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Abstract — The high temperature polymer electrolyte membrane fuel cell (HT-PEMFC) based
on the polybenzimidazole (PBI) membrane doped with phosphoric acid (H3PO4) presents a
promising route in the development of fuel cell technology. The higher operating temperature
of 160-200 °C results in an increased tolerance of the platinum catalyst to the carbon
monoxide, an improved electrode Kinetics, a higher-grade heat produced by the fuel cell, and
a simplified water management due to the absence of liquid water in the system. In this study,
the accelerated stress test protocol (AST) corresponding to the Driving Duty Cycle was used
to characterize two sets of commercial MEAs, by Danish Power Systems Ltd. and FuMA-tech
GmbH, respectively. Performance characteristics prior to and after the AST procedure were
measured. The changes in the resistivity of the MEA were examined by electrochemical
impedance spectroscopy (EIS). The EIS data were analysed and interpreted by a suitable
equivalent circuit that consisted of a resistor and the Voigt's structure in series with constant
phase elements. Conducted experiments and their analysis showed suitability of the
HT-PEMFC technology in applications where dynamical load of the cell is expected.
Moreover, the lower number of AST cycles did not seriously affect the cell performance. As
expected, with increasing number of AST cycles, decrease in the cell performance was
observed. In general, presented comparative study is expected to provide an extension of
existing data for present and future development of diagnostic in the field of HT-PEMFC.
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1. INTRODUCTION

The polymer electrolyte membrane fuel cells (PEMFCs) are considered as a promising
alternative for stationary/portable electric power applications and ideally suited for transport
applications. Well described low temperature variant (LT-PEMFC) has high power density
and efficiency [1], [2], zero carbon emissions and short start-up time [3]. However, elevated
operational temperature above 120 °C (HT-PEMFC), where electrolyte is based on the PBI
membrane doped by phosphoric acid (PBI/H3POs), is beneficial for simplified water
management due to the absence of liquid water in the system and dry feed gas demands
[4]-[6]. In order to improve fuel cells durability, testing protocols are designed to ensure a
correct comparison of fuel cell components [7], [8]. Several testing protocols are proposed,
but there is still lack of degradation studies of components currently used in high temperature
fuel cells [9]-[12].
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There are many advantages of operating fuel cells above 120 °C, because of the enhanced
electrode kinetics and a higher-grade heat produced by the fuel cell [13]. Moreover,
HT-PEMFCs are more tolerant to impurities contained in reformed hydrogen [5], so the feed
gas purification is easier [14]. This fact makes HT-PEMFC attractive toward the processes
that produce hydrogen with higher content of carbon monoxide or carbon dioxide [15], [16].
Produced heat also allows increase of overall system efficiency in combined heat and power
(CHP) units. Furthermore, flooding of the active area is avoided because the water on the
cathode side is produced in its gaseous phase.

Despite these facts, many problems related to HT-PEMFC operations should be addressed.
The operating temperature of the high temperature PEM fuel cells creates dry environment in
the active area and this dehydration results in high ohmic losses in the electric current
generation process [ 14]. Extreme operating conditions causes acid leaching from the HT-PEM
fuel cell, which negatively affects the fuel cell performance. Higher operating temperature
also leads to faster degradation of the carbon supported platinum catalyst, as reported, e.g.
in [17]. Moreover, the durability and stability of the PBI based membranes, widely used in
HT-PEMFC, are considered as a problem for further commercialization [18]-[20].

Wide range of operational conditions is essential for possible fuel cell applications, see [21]
and references therein. Nowadays, it seems to be impractical to employ the long-term
steady-state lifetime test to analyse suitability of the fuel cell technology for specific
applications. Accelerated stress tests (ASTs) are used as a relevant alternative to describe the
stability, reliability, and durability of a membrane electrode assembly (MEA). The load
cycling accelerates degradation processes of key components; thus, the well-planned AST
properly simulates the long-term testing [22]. The AST results in serious degradation
processes as the membrane material loss (i.e. loss of the phosphoric acid), platinum
dissolution, catalyst particles agglomeration, and corrosion of carbon materials [4], [11],
[23], [24].

Furthermore, the cycling current loading conditions introduce enormous stress to the
cathode side of the fuel cell, where local areas can reach a potential difference of 1.3 V
causing possible carbon-support corrosion [10], [25]. The AST reduces experiment time
while the crucial information about degradation processes is still provided. So, the AST plays
a vital role in characterization of the fuel cells and the results are essential in the fuel cell
components research and development; moreover, obtained data can be also used to set the
mitigation strategies of the fuel cell degradation in the case where cycling current loading
events occur [22]. However, there is still a lack of studies addressing the degradation
phenomena in the field of HT-PEM fuel cells.

The present contribution focuses on the AST protocol following a new European driving
duty cycle (ECE R15) and characterizing a cycle of a fuel-cell-powered car [26]. Firstly, the
experimental part consisting of the test setup, and used methodology to analyse PEMFC
performance and a measure of a degradation is described. Then, obtained results are discussed
with respect to latter mentioned methodology. The paper is closed by a summary and a
conclusion. This work is the first, to the best of the author's knowledge, to offer a complex
performance study of the commercial MEA samples that have undergone ECE R15
accelerated stress test protocol.
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2. METHODS AND METHODOLOGY

2.1. Test setup

The qCf FC50/125 LC V1.1 device provided by balticFuelCells connected to the Greenlight
Innovation test stand G20 was utilized for MEA testing. The qCf FC50/125 LC V1.1 was
extended by the cF50/125 HT CSS to measure current distribution over the MEA surface area.
To heat an MEA sample, the thermostat Huber ministat 230-cc-NR with the thermofluid
P20.275 50 was utilized. The first set of MEA samples was provided by Danish Power
Systems, which are marketed as Dapozol®-G77 with an active area of 50 cm? and catalyst
loading 1.3—1.5 mg Pt cm™2. The second set of MEA samples was provided by FuMA-tech
GmbH and these samples are distributed as Fumea® HT-PEM with an active area of 50 cm?
and catalyst loading 1.55-1.7 mg Pt cm™2. The MEA samples provided by Danish Power
Systems Ltd. are labelled as D100 and D500 and the MEA samples provided by Fumatech
are labelled as F100 and F500.

A test procedure, according to the new European driving duty cycle (ECE 15) [26], and
JRC Scientific and Technical Reports Test Module PEFC SC 5-2 Polarisation curve for a
PEFC single cell [27], was written in the Greenlight test stand scripting language. Fig. 1
shows a typical cycle of the AST procedure used to characterize the MEA samples.
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Fig. 1. Selected cycle of the test procedure. Ve is the cell mean voltage, i is the cell current density, w is the cell power
density, T is the cell temperature, Quode is the hydrogen volumetric flow on the anode side, Qcanode 18 the air volumetric
flow on the cathode side, and ¢ is time of the test procedure.

Focusing only on the reliability of HT-PEMFCs at the constant cell temperature of 160 °C,

the inlet gases were kept at room temperature during the whole test procedure, i.e. Tcen =
160 °C, Tgs ~ 25 °C, respectively. Laboratory air with RH ~ 45-50 % (at room temperature)
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was used on the cathode side and pure dry hydrogen was used on the anode side. The AST
procedure were conducted for 100 and 500 cycles. So, in the case of the AST with 100 cycles,
the cell worked approximately 333.3 minutes at 50 % power and 41.7 minutes at 100 %
power. On the other hand, in the case of the AST with 500 cycles, the cell worked
approximately 1666.7 minutes at 50 % of power and 208.3 minutes at 100 % of power. The
stop condition of the AST procedure was either a total of demanded cycles or the cell voltage
below 0.5 V at desired current density, whichever comes first. Similarly, the stop condition
for the i-V curve measurement was either the cell voltage below 0.5 V or the current density
above 0.4 A cm™, these stop conditions were given by limitations of the used load in the test
stand. Moreover, the contact pressure on the active MEA area was kept at constant value of
1.0 N mm2.
The test procedure itself consisted of several steps as follow:

1. Heating the cell up to the temperature 160 °C;

2. Stabilising the cell for 18 hours at the temperature 160 °C in the set-up mode of the test
stand, no-load connected;

3. Keeping a constant current density 0.2 A cm 2, i.e. 100 % of the current demand (100 % of
cell power), for 24 hours. The anode hydrogen and cathode air stoichiometry were set to
1.5 and 2.0, respectively;

4. Measuring the i-V curve for the constant gas stoichiometry, i.e. 1.5 for the anode and 2.0
for the cathode. Measuring the impedance spectra;

5. Performing the AST procedure consisting of 100 or 500 cycles at the anode hydrogen and
cathode air stoichiometry 1.5 and 2.0, respectively. One cycle was divided into two main
parts. The first part was represented by four short cycles with maximal value of the drawn
current density 0.1 A cm for 25 seconds. Duration of the one short cycle was 200 seconds.
The second part was represented by one longer cycle with maximal value of the drawn
current density 0.2 A cm? for 25 seconds. This second part of the cycle lasted 400 seconds.
So, the whole one cycle lasted 1200 seconds;

6. Measuring the i-V curve for the constant gas stoichiometry, i.e. 1.5 for the anode and 2.0
for the cathode. Measuring the impedance spectra;

7. End of the test.

2.2. Electrochemical impedance spectroscopy

To understand the processes taking place in the low temperature PEMFC, impedance
spectra in galvanostatic mode of the MEA samples prior to and after the AST procedure were
measured by the Gamry FC-350 EIS device, which is integrated in the Greenlight Innovation
G20 test stand. The impedance spectra were also measured at the constant cell temperature
of 160 °C, the inlet gases were kept at room temperature during the whole test procedure, i.e.
Teett = 160 °C, Tgas ~ 25 °C, respectively. Prior to the EIS tests, conditioning of the MEA at
the load of 0.2 A cm™ for 15 minutes was performed. Furthermore, the anode hydrogen and
cathode air stoichiometry were set to 1.5 and 2.0, respectively. Thus, the EIS tests were
performed for DC 10 A, AC 0.5 A, i.e. DC 0.2 Acm™ and AC 0.01 A cm™, over the
frequencies ranging from 0.1 Hz to 25 kHz. Value of AC was chosen as 5 % of the DC value,
which corresponds to heavy duty operating conditions [28], [29].
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3. RESULTS

3.1. MEA conditioning

The cell conditioning data were obtained by drawing a current density of 0.2 A cm™ for 24
hours prior to the AST procedure, this current density represents assumed working point of
the fuel cell. The cell initial response is shown in Table 1 for the each MEA sample. The cell
is supposed to be conditioned, if the standard deviation of the cell voltage was lower than
5 mV in the last one hour of the cell conditioning. All the MEA samples met this requirement.
Each MEA was affected differently by the conditioning procedure, which is evident from
mean voltage values V at the end of the conditioning procedure. Moreover, F100 and F500
show a more stable response after the conditioning procedure than D100 and D500. This is
indicated by the values of voltage standard deviation Vsp in Table 1.

TABLE 1. INITIAL RESPONSE OF THE MEA SAMPLES, I.E THE MEAN CELL VOLTAGE V AND THE
MEAN VOLTAGE STANDARD DEVIATION Vsp PRIOR TO THE AST PROCEDURE

Sample V, mV Vsp, mV
D100 589.3 1.1
D500 585.5 0.6
F100 670.0 0.5
F500 663.6 0.2

3.2. Dynamic cycling and degradation

The degradation caused by the AST procedure is detectable from the performance analysis.
The extent of degradation is given by the differences between the performance characteristics
prior to the AST procedure (beginning of test — BoT) and after the AST procedure (end of
test — EoT).

The differences between the BoT and EoT characteristics of the D100 and F100 samples
are not so prominent, which imply that there is no significant decrease in the performance
caused by the AST procedure, see top graph in Fig. 2. On the other hand, there are
considerable differences between the D100 and F100 characteristics. These differences may
be connected to different MEA composition, i.e. composition of PBI/H3POj4 electrolyte and
catalyst, MEA fabrication procedure, and also to initial properties of the MEA samples. These
cogitations are supported by Table 1, where the initial MEA responses differ. So, the MEA
samples by Danish Power Systems show lower initial responses, i.e. the cell voltage is lower
than in the case of the MEA samples by Fumatech.

Differences between BoT and EoT characteristics are gained by higher number of the AST
cycles, see bottom graph in Fig. 2. The F500 sample shows a more significant influence of
the AST procedure on the performance characteristics indicating loss of performance due the
dynamic load. The voltage differences of the F500 sample are 4.5 % at i = 0.1 A cm™, i.e.
50 % of cell power, and 5.4 % ati=0.2 A cm™2, i.e. 100 % of cell power. On the other hand,
the voltage differences of the D500 sample are 2.4 % at i =0.1 A cm™2, i.e. 50 % of cell
power, and 3.2 % ati = 0.2 A cm™2, i.e. 100 % of cell power.
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Fig. 2. Plot of the polarization curve (i-V curve) for Fumea and Dapozol MEA samples — prior to and after the AST
procedure.

Furthermore, the loss of performance may be also deduced from decrease of the open circuit
voltage (OCV) during the AST procedure. In the case of the MEA sample D100, the OCV
decrease is 9 mV per 100 cycles. On the other hand, the MEA sample F100 shows the OCV
decrease 3 mV per 100 cycles. This means that the MEA samples by Fumatech may be
assumed as more stable than the MEA samples by Danish Power Systems in the case of 100
cycles. As seen from Fig. 2, an increase of the number of cycles causes the higher OCV
decrease. Thus, the MEA sample F500 shows the OCV decrease 12 mV per 500 cycles, which
is four times more than in the case of the 100 cycles. In the case of the MEA sample D500,
the OCV decrease is 6 mV (0.7 %) per 500 cycles.

The loss of performance is also deducible from measurement of the temperature and current
density distribution. It may be stated that the AST procedures with 100 cycles have no
significant impact on the MEA performance, as also illustrated in Fig. 2. On the other hand,
the AST procedures with 500 cycles result in more homogeneous distribution of the current
density. Moreover, distribution of the temperature shows only slight variation. More details
concerning these distributions are listed in the Annex.
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3.3. Electrochemical impedance spectroscopy

The EIS was used as a complementary indicator of the changes in the MEA performance.
The EIS measurements were performed prior to and after the AST procedure. The data
representing the high-frequency resistance of the cell (HFR), see [30] and references therein,
were identified from these measurements. The data confirm the elementary outcomes from
the BoT and EoT performance analysis, as shown in Table 2. The HFR of the MEA sample
D100 increased by 1.57 %. The similar increase was observed for the MEA sample F100.
Here, the HFR increased by 2.41 %. On the contrary, the HFR of the MEA samples D500 and
F500 decreased by 3.98 % and 5.15 %, respectively. These changes may be connected to the
resistance to proton and electron conduction [31]. The HFR also depends on the distributed
resistance of the electrolyte within the catalyst layer. The effect of drying and wetting of the
membrane can be determined from the HFR [31]. Moreover, contact resistances between
bipolar plates and gas diffusion layers, and gas diffusion layers and catalyst layers can also
cause changes in the HFR [32]. Nevertheless, contact resistances can be neglected by constant
compression of cell components as stated in [33].

TABLE 2. HIGH-FREQUENCY RESISTANCE OF THE MEA SAMPLES

Sample HFR, mQ
BoT 3.175
D100
EoT 3.225
BoT 1.986
D500
EoT 1.907
BoT 2.243
F100
EoT 2.297
BoT 1.824
F500
EoT 1.730

The data collected from the EIS measurement, Fig. 3, were interpreted by an equivalent
circuit. As shown in Fig. 4, the equivalent circuit consisted of a resistor and the Voigt's
structure in series where capacitors were replaced by constant phase elements [31]. Thus, the
equivalent circuit was composed by the resistor Rionic representing the resistance of the
membrane, the resistor Rcr c representing the resistance of the charge transfer on the cathode
side, the constant phase element CPEcr,c representing the charge transfer related capacity,
the resistor Rur,c representing the mass transfer resistance on the cathode side and the
constant phase element CPEwmt,c representing the real mass transfer capacitance on the
cathode side.

The values of the resistances Rionic, Rmt,c and Rer,c characterizing the equivalent circuit
were determined by the Gamry Electrochem Catalysts software using the simplex method.
Obtained data are summarized in Table 3. Differences between the values of the respective
resistances prior to and after the AST procedure are indicated. The changes in the ionic
resistance Rionic follow the changes in the high-frequency resistances of the measured
impedance summarized in Table 2.
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Fig. 3. Measured impedance spectra for all the MEA samples — the Nyquist plot.
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Fig. 4. Equivalent circuit of a resistor and the Voigt's structure in series with capacitors replaced by CPE; RE and WE
represent a reference electrode and a working electrode, respectively.
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TABLE 3. RESISTANCE VALUES OF THE EQUIVALENT CIRCUIT FOR THE INDIVIDUAL MEA

Sample Rionic, mQ Ryir,c, mQ Rcr,c, mQ
BoT 3.222 1.747 13.010
D100
EoT 3.278 1.605 14.060
BoT 2.002 0.168 15.040
D500
EoT 1.905 0.262 15.390
BoT 2312 0.853 9.380
F100
EoT 2.342 0.814 9.634
BoT 1.842 0.942 9.793
F500
EoT 1.770 1.191 11.130

The change in Rionic may present a measure of the variations in membrane properties due to
the AST procedure, because the cyclic stress tests generate through-thickness cracks, in-plane
tears, and local thinning of the polymer membrane, which diminish ionic conductivity [34].
So that, the Rjonic of the MEA samples D100 and F100 increased by 1.74 % and 1.30 %,
respectively; whereas Rionic of the MEA samples D500 and F500 decreased by 4.85 % and
3.91 %, respectively. Resistances associated with transfer of reactant gasses to electrode
active sites are represented by Rur,c. Thus, Rur,c varies when new pathways for the reactant
flow to the catalyst layer are created or when some existing pathways are blocked [35].
However, the increase of Rur,c can be attributed to decrease in CCL (cathode catalyst layer)
thickness, as reported in [36]. The investigated MEA samples show both type of described
behaviour. So, Rur,c values in the case of the MEA samples D100 and F100 decreased by
8.13 % and 4.57 %, respectively, indicating opening of the new pathways for reactant flow
due to the AST procedure. On contrary, Ruvt,c values in the case of the MEA samples D500
and F500 increased by 55.95 % and 26.43 %, respectively, meaning the thinning of the CCL
due to the AST procedure. The level of hydration of the electrolyte contained in the electrode
(CCL) relates to the changes in Rct,c [35]. To be more specific, the resistor Rer,c describes
the cathode double layer, which is a barrier between the surface of the electrode and the
absorbed species. The resistances Rcr,c of the all MEA samples increased. This increase was
in the case of the MEA samples D100 and F100 8.07 % and 2.71 %, respectively; and in the
case of the MEA samples D500 and F500 it was 2.33 % and 13.65 %, respectively. Moreover,
these changes may be correlated with the catalyst layer decomposition and with the formation
of more complex double layer due to the AST procedure.

Results for the MEA sample D100 with F100 and the MEA sample D500 with F500 show
that the MEA samples by Fumatech, i.e. F100 and F500, are relatively more stable to a
dynamic load cycle presented by the AST procedure.

4. CONCLUSION

This report presents a characterization of MEA samples for the high temperature PEMFC
working at the constant temperature 160 °C and under a dynamic load in terms of an AST
procedure consisting of 100 and 500 cycles. The performance characteristics and impedance
spectra prior to and after the AST procedure were compared.

The performance analysis was made for four investigated MEA samples provided by Danish
Power Systems Ltd., samples D100 and D500, and by FuMA-tech GmbH, samples F100 and
F500, respectively. The main outcomes of carried out analysis may be summarized as follows:
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the initial responses of the F100 and F500 samples are more stable than of the D100 and D500
samples (to be more specific, the standard deviations of D100 and D500 samples were 1.1 mV
and 0.6 mV, respectively, but the standard deviations of F100 and F500 samples were 0.5 and
0.2, respectively); the real impedance of the MEA samples tested for 100 cycles, i.e. D100
and F100, increased during the AST procedure, whereas the real impedance of the MEA
samples tested for 500 cycles, i.e. D500 and F500, decreased during the AST procedure. So,
an increase and a decrease in the high-frequency resistances are observed as illustrated by the
EIS analysis. According to the carried-out analysis, it may be stated that the MEA samples
by FuMA-tech, i.e. F100 and F500, showed relatively more stable responses to the AST
procedure than the MEA samples provided by Danish Power Systems, i.e. D100 and D500.
This is demonstrated by the high-performance behaviour of the MEA samples depicted in
Fig. 2. The maximal EoT current density of D100 and D500 samples was 402.62 A cm™ at
447 mV and 383.29 A cm™? at 465 mV, respectively, whereas the maximal EoT current
density of F100 and F500 samples was 397.58 A cm™ at 573 mV and 410.52 A cm™? at
539 mV, respectively.

Thus, the accelerated stress test procedures are confirmed to be a useful technique to
characterize the hydrogen PEMFC performance under non-steady conditions. Moreover, they
enable to investigate various operations under realistic conditions in a shorter time, which
can support usage of this technology in real applications. The future research should evaluate
the MEA samples from other providers (or modified MEA samples) and extend the AST
protocol to higher number of cycles. Other methods of MEA samples characterization should
be employed for deeper understanding of MEA degradation. Then, the results could be used
to design the optimization and mitigation strategies. The different properties of the MEA
samples (even from the same provider) should be minimized by conducting the same
procedure with more than one MEA in order to increase the reproducibility of the
measurement.
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ANNEX

For measurement of distribution of the current density was utilized the cF50/125 HT CSS,
which extended the qCfFC50/125 LC V1.1 provided by balticFuelCells. This device
partitions a MEA surface into individual segments in ratio 10x14 in axes x, y and enables
simultaneous measurement of the temperature and current density of a segment, see Fig. Al.
The temperature and current density values were acquired in each cycle during a period of
the maximal load lasting 25 seconds, i.e. at the current density 0.2 A cm™2.

Fig. Al. Scheme of current scan segments.
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Fig. A2. Distribution of the current density and temperature at maximal load in the AST - D100.
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The MEA samples D100 and F100 show no significant variation in distribution of the
temperature and current density due to AST procedure, see Figs. A2 and Fig. A3. Distribution
of the temperature reflects inlet (segment approx. 8%2) and outlet (segment approx. 1x12) of
the thermofluid into the cell meaning that the temperature decreases towards outlet.
Distribution of the current density also reflects inlet and outlet of the fuel, depicted in Fig. A2.
It means that areas with the higher current density can be found in the upper half of the MEA
samples. Moreover, the sample F100 shows more homogeneous distribution of the current
density compared to the sample D100.
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Fig. A3. Distribution of the current density and temperature at maximal load in the AST - F100.
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Fig. A4. Distribution of the current density and temperature at maximal load in the AST - D500.
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Fig. AS. Distribution of the current density and temperature at maximal load in the AST - F500.

2020/ 24

The MEA samples D500 and F500 show impact of the AST procedure on distribution of
the temperature and current density, see Figs. A4 and Fig. A5. As in the previous cases,
distribution of the temperature reflects inlet (segment approx. 8%2) and outlet (segment
approx. 1x12) of the thermofluid into the cell meaning that the temperature decreases towards
outlet. Due to the AST procedure, slight changes in distribution of the temperature may be
identified. Distribution of the current density corresponds to inlet and outlet of the fuel, as
indicated in Fig. 5. Furthermore, distribution of the current density varies with increasing
number of cycles meaning that area with the lower current density relatively decreases as the
AST cycles approaches value 500. It can be also stated that the sample F500 shows more
homogeneous distribution of the current density compared to the sample D500 as in the case

of the 100 cycles.
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