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Abstract

Three catalytic layers containing Pt nanoparticles supported on high surface area carbon of different Pt loading but
with the same total amount of platinum and therefore of different thickness were employed as cathode catalytic layers
(CCLs) in a PEM fuel cell. The layers were subjected to a degradation protocol with an upper potential limit of
1.5 V. Upon exposure to the degradation protocol particle size increased, the electrochemical areas (ECAs) of the
catalysts decreased, the catalytic layers became thinner, and the average pore size decreased, indicating both carbon
and Pt corrosion. The relative decrease in the ECA was approximately the same for all three layers and was therefore
approximately independent of CCL thickness. For all samples the reaction order with respect to oxygen was one
half and the samples showed doubling of the slope of the potential vs. log current curve (dE/d log i) at high current
densities. This indicates that kinetics control the potential at low currents and kinetics and proton migration (ohmic
drops in the catalytic layer) at high. However, the degradation protocol also introduced limitations due to oxygen
diffusion in the agglomerates. This led to a quadrupling of the dE/d log i-slope in 13% oxygen in the samples with
the highest catalyst area per volume. For the sample with the lowest catalyst area per volume this slope increased by a
factor of six in 13% oxygen, indicating that the local current density exceeded that required for the Tafel slope of the
oxygen-reduction reaction (ORR) to double.
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1. Introduction

To overcome the cost issue as a major barrier limiting
the large-scale commercialization of proton exchange
membrane fuel cells (PEMFCs) is a central focus of
PEMFC research [1, 2, 3, 4, 5, 6]. An important part of
the PEMFC for which substantial cost reductions would
be possible is the catalytic layer, which typically con-
sists of carbon material, ionomer and platinum. In a typ-
ical PEMFC catalytic layer a Pt electrocatalyst is sup-
ported on a carbon black such as Vulcan XC-72 which
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has a low cost and high availability. Given the lim-
ited availability and high cost of precious metals such
as Pt, optimization of catalyst layer structure is of par-
ticular importance for large-scale PEMFC deployment.
Evidence exists to show that catalyst layer imperfec-
tions such as a spot with restricted metal loading have a
substantial effect on both membrane-electrode assembly
(MEA) performance and durability [7, 8, 9]. This shows
the importance of studies on catalyst layers in the larger
context of PEMFC commercialization.

The thickness the catalyst layers have been shown
experimentally [10, 11, 12, 13, 14, 15] and theoreti-
cally [16, 17, 18, 19, 20, 21, 22, 23] to be decisive
in determining the performance of the layers. From
the data of Wilson and Gottesfeld [24] a thickness of
around 4 µm appears to strike an optimum compro-
mise in terms of catalyst utilization and performance for
catalyst-coated membrane (CCM) electrodes. Ticianelli
and co-workers [10] showed that performance of porous
gas diffusion electrodes prepared by impregnating car-
bon cloth with Pt/C catalysts improved with increasing
wt % of Pt in the Pt/C catalyst for a constant total Pt
loading of 0.4 mg cm−2 and for catalysts of narrow and
reasonably similar size distributions. However, these
electrodes were impregnated with Nafion R© for which
the penetration depth into the carbon-cloth support were
the same in all cases. Paganini et al. [13] performed
similar studies on electrodes prepared by applying cat-
alyst inks to the diffusion layer electrodes by brushing
for a number of catalytic layers differing in thickness
but with a constant total mass of Pt per geometric area
(0.4 mg cm−2). Also in this case did the performance
improve with increasing wt % of Pt in the Pt/C catalyst
and thus with decreasing thickness of the catalytic layer.

In addition to affecting the effectiveness and overall
performance of the catalytic layers the electrochemi-
cal characteristics may also change. da Silva and Ti-
cianelli [12] showed that the slopes of the potential vs.
log current density curves (i. e. dE/d log i where E is
the potential and i the current density) are very sensi-
tive to the thickness of the catalytic layers, c. f. also
Ref. [16]. Characterization of carbon-cloth supported
Pt/C electrodes in aqueous solutions of H2SO4 demon-
strated an increase of the dE/d log i slope from approx-
imately 70 mV at low current density up to almost four
times this value at high current densities. A comparison
with theoretical models led to an interpretation accord-
ing to which various limiting factors kick in at differ-
ent potentials, including an inherent change in the Tafel
slope of the oxygen-reduction reaction (ORR), diffusion
limitations in flooded agglomerates containing the cat-
alyst, and ohmic losses in the CCL. Processes at the

PEMFC cathode are thus very complex, and compli-
cated transport and electrochemical reaction phenom-
ena are operative in the porous cathode catalytic layer
(CCL) simultaneously.

An issue as important as the performance per se is
the durability of the CCL. Thermodynamically the car-
bon support is expected to oxidize to CO2 and CO at
potentials higher than 0.2 V vs. the reversible hydrogen
electrode (RHE) [25]. On the other hand, under fuel
cell operating conditions and cathode potentials around
0.6 − 0.9 V vs. RHE, the kinetics of carbon corrosion
are still quite slow. In practice, potentials higher than
1.2 V vs. NHE are required to corrode the carbon sup-
port at sufficiently high reaction rates to cause a signifi-
cant degradation to the PEMFC electrode [26].

Recent research [27] indicates that the CCL expe-
riences a significant thinning upon being exposed to
degradation protocols. It appears however, that few
studies exist that investigate the dependence of the sta-
bility of PEM-cathodes on initial CCL thickness. It is
well known that the potential is not evenly distributed
in porous electrodes [28], and therefore there may be a
thickness dependence also for CCL stability since sta-
bility is related to the (local) potential in the electrode.
Degradation also depends on the chemical environment
and thus on transport rates, which may differ in a thick
electrode from those of a thin. Thus, due to either low
proton mobility in the CCL, in the presence of oxygen
transport limitations, or both, the electrochemical reac-
tion will occur unevenly in the catalytic layer. Therefore
a decrease in the catalyst layer thickness (by design or
as a consequence of corrosion) would not necessarily
affect the electrochemical performance proportionally.
In consequence the effect of current and potential distri-
butions in thick and thin catalyst layers is important in
terms of CCL degradation and for which deeper studies
are needed. An understanding of such effects will also
form an important basis for efforts towards understand-
ing the role of catalyst layer variations [29].

The scope of this work is thus to investigate role
of the catalyst layer thickness with respect to degra-
dation and corrosion and MEA electrochemical perfor-
mance, but with a constant total loading of the catalyst.
The cathode was chosen for the study since the rate-
determining chemical reaction and the lion’s share of
the activation overpotential losses take place in this re-
gion. Degradation in cathodes therefore merits atten-
tion for durability studies of PEMFCs. In this study a
well-controlled synthesis technique was used to control
the Pt-particle dispersion in the CCL and also to pro-
duce samples with almost the same range of particle
size to limit the effect of the latter on performance and
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durability of the electrocatalysts [30, 31]. The samples
were subsequently subjected to accelerated degradation
tests (ADTs) by subjecting the cathode to potential be-
tween 0.6 V and 1.5 V. Our tests thus differ from those
proposed the U.S. Department of Energy (DOE) [32],
for example, by exposing the electrode to a more ex-
tensive potential range. The DOE tests aim at simu-
lating the gradual degradation of the entire catalyst in
normal PEM fuel cell operation. Here, however, we
aimed at simulating the effects of typical potential ex-
cursions suffered by the cell during start-up/shut-down
conditions, under which conditions the cell may be ex-
posed to potentials as high as 1.5 V [33]. We expect
these conditions to promote carbon corrosion. The re-
sults below will demonstrate that the performance is in-
dependent of thickness for a given Pt loading and for
typical thicknesses employed in PEM fuel cells. For
degradation processes, on the other hand, we aim to
show that thickness does matter in layers with a con-
stant total Pt content.

2. Experimental

2.1. Catalyst synthesis

Materials and solvents were obtained from commer-
cial suppliers and were used without further purifica-
tion. Carbon black (Vulcan XC72, CABOT Corpora-
tion), hexachloroplatinate (IV) (Johnson Mattey, Pt con-
tent: 39.76 %, purity ≥ 99 %), sodium hydroxide
(VMR, purity ≥ 99 %), ethylene glycol (Sigma-Aldrich
purity ≥ 99 %) and analytical grade acetone were used
to synthesize the catalyst by the adsorption polyol (AP)
method explained in detail elsewhere [34, 35]. Briefly,
1.0 g of H2PtCl6 was dissolved in 250 ml of ethylene
glycol followed by addition of 100 ml of 0.5 mol dm−3

NaOH in ethylene glycol to maintain the pH slightly ba-
sic. The mixture was then heated at 145 ◦C for four
hours under nitrogen flow. The carbon support was sus-
pended in ethanol by ultra-sonication for 15 minutes, af-
ter which the metal colloidal solution was added to the
solution. The pH of the mixture was adjusted to around
2 by addition of 1 mol dm−3 HCl followed by sonication
for another 10 minutes. The mixture was then stirred
at 55 ◦C for 18 hours during which N2 was bubbled
through the suspension. The solution was cooled down
and centrifuged. The catalyst was then washed repeat-
edly with acetone and finally water, and dried at 70 ◦C
for 500 minutes. The same batch of Pt colloidal solu-
tion was used for all the metal loadings, viz. for 10%
(PtC10), 20% (PtC20) and 30% (PtC30).

2.2. TEM analysis

Transmission electron microscopy (with a JEOL
JEM-2010) was performed on the samples to estimate
the particle size and study the metal distribution on the
support as well as the morphology. TEM was also used
to check for presence of aggregates or isolated platinum
nanoparticles in the catalysts.

We estimated particle size from the high resolution
TEM images, and assuming spherical particles we em-
ployed the following equation for the overall surface
area, S overall,

S overall =
6 × 103

ρ × d
(1)

where ρ = 21.4 g cm−3 is the density of Pt and d is the
particle size [36].

2.3. Thermal gravimetric analysis

Thermal Gravimetric Analysis (TGA) was conducted
on a NETZCH, STA449C thermogravimetric analyzer
using a flow of air in the temperature range 25 through
800 ◦C to determine the actual Pt loadings on the carbon
supports.

2.4. MEA fabrication

Nafion R© 112 membranes (DuPont) were pre-treated
by boiling in 3 % H2O2 as well as in 0.5 mol dm−3

H2SO4 followed by rinsing in boiling Milli-Q water.
The ink was prepared by mixing either 10 wt%, 20
wt% or 30 wt% Pt/Vulcan with 5 wt% Nafion R© solu-
tion (DuPont). Equal amounts Milli-Q water and iso-
propanol was subsequently added so that the final ink
had a constant Pt/C concentration of about 3 wt%. The
ink was ultrasonicated for 1 hour and vigorously stirred
overnight. The working electrodes (WE) were prepared
by spray-painting the pretreated Nafion R© 112 mem-
branes placed on a 90 ◦C hot plate. Electrode load-
ing was determined by comparing the weight difference
between the un-coated and Pt-catalyst coated mem-
branes. The achieved Pt loadings were 0.1 mg cm−2,
0.12 mg cm−2, and 0.11 mg cm−2 for the 10 wt%, 20
wt% and 30 wt%, respectively and the Nafion R© to car-
bon ratio (N/C) was 0.8. Catalyzed ELAT (ETEK,
Inc.) electrodes, used as combined counter and ref-
erence electrode (CE/RE), were employed in the an-
ode with 30 wt% Pt/Vulcan XC-72 and Pt loading of
0.5 mg cm−3. The fabrication of MEAs was accom-
plished by heat-pressing the ELAT electrodes onto the
catalyzed Nafion R© 112 membranes at 130 ◦C under a
pressure of 3 bar for 5 min. A gas diffusion layer (GDL
Sigracet 10BA) was mounted on the WE.
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2.5. SEM analysis

SEM imaging was carried out using a Hitachi S-4800
FE Scanning Electron Microscope operated at 1.5 kV
accelerating voltage at 8.3 mm and 8.8 mm working
distances. The analysis of cross sections of the MEAs
were obtained by the freeze and break technique de-
scribed elsewhere [37]. Pore size distribution of the
catalysts were estimated from SEM images using the
open-source image software ImageJ [38].

2.6. In-situ electrochemical evaluation

The fuel cell hardware was purchased from Fuel Cell
Technology Inc. The sealing pressure applied to the
MEAs was 6 MPa. Additionally, the test bench also
controlled the temperature of the cell (Tcell), the H2 and
O2/air humidification temperatures (Thum,a and Thum,c)
as well as the temperature of the pipe (Tpipes) connect-
ing the humidifiers (also Fuel Cell Technology Inc.)
with the cell. The cell area was 1 cm2 for all exper-
iments. Cyclic voltammetry and polarization curves
were recorded by using a PAR 273A potentiostat. Elec-
trochemical impedance spectroscopy (EIS) measure-
ments were carried out on an Autolab 302N impedance
analyzer.

Cyclic voltammograms and CO stripping were ob-
tained at 80 ◦C using fully humidified gases, sweep
rates of 20 mV s−1 with a flow rate of 60 ml min−1 of N2
fed to the WE, and 120 ml min−1 of 5% H2/Ar fed to the
CE/RE. Due to lower H2 partial pressure on CE/RE, the
presented cyclic voltammograms were corrected with a
45.5 mV shift calculated by the Nernst equation [22].
(The CO-stripping voltammograms and EIS measure-
ments in N2 are reported below with respect to RHE
which in this work refers to the cathode potential vs.
the CE/RE, corrected for the Nernst shift, under condi-
tions for which the anode polarization is negligible. The
ADT is also specified with respect to the RHE. All other
potentials reported below are cell potentials.)

The electrochemical area (ECA) [39] was estimated
based on the charge transferred during the electrooxi-
dation of CO monolayers, assuming one CO molecule
bonded per Pt atom (Pt-COads) [40],

ECACO( cm2 g−1) =
Q( mC)

0.42 mC cm−2 ×WPt( g)
(2)

where QCO is the charge transferred during the CO ox-
idation reaction, 420 µC cm−2 is the charge required to
oxidize CO monolayer bonded with one Pt atom in a
linear adsorption configuration and WPt is the mass of
Pt used in the electrode.

To estimate the conductivity of the CCL ionomer,
EIS measurements were carried out with N2 and 5%
H2/Ar on the WE and the CE/RE with flow rates of
60 ml min−1 and 120 ml min−1, respectively. EIS spec-
tra were recorded with an amplitude of 10 mV (top) at
0.35 V vs. RHE and in the frequency range 10 kHz
through 0.1 Hz.

The polarization curves were recorded at a sweep rate
of 1 mV s−1 between open circuit potential (OCP) and
0.3 V vs. CE/RE. To investigate the mass transport
properties of the cathodes, diluted O2 was used as ox-
idant using the same flow rate (120 ml min−1) ensuring
equivalent water content at the particular current density
in the cell.

The recorded polarization curves were corrected for
iR-drop from the high frequency resistance (HFR) of
the fuel cell that was obtained for every 100 mA cm−2

increment in current density between a 100 kHz and
1 kHz range and applying an AC signal amplitude that
was 5% of the dc (direct current) measured. Moreover,
extended EIS spectra between 100 kHz – 100 mHz
frequencies were also recorded at 0.01, 0.2, 0.5 and
1 A cm−2.

Measurements with diluted O2 were carried out keep-
ing the total volumetric flow rate constant. All experi-
ments in diluted oxygen were performed at 0.2 A cm−2,
at atmospheric pressure and at 80 ◦C. The air stoi-
chiometry was 133.1 in 100 % oxygen, 81.2 in 61 %
oxygen, 42.6 in 32 % oxygen, and 27.9 in 21 % oxygen
During the measurements the amount of water in the in-
coming gases was held constant. In addition, the high
relative humidity and low current density also ensured a
low degree of membrane and anode dehydration.

2.7. Accelerated degradation test

The CCLs were subjected to accelerated degradation
tests (ADTs) consisting of 100 cycles of cathode poten-
tials between 0.6 V and 1.5 V vs. RHE using a sweep
rate of 40 mV s−1. The temperature of the cell was set to
80 ◦C, using fully humidified H2 at the anode and fully
humidified O2 at the cathode.

3. Results and discussion

3.1. Ex-situ evaluation of synthesized catalyst

Figure 1(a) shows the percentage of initial weight as
a function of temperature for PtC10, PtC20 and PtC30
electrocatalysts upon heating as measured by thermal
gravimetry. The steep drop around 400 ◦C for all sam-
ples is a signature of carbon oxidation, and the residue is
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the platinum content in the specimens. It is seen in Fig-
ure 1(a) that the nominal loading is in agreement with
the weight percentage of the residue up to 800 ◦C.
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Figure 1: (a) Thermal gravimetric analysis (TGA) results for the sam-
ples listed in Table 1. The atmosphere was oxygen and the temper-
ature ramp was 10 ◦C min−1. (b) Temperate programmed oxidation
(TPO) results for the samples listed in Table 1. Conditions the same
as (1(a)).

The results of temperate programmed oxidation
(TPO) for the three catalysts in this study and a com-
mercial benchmark (Pt/C 50% JM) are presented in Fig-
ure 1(b). The differences in the peak temperatures in
Figure 1(b) for the catalysts indicate different activa-
tion energies for carbon reacting to CO2 and that Pt to
a significant degree catalyzes the carbon corrosion re-
action. It has been shown that particle size influences
TPO peak temperatures, a large particle size leading
to high peak temperature and vice versa for a given Pt

loading [41]. The variations in particle size here are
of a similar or even larger magnitude as in [41], where
the PtC10 sample has the smallest particle diameter and
PtC30 the largest. Our results are therefore opposite of
those of [41]. However, in our case the loading is not
constant, and the results in Figure 1(b) therefore sug-
gest that the differences in peak temperature are due to
other factors such as the catalyst loading.

a) b) c)

Figure 2: TEM images and corresponding histograms of particle size
distribution for the samples a) PtC10, b) PtC20, c) PtC30.

TEM images of the electrocatalysts and the corre-
sponding histograms of particle size distribution are
shown in Figure 2. All catalysts appear well dispersed
with a particle size around a few nanometers. However,
whereas the Pt particles look well separated in PtC10
and PtC20, some minor tendencies towards clustering
are apparent in PtC30. The histograms indicate fairly
narrow particle distributions. The average particle sizes
for the three samples are also summarized in Table 1
and, again, they all seem to be in the same range, that is
1.9 nm, 2.2 nm and 3.7 nm for fresh samples of PtC10,
PtC20 and PtC30 respectively. The results demonstrate
that although the materials and preparation conditions
remain the same, a higher Pt content favors a slightly
larger particle size.

Table 1 summarizes the Pt loadings and the estimates
of overall surface area and the particle size from the
TEM images calculated using Eq. (1).

3.2. Performance in pure O2
Figure 3 shows the iR-corrected polarization curves

for the three MEAs before and after the ADT. The po-
larization curves are not corrected for the crossover cur-
rent. PtC20 had a slightly lower cell resistance, as mea-
sured from EIS at 1 kHz, than the other two samples.
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Table 1: Initial properties of the catalysts used in this study including metal loading, platinum particle sizes, and surface areas based Pt-particle
size, Eq. (1). All samples were supported on carbon XC-72.
Sample Pt on C loading Pt diameter (nm, TEM) S overall(m2g−1 )
PtC10 10 wt% 1.9±0.4 147.5±32
PtC20 20 wt% 2.2±0.5 127.4±29
PtC30 30 wt% 3.7±0.6 103.8±24

At 1 A cm−2 the values were for example 121, 111, and
124 mΩ cm2 for the PtC10, PtC20 and PtC30, respec-
tively.

From Figure 3 it appears that all three MEAs
have similar initial performance (within ±30 mV at
0.2 A cm2). The Tafel slopes for the pristine samples
are approximately −65 mV for PtC10 and −60 mV for
the two others in the low-current range, assuming the
reaction is kinetically controlled in this range. At larger
currents a change in dE/d log i-slope is apparent, the
break between the two regimes being most clearly dis-
played by Figure 3(a). In the high-current region the
slopes are at least twice as large as those in the low-
current region. However, these slopes are more accu-
rately evaluated from the Tafel impedance which we
will analyse below.

Fuel cell cathodes were modeled mathematically by
Perry et al. [42] and Jaouen et al. [43, 44] as oxygen dif-
fusing in flooded agglomerates in which it is reduced by
catalysts dispersed there. According to these models, at
high currents steady-state polarization curves may dis-
play dE/d log i-slopes twice or even four times those at
low currents, depending on the factors controlling the
current-voltage characteristics. Comparing our curves
to those in the modeling papers [42, 43] we assume
that the current range with dE/d log i-slope of approx-
imately 65 mV is controlled entirely by kinetics. Fig-
ure 3 shows that the dE/d log i-slopes more than double
at the higher currents.

A summary of these and other diagnostic criteria are
given in Table 2.

As can be seen from Figure 3, the performance of
all three CCLs experiences a significant decrease upon
the ADT. The effects of performance degradation upon
the ADT are more significant at high current densities;
At low current densities the performance loss is only a
few percent, whereas at high current densities the degra-
dation in performance is quite pronounced for all sam-
ples. However, it appears that the degradation of sample
PtC10 was somewhat more provoked by the ADT than
the other two.

Figure 4 shows the results of EIS measurements at
different current densities before and after the ADT.
For the sake of clarity, the spectra are plotted as Tafel

impedance Zt (i.e. impedance multiplied with the
steady-state current density) [44, Eq. (22)],

Zt =
Ẽ
ĩ

ist (3)

where Ẽ is the potential amplitude, ĩ the current-density
amplitude (taken here to be positive), and ist the steady
state current density. (The ohmic resistance, as assessed
from the high-frequency intercept of the impedance-
plane plot with the real axis, has been subtracted from
all data.) For high current densities the impedance
plane plots consist of a single arc, but the spectra at
high currents contain two clearly discernible separate
arcs along with some inductive features (positive imag-
inary parts) at low frequencies [45]. Comparing the
spectra of the three MEAs before and after the ADT it
is clearly observed that the size of all the impedance
arcs increase upon the ADT. In this presentation the
dE/d log i-slope can be found as the difference between
the low-frequency intercept with the real axis and the
high-frequency intercept. (A similar use of impedance
data was also employed by da Silva and Ticianelli [12].)
This assumes that membrane effects are absent (see be-
low), and that a natural logarithm is employed for the
Tafel plots, to be multiplied by 2.303 in a base 10-
logarithm plot [44]. For all samples the diameter of
the arc in the Tafel-impedance plane plot are in good
agreement with the slopes from the steady-state curves,
Figure 3.

Based on an agglomerate model, Wiezell et al. [46]
attributed the inductive features to a combination of
processes primarily in the anode and the membrane,
with only a minor contribution stemming from the cath-
ode [46]. Inductive features associated with the mem-
brane processes are related to water transport and are
accompanied by a contribution idRm/di < 0, where Rm
is the membrane resistance, to the low-frequency in-
tercept of impedance-plane plots for hydrogen-oxygen
PEM fuel cells [47, 48]. However, the membrane re-
sistance in Figure 3 is basically constant with current
density, and the magnitude of the inductive effects are
small. This suggests that these processes are not signif-
icant compared to those at the cathode and the effects
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Table 2: Diagnostic criteria for the analysis of polarization curves of gas-diffusion electrodes. A reaction order ΩO2 of one and Tafel slope bT
are assumed for the corresponding polycrystalline electrode. The catalyst surface area per volume is denoted a and the MEA thickness by Lct.
Diagnostic criteria collected from Jaouen et al. [43, 44] and Perry [42]. “Kinetics” refers to ORR kinetics at the Pt particles, “diffusion” to diffusion
of oxygen in Pt/C agglomerates, and “migration” to ionic migration (ohmic drops in the catalytic layer)

.

Current range Slope dE/d log i ΩO2 a-dependence Thickness dependence Porosity dependence Governing process(es)
Low bT 1 ∝ a Proportional 1 − ε2 Kinetics
High 2bT 1 ∝

√
a Proportional 1 − ε2 Kinetics + diffusion

High 2bT 1/2 ∝
√

a Independent
√

1 − ε2 Kinetics + migration
High 4bT 1/2 ∝ a1/4 Independent

√
1 − ε2 Kinetics + diffusion

+ migration

of the ADT on the latter. Finally, in view of the minor
contribution of the anode to the total overpotential we
therefore base our interpretation here of the impedance
spectra on the low-frequency capacitive arc and in terms
of processes in the cathode.

Thus, an increase in the dE/d log i-slope is clearly
apparent also from Fig 4. From the impedance data
the dE/d log i-slope of sample PtC10 doubles as the
current is increased from 10 mA cm−2 to 0.2 A cm−2

both for the pristine and the sample exposed to the
ADT. At 1 A cm−2 the dE/d log i-slope is approxmi-
ately three times that at 10 mA cm−2 for the pristine
sample. For the PtC10 sample after exposure to the
ADT the dE/d log i-slope is quadrupled at 1 A cm−2. A
close to quadrupling of the slope was also observed by
da Silva and Ticianelli [12], but for electrodes of a total
Pt loading per area of approximately four times those
employed here.

For the other samples dE/d log i consistently in-
creased at 1 A cm−2 to more than twice that at
10 mA cm−2, but never quadrupled as for sample
PtC10.

3.3. Performance as a function of O2 partial pressure

Figure 5 shows the iR-corrected voltages at
0.2 A cm−2 both before and after the ADT as a func-
tion of the (base 10) logarithm of the fraction of oxy-
gen in the cathode feed. The voltages of the degraded
electrodes are consistently lower than those of the cor-
responding fresh sample at all oxygen partial pressures.
Also, for all samples the voltage increases in direct pro-
portion to the logarithm of the oxygen content, E ∼
log cO2 , except for PtC10 at the lowest oxygen fraction
for which the curve shows a stronger oxygen depen-
dence. The slopes for the degraded samples are slightly
higher than those for the pristine samples.

The oxygen dependence displayed in Figure 5 was
analyzed by assuming that the relation

i ∝ cn
O2

exp {−η/be} (4)

applies, where η is the overpotential and be the slope
dE/d ln i, i.e. on a natural logarithm basis. Expanding
η as E − Eeq where Eeq is the electrode equilibrium po-
tential (assuming the anode to act as a pseudoreference
electrode) we obtain

n =
1
be

[
∂E

∂ ln cO2

−
∂Eeq

∂ ln cO2

]
(5)

at constant current and where ∂Eeq/∂ ln cO2 ∼

60 mV/2.303 [49, 50]. Through the results in Figure 5
we estimate the slopes ∂E/∂ ln cO2 to be approximately
65 mV for all samples and pressures, except at low pO2

for the degraded sample PtC10. In this case the slope
appears to be approximately twice this value. With
be ∼ 60 mV at 0.2 mA cm−2 (calculated from differ-
ence between the high- and low-frequency intercepts in
the impedance diagrams) this gives n ∼ 0.6. In view of
the approximations made this is fairly consistent with a
reaction order of one half with respect to oxygen, and
consistent with the polarization curves being dominated
by Tafel kinetics in the low current range and by Tafel
kinetics and proton migration in the current range where
the dE/d log i-slope is doubled rather than Tafel kinet-
ics and oxygen diffusion in agglomerates [43]. These
conclusions contrast those made by da Silva and Ti-
cianelli [12] who obtained the result that diffusion lim-
itations in the film and in the agglomerates also play a
role at high current densities in carbon-cloth based elec-
trodes.

Figure 6 shows the impedance spectra at 100% O2
and 13% O2, both before and after the ADT. All the
spectra are dominated by a single depressed semicircle-
like loop, for some of the samples extending into pos-
itive (inductive) imaginary parts at low frequencies as
described above. No clear trend in these inductive fea-
tures with layer thickness can be discerned, whereas the
capacitive part of the loop (negative imaginary parts) ap-
pears to be significantly affected. For all fresh MEAs
there is an increase in the radius of the capacitive semi-
circle as O2 concentration decreases. As the sample
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is degraded, the semicircle radius increases for a given
partial pressure of oxygen. For samples PtC20, PtC30,
and PtC10 in 100% oxygen the radius doubles after ex-
posure to the ADT, and correspond to a quadrupling of
the dE/d log i-slope with respect to the approximately
65 mV slope at 10 mA cm−2. A quadrupling is what
is predicted for a transition from kinetic-migration con-
trol to a process governed also by oxygen diffusion
in agglomerates, Table 2. This and the half-order de-
pendence on oxygen deduced from Figure 5 thus in-
dicates that oxygen transport also becomes influential
on the current-voltage characteristics. However, the
semicircle-radius for the PtC10 in 13% oxygen expe-
riences an even larger increase, and the semicircle ra-
dius in a Tafel impedance-plane plot would be approxi-
mately 0.3 V for this data set (1.5 Ω cm2×0.2 A cm−2).
This therefore indicates a dE/d log i-slope of six times
that at 10 mA cm−2 (Figure 4).

The reason for the increase in the dE/d log i-slope be-
ing significantly larger at low partial pressure of oxygen
than at high may be discussed qualitatively in terms of
the expression for the current in a single agglomerate, Ia
given by the equation [42, Eq. (5)]

Ia = −4πnFDORacs
O
[
φRa coth (φRa) − 1

]
(6)

where n is the number of electrons transferred in the
electrochemical reaction, DO is the effective diffusivity
of oxygen in the agglomerate, Ra the agglomerate ra-
dius, cs

O the (agglomerate) surface concentration of oxy-
gen, and φ is given by

φRa =

√
aak
DO

Ra exp (−2.3η/2bT) (7)

and in which bT is the Tafel slope (base 10) at the corre-
sponding macroscopic electrode as above, aa the area of
catalyst per unit volume of agglomerate, k the rate con-
stant, and η the local overpotential. (In isolation these
equations do of course represent major simplifications
with respect to the models on which Table 2 is based.)
Eq. (6) and (7) predict a change in the dE/d log i-slope
from bT at φRa << 1 to 2bT at φRa >> 1. The agglomer-
ate current at the transition between these two regimes,
i.e. Ia at φRa ∼ 1, is thus independent of aa for any given
oxygen concentration. In terms of the local agglomerate
current the increased influence of oxygen transport may
be due to an increase in the local current density (at con-
stant geometric current density as in Figure 6), in turn
either due to fewer agglomerates or a more uneven cur-
rent distribution in the layer due to a lower conductivity
(see below). This would bring the local agglomerate

current closer to that at φRa ∼ 1 and therefore increase
the sensitivity towards cO.

3.4. Morphological changes due to ADT

Figure 7 shows the SEM images of cathode cross-
sections for pristine and degraded catalytic layers be-
fore and after the ADT. As expected, there are clear
differences in the average thickness between the three
fresh CCLs due to the differences in carbon content.
The layers were thinner after the experiments, which
may be due to carbon corrosion or MEA reorganization.
The average thicknesses of the electrodes decrease 35%,
37% and 36% for the PtC10, PtC20 and PtC30, respec-
tively and the thickness reduction is thus quite similar
for all samples. No dramatic changes in terms of mor-
phology of the cathodes were observed, however.

The CCLs not only experience a considerable de-
crease in the average pore size, but also in the pore size
distribution (also estimated from SEM images), as seen
in Figure 8. There are clear indications that the major-
ity of the pores larger than 100 nm disappear during the
ADT and there is a larger count of pores smaller than
50 nm.

As Figure 8 shows, the reduction of pore size for the
catalysts are not significantly different for the different
thicknesses. It is interesting to compare the results in
Figure 8 with those in Figure 1. According to the lat-
ter result the degree of corrosion suffered by the car-
bon should be very dependent on the Pt-to-carbon ratio,
in agreement with reports on catalytic effects of Pt on
carbon corrosion [51, 52], whereas the morphological
changes observed due to the ADT do not display any
significant differences on this ratio. However, carbon
corrosion is most significant in the higher potential re-
gion (> 1 V) in which is also the least sensitive to the
Pt-to-carbon ratio [53, 54]. Comparing Figures 1 and 8
we conclude that the carbon corrosion takes place in the
higher potential range during the ADT.

Figure (8) does not lend credibility to the hypothesis
that the different behavior of the ADT-subjected PtC10
(Figures 5 and 6) from the other two samples is due to
a change in the transition potential for doubling of the
dE/d log i-slope based on Eq. (6). If this was the case,
the rather similar carbon corrosion of the three samples
displayed in Figure 8 should give a similar behaviour
of the ADT-subjected samples in low-O2 containing at-
mospheres. This leaves us with the kinetic explanation
based on Figure 6 as the most likely reason for this dif-
ference.
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3.5. In-situ CO stripping and half-cell measurements in
N2

Figure 10 shows the results for in-situ CO stripping
of the three samples before after the ADT.

For the pristine samples, the CO oxidation peaks are
narrow and unimodal for PtC10 and PtC20, but show
a minor shoulder for PtC30. After the ADT however,
all samples develop a double peak in the CO oxidation
region and the main peak is negatively shifted . Such
features have been shown by Maillard et al. [55] to ac-
company agglomeration of catalysts, as has been thor-
oughly documented also by others [56]. It is therefore
more than likely that the peak shift and the shoulder ap-
parent in Figure 9 are related to agglomeration induced
by the ADT.

Table 3 summarizes the in-situ CO stripping results
for the three MEAs before and after the ADT. Initially
PtC20 has the highest ECA, slightly more than that of
PtC10, while sample PtC30 has the lowest ECA. For
PtC30 this correlates with the larger particle size (Ta-
ble 1) of this catalyst. The ECA of PtC10 is lower than
that of PtC20, however, although the particle size of the
former is smaller than that of the latter. While the differ-
ence is rather small, we assume that this is related to fac-
tors not captured by size alone such as shape, agglomer-
ation, experimental uncertainty etc. As seen in Table 3,
the loss of ECA is 46%, 47% and 50% for PtC10, PtC20
and PtC30, respectively. It thus appears that the almost
50% decrease in ECA translates to a disproportionately
lesser loss in the performance, but is approximately in-
dependent of the CCL thickness.

Combining the areas from Table 3 with the catalyst
loading we obtain current densities in the low-current
regime less than or around 1 mA cm−2 per real cata-
lyst area. This is below or at the critical current for
the change in Tafel slope in the data of Parthasarathy
et al. [49]. However, this assumes that the total cur-
rent is distributed evenly over the entire catalyst area.
After the ADT the catalysts appear to be much more
affected by oxygen diffusion in the agglomerates than
prior to the ADT. The current distribution within the
agglomerates will therefore be more and more uneven
the lower the catalyst area per volume, aa. PtC10 is the
catalyst which already at the outset has the lowest cat-
alyst area per volume. The six times larger dE/d log i-
slope in sample PtC10 in 13% oxygen may therefore
be due to a local current density exceeding the criti-
cal current density for higher dE/d log i-slope for the
ORR [49] on top of the effects of migration and diffu-
sion. da Silva and Ticianelli [12] also invoked higher
Tafel slopes (associated with the degree of coverage of

oxygen at the platinum surface [57]) in their interpreta-
tion of data for carbon-supported Pt catalysts in carbon-
cloth electrodes.

EIS in N2 was performed at 0.35 V vs RHE. In ad-
dition to presenting these in impedance-plane plots we
also calculated the electrode capacitance, Celectrode, de-
fined as 1/ [Im(Z) × ω] [58]. Figure 10 (a), Figure 10
(c) and Figure 10 (e) show the electrode capacitance
plotted as a function of frequency for PtC10, PtC20
and PtC30, respectively. Figure 10 (b), Figure 10 (d)
and Figure 10 (f) present the impedance-plane plots, for
PtC10, PtC20 and PtC30, respectively.

The EIS data recorded in an N2 atmosphere were an-
alyzed using Eq. (21) in Ref. [44], according to which
the impedance Z is given by

Z =
1

tanh (αLct)
1
ακe

with α2 =
AdlCdl (1 − ε1) (1 − ε2)

κe
iω

(8)
where κeff is the effective proton conductivity in the cat-
alytic layer, Adl is the catalyst plus carbon specific area
per unit volume of carbon, Cdl is the double-layer ca-
pacitance per unit area of carbon plus catalyst, ε1 is the
volume fraction of polymer electrolyte in the agglom-
erate nucleus, and ε2 is the volume fraction of pores in
the catalytic layer. Eq. (8) suggests a 45◦ line with the
real axis of the impedance plane plot at high frequen-
cies, and then a vertical line at low frequencies. Eq. (8)
appears to represent the data reasonably well.

In the low-frequecy limit the real part of the
impedance Re(Z) becomes [44, 59]

lim
ω→0

Re (Z) =
Lct

3κe
=

Ri

3
(9)

where κe is the effective conductivity, Ri is the (area-
specific) ionomer resistance of the CCL and Lct is again
the cathode thickness. From the imaginary part of the
low-frequency limit of Eq. (8) we obtain the following
value for electrode capacitance

Celectrode = AdlCdl (1 − ε1) (1 − ε2) L (10)

The capacitance and resistance of the electrode were
obtained through fitting Eq. (8) to the data and use of
Eqs. (9) and (10).

The experimental results display a modest increase in
the electrode resistance in all cases as can be seen from
the shifts of the low-frequency limit of the impedance
due to the ADT. The thinning of the CCL does there-
fore not translate into smaller resistances across the lay-
ers. Instead a decrease in layer conductivity is observed;
from Eq. (9) values for κe in the order of 1 S cm−1 were
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Table 3: ECAs from in-situ CO-stripping before and after ADT. The values were obtained through numerical integration of the CO-stripping peak
with the integrated current from the baseline voltammogram in the same potential region subtracted. The corresponding charges were converted to
ECA through Eq. (2).

ECA before ECA after Difference
Sample m2g−1 (CO) m2g−1 (CO) m2g−1 % decrease
PtC10 40 22 19 46
PtC20 46 25 22 47
PtC30 30 15 15 50

obtained for all samples, and these were consequently
reduced by around 50% by the ADT, again for all sam-
ples, see Table 4. The resistance decrease is approxi-
mately the same for all samples, and therefore the dif-
ferences between PtC10 and the other two samples in
Figure 6 appear not to be caused by differences in how
the proton conductivity changes in response to the ADT.

The changes in the capacitance are significant, how-
ever, and the capacitances became much larger after the
tests than before for all three samples. This is at odds
with the decrease in the surface area observed here. Fol-
lowing reference [60], however, the increase in the dou-
ble layer capacitance may be due to chemical changes
due to for example carbon corrosion in the layer, leading
to the presence of carbon species with oxygen function-
alities assembling at the carbon surface, which in turn
lead to larger values for Cdl [60]. In fact, the voltam-
mograms in Figure 10 display quite clear signs of an
oxidation-reduction process at 0.6 V, indicative of the
quinone-hydroquinone redox couple [25, 52, 61]. Ap-
parently, the duration of our experiments is too short
to observe the area losses out-competing the changes in
the specific values for the double-layer capacity, as was
for instance seen in reference [60]. Also, the changes in
pore-size distribution in Figure (8) and the reduced κe
points to an increase in the factor (1 − ε1) (1 − ε2).

4. Conclusion

Three Pt/C cathode electrodes for PEMFCs with Pt
loadings of 10%, 20%, and 30%, were synthesized
by the polyol technique. Electrodes were prepared
from these, all containing approximately the same total
amount of Pt. That is, the electrodes contained differ-
ent total amount of carbon and therefore the electrode
thicknesses were also different. These electrodes were
comprehensively characterized ex-situ (physically and
electrochemically) and in a fuel cell set-up before and
after being subjected to an accelerated degradation pro-
tocol.

We found that the initial electrochemical perfor-
mance was independent of total carbon content, or

equivalently independent of catalyst layer thickness for
the range of electrode thicknesses in this study. The re-
sults for the fresh samples were compatible with kinetic
control at low currents and proton migration in the cat-
alytic layer at high.

The performance of all CCLs experienced a signifi-
cant decrease when subjected to the accelerated degra-
dation protocol, both in pure oxygen and in diluted
oxygen. Polarization curves and impedance spectra
recorded in pure oxygen showed a reduction in perfor-
mance approximately independent of the Pt-to-carbon
ratio. In diluted oxygen, however, polarization curves
and impedance spectra showed a reduction in perfor-
mance due to the acceleration test strongly dependent
on the Pt-to-carbon ratio. In this case there was a much
larger reduction in cell voltage with the catalytic layer
containing 10 wt% Pt and 90 wt% carbon than the other
two, and the impedance diagrams also showed a much
larger increase in the radii of the low-frequency arc for
this sample than for the other two.

These results are best interpreted as a transition to a
regime controlled both by kinetics, migration, and oxy-
gen diffusion in agglomerates in the sample with the
lowest catalyst surface area per volume, much less no-
ticeable in the samples with larger catalyst surface per
volume. For the sample with the lowest catalyst area per
volume an additional increase in the dE/d log i-slope
may be interpreted as due to a change in the Tafel slope
for the ORR due to the more uneven current distribu-
tion in this sample. These results show that even for a
constant loading catalyst layer degradation will mani-
fest itself in different ways depending on the thickness
of the catalytic layer.

Carbon corrosion in the catalytic layers appears to be
independent of thickness.
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Figure 3: Polarization curves before and after ADT (iR-corrected).
(3(a)) PtC10, (3(b)) PtC20 and (3(c)) PtC30. Insets: iR related per-
formance loss for the same samples before and after the ADT. Con-
ditions: temperature 80 ◦C, fully humidified gases with a flow rate of
60 ml min−1 of O2 fed to the WE and 120 ml min−1 of H2 fed to the
CE/RE. The iR-correction is carried out using the Re(Z) in EIS data
at 1 kHz.
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Figure 4: Impedance-plane plot of Tafel impedance before and after
ADT. The high-frequency intercept R∞ist, where R∞ is the value of the
real part when the imaginary part is equal to zero, has been subtracted
from all real values in the plots. a) PtC10 at 1 A cm−2, b) PtC20,
same symbols as for PtC10, and c) PtC30. Conditions the same as in
Figure 3. EIS conditions: Amplitude 5% of the dc-current, frequency
range 10 kHz and 0.1 Hz. Symbols: ( ) at 10 mA cm−2 before the
ADT, (#) at 0.2 A cm−2 before the ADT, (L) at 0.5 A cm−2 before
the ADT, (�) at 1 A cm−2 before the ADT, (�) at 10 mA cm−2 after
the ADT, (2) at 0.2 A cm−2 after the ADT, (�) at 0.5 A cm−2 after
the ADT, (♦) at 1 A cm−2 after the ADT.
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Figure 5: iR-corrected cell voltage using diluted O2 at 0.2 A cm−2

before and after ADT vs. the logarithm (base 10) of the fraction of
oxygen at the cathode. a) PtC10 before (N) and after ( ) the ADT,
b) PtC20 before (N) and after ( ) the ADT, and c) PtC30 before (N)
and after ( ) the ADT. Conditions: atmospheric pressure, tempera-
ture 80 ◦C, fully humidified gases with a flow rate of 60 ml min−1 of
diluted O2 fed to the WE and 120 ml min−1 of H2 fed to the CE/RE.
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Figure 6: Impedance-plane plots for diluted O2 at 0.2 A cm−2 before
and after ADT. a) PtC10, b) PtC20 and c) PtC30. Conditions: at-
mospheric pressure, 80 ◦C temperature, fully humidified gases with a
flow rate of 60 ml min−1 of O2 fed to the WE and 120 ml min−1 of
H2 fed to the CE/RE.
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Figure 7: SEM images of cathode cross-sections before and after the
ADT: a) PtC10 before, b) PtC10 after, c) PtC20 before, d) PtC20 after,
e) PtC30 before and f) PtC30 after. THe estimated catalytic-layer
thicknesses are given directly in the images.
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Figure 8: Pore size distribution for PtC10 (8(a)), PtC20 (8(b)), and
PtC30 (8(c)) estimated from SEM images using image software Im-
ageJ.
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Figure 9: Cyclic voltammetry and CO stripping before and after ADT.
a) PtC10, b) PtC20 and c) PtC30. Conditions: temperature 80 ◦C,
fully humidified gases with a flow rate of 60 ml min−1 of N2 fed to
the WE and 120 ml min−1 of 5 % H2/Ar fed to the CE/RE, sweep
rates 20 mV s−1.
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Figure 10: EIS measurements in N2 before and after ADT: a) PtC10
capacitance plot, b) PtC10 impedance-plane plot, c) PtC20 capaci-
tance plot, d) PtC20 impedance-plane plot, e) PtC30 capacitance plot
and f) PtC30 impedance-plane plot. Conditions: the same as in Fig-
ure 10. EIS conditions: alternating voltage 10 mV (top) at 0.376 V
vs. RHE by varying the frequency between 10 kHz and 0.1 Hz.
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