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Abstract

Laboratory-scale fuel cell testers typically regulate cell temperature via endplate heating cartridges. In practical stack applications,
however, temperature control is achieved by cooling systems, making uniform temperature distribution a critical factor in system
design and scale-up. To investigate these thermal effects under realistic conditions, autothermal activation and autothermal
polarization experiments were conducted. Membrane electrode assemblies (MEAs) were polarized according to the New European
Driving Cycle protocol, while galvanostatic electrochemical impedance spectroscopy (GEIS) measurements were performed in parallel
to determine R, R,, and C, parameters in situ. Three MEA configurations differing catalyst layers were tested: C-60-Pt, C-40-Pt, and
C-60-Pt (0.13 mg Pt/cm?), all with symmetrical Pt loadings. A custom-developed spray-gun robot was used for gas diffusion electrode
fabrication. Among the samples, the C-40-Pt MEA demonstrated a pronounced break-in effect after 4 h of autothermal activation and
achieved the highest current density. While the low-Pt MEA exhibited the lowest performance, it also showed the largest temperature
rise during autothermal polarization. Impedance data confirmed that despite similar series resistance, the C-40-Pt MEA had lower
internal resistance, while the more porous C-60-Pt showed increased R,. More consistent curve shapes during autothermal conditions
compared to fixed-temperature GEIS indicate that temperature adaptability enhances measurement reproducibility.
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1 Introduction

The increasing global population and energy demand
have intensified research into alternative and sustain-
able energy conversion technologies [1, 2]. Among these,
fuel cells have gained significant attention due to their
high efficiency, scalability, and low emissions, producing
only water as a by-product [3]. Fuel cells convert chem-
ical energy directly into electrical energy using electro-
chemical reactions occurring at the anode and cathode [4],
and they are considered promising alternatives to internal
combustion engines, particularly in heavy-duty and large-
scale transportation applications.

Among the various fuel cell types, proton exchange
membrane fuel cells (PEMFCs) are the most widely

applied due to their suitability for mobile and portable
applications [5, 6]. Their operation relies on continuous
supply of fuel and oxidant, while electrochemical reac-
tions are facilitated by platinum-based electrocatalysts,
typically carbon-supported platinum (Pt/C) [7]. However,
the high cost of platinum and its critical role in perfor-
mance make the optimization of catalyst layer composi-
tion and structure a key research challenge.

The performance of PEMFCs is strongly influenced
by the properties of the membrane electrode assembly
(MEA), including platinum loading, catalyst layer thick-
ness, electrical resistance, and temperature-dependent
behavior [8—13]. Previous studies have shown that both
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insufficient and excessive platinum loading can reduce
efficiency due to limitations in catalytic activity and mass
transport [14, 15]. Modeling results by Kulikovsky [16]
further indicate that low Pt loading can deteriorate reac-
tant transport and electrochemical performance. Since
catalyst loading is proportional to catalyst layer thick-
ness (assuming constant material properties), optimizing
layer thickness is essential for balancing performance and
material usage. As fuel cell performance is also affected
by the activation procedure used prior to testing, repre-
sentative activation protocols reported in the literature are
summarized in Table 1 [17-22].

In addition to catalyst loading, the coupled effects of
temperature and current density play a crucial role in
PEMFC operation. Experimental studies have inves-
tigated these relationships under externally controlled
conditions [23], while others have focused on self-heat-
ing effects and thermal shock behavior under operational
conditions [24]. Furthermore, impedance-based diag-
nostic techniques, such as galvanostatic electrochemical
impedance spectroscopy (GEIS), provide detailed insight
into electrochemical processes, including ohmic resis-
tance (R,), charge transfer resistance (R,), and double-layer
capacitance (C,) [25]. Studies have also demonstrated the
dependence of these parameters on operating conditions
such as humidity and reactant flow [25].

Beyond electrochemical properties, structural charac-
teristics of the catalyst layer — such as thickness unifor-
mity and porosity are critical for performance and durabil-
ity. Thicker catalyst layers can hinder mass transport due
to reduced diffusion rates, while excessively thin layers

may not provide sufficient active sites for stable opera-
tion [26-28]. Although an optimal platinum concentra-
tion (e.g., 40 wt.% Pt/C) has been reported for maximizing
power density [29], ensuring uniform catalyst distribution
across the active surface remains essential to prevent local
current density peaks and thermal hotspots, which can
accelerate degradation [29-31].

Porosity is another key parameter, with an optimal
value around 0.5 [32]. It can be defined as the ratio of total
layer volume to platinum volume, as expressed in Eq. (1).
Both low and high porosity values negatively affect per-
formance by increasing diffusion losses or reducing elec-
trochemically active surface area, respectively [33-35].
In addition, long-term degradation mechanisms, including
carbon support oxidation, platinum dissolution, Ostwald
ripening, and nanoparticle agglomeration, must be consid-
ered, as they significantly impact durability regardless of
initial catalyst layer optimization.

Vi
P= Zx 100, (D
where:

V: total volume of the material in the layer [m’]
V: volume of the Pt in the layer [m’]
P porosity of the layer [-]

Beyond initial performance optimization, long-term
durability of the catalyst layer must also be considered.
For proper water management, the catalyst layer should be
electrically conductive and exhibit a mesoporous structure.
However, degradation processes strongly depend on the
redox properties of the catalyst support and the stability of

Table 1 Some examples of activation protocols used in case of fuel cells to achieve the best output characteristics

Method description

Operating procedures and details Ref

Constant current

The current density was maintained at 1 A/cm? for 6 h, during which the cell voltage stabilized, [17]

with fluctuations remaining within 1 mV.

Linear sweeps of current

Linear current sweeps were performed from 400 mA/cm? to 3.0 A/cm? in 50 mA/cm? increments, [18]

with each step lasting 5 min. This procedure was repeated four times to achieve optimal power
density, taking approximately 18 h in total.

Constant voltage

25 h MEA conditioning procedure by controlling the current density and holding for 5 h at 50, 200, [19]

500, 800, and 1000 mA/cm?, respectively

Fixed voltage (e.g., 0.6 V) for hours [20]

High current pulse activation Rectangular current pulses at 1.3 times the rated maximum current, each lasting 10 s with 60 s rest [21]
intervals

Amperometric pulsed activation Repeated pulsed loading cycles — 10 to 80 s at 0.1 V load followed by 20 to 40 s of open-circuit [22]

rest — over a total duration of 3 h

Amperometric conditioning

Linear current sweeps from 2 A (400 mA/cm?) to 15 A (3.0 A/cm?) with 0.25 A (50 mA/cm?) steps, [18]

each held for 5 min. The procedure was repeated 4 times until the difference between the last
two scans was <50 mA. Total conditioning time: ~18 h. Full MEA activation confirmed by power

density stabilization.




the active phase too. In the case of carbon-supported cat-
alysts, carbon oxidation can occur at high cathode poten-
tials, leading to the detachment of platinum nanoparticles
from the support. Furthermore, additional degradation
mechanisms such as platinum dissolution, Ostwald ripen-
ing, and particle agglomeration contribute to the gradual
loss of electrochemically active surface area and overall
performance decline. These degradation phenomena must
be evaluated independently of catalyst layer thickness, and
comparisons should be performed under identical operat-
ing conditions, particularly at the same current density,
to ensure meaningful interpretation of results. This high-
lights the importance of controlled experimental method-
ologies when investigating catalyst layer behavior.

In addition to degradation, achieving uniform cata-
lyst layer thickness is particularly critical at low platinum
loadings [36, 37]. Although carbon-supported platinum
catalysts currently provide the best balance between per-
formance and stability in PEMFCs, their high cost neces-
sitates minimizing material losses during MEA fabri-
cation [38]. To address this challenge, the spray-coating
device developed and applied in this study enables highly
uniform and precise deposition of catalyst layers, even at
low Pt content. This approach provides a cost-effective
solution at laboratory scale while maintaining scalability
for larger-scale applications.

Despite extensive research on catalyst layer design
and PEMFC performance, limited attention has been
paid to the interplay between catalyst loading, autother-
mal behavior, and electrochemical impedance character-
istics during activation and operation. In particular, the
relationship between self-heating phenomena and funda-
mental electrochemical processes (such as proton conduc-
tion, charge transfer, and double-layer formation) remains
insufficiently understood. To address this gap, this study
investigates autothermal effects in PEMFC catalyst layers
with varying platinum loadings.

The high-precision spray-coating method is used also
to produce uniform catalyst layers with controlled Pt con-
tent, minimizing material loss during MEA fabrication.
The evolution of temperature during activation and under
electrical load is analyzed and correlated with electro-
chemical processes identified using GEIS measurements.
Specifically, the study examines the relationship between
ohmic resistance (R,), charge transfer resistance (R,), dou-
ble-layer capacitance (C,), current density j, and autother-
mal temperature.
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The findings contribute to a deeper understanding of
the coupling between thermal and electrochemical phe-
nomena in PEMFCs and provide insights for optimizing
catalyst layer design. This work supports the development
of a 500 W small-scale PEMFC stack for vehicle or drone
applications, where precise control of platinum loading is
essential for achieving optimal performance and cost-effi-
ciency, particularly in relation to balance-of-plant compo-
nents such as thermal management systems.

2 Methods

2.1 Materials

The study compared MEAs with three different cata-
lyst layer configurations, focusing on variations in both
platinum content of the applied carbon supported 40 and
60 wt.% Pt/C catalysts (C-40-Pt and C-60-Pt, respectively;
C: Vulcan XC-72 product, QuinTech [39]) and Pt loading
of the catalyst layer on the gas diffusion electrode (GDE)
(in mg Pt/cm?). The tested MEA configurations included:
C-40-Pt with 0.57 mg Pt/cm?, and C-60-Pt with 0.57, and
0.13 mg Pt/cm? Pt loading. These Pt loadings were applied
symmetrically; each MEA had the same Pt loading on
the cathode and anode sides. Proton exchange membrane
(PEM) of the tested MEAs was Nafion® XL [40], which was
purchased from Ion Power Ltd., Germany. Gas diffusion
layers (GDLs) were prepared using teflon loaded H23C6
carbon paper (Freudenberg FCCT, Germany). For the sake
of simplicity, the catalysts will be denoted in the figures
according to the abbreviations introduced in Table 2.

2.2 Manufacturing of membrane electrode assemblies
and cell composition

Each MEA had an active surface area of 16 cm?. Gas dif-
fusion electrodes were made by spray-coating. Table 3
presents the detailed composition of the catalyst ink

(where m is the mass of the used catalyst, V. is

catalyst ionomer

the used volume of ionomer, V. is the used solvents

solvent

volume, [PA means isopropanol, and I/C ratio means

Table 2 Definition of samples

Name Short name
C-60-Pt loading = 0.57 [mg/cm?] P
C-60-Pt loading = 0.13 [mg/cm?] Q

C-40-Pt loading = 0.57 [mg/cm?] R
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Table 3 Composition of the catalyst ink (detailed in Section 2 of Supplement)

Short name Catalyst type M st [mg] “onomer Nafion [mL] V. vent IPA [mL] 1/C ratio
P C-60-Pt 105.56 1.125 2.815 0.5
Q C-60-Pt 52.78 0.565 1.405 0.5
R C-40-Pt 185.55 1.98 5.935 0.5

ionomer/carbon ratio). The applied ionomer was a 5 m/m%
Nafion solution (DuPont, United States), while ana-
lytical grade isopropanol (MolarChem, Hungary) was
used as the solvent. The dry Nafion to catalyst mass
ratio was 0.5. The catalyst ink was mixed at room tem-
perature for 2 h using a magnetic stirrer. A home-made
spray-gun robot (see Fig. 1) was developed for this pur-
pose by ArtTECHNICS Bt. (Hungary). Moving of the
nozzle (Krautzberger, Germany) MikroXS, 0.2 mm inner
diameter was regulated by G-code program. The blow-
ing distance between the carbon paper and the nozzle
was fixed to 70 mm. Ready GDEs were heat treated at
85 °C for 30 min and then at 120 °C for 30 min. GDEs
were built together with PEM by hot pressing for 3 min
at 120 °C with 270 MPa pressure. For exact temperature
measurement, a 0.25 mm diameter Type K thermocouple
(RHODIUM Kft., Hungary) was inserted into the MEAs,
between the proton exchange membrane and the gasket.
In the experimental cell Ti bipolar plates (BPPs) with
single serpentine gas flow channels were applied (made
by ArtTECHNICS Bt). The pulling torque of the bolts
(8 pc., 6 mm diameter) of the cell endplates was 4 Nm.

In the context of porous PEMFC catalyst layers, defin-
ing an exact geometric thickness is not meaningful due to
their nanoscale roughness, heterogencous porosity, and
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Fig. 1 Explanation of used terms R, R, and C,. In fuel cell impedance
models, R, is the ohmic resistance of the membrane and contacts, R,
is the charge transfer resistance describing electrode reaction kinetics,
and C, is the double-layer capacitance representing charge separation
at the electrode—electrolyte interface. More detailed explanation can be
seen in Fig. S1.

irregular morphology. Surface techniques such as scanning
electron microscopy (SEM) or profilometry cannot capture
a single, unambiguous thickness value. Therefore, perfor-
mance differences are more reliably attributed to structural
and compositional parameters such as Pt loading, ionomer
content, and electrochemically active surface area (ECSA),
rather than to a poorly defined layer thickness [41, 42].

The differentiation between the effects of catalyst layer
thickness and platinum content on temperature behaviour
is discussed in detail in Section 2 of Supplement. The meth-
odology used for calculating the Tafel slope of the MEAs
is described in detail in Section 3 of Supplement.

2.3 Autothermal activation

A 850 Fuel Cell Test System (Scribner, Germany)
was used to measure the autothermal activation of
the MEAs. The activation lasted for 12 h (as reported by
Du et al. [43]), during which increases in current and tem-
perature were monitored. No external heating was applied,
and measurements began at a cell temperature of 25 °C.
Humidifiers were kept continuously at 25 °C both on cath-
ode and anode. Back pressures were 150 kPa (H,) at the
anode and 130 kPa (O,) at the cathode. The flow rates of
hydrogen (anode) and oxygen (cathode) were 200 mL/min.
The detailed explanation can be find in Section 4
in Supplement.

Fuel cell testing followed the New European Driving
Cycle (NEDC) protocol with defined conditions (80 °C,
controlled humidity, and specified back pressures), ensur-
ing comparability with other studies. During autothermal
activation the pressures were reduced due to room-tem-
perature operation and polyethylene gasket limitations,
while a pressure difference between anode and cathode
was maintained to prevent water crossover. The more
detailed rationale behind the use of different anode and
cathode back pressures during autothermal activation is
detailed in Section 4 of Supplement.

2.4 Autothermal polarization and impedance
spectroscopy with galvanostatic electrochemical
impedance spectroscopy supplement

The conditions were the same as in case of autothermal acti-
vation. The most important difference was that in this case
the voltage was measured and the current was increased in



steps of 1 A / 10 min. Analysis was combined with GEIS
in order to understand the changes in processes occurring
in the cell during polarization. In GEIS measurements, the
given electrical load (current) is perturbed with an alter-
nating current of constant amplitude of 500 mA, and the
voltage response is recorded in a wide frequency range
of 1-10,000 Hz. This technique provides detailed informa-
tion on the internal resistive and capacitive properties of
the cell. The results are commonly analyzed using Nyquist
plots and equivalent circuit models, allowing parame-
ters such as R,, R,, and C, to be determined (see Fig. S1 in
the Supplement).

The load step durations applied during the polarization

protocols were as follows:

» For standard NEDC (according to NEDC regulation,
according to the load-dependent) polarization, a step
duration of 2 min was used.

» For voltage-current galvanistatic electrochemical
impedance spectroscopy (UI-GEIS) measurements
at fixed temperature (polarization combined with
impedance spectroscopy), each step lasted for 5 min.

* In the autothermal (without external heating, heat-
ing dictated by cell reaction kinetics) UI-GEIS pro-
tocol, a step duration of 10 min was implemented to
ensure adequate thermal stabilization by the end of
each current level, allowing for reliable acquisition
of the impedance spectra. This timing was estab-
lished based on prior empirical experience.

2.5 Polarization with impedance spectroscopy at 80 °C
As references for the autothermal case, the polarizations
were repeated in case of all MEAs at fixed cell temperature
(T = 80 °C), where relative humidity were also constant
(50% on anode, 30% on cathode). Measurement param-
eters were based on the basic polarization settings of the
NEDC protocol [44]. Accordingy, the back pressure value
at the anode was 250 kPa and at the cathode was 230 kPa.
NEDC is an EU-harmonized protocol for PEMFC MEA
testing, and is therefore suitable for us as an internation-
ally accepted reference. In these polarizations, GEIS was
also measured in each current step (1 A /5 min). GEIS set-
tings have not changed (1-10,000 Hz, amplitude: 500 mA).
NEDC protocol offers 2 min steps, but according to our
experience, 5 min steps resulted in better current stabil-
ity. Right before NEDC polarization, the MEAs were held
at 400 mV for 90 min under the measurement conditions.
This "second activation" was necessary to equilibrate the
initial state of the MEAs, which had changed due to the
prior autothermal measurements.
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In a single cell arrangement, fuel cell testers usually
control the temperature of the cell by heating cartridges
inserted into the endplates. This is the laboratory scale
solution. However, in practice, other method has to be
found to ensure even temperature distribution. External
cooling is necessary due to the exothermic nature of the
cell processes. To design an appropriate cooling solu-
tion for a stack, as part of the Balance of Plant (BoP), we
have to study and understand the autothermal phenomena.
Closed cathode PEMFC stacks can be cooled by air or by
liquid. There is an optimal cell temperature that results in
the highest possible power density while avoiding damage
to the membranes.

3 Results and discussion
As can be seen from Fig. 2(a), during autothermal polar-
ization, the MEA containing 60 wt.% Pt/C at a loading of
0.57 mg Pt/cm? (sample P) showed a slightly higher initial
voltage (open circuit voltage) than the MEA containing
40 wt.% Pt/C at the same Pt loading (sample R). During
the autothermal polarization (Fig. 2(a)), it was observed
that in both the activation polarization and ohmic polar-
ization regions, the MEAs with higher platinum loading in
the GDE (0.57 mg Pt/cm?, sample P and R) demonstrated
nearly identical performance, both exceeding the cell per-
formance measured on the MEA with lower platinum
loading (0.13 mgPt/cm?, sample Q). At higher current den-
sities, approaching the concentration polarization region,
the MEA prepared with 40 wt.% Pt/C increasingly outper-
forms that prepared with 60 wt.% Pt/C. In this region, the
MEA with lower platinum content still lags behind in per-
formance, but the difference is smaller compared to that
observed in the activation polarization region (Fig. 2(a)).
As reference, we performed the polarization pro-
cess according to the unified standard NEDC protocol
(Fig. 2(b)). Similarly to autothermal polarization, MEAs
with higher Pt content perform better than the MEA with
lower Pt content in the entire region of the polarization
curve. There is no significant difference between the two
MEAs containing 0.57 mg/cm? Pt loading, with increas-
ing current density, the MEA containing 40 wt.% Pt/C
catalyst slightly outperforms the MEA prepared using
60 wt% Pt/C. Fig. 2(c) shows that the MEA containing
60 wt.% Pt/C at a loading of 0.13 mg Pt/cm? (sample Q)
has the highest temperature at all measured current den-
sity points. This observation is in good agreement with
the lower electrical efficiency of the sample over the entire
range of the polarization curve, which therefore also
implies a more pronounced heat loss.
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Fig. 2 (a) Autothermal and (b) NEDC polarization curves and (c) the
temperature evolution in autothermal polarization

These results are in good agreement with the simulations
by Carcadea et al. [45], who found that the lower Pt content
in the activation polarization region significantly reduces
the cell performance, and also explains why the 40 wt.%
Pt/C catalyst performs slightly better at higher currents
with the same Pt content. Carcadea et al.'s simulations refer
to the phenomenon of faster mass transport in this case.

An equivalent circuit model [46] was fitted for GEI
spectra recorded in autothermal polarization. The points
of the autothermal measurement taken at 1 A/cm? are
also shown separately in Table 4, that is an extract of the
more detailed diagram group in Section 5 of Supplement.
Analyzing the R, R, and C, values obtained (Fig. 3 and

Table 4 Equivalent circuit model for autothermal polarization. Ohmic
resistance (R)), charge transfer resistance (R,) and capacitance C,

at 1 A/cm? current density

R, R, C

2 ()
Sample  EIVI 16 em]  [@xem?]  [Flemy L C)
P 0.0330  0.0128 0.0080 0.00086 4876
Q 0.0303  0.0144 0.0096 0.00039  55.50
R 00336 0.0112 0.0112 0.00117  52.13
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Fig. 3 R, values obtained in (a) autothermal polarization and
(b) in NEDC measurements. Data of R, and C, can be find in Section 5
of Supplement.

Fig. S2 in the Supplement), in the case of MEA containing
60 wt.% Pt/C at a loading of 0.13 mg Pt/cm? (sample Q) we
can see that with increasing current density, the C, value
initially decreased and then remained fairly constant.
The C, value refers to the double-layer capacitance of the
electrode-electrolyte interfaces. It appears that the con-
tact between Nafion and Pt/C catalyst particles weakens
in the ohmic and concentration polarization regions. In
the case of autothermal polarization, with increasing cur-
rent density, the relative humidity of the gases reaching
the electrodes continuously decreases, meaning that we
can expect the Nafion ionomer in the membrane and the
catalyst layer to dry out. Shrinkage of the Nafion ionomer
due to water loss can lead to a decrease in the interfacial



area between the catalysts and Nafion. This phenomenon
is consistent with the increase in ohmic resistance (R, in
Fig. S2 in the Supplement for sample Q in the autothermal
polarization case), which can practically be attributed to
the increase in the resistance of the ion exchange mem-
brane between the electrodes. Ohmic resistance appears
as a single point on the x-axis of the Nyquist plot at high
frequencies. The Nyquist plots of sample P can be seen
in Fig. 4, the other two sample's detailed results are in
Fig. S3. These results show that the ohmic resistance of
sample P is fairly constant or even slightly decreases,
while for sample Q there is a pronounced increase in R,
with increasing current densities.

The narrowing of performance differences between
membrane electrode assemblies with different platinum
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Fig. 4 Hange of current density and temperature with time in case of
autothermal activation: (a) sample P, (b) sample Q, (c) sample R
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loadings in the concentration polarization region can be
attributed to the increasing dominance of mass trans-
port and water management limitations during auto-
thermal operation. At elevated current densities, oxygen
transport to the cathode becomes the rate-limiting fac-
tor, while excess liquid water accumulation in the catalyst
and gas diffusion layers further restricts reactant access.
Under these conditions, the kinetic advantages associated
with higher platinum loading are progressively masked,
leading to convergence of cell performance regardless of
catalyst content. This behavior is reflected in the polar-
ization curves, where voltage losses in the high current
density regime are governed primarily by mass transport
effects rather than catalytic activity [47, 48].

Under autothermal polarization conditions, the cell
temperature increases with current density due to the exo-
thermic nature of the electrochemical reaction. This tem-
perature rise enhances membrane proton conductivity,
which can outweigh the effect of decreasing inlet gas rel-
ative humidity, resulting in a net decrease in ohmic resis-
tance. Therefore, the observed trend — lower ohmic resis-
tance at higher current densities — is primarily attributed
to temperature-driven improvements in membrane ionic
conductivity rather than humidity effects alone [49-51].

In case of autothermal polarization the most important
difference from a simple polarization is that there are two
competitive processes: 1) increasing of the temperature
(because of the increasing of the current) increases the per-
formance of the cell; ii) because of that the cell tempera-
ture is increasing, but the temperature of the humidifiers
is not changing, relative humidity are continously decreas-
ing, which have a negative effect on the power of the cell.
Experiments showed, that the effect of the temperature is
stronger, and because of that, the power of the cell was
increasing. It is detailed in Section 5 of Supplement.

The double Ilayer capacitance was the high-
est for MEA containing 40 wt% Pt/C at a loading of
0.57 mg Pt/cm? (in Fig. S2 in the Supplement for sample R
in the autothermal polarization case). The 40 wt.% Pt/C
catalyst has a higher Brunauer-Emmett-Teller (BET) sur-
face area than the 60 wt.% Pt/C catalyst, eventually result-
ing in greater interfacial contact between the Nafion iono-
mer and the catalyst particles and thus sample R exhibited
the highest double-layer capacitance.

Charge transfer resistance characterizes the electro-
catalytic reactions in a MEA. Theoretically, both the
anodic and cathodic processes, i.e. hydrogen electrooxi-
dation (HOR) and oxygen reduction reaction (ORR), can
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be evaluated with GEIS, but since ORR is kinetically
more hindered, the charge transfer resistance is more pro-
nounced in the case of ORR, and the HOR process is prac-
tically undetectable. Fig. S2 in the Supplement shows a
monotonic decrease in R, values for all samples, which
is consistent with the fact that during autothermal polar-
ization, the temperature increases monotonically due to
the increasing current density, which naturally results in
improved reaction kinetics.

Interestingly, the samples with a Pt content of
0.57 mg Pt/cm? (sample P and R) have a higher charge
transfer resistance than the sample with a Pt content of
0.13 mg Pt/cm?at low current densities, i.e. close to open
circuit voltage. Indeed, this observation is consistent with
the sudden decrease in voltage in the activation polariza-
tion region in the polarization curves of high Pt-content
samples.

Additional remarks concerning porosity and electro-
chemically active surface area, including a discussion of
the limitations in corresponding characterization data, are
provided in Section 8 of Supplement.

In the activation polarization region, the effect of tem-
perature is superimposed on the effect of overvoltage
according to the Tafel equation. Note: the overvoltage has
a linear correlation with the logarithm of the current den-
sity, and the slope of this relationship (Tafel slope) depends
on the ORR reaction mechanism [52]. A steeper Tafel slope
is expected if the rate-determining step is the first, pro-
ton-coupled charge transfer, while if subsequent charge
transfer steps are the rate-determining, the Tafel slopes
are smaller. For MEAs with high Pt content, the amount of
proton exchange sites relative to Pt content is smaller than
for MEA with low Pt content, which ultimately would lead
to the first proton coupled charge transfer ORR step as rate
determining in case of P and R samples.

Fig. 4 shows the time dependence of the autothermal
activation. It can be seen that the current density change
obtained on the higher Pt content MEAs (sample P and R)
occurred at a nearly identical rate and reached the same
final current densities within 12 h. In contrast, for MEA
with lower Pt content, higher self-heating temperatures
and correspondingly lower current densities were mea-
sured over the same amount of time.

Analyzing the GEIS measurements shown in Fig. 5(b)
and Fig. S8 in Supplement using the equivalent circuit
model, it can be concluded that the changes in the param-
eters R, R,, and C, obtained for the polarization accord-
ing to the NEDC protocol showed similar trends as in

0.4
Catalyst: P — 63[mA/ecm?]
.'EO.S R — 125[mA/cm?]
Q — 500 [mA/cm?
€.0.2 A : ]
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Fig. 5 (a) GEIS curves from autothermal polarization and (b) at 80 °C
constant temperature. The corresponding diagrams for the samples Q
and R can be found in Section 6 of Supplement.
the autothermal measurements, the extract of measure-
ment is in the Table 5. As it can be seen in the Fig. S5 in
Supplement, the MEA containing 40 wt.%Pt/C at a loading
of 0.57 mg Pt/cm? (sample R) showed lower ohmic resis-
tance over the entire range of current densities compared
to sample P. As discussed above, this can be attributed to
too excessive porosity of 60 wt.% Pt/C [53] compared to
that of the 40 wt.% Pt/C catalyst, which ultimately leads to
smaller electrochemically active surface area and higher
contact resistance. This experimentally confirms the cal-
culations of Kriston and Popov [54]. In their studies, poro-
simetry measurements showed that at higher Pt concen-
trations, the agglomerates become larger, the pore size
changes from below 10 nm to around 40 nm and the pro-
portion of small pores decreases. This suggests that newly
deposited particles cover previously deposited particles

and reduce the available catalytic surface area.

For the sample with 0.13 mg/cm? Pt loading (sample Q),
similarly to autothermal case, R, values increased again.
It seems that the low rate of the cathodic ORR process

Table 5 Equivalent circuit model for NEDC polarization. Ohmic
resistance (R)), charge transfer resistance (R,) and capacitance C,
at 1 A/cm? current density

NEDC polarization, 80 °C, 250-230 kPa, relative humidity 50-30%

Sample E[V] R, [Qx cm?] R, [Q x cm?’] C, [Flem’]
P 0.0393 0.0112 0.0048 0.00094
Q 0.0369 0.0096 0.0048 0.00041
R 0.0340 0.0080 0.0064 0.00116




does not provide enough water for proper hydration of
either the membrane between the GDEs or the ionomer
around the catalyst particles, although in the NEDC pro-
tocol polarization the relative humidity of the gases is uni-
form over the entire range of current densities.

The charge transfer resistance values (R,) obtained
during NEDC polarization at low current densities follow
the trends known from the autothermal case. Accordingly,
the difference between the initial charge transfer resis-
tance values for different samples can be attributed to dif-
ference in the ORR mechanism. The first proton-coupled
charge transfer step may be the rate-determining step for
samples with high Pt content (P and R), while for the sam-
ple with a thin catalyst layer, the subsequent charge trans-
fer may be the rate-determining step. At low current den-
sities, the largest decrease in R, is again associated with
the P and R samples. However, at higher current densities,
we can observe a stabilization of these values, or at least
the slope of the further decrease is significantly smaller
than in the autothermal case. Namely, in the case of polar-
ization performed at a constant temperature, we can only
expect the effect of overvoltage on electrocatalytic reac-
tions, according to Tafel equation. There is no temperature
change that affects the charge transfer resistance as in the
case of autothermal polarization.

In the NEDC polarization, a rather hectic fluctua-
tion in the double-layer capacitance (C,) is observed.
This is in good agreement with simulation results by
Halvorsen et al. [55], which showed that GEIS mea-
surements at fixed temperatures show high variance.
This effect is more pronounced at lower Pt loadings.

4 Conclusion

In the case of MEAs with high Pt content, i.e. thick
catalyst layers, the Pt concentration of the catalyst is
important. The MEA made of 40 wt% Pt/C outper-
forms the MEA made with a higher-Pt content catalyst
(60 wt.% Pt/C) at high current densities. It has been con-
firmed that too high porosity of 60 wt.% Pt/C compared
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