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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Ageing of PEMFCs at intermediate tem
perature (80–120 ◦C) and high load.

• Accelerated ageing at elevated 
temperatures.

• Main cause of performance loss is the 
polymer in membrane and ionomer.

A B S T R A C T

To improve the Proton Exchange Membrane Fuel Cells (PEMFCs) suitability for heavy-duty vehicles a higher operating temperature is required. However, a higher 
operating temperature is often associated with higher degradation rates. In this work we investigate the effects of temperature and load on the degradation of 
commercial state-of-the-art membrane electrode assemblies (MEAs) operating at intermediate temperatures (IT) between 80 and 120 ◦C during galvanostatic holds. 
Thorough electrochemical analysis was made together with transmission electron microscopy and modelling. As expected, a more rapid decrease in performance is 
observed at an increased operating temperature. The main loss in performance is linked to changes in the membrane and ionomer in the membrane electrode as
sembly. In particular, the membranes fail due to pinhole formation, resulting in higher hydrogen crossover. It is also seen that the ionomer in the cathode degrades 
faster at elevated temperatures, and that a lower applied load reduces the rate. Further analysis shows small and similar changes in the electrode thickness and 
particle sizes for all temperatures. Although an elevated temperature reduces the lifetime of a fuel cell, operation at elevated temperatures for shorter durations can 
be feasible, but the polymer electrolytes must be designed for higher temperatures.

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is an attractive 
technology due to its high energy density and could therefore be 

employed in the electrification of heavy-duty vehicles (HDVs) and other 
demanding applications e.g., marine and air transportation. As waste 
heat rejection is simpler at higher operating temperatures, an elevated 
operating temperature, up to 120 ◦C is desirable, at least at increased 
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power demands [1–3]. However, given the much longer lifetime ex
pected for HDVs (30 000 h) compared to light-duty vehicles (LDVs, 
8000 h), much more attention must be paid in minimizing the degra
dation of the cell [1].

Among proton exchange membranes (PEMs), the most used mem
brane is Nafion, or similar perfluorosulfonic acid (PFSA) membranes 
[4–6]. The degradation mechanisms of such membranes have been 
studied extensively. In general, there are three main types of membrane 
degradation: thermal degradation, mechanical stress, or chemical 
degradation [4,5,7,8]. All types of losses in membrane properties can 
lead to changes in the ionic conductivity or in the mechanical strength of 
the membranes. Pinholes are of particular importance, as their forma
tion can lead to a downward spiral of increased crossover and acceler
ated degradation [9–11]. Stressors for chemical membrane degradation 
include low humidity and elevated temperatures [7]. Elevated temper
atures can also lead to irreversible mechanical changes, and membrane 
creep, as the glass transition temperature of Nafion is around 100 ◦C [12,
13].

Another key-component together with PEMs in membrane electrode 
assemblies (MEAs) for PEMFCs is the catalyst layer. It mainly consists of 
the catalyst material, usually Pt nanoparticles, ionomer (an ion- 
conductive polymer with similar properties as the membrane) and the 
catalyst support, most often carbon particles. Performance loss in the 
electrode can be caused by degradation of any of these components. The 
typical degradation mechanism of the catalyst is Pt dissolution, 
detachment with consequent coalescence, migration, or Ostwald 
ripening mechanism [11,14–16]. All these types of Pt degradation led to 
a loss of electrochemical surface area (ECSA) which directly causes a 
decrease in performance. Pt dissolution can also lead to Pt diffusion into 
the membrane [17]. While the degradation of the Pt catalysts is pre
dicted to occur at high cathode potentials close to open circuit voltage 
(OCV), experiments have shown the occurrence of Pt degradation at 
operational fuel cell voltages (~0.75 V) [16,17]. The degradation of the 
ionomer follows similar mechanisms as the membrane [11]. Degrada
tion of the carbon support is caused by the reaction of carbon with 
water, with a standard potential of 0.207 V vs normal hydrogen elec
trode (NHE) [18,19]. However, due to the slow kinetics the reaction 
occurs mainly at potentials above 1.1 V, but in the presence of Pt catalyst 
effects can be seen at a potential as low as 0.55 V [19].

Few studies have measured PEMFC degradation at elevated tem
peratures. Kakinuma et al. [13] used OCV hold to investigate membrane 
ageing of Nafion and noted that at 120 ◦C the membrane degradation 
occurred 5 times faster compared to at 90 ◦C. They utilized voltage 
cycling between 0.6 and 1.0 V and observed a retention of only 16 % of 
the electrochemical surface area (ECSA) at 120 ◦C compared to 46 % at 
80 ◦C, while also noting an increase of particle size from 3 nm to 7.6 and 
5.7 nm respectively. During the voltage cycling, lowering the humidity 
from 80 % to 20 % increased the ECSA retention to 77 % and limited the 
average particle size to 4.4 nm. Another study by Mathias et al. [2] 
underlined that after 5000 cycles at 25 % RH between 0.7 and 0.9 V, the 
ECSA loss was 10 % at 80 ◦C and 20 % at 120 ◦C, suggesting that while a 
higher temperature caused an increase in ECSA loss it did not hinder the 
overall performance substantially.

Accelerated stress tests (ASTs), including those abovementioned, are 
often utilized to facilitate faster testing of ageing. However, it has been 
pointed out that ASTs on a single component might be more aggressive 
than the operation in actual applications, thanks to the mitigation 
strategies that are currently adopted in fuel cell vehicles [20]. Alterna
tively, load cycling protocols can be employed to reproduce typical 
degradation modes of a cell subjected to driving conditions, such as the 
New European driving cycle (NEDC), which include stressors such as 
higher temperatures [21]. The ID-FAST H2020 European project 
developed a new AST for fuel cell based on real-life driving data, where 
most of the drive cycle is conducted at 71 ◦C but the high power is done 
at 90 ◦C. They noted significant different ageing modes for three 
different CCMs tested, suggesting the importance of CCM design. 

However, no comparison with a constant temperature was given, mak
ing it difficult to fully understand the effects of operating temperature 
[22,23].

Few studies have investigated the effects of higher temperatures on 
the degradation of fuel cells, and none have measured more than one 
temperature above 80 ◦C and under constant load. In this study, gal
vanostatic measurements at high power and 80, 100 or 120 ◦C are used 
to investigate the effect of temperature and load on the ageing in 
PEMFCs. Measurements are done while periodically performing elec
trochemical characterizations including cyclic voltammetry, electro
chemical impedance spectroscopy and polarization measurements, to be 
able to systematically analyze the degradation. In addition, cross-section 
TEM post analysis is used to investigate changes in the catalyst layer in 
detail. A 0-D model is employed to better understand the different losses 
occurring in the fuel cell.

2. Experimental

2.1. Setup

The cell house (Fuel Cell Technologies), with a 5 cm2 serpentine flow 
field, was mounted in a fuel cell setup containing two humidifiers (Fuel 
Cell Technologies), two mass flow controllers (Brooks 5850E) and two 
manual back-pressure regulators (Fairchild 3024BP). The temperatures 
of the humidifiers, pipes and cell house were controlled using PID 
controllers (Eurotherm 3216). For the CO-stripping measurements, an 
additional flow controller (Bronkhorst EL-FLOW Select) was used to 
supply dry 2 % CO in Ar at the cathode side. For all measurements, 
a commercial MEA with anode and cathode loadings of 0.1 and 0.2 
mgPt cm− 2 and a 10-μm-thick reinforced PFSA membrane was utilized. 
The gas diffusion layer (GDL) used was made of carbon paper with a 
thickness of 220 μm (including the microporous layer) and a 200-μm- 
thick PTFE sheet was employed as gasket on each side. The cell was 
compressed using 10 Nm of torque.

For each sample a reference condition (RC: 80 ◦C and 70 % RH, same 
for all sample) and a setpoint condition (SP: 80/100/120 ◦C and 70 % 
RH, depending on the sample) were utilized. A total pressure of 3.1 bar 
(abs.) and 3.0 bar (abs) was used at the anode and cathode, respectively. 
As shown in our previous work, the use of both high humidity and high 
total pressure permits us to achieve high performance at higher tem
peratures [24]. While the SP conditions were employed for the ageing 
protocol, the RC was employed to characterize the cell at the beginning 
of the test and every 48 h, allowing the comparison of the cell ageing at 
different temperatures, as described in Table 1. A detailed table with all 
the measurement steps is shown in the SI. Two different samples were 
tested for each temperature condition. Additionally, at SP = 100 ◦C, two 
samples were further tested applying half of the load.

The measurements were performed using the anode as reference and 
counter electrode, and the cathode as working electrode. The measured 
cell voltage (Ecell) between anode and cathode is used for plotting the 
polarization curves.

2.2. Electrochemical measurements

All electrochemical measurements were performed using a 
GSTAT302N Potentiostat (Metrohm Autolab) with a BSTR10A booster 
(Metrohm Autolab). At each condition two individual measurements 
were performed. For each measurement, the following procedure was 
utilized. Firstly, an activation procedure was carried out at the RC. The 
cell was activated by galvanostatic holds from 0.1 to 0.9 A cm− 2 (with 
0.1 A cm− 2 steps) for 45 min, followed by a hold at 1.0 A cm− 2 for 2 h. 
Then, a complete electrochemical cell characterization was carried out: 
under H2/air, a polarization curve and galvanostatic electrochemical 
impedance spectroscopy (G-EIS) measurements were performed, while 
under H2/N2, CO-stripping voltammetry (after flushing dry 2 % CO in Ar 
at the cathode side), potentiostatic electrochemical impedance 
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spectroscopy (P-EIS) and linear sweep voltammetry (LSV) were 
measured. The former characterization is indicated in the result section 
as beginning of life (BOL) characterization at the RC. During the char
acterization a constant flow of 265 ml min− 1 H2 and 662 ml min− 1 air 
were used, this corresponds to 3.5 times the stoichiometric requirement 
at 10 A. For the ageing an excess of 2.5 of the stoichiometric requirement 
was maintained.

Polarization curves were recorded by galvanostatic holds at currents 
from 0.4 to 100 mA cm− 2 in steps for 1 min, then from 200 to 1400 
mA cm− 2 for 2 min each. The steps were then repeated in reverse. G-EIS 
was performed with DC currents from 10 to 1200 mA cm− 2 from 100 
kHz to 0.1 Hz, with an AC amplitude of 5 % of the applied DC current. 
The HFR was obtained from the real part of the impedance when the 
imaginary part was 0 at high frequencies.

The P-EIS under H2/N2 were carried out from 100 kHz to 0.1 Hz with 
an applied DC voltage of 0.4 V and an AC amplitude of 5 mV. The ionic 
resistance of the ionomer was obtained by calculating three times the 
distance between the HFR and the value of the real part of the imped
ance once the phase angle was above 45◦ [25].

The cyclic voltammetry (CV) was carried out by sweeping the po
tential from either 0.1–0.8 V (at SP) or to 1.2 V (at RC) with a sweep rate 
of 20 mV s− 1 for five cycles. The lower upper potential at the setpoint 
condition was chosen to avoid carbon corrosion and Pt degradation 
during the characterization. First, 50 ml min− 1 of 2 % CO in Ar was 
supplied for 2 min, afterwards N2 was flushed for 8 min to remove any 
remaining CO. During this time the potential was held at 0.15 V to avoid 
any oxidation of the bound CO. Afterwards the CO-stripping was per
formed similarly to the baseline CV. The ECSA was then obtained from 
the subtraction of the additional charge due to the CO stripping and 
divided by the specific charge of 420 μC cm− 2 [26]. The peak position 
and full width half maximum (FWHM) of the CO peak was obtained by 
fitting a gaussian curve.

The LSV was carried out by sweeping the potential from 0.1 V to 
0.7 V with a sweep rate of 0.1 mV s− 1. The hydrogen crossover current 
was obtained from the linear extrapolation of the values from 0.4 to 
0.6 V–0 V.

The cell was then heated to the SP condition over 1 h. Once the SP 
was reached, similar cell characterizations were performed, which is 
indicated in the results as BOL characterization at the SP. The long 
heating time was used to ensure that steady state has been reached prior 

to the electrochemical measurements. Then the cell was run at SP 
conditions by applying a constant current for 144 h corresponding to 
the current obtained at 0.65 V at the RC initially measured about 1.3 
A cm− 2, which is considered 100 % load as is detailed in the EU 
harmonized protocols [21]. If the cell voltage went below 0.1 V during 
the galvanostatic measurement, the measurement was terminated and 
the “end of life” EOL characterization was initialized. For the mea
surements done at 50 % load, the current obtained at 0.65 V was halved 
prior to being applied, around 0.65 A cm− 2. After every 12 h of opera
tion, a complete cell characterization at SP was performed. After every 
48 h a shutdown procedure was performed, here called “cold soak”. 
During this the cell was cooled to 30 ◦C for 8 h and the humidifiers’ 
temperature was set to 30 ◦C (100 % RH). Afterwards the cell was heated 
to RC where cell characterization was performed and then heated to SP 
where an additional characterization was performed. The last charac
terization at SP and RC are indicated as EOL characterizations. No cold 
soak was done before the characterization at RC for the EOL. A detailed 
table with all the measurement steps is shown in the SI.

2.3. Microscopy evaluation

To visulaize and quantify changes in the cathode catalyst layers 
during degradation, fresh and tested MEAs were characterized by 
S/TEM-EDS microscopy using a Talos F200X microscope (Thermo Fisher 
Scientific, USA), at the University of Connecticut. To prepare the sam
ples, small pieces of MEAs were embedded in a 1:1 mixture of 4,4′- 
Methylenebis (2-methylcyclohexylamine, Sigma-Aldrich, USA) hard
ener and trimethylolpropane triglycidyl ether resin (Sigma Aldrich, 
USA), microtomed to thin (~100 nm) slices using Leica UCT ultrami
crotome (Germany), and placed on Cu/Pd TEM grids. Brigh field im
aging was performed to collect images at 190 kx magnification and 
evaluate Pt particle size distribution (PSD). In-house developed deep 
learning-based approach was used to measure thousands of particles in a 
number of areas and provide Pt PSD and mean particle size [28]. STE
M-EDS elemental mapping at 5 kx and 79 kx magnification was used to 
map the distribution of Pt catalyst, carbon support and ionomer 
(following fluorine signal) in the cathode, and evaluate if any changes 
occurred during testing. The elemental maps were visualized using 
ESPIRIT 1.9 (Bruker, USA) analytical software. An in-house developed 
EDS maps quantification method was used to provide Pt loading, I/C 

Table 1 
Outline of the experimental protocol. The sequence of each condition, marked with a color for set point (SP) reference condition (RC) and cold 
soak, is displayed on a time axis of totally 144 h. In the final characterization no cold soak was performed. Further details are provided in the 
SI.
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ratio and porosity of the samples [29,30].
The membrane thickness was obtained through cross section with 

SEM/EDX (Hitachi 2–4800/X-MaxN 80 Silicon Drift Detector (SDD), 
Oxford Instruments).

2.4. Model for estimation of polarization losses

To estimate the losses in the polarization, a 0-D model similar to that 
proposed by Joui et al. [27] was utilized: 

Ecell=Erev − kt
(
T − Tref

)
+

RT
nF

ln
(

pH2 p
1
2
O2

)

−
RT
αnF

ln
(

iloss+i
i0

)

− i*HFR(T,RH,i)

− Bc ln
(

iL
iL − i

)

[Eq.1] 

Where Erev is the reversible potential, kt is the shift in standard potential 
due to temperature and is 0.85 mV K− 1, Tref is the reference temperature 
of 273 K, T is the cell temperature (in K), R is the gas constant, F is 
Faraday’s constant, n is the number of electrons per mole of reactant, pH2 

and pO2 are the partial pressures of hydrogen and oxygen, α is the charge 
transfer coefficient, iloss is the hydrogen crossover and the short circuit 
current measured from the LSV, HFR(T,RH, i) is the high frequency 
intercept from the G-EIS, BC is an empirical parameter to consider non- 
uniform current densities in the electrode and iL is the limiting current 
density [27].

When fitting the model to the data i0, iL and BC were fitted while the 
remaining variables were taken from the other characterizations and α 
was kept at 0.5.

3. Results and discussion

3.1. Effect of temperature at cell level at beginning of life (BOL)

The initial performance and characterization for one of the samples 
tested at each condition are shown in Fig. 1. All samples have similar 
performance at the reference condition (RC) of 80 ◦C (Fig. S1), and even 
at different temperatures (Fig. 1a), only a slight deviation at higher 
current densities is observed. The tested samples are from the same sheet 
of commercial MEA and as such good reproducibility at BOL is expected. 
The small loss at higher temperatures is a consequence of the oxygen 
partial pressure being the most important parameter to have good per
formance if the relative humidity is the same, as shown in our previous 
study [24]. In this study, due to the high back pressure of 3 bar absolute, 
a high oxygen partial pressure can be obtained even at 120 ◦C. Although 
the water partial pressure increases with temperature, the oxygen gas 
partial pressure is still sufficient for operation, reaching 56, 48 and 34 
kPa (abs.) at 80, 100 and 120 ◦C and 70 % RH respectively.

The G-EIS measurements shown in Fig. 1b (and Fig. S1b), are similar 
at both RC and SP. All samples initially show comparable high frequency 
resistance (HFR), suggesting that the initial membrane conductivity is 
the same for all samples. However, the low frequency resistance (LFR) 
for the 120 ◦C sample is slightly higher compared to the other samples, 
which is most likely the cause of the reduced initial performance seen in 
the polarization curve.

Finally, the CO-stripping curves (Fig. 1c) show that all samples have 
similar ECSA at the beginning of the test at both RC and SP. At elevated 
temperatures a shift of the CO oxidation peak to lower potentials with an 
increasing temperature is observed, which is expected due to the 
lowering of the onset potential for CO oxidation at elevated tempera
tures [31,32]. However, as the measured ECSA was similar, the 
CO-stripping is assumed to be valid for the remaining analysis taken at 
the different temperatures. Overall, it can be confirmed that at BOL all 
samples are reasonably similar and have performance both at the RC and 
at the SP.

3.2. Effect of temperature and load on performance decay

In Fig. 2a the cell voltage evolution during the constant load mea
surements is summarized. The graphs show that the cell voltage de
creases with time for all temperatures and loads. The repetition for each 
condition is shown in the supplementary data. Fig. S4 shows that the 
variation between samples is large. However, the trend with rising 

Fig. 1. a) Polarization curves, b) G-EIS at 0.6 A cm− 2, c) CO-stripping curves at 
the SP of 80, 100 or 120 ◦C. Measurements were done at 70 % RH, 3 bar ab
solute pressure, with 265 ml min− 1 of H2 and 662 ml min− 1 of (a–b) air or 
(c) N2.
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Fig. 3. Polarization curves and HFR over time at SP: a) 80, b) and d) 100, and c) 120 ◦C and 100 % load (a,b,c) and 50 % load (d). Measurements were done at 70 % 
RH, 3 bar absolute pressure, with H2 and air with flow rates of 265 ml min− 1 and 662 ml min− 1. For the sample at 120 ◦C the EOL was reached after 72 h (during the 
characterization).

Fig. 2. a) Voltage change during the constant load, about 1.3 A cm− 2 for 100 % load, done at 70 % RH, 3 bar absolute pressure of H2 and air and a flow rate 2.5 times 
the stoichiometric requirement. Every 12 h the constant load is interrupted for characterization. Cyan vertical lines indicate the execution of a cold soak. b) Gain in 
the cell voltage of the polarization curves recorded after the cold soak compared to before. Measurements were done at 70 % RH, 3 bar absolute pressure and with H2 
and air flow rates of 265 ml min− 1 and 662 ml min− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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temperature is the same. Every 12 h the characterization is performed, 
which causes a slight negative shift in the cell voltage, in all cases except 
for the 50 % load. The decrease partially recovers after a couple of hours 
at SP, but it is still evident that the characterization steps caused some 
irreversible changes. The cold soak performed every 48 h, shown in 
Fig. 2b, caused an improvement in cell voltage for the 100 ◦C and 120 ◦C 
sample, likely due to increased wetting of the polymer, while causing a 
decrease for the 80 ◦C sample. It is important to note that both the 
samples aged at 120 ◦C failed after around 72 h and could not be tested 
further, unlike all the other operating conditions which lasted the full 
144 h test. At 100 ◦C a relatively large variation between the duplicates 
is observed after the first cold soak.

To determine if a lower load could lead to slower ageing, measure
ments with only 50 % applied load (~0.65 A cm− 2) were performed at 
100 ◦C as well. Due to the lower applied current density, the 50 % load 
sample has a higher operational voltage of ~0.75 V instead of ~0.65 V. 
It can be noted that the characterization each 12 h and cold soak each 48 
h have a positive effect on the cell voltage for the half-load sample. This 
suggests that significant parts of the voltage loss at 50 % load are 
reversible and that the samples suffer from insufficient humidification.

The polarization curves at SP every 12 h are shown in Fig. 3. After 
being aged at constant current, and been subjected to characterization, a 
lower cell voltage at high current densities is observed for all samples. In 
particular, the sample run at 80 ◦C, Fig. 3a, shows almost negligible 
ageing in the low current density region, while it is affected by a more 

pronounced mass transport loss at current densities above 0.6 A cm− 2.
The samples aged at 100 ◦C (Fig. 3b) and 120 ◦C (Fig. 3c) and full 

load present a different ageing behavior compared to 80 ◦C. Firstly, a 
loss in the OCV is observed, most likely due to increased hydrogen 
crossover. Additionally, a clear shift to lower potentials is observed for 
the entire current density range. From the polarization curve it is 
obvious that a pinhole has started to form between 60 and 72 h in the 
120 ◦C sample.

The samples aged at 100 ◦C using half of the load (Fig. 3d) have a 
higher loss of performance compared to the full load when measured at 
the SP (and at the RC, Fig. S5). This could be due to the fact that the cell 
is maintained at a higher potential of 0.74 V at 50 % load compared to 
0.66 V at 100 % load, which is more detrimental for the catalyst and 
support [11]. In accordance with Fig. 1b higher HFR values are observed 
for higher temperatures. For all samples a general trend of higher cur
rents causes a slight decrease in HFR. The change in HFR with current is 
less pronounced at higher operating temperatures as the 
self-humidification from produced water is reduced.

At the EOL the decrease in cell voltage at 1 A cm-2 is 7.2 %, 11.8 % 
and 21.7 % for 80, 100 and 120 ◦C. For the sample at 100 ◦C and half 
load the loss in potential was 15.2 %. For 120 ◦C EOL is measured at 72 h 
from the beginning compared to 144 h for the remaining samples. It 
should be noted that HFR, associated with membrane resistance, is in
dependent of load. Further, the HFR tends to diminish at lower current 
and lower temperatures, while it is more independent on the current 

Fig. 4. Polarization curves a) 80 and 120 ◦C at 100 % load and b) 100 ◦C for 100 and 50 % loadand galvanostatic impedance spectroscopy at 0.6 A cm− 2 for c) 80 and 
120 ◦C at 100 % load and d) 100 ◦C for 100 and 50 % load. Measurements were done at reference conditions (RC) 70 % RH, 3 bar ab pressure, with 265 ml min− 1 H2 
and 662 ml min− 1 of air.
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level at higher temperature.
To understand the cause of the performance losses recorded 

throughout the ageing tests, characterizations were performed every 12 
h at the SP and at the same temperature (RC) every 48 h. A comparison 
between the BOL and EOL measurements at RC of 80 ◦C is shown in 
Fig. 4. Although the ageing behaviors within the repetition of the same 
test were similar; to provide a more quantitative analysis, the two tests 
performed for each operating condition are plotted in the following 
figures.

From the polarization curves, Fig. 4a and b, it can be seen that at the 
comparable RC the ageing becomes more severe at higher temperatures. 
Compared to the BOL and EOL curves at SP shown in Fig. 3, at RC similar 
observations regarding the influence of temperature and load can be 
made in Fig. 4a and b.

The H2 and air G-EIS measurements at 0.6 A cm− 2, plotted in Fig. 4c 
and d, show that all samples have similar HFR and semicircle height. 
Main difference is an increase of the low frequency intercept, which is 
associated with an increase in the mass transport resistance. At 120 ◦C, it 

Fig. 5. Changes of a) cell voltage during load, b) hydrogen crossover, c) high frequency resistance (HFR) at 0.6 A cm− 2, d) cathode ionomer resistance, and e) 
electrochemical active surface area (ECSA) over time. Measurements were done at setpoint conditions (SP). Repetitions and measurements done at reference con
ditions can be found in the SI.
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Table 2 
Data obtained from the STEM-EDS analysis on one fresh sample and one aged sample for each operating condition.

Cathode Fres 80 ◦C 100 ◦C 100 ◦C–50 % 120 ◦C Average for all

Total porosity, % 77 72 67 71 71 70
Pt loading, mg/cm2 0.28 0.28 0.28 0.3 0.26 0.28
Pt particle size (±distribution), nm 4.74(±0.12) 5.2(±0.135) 5.25(±0.135) 5.32(±0.140) 5.12(±0.137) 5.22(±0.14)
Ionomer loading, mg/cm2 0.18 0.23 0.26 0.23 0.30 0.26
I/C 1.03 1.38 1.22 1.78 2.23 1.65
Layer thickness, um 8.11 7.52 7.5 6.58 7.84 7.36

Fig. 6. Cross-section analysis of cathode catalyst layers with STEM-EDS maps after test at full load. a) 80 ◦C, b) 100 ◦C, c) 120 ◦C, d) fresh and e) 100 ◦C and 50 % 
load. Upper micrograph shows the entire catalyst layer thickness and beneath is a larger magnification for a detailed view of the catalyst layer structure. The 
corresponding images for the different conditions has the same magnifications. The colors indicate Pt (red), C (blue) and F (green). The membranes, shown in green at 
the bottom of the upper micrograph were not mapped fully and should not be considered here. f) Pt particle size distributions close to the membrane obtained from 
bright field TEM images. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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should be considered that the test had reached the failing criteria, which 
was triggered by the too low voltage measured, therefore quantitative 
information cannot be extrapolated from the G-EIS spectra. For all the 
conditions, G-EIS measurements are in good agreement with the corre
sponding polarization curves.

3.3. Component-level analysis

The evolution of degradation characterized every 12 h, are displayed 
in Fig. 5, including the cell voltage at full load (Fig. 5a), hydrogen 
crossover from linear sweep voltammetry (Fig. 5b), membrane resis
tance from the HFR of the H2/air GEIS (Fig. 5c) electrode ionic resis
tance from H2/N2 EIS (Fig. 5d) and catalyst surface ESCA from CO- 
stripping (Fig. 5e). Although there is a variation among the repetitions 
in the absolute values (Fig. S6), despite very similar performance at BOL 
(Fig. 1a), the trends are the same. The main difference with temperature 
is observed for hydrogen crossover (Fig. 5b) and cathode ionomer 
resistance (Fig. 5d). Regarding the samples tested at 80 ◦C, the analysis 
shows that the most significant change between BOL and EOL in the first 
run was the 10 % loss of initial ECSA over time (Fig. 5e). A shift to lower 
CO-peak potentials and a broadening of the CO peak, which is often 
related to larger particle sizes [33] was also observed, and confirmed 
with TEM, discussed below. A faster voltage drop (measured during the 
polarization curve within the H2/air characterization step) over time 
was recorded for the repetition (darker blue color in Fig. S6). This in
crease in ageing can be attributed mainly to the increase of the resis
tance of the ionomer over time as shown in Fig. 5c and d, obtained from 
the G-EIS and P-EIS data.

For the samples aged at 100 ◦C several causes for ageing can be 
found. Firstly, an increase in the resistance of the ionomer over time was 
observed, Fig. 5d. Secondly, an increase in hydrogen crossover, Fig. 5b, 
was observed, with one sample forming pinholes large enough to cause a 
large increase in crossover after 96 h. Compared to 80 ◦C, a faster in
crease in the HFR, Fig. 5c is also measured for the two samples tested at 
100 ◦C. These results suggest that at 100 ◦C the polymer is not stable and 
degrades more rapidly.

For the samples aged at 120 ◦C, a large increase in hydrogen cross
over was observed (Fig. 5b), due to pinholes formation and these caused 
the termination of the ageing measurements. The abrupt crossover in
crease happened around 60 h for both samples. A minor increase in the 
loss of ECSA at 120 ◦C compared to 80 ◦C and 100 ◦C was also noted, as 
shown in Fig. 5e. Surprisingly, no increase in the resistance of the ion
omer, Fig. 5d, was observed. This might be due to the measurements 
being terminated prior to degradation being noticeable, or to the 

pinholes compromising the validity of the other measurements.
For the samples aged at 100 ◦C and half load similar ageing as for full 

load is observed. From the hydrogen crossover, Fig. 5b, the half load 
samples developed pinholes at around 132 h which is later than the one 
sample at 100 % load at 100 h. This might suggest that a higher load can 
accelerate the membrane ageing, but the main cause of pinhole forma
tion is due to elevated temperatures, which is in agreement with the tests 
at 120 ◦C and full load. The HFR, Fig. 5c, show no large variations be
tween the two loads, with both increasing at approximately the same 
rate. For the resistance of the ionomer, Fig. 5d, the half load sample 
shows no increase while the full load sample shows a large increase over 
time. If the increased load is causing an increase in the ionomer resis
tance, this could be due to the lower cathode potential at the higher 
load, or due to higher local temperatures at higher current densities 
which are observed to compromise the ionic conductivity also in the 
membrane. At half load, the cold soak improved the performance as 
shown in Fig. 2b. On the contrary, at full load such recovery could not be 
observed, likely due to an irreversible loss in the ionic conductivity of 
the cathode catalyst layer. However, a higher ionomer resistance should 
cause a larger loss in performance which was not observed in the po
larization curves at SP, as seen in Fig. 3.The measured ECSA and CO- 
peak position for the half load decreased over time, similar to the full 
load, Fig. 5e, suggesting that the two operating potentials are similar 
enough not to cause higher rates of Pt oxidation, dissolution or 
agglomeration, as this would shift and reduce the peak [11,20,34].

The sudden increase in crossover is not notable in the cell voltage 
that declines more continuously. The about 50 % increase in cell resis
tance (HFR) and ionomer resistance (RH+) during the study, observed at 
least for 100 ◦C, indicate that the voltage loss is mainly an effect of 
polymer electrolyte changes with rising temperature.

3.4. Microscopy evaluation

Microscopy evaluation of the fresh and tested cathodes using STEM- 
EDS mapping revealed small changes (see Table 2). Visually, as shown in 
Fig. 6, the cathodes show comparable microstructure and component 
distribution at the low and high magnification. In these measurements 
the full cross-sections of the membranes were not mapped and should 
not be considered here. Some electrode thinning is evident in all tested 
MEAs. The quantification of the EDS maps showed some differences 
(Table 2). All electrodes show a thinning of about 10 % on average, as 
well as a total porosity loss of 10 %, compared to the fresh samples, and 
no substantial change in Pt loading. The histograms of the size distri
bution in Fig. 6f are very similar for all samples. The distribution of the F 

Fig. 7. Polarization curves at a) BOL, and b) EOL 120 ◦C with the calculated distribution of losses. Measurements were done at SP and 70 % RH, 3 bar ab pressure, 
with H2 and air with flow rates of 265 ml min− 1 and 662 ml min− 1. For the sample at 120 ◦C the EOL was reached after 72 h.
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containing ionomer is less homogeneous after fuel cell operation, how
ever, it is hard to tell whether this is more evident at higher tempera
tures. Pt particle size increased on average 10 %, from 4.74 to 5.22 nm. 
Furthermore, after ageing large agglomeration of Pt could be observed 
in some spots. The small difference between samples confirms that the 
degradation of the catalyst is not a major cause of the failure at higher 
temperatures.

The largest change was noticed in terms of calculated ionomer 
loading and I/C ratio, and an average increase of 44 % and 60 %, 
respectively, was calculated compared to the fresh cathode. These 
values are larger at 120 ◦C compared to 80 ◦C and 100 ◦C. The ionomer 
loading and I/C ratio are calculated from the measured fluorine EDS net 
counts, assuming Nafion composition. The increase in the loading and I/ 
C ratio are a consequence of the higher measured fluorine EDS signal. 
This increase is most likely caused by the membrane degradation and 
side chain leaching to the cathode.

3.5. 0-D model of polarization losses

To further elaborate and deduce the contribution and sources of the 
losses the 0-D model shown in equation (1) was used in which i0, iL and 
Bc were fitted for each curve measured at the SP. The fitted results and 
the distribution for the 120 ◦C sample are shown in Fig. 7, the remaining 
temperatures are shown in the supporting information, Fig. S9. As can be 
seen, the model fits the data well, suggesting that the main losses are 
accounted for in the model. As expected, the main loss for all the 

samples, already from the BOL, is from the cathodic overpotential (green 
area). A relatively small contribution is given by the ohmic losses, which 
can be linked to the thin membranes (10 μm) and adequate humidifi
cation. The mass transport losses are significant, even at lower current 
densities. However, it must be noted that the empirical term Bc had to be 
utilized to allow a good fit, and it does not represent an exact physical 
phenomenon, but rather the sum of all inhomogeneities and current 
concentrations in the electrode. However, it suggests that improving the 
current distribution in the electrodes can significantly improve perfor
mance. After ageing, it can be seen that all samples have increases in all 
losses. However, the largest increase is due to the increase in mass 
transport resistance. Which is most likely caused by larger current dis
tributions in the electrode and uneven distribution of ionomer as found 
by TEM. Given the formation of pinholes, the losses due to crossover are 
noticeably increased at EOL (red area).

The evolution of the fitted parameters i0 and the combined mass 
transport losses with time are summarized in Fig. 8. The choice of using 
the total mass transport instead of iL and BC is due to the two constants 
being indistinguishable from each other in such a simple model and 
would require other measurements to deconvolute the separate 
contributions.

The calculated i0 at the start of the measurements shows an increase 
of 2.3 and 5.8 times at 100 ◦C and 120 ◦C, respectively compared to 80 
◦C, which is expected as reaction kinetics are improved with tempera
ture [24,35,36], as shown in Fig. 8a. The calculated activation energy 
using an Arrhenius expression is 50 kJ mol− 1, is similar to previous 

Fig. 8. Changes in fitted values for a) i0, b) i0 percentage, and c) mass transport over time. d) Distribution of total losses at 1 A cm− 2 at BOL and EOL. Measurements 
were done at 70 % RH, 3 bar ab pressure, with H2 and air with flow rates of 265 ml min− 1 and 662 ml min− 1. For the sample at 120 ◦C the EOL was reached after 
72 h.
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reported values [35]. Over time the calculated i0 decreases for all 
samples, losing approximately 20, 50, 70 and 70 % for the 80, 100, 120 
◦C and 100 ◦C at half load respectively (Fig. 8b). The losses can partially 
be attributed to the loss in ECSA. As the CO-peak position shifted to 
slightly lower potentials and reduced in size it is attributed to Pt 
agglomeration, which was confirmed through STEM-EDS [33]. How
ever, as the ECSA loss was less than 20 % for all samples this cannot fully 
explain the loss in the calculated i0, which is significantly larger than 20 
%. Thus, the losses are due to more nonuniform current distribution 
resulting in an apparent drop in exchange current density.

The calculated mass transport loss at 1 A cm− 2, shown in Fig. 8c, 
shows that the 80 ◦C sample had a slightly higher mass transport 
resistance at the start of the measurement compared to the tests at 
higher temperatures. This is due to the lower saturation pressure of 
water most likely resulting in local flooding in the electrode. Over the 
measurements the mass transport loss increases for all tested samples 
causing large increases in the total losses of the fuel cell. The changes in 
the losses from BOL to EOL at 1 A cm− 2 for the tested samples are 
summarized in Fig. 8d. For all samples, the mass transport loss has the 
largest increase in voltage loss observed in the polarization curves, 
which is in agreement with the previously discussed Fig. 5d and e and 
with the I/C ratio measured at EOL. For the changes in cathode over
potential a trend can be observed, with a larger change occurring at 
higher temperatures, suggesting that while the initial catalyst activity is 
improved at elevated temperature, the catalyst layer degradation is 
much faster, resulting in a net loss of activity.

3.6. Final considerations

Degradation cannot be totally avoided during prolonged fuel cell 
operation. The combination of high load, temperature and pressure, 
which have been experimentally shown to shorten the PEMFC lifetime, 
are the most probable for higher temperature operation, at least during 
high-power demand sections. Therefore, a more careful analysis is 
required. Although in these tests the effect of load cycling was purposely 
not included, the periodic characterization of the cell required changes 
in the operating conditions which have contributed, and probably even 
partially accelerated the cell degradation. These changes included gas 
switches, flow changes, RH cycling induced by electrochemical pro
duced water during polarization curves, cold soaks, temperature 
changes from the RC to the SP. Furthermore, as the formation of pin
holes or tears cannot be exactly predicted statistical analysis of degra
dation becomes difficult.

As concluded in the previous sections, an increased temperature 
negatively influences the lifetime. The mean rate of degradation, of both 
repetitions, at full load was 0.63/1.0/3.0/1.0 m Vh− 1 at setpoint and 
0.7/1.0/0.6/0.7 m Vh− 1 at reference conditions for the 80/100/120/ 
100 half load samples respectively. While the degradation rate in this 
study is high the operating conditions and load were chosen due to their 
harsh nature. While the reaction kinetics is improved at higher tem
peratures, leading to a decrease of the cathodic overpotential of about 
17 mV at 1 A cm− 2, the equilibrium potential is simultaneously 
decreased by 34 mV, which negates the effect. To compensate for the 
higher water saturation pressure, a high total pressure was maintained 
to ensure adequate dry gas partial pressure, as observed in our previous 
work [24]. That increased the gas crossover rate, which at higher tem
peratures are also facilitated by an increased membrane permeability 
[37]. This enhanced the formation of radicals which are known to attack 
the membrane chemistry and that are the main responsible for chemical 
degradations [8]. It is likely that an increase in temperature further 
enhanced the kinetics of these reactions, causing even larger losses. 
Therefore, the primary reason for the test failures can be attributed to 
the degradation of the polymer electrolyte both in membrane and in 
catalyst layers.

In parallel, a degradation of the functionality of the polymer used as 
a membrane and as ionomer in the catalyst layer was observed, which 

led to reduced ionic conductivity (and therefore increase membrane and 
cathodic resistivity), Fig. 5c and d. This process was also seen to be 
accelerated at a higher temperature. Interestingly, the test performed at 
half load showed that the protonic conductivity of the membrane and 
ionomer was not affected as much, which resulted in a partial reversible 
degradation (Fig. 3d vs Fig. 4b) at the RC. Ionomer degradation, or 
changes in ionomer wetting properties, could lead to more uneven 
current distribution in the electrode which in turn explains the apparent 
change in the exchange current density for all samples.

The half load caused larger losses compared to full load. This is 
attributed to the prolonged hold at higher potentials which might have 
affected the catalyst and the carbon support to a larger extent. A larger 
thinning of the catalyst layer of this sample was observed by TEM. 
Higher temperatures are also reported to accelerate the carbon corrosion 
and the Pt agglomeration [13], which can be observed in the CO-peak 
shift to lower potentials. This couples well with the results of our 
model where the diminished efficient exchange current density, is more 
severe, as the temperature is raised.

However, above a certain current density, pure activation losses 
cannot justify the drop in performance seen in the polarization curves, 
and the losses are due to mass transport related phenomena. In the 0-D 
model this term includes all the remaining losses, such as current dis
tribution in the electrode and mass transport of reactants and products. 
The reduced ionic conductivity in the catalyst layer observed through 
H2/N2 P-EIS can partly explain this term. A possible explanation is that 
the electrode structure has changed its porosity by roughly 10 % for all 
samples, making it more difficult for the gas diffusion in the catalyst 
layer. This can also be qualitatively observed in the electrochemical 
characterization by the appearance and growth of a second semicircle in 
the low frequency region for the G-EIS. Similarly, porosity and wetta
bility of the GDL might have changed. Additionally, the 0-D model is a 
simple schematization of the fuel cell, and its assumptions might not be 
true for the entire experiment, i.e. that the current distribution over the 
geometric area is uniform. Inhomogeneities would result in local hot
spots which locally increase the chance for pinhole formation, carbon 
corrosion and thermal stresses. These inhomogeneities are likely 
increasing at higher temperatures, which can explain why the mass 
transport coefficient is overestimated by the model at higher 
temperatures.

It is obvious from these results that the state-of-the-art MEAs are not 
designed for these elevated temperatures and new materials must be 
developed for this temperature range. Further, more analyses of the 
structure changes in the catalyst layer have to be made in order to better 
ascertain the source of the losses in current polymer electrolytes. This 
paper gives a good reference point and methodology for future studies of 
novel polymer electrolytes fuel cells designed for elevated temperatures.

4. Conclusions

In this study steady state measurements at high power and high 
pressure were performed at 80, 100, and 120 ◦C. The results showed that 
an increased temperature caused an increase in the performance loss of 
the cell. The main causes of this performance loss were associated with 
change in the membrane and ionomer. The increased temperature 
caused an increased hydrogen crossover and likelihood towards pinhole 
formation in the membrane together with deteriorated ionic conduc
tivity. While increasing the temperature from 80 ◦C to 100 ◦C caused an 
increase in the degradation rate of the cathode ionomer, decreasing the 
load from full to partial at 100 ◦C caused the degradation to be in line 
with 80 ◦C, likely due to a reduced irreversible degradation of the ionic 
conductivity. On the contrary, the sample aged at half-load showed an 
enhanced Pt degradation.

The model suggests that the performance decay is to be attributed to 
increased gas crossover, loss of apparent exchange current density and, 
more importantly, mass transport limitations, all exacerbated at higher 
temperatures.
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Overall, it can be concluded that, given the current state-of-the-art of 
the materials, an elevated temperature is negative for the lifetime of a 
fuel cell. Polymers with better chemical stability, in particular reduced 
fuel permeability, resistance to radical attacks and prolonged ionic 
conductivity need to be developed to operate at higher temperatures for 
prolonged time. The TEM and SEM-ED analysis showed small and 
similar changes in the electrode thickness and particle sizes for all 
temperatures meaning that the catalyst is relatively unaffected by the 
increase in temperature, if the applied current is constant. A remaining 
challenge is then to address the catalyst layer degradation, including Pt 
agglomeration, carbon corrosion, and porosity loss at elevated temper
atures for a non-constant current load.

Although extended operation at higher temperature is not currently 
possible, operating at elevated temperatures for shorter durations is 
feasible.
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