protocol for these data is
the same as that listed in the caption of Figure 7.

area ([APt]EOL/[APt]BOL; s. dotted horizontal lines in Figure 8 and 2nd

column in Table IV).
From [APt]EOL/[APt]BOL one can estimate the ORR kinetic loss

caused by the loss of active platinum surface area, which can be
derived from Equation 3:

�Ecathode
ORR = RT

αCF
· ln ([APt]EOL /[APt]BOL) [21]

where aC = 1 (see Table II). The apparent tResidence normalized
SUSD degradation rate due the purely ORR kinetic losses, calcu-
lated from the measured Pt surface area loss, is then simply described
by �Ecathode

ORR /(#SUSDEOL · tResidence). This analysis is summarized in
Table IV for the SUSD experiments on the graphitzed C MEAs be-
tween 5 and 80◦C. The apparent tResidence normalized SUSD degrada-
tion due to the loss of Pt surface area is also shown in Figure 7, (orange
asterisks), illustrating that the purely kinetic ORR voltage losses due
to Pt surface area loss with graphitized C MEAs are significantly
below the overall SUSD degradation rates at high temperatures, but
represent a more and more significant fraction at room temperature
and below. This is also reflected by the temperature dependence of
the SUSD degradation rate of graphitized C MEAs, which follows the
trend predicted by the kinetic carbon oxidation model at high temper-
atures, while it follows the trend predicted by the Pt surface area loss
induced ORR kinetic voltage loss at room temperature and below.

Table IV. Relative loss of active platinum surface area
([APt]EOL/[APt]BOL) from beginning-of-life (BOL) to end-of-life
(EOL), whereby the latter is defined at a H2/air performance loss
of 50 mV at at 0.2 A/cm2 and the number of SUSD cycles up to this
point are referred to as #SUSDEOL. These values are obtained from
the data shown in Figure 8 for the different SUSD temperatures
(TSUSD). The ORR kinetic loss (�Ecathode

ORR ) caused by the relative
Pt surface area loss is calculated by Equation 21. The apparent
degradation rate predicted purely by the platinum surface area loss
(last column) corresponds to �Ecathode

ORR /(#SUSDEOL · tResidence).

TSUSD [APt]EOL/ �Ecathode
ORR #SUSDEOL tResidence app. deg. rate

◦C [APt]BOL mV SUSD cycles s mV/cycle/s

5 0.29 37 1200 2.4 0.013
5 0.45 24 800 2.4 0.013
5 0.46 24 900 2.4 0.011
5 0.38 29 900 2.4 0.013
15 0.52 20 560 2.3 0.016
25 0.41 27 500 2.2 0.025
40 0.36 31 500 2.0 0.030
60 0.53 20 270 1.7 0.042
80 0.50 21 160 1.3 0.102
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Figure 9. Anode and cathode electrode thicknesses of graphitized C MEAs
before and after SUSD cycling at 5 and 80◦C determined by scanning electron
microscopy cross-sections (see Experimental section). The inset shows the total
number of SUSD cycles each MEA underwent until cross-sectional imaging
was done and the associated voltage loss during a polarization curve at 200
mA/cm2 with respect to the initial performance.

The hypothesis that the SUSD degradation rate on the graphitized
C MEA transitions from a predominantly carbon corrosion induced to
a Pt surface area loss induced mechanism as the SUSD temperature
is decreased from 80◦C to 5◦C, is further supported by the observed
electrode thinning dependence on SUSD temperature (Figure 9). Ap-
parently, at 80◦C the EOL cathode thickness is only ≈50% its initial
value (at 50 mV performance loss at 0.2 A/cm2; see inset in Fig-
ure 9), indicating a structural collapse of the electrode which requires
a carbon weight loss ≥10 wt%.12,24 On the other hand, at 5◦C the
remaining thickness is > 80% of its initial value (after a much higher
performance loss of 95 mV at 0.2 A/cm2; see inset in Figure 9), indi-
cating that the electrode structure remains essentially intact and that
the carbon weight loss must be << 10 wt%.12,24

At last, one may consider the question whether the effective
0 ↔ 1 V potential cycling of the anode produced by the H2/airanode

front might lead to carbon corrosion of at the anode, which is known
to occur also upon potential cycling between 0 V (H2 part of the
H2/airanode front) and 1 V vs. reversible hydrogen electrode (air part
of the H2/airanode front),28,29 with substantial carbon corrosion rates
even measured for cycles between 0.4 and 0.95V.30 Measurements of
the anode thickness indeed show that it decreases by ≈25% over the
course of extended SUSD cycles (Figure 9), but this seems to be inde-
pendent of whether the SUSD tests were conducted at 5◦C or at 80◦C.
Therefore, we believe that the temperature dependence of the SUSD
degradation is not related to voltage cycling induced degradation of
the anode.

In conclusion, the degradation rate due to SUSD cycles is mitigated
by both changing carbon support from conventional to graphitized
carbon and by decreasing the SUSD temperature. While for the tested
graphitized C MEAs a temperature decrease below 25◦C did not lower
the SUSD degradation rate anymore, this can well be explained by the
loss of electrochemically active surface area (i.e., by the effect of Pt
surface area loss on the ORR kinetics) rather than by carbon corrosion
becoming limiting at low temperatures.

Conclusions

In this study, we present the first systematic data set of degrada-
tion rates induced by repeated SUSD cycling between 5 and 80◦C
for both MEAs with conventional carbon supports and graphitized
carbon supports in the catalyst layers. In both cases, the degradation
rates obtained via polarization curves and expressed as H2/airanode

front time normalized voltage loss per cycle SUSD decrease by a
factor of ≈10 from 80 to 5◦C. For conventional C MEAs, this trend
is in good accordance with carbon corrosion currents projected over
the same temperature range by a kinetic model, slightly modified
from the one presented by Gu et al.22 For graphitized C MEAs, in
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contrast, the kinetic model predicts a much stronger effect of tem-
perature (factor of ≈39 between 5 and 80◦C). This discrepancy can
be explained by the significant contribution from voltage cycling in-
duced platinum surface area loss and the associated ORR kinetic loss.
The latter exhibits a much weaker dependency on temperature than
the carbon corrosion currents projected by the kinetic model. Thus,
at elevated SUSD temperatures (80 – 25◦C) performance degrada-
tion is limited by carbon corrosion, whereas the kinetic penalty due
to platinum surface area loss is determining performance losses be-
low 25◦C, resulting in levelling-off overall degradation rate in this
temperature range. For this reason, at SUSD temperatures relevant
for state-of-the-art PEMFC systems (near/below room temperature),
the apparent SUSD degradation rates on graphitized carbon supports
are only better by a factor of 2 compared to conventional carbon
supports.
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