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Abstract

A long-term dynamic load cycle is performed on state-of-the-art membrane electrode assemblies,
aiming to evaluate the degradation mechanisms of Polymer Electrolyte Membrane Fuel Cell under
real-world automotive operations. The load cycle, adapted from the stack protocol defined in H2020
ID-FAST European project, includes load, pressure and temperatures cycling. Events that recover the
temporary decay are included, specifically procedures classified in short-stops, cold-soaks, long-
stops. Operando voltage and current distribution are measured through a segmented hardware,
combined to local in-situ electrochemical characterization. Investigation is supported by scanning
and transmission electron microscopy analysis, performed at different locations along-the-flow-field.

Reversible degradation weights from few to 20 mV and changes local current distribution, mostly
at air-inlet, since the dry-out of ionomer. Cycle efficiency decreases of 3%-9%: the largest irreversible
performance losses are observed at air-inlet, while middle-region is the least impacted. Cathode
catalyst layer and membrane are the most aged components: platinum active surface area drops in
200-400 hours, because of electrochemical Ostwald ripening mechanism, and stabilizes around 62%-
67% of initial value. Polymer membranes report ageing compatible with mechanical stress that causes
localized thinning, increasing hydrogen crossover. Decay of ionomer in the catalyst layer is discussed,

which would consistently explain alterations of mass transport resistance.
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1. Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFC) are suitable for transport application in order to
accelerate decarbonization. Nevertheless, PEMFC technology still needs to overcome some
limitations with the aim of reaching sufficient targets[1] that would allow its widespread
commercialization. One of the most challenging aspects to work on is durability: improving stability
and operation requires the good knowledge of the occurring degradation processes. Even though the
mechanisms that rule PEMFC ageing have been extensively studied[2,3], their contribution in the
real-world should be clarified.

A first approach for the experimental study of single cell degradation consists in adopting Accelerated
Stress Tests (AST)[2,4], with the aim of enhancing specific degradation mechanisms of MEA, in
particular of electrodes and membrane, recognized as the most critical layers[5]. For assessing
cathode catalyst durability, the loss of the Electrochemical Active Surface Area (ECSA) is promoted
through particle growth[6] due to dissolution/redisposition (electrochemical Ostwald ripening) and
migration or through particles detachment because of support corrosion. These processes depend on
many factors, like potential limits[7,8], temperature[7,9] relative humidity (RH)[9,10], potential
sweeps and dwell times[8,11], but also material properties as the particle size distribution[12] and
support characteristics[13]. Dedicated ASTs[14] have been developed for studying perfluorosulfonic
acid (PFSA) membranes ageing as well. The roots of ionomer degradation are identified in chemical
decomposition[15,16], promoted by radical species, and in mechanical degradation[17,18], due to
fatigue stress related to thermal and water content fluctuations. Similar processes[19-21] affect the
morphological structure of ionomer inside the electrodes, resulting in its rearrangement,
agglomeration and thinning. Some studies[22,23] suggested catalyst activity suppression, increase of
local thin film resistance and loss of proton conductivity due to such phenomena, but the full
comprehension of this component alterations is far to be reached.

In addition to ASTSs, operations closer to real systems were studied at single cell level, implying by
nature heterogeneous operating conditions over the active area[24]; such non-uniformity has a
relevant impact on PEMFC lifetime[25-27]. Quantitative information about the physical phenomena
that locally rise can be obtained through segmented cell[28,29]. Most of the literature that adopted
this experimental approach is focused on off-design events, like fuel starvation[30,31] and air start-
ups[32,33], or it is devoted to study MEA heterogeneous functioning but at fixed operating
parameters[34]. In a few works, cycles of operational conditions were introduced, even though most
of the times they were restricted to stand-alone quantities, as load[35] and relative humidity[36], or
aim to investigate single components, as membrane[37]. The mentioned literature was fundamental

to move towards a deeper comprehension of the heterogeneous ageing under dynamic modes.
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However, the correlation to real-world automotive lifetime is still challenging[38—40]; anyway,
quantifying the performance losses and their origin under a representative functioning is a key
frontier. It should be noted that current systems implement operating strategies which must be
considered in degradation studies, to orientate R&D activities to those challenges that are still open.
In this framework, the present paper aims at providing an insight into local MEA alterations, by
applying a long-term, complete degradation test and combining different measurement techniques to
reach a wide understanding of the occurring mechanisms. The adopted program synchronously cycles
the most relevant operational parameters (pressure, temperature, dew points and load), keeping a strict
relation to real-world MEA working. The single cell protocol was adapted from the stack test
proposed in the H2020 European ID-FAST project[41], the design of which was based on a road fleet
dataset. In addition, the local study is ensured by the adoption of a macro-segmented
hardware[25,42,43] The ageing is evaluated by: (i) cell voltage decrease, both operando and through
polarization curves; (ii) local distribution of currents; (iii) electrochemical techniques like cyclic and
linear sweep voltammetry for measuring ECSA, hydrogen crossover and shorting resistance and
Electrochemical Impedance Spectroscopy (EIS); (iv) mass transport resistance evolution; (v) post-
mortem analysis based on scanning (SEM) and transmission electron microscopy (TEM). In-situ and
ex-situ local degradation of electrodes and membrane is correlated to the stressors observed under the
protocol application with the purpose of clarifying the role of the degradation mechanisms. Three
state-of-the-art MEAs were tested for 1000 operating hours each and what obtained compared to

guarantee results reliability and extend generality of conclusions.

2. Experimental methodology

2.1. Material
The experimental analysis was performed on three commercial Membrane Electrode Assemblies
(MEASs) to consolidate results generality and evidence differences. Each MEA consists of (i) an
automotive commercial Catalyst Coated Membrane (CCM) using Pt/C catalyst both at anode and
cathode, supplied by different manufacturers, which characteristics are included in Table 1; (ii) gas
diffusion layers (Freudenberg GDL H14CX483). The samples compression was obtained using rigid
gaskets in PTFE aiming to 80% mechanical compression. The active area was delimited using few

pm-thick Mylar sub-gaskets.

Table 1 CCMs tested in the segmented hardware (25 cm?) under single cell driving cycle protocol. Characteristics were declared
by the manufacturers or obtained through SEM images. Pt roughness factor at BoT is calculated from Hz/N2 Cyclic Voltammetry.

Characteristic Units CCMA CCMB ccM C
Cathode Catalytic Loading | [mg cm2] 0.4 0.5 0.4
Anode Catalytic Loading [mg cm2] 0.08 0.1 0.1




Membrane thickness [wm] 15 18 18
reinforced + radical | reinforced + radical | reinforced + radical
scavenger scavenger scavenger

Cathode Catalyst layer | [um] 10 15 10

thickness

Anode Catalyst layer | [um] 7 5 3

thickness

Carbon support graphitized graphitized

Roughness factor at BoT [cmZpe cmZgeo] | 165 201 207

2.2. Hardware and setup

A 25 cm? segmented hardware is used, permitting an analysis on four macro-regions of the
cell through an active localized control. The cell active area attributed to each segment from 1 to 4™
is equal to 5.83 cm?, 5.80 cm?, 7.65 cm? and 5.72 cm?. A complete electrochemical characterization
of each region is ensured. The reader could refer to previous works[44][43][33] for a more detailed
description of the segments geometry and of the setup functioning. Flow field features a triple
serpentine channel. Under galvanostatic operation, the total current is imposed: aiming to a uniform
MEA voltage, the single segment current is individually controlled through a modular electronic load
(multichannel Chroma® 63610-80-20). This configuration identifies the instantaneous contribution
of each segment to the overall current.

The testing station is designed to dynamically control the operating conditions. The mass flow
rates are defined by the current through stoichiometries. The gas flow is regulated by flow meters
(Brooks® 5850s). The level of humidification is fixed by water bubblers (Fuel cell tech®) that keep
the desired dew point. Two bubblers are used for both anode and cathode side; this configuration
allows to switch rapidly between the different dew points of the protocol, as described in the load
cycle section. Outlet reactants pressures are regulated using electronically controlled backpressure
valves (Equilibar® LF Series), installed at the outlet manifolds of the cell hardware. Pressure level is
measured by pressure transducers (GE® Unik 5000) connected both to anode and cathode, at inlet and
outlet. Data acquisition system is based on National Instrument® DAQmX interface and a custom

developed LabView® interface, integrating the setup in a comprehensive platform.

2.3. Break-in procedure

A break-in procedure was adopted prior to the ageing protocol application. The MEA is
conditioned at 65 °C, 100% RH, ambient pressure and stoichiometry of 2/4 at anode and cathode
respectively: the current density was varied between 0.2 and 0.8 A cm? every 120 s. The MEA

performance stability checked every 40 min at 0.5 A cm™. The procedure lasted ~17 hours.




2.4. In-situ characterization

To monitor the degradation of MEAs during the application of the driving cycle protocol,
polarization curves, cyclic voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical
impedance spectra (EIS) were measured. This in-situ characterization allowed to obtain both global
and local information and it was introduced every 200 operating hours of the ageing protocol. Cyclic
voltammograms were recorded between 0.075 V — 0.6 V using H-rich anode as reference electrode,
with a scan rate of 50 mV s, a temperature of 30 °C, fully humidified gas flows. On the anode side,
pure hydrogen flow was set equivalent to 0.06 NL min!, while the nitrogen flow on the cathode side
was set to zero during the measurement. The electrochemically active surface area was calculated by
the H-desorption area, as an average on four scans, using a specific charge of 210 uC cm?. LSV was
used for estimating hydrogen crossover by identifying the i-V linear dependence and extrapolating
the value of current density at null voltage. LSV was recorded between 0.05-0.6 V with a scan rate
of 1 mV s?, 80 °C and fully humidified streams, under different pressure conditions, in order to
evaluate the crossover current as a function of hydrogen partial pressure and/or absolute pressure.
Every time the crossover current is reported, pressure conditions are specified. In addition, the inverse
of the slope in the linear 0.3-0.6 V region provides an estimation of the shorting resistance.

A set of polarization curves was adopted. Table 2 summarizes the operative parameters.

Table 2 Polarization curve operating conditions used for MEAs characterization at long stops, every 200" cycles of the load
cycle protocol. Adopted stoichiometries are, for anode and cathode respectively: (i) 2/20 for oxygen polarization (ii) 2/4 for all the
other conditions.

Name T Cell | Dew point | Dew point | RH RH P out P,out x40z
Cathode Anode Cathode | Anode | Cathode | Anode
°C °C °C % % kPa,abs kPa,abs %
oxygen 80 80 80 100 100 230 250 100
reference 80 80 80 100 100 230 250 20.9
ID-FAST 68 43 58 30 63.5 280 300 20.9

Each current density of the polarization curve was held for 180 s and averaged over the last 120 s,
considering the progress from high to low currents. During each polarization curve protocol, EIS was
measured in galvanostatic mode at 0.8 A cm? and 0.4 A cm™. A total of 40 frequencies was applied,
in the range from 100 mHz to 20 kHz.

A limiting current test was arranged for computing the oxygen mass transport resistance,
following the approach of Baker et al[45]. Three dilutions were tested: 1%, 2% and 3% of X"V oz,n in
nitrogen, at pressures pa,inc,in=220/200 kPa, 270/250 kPa, 370/350 kPa. Hydrogen flow was kept

constant at 1.0 NL min, while cathode flow at 3.0 NL min™. The cell voltage was held for 3 minutes
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at 0.4 V, then lowered to 0.3, 0.25 and 0.2 V, held 3 minutes per each, where the limiting current was
recorded and averaged. From the limiting current, the oxygen mass transport resistance (Rwmr) is

estimated according to Equation 1:

s xdry _
Ryr [—] — 4F - Oz P~ Pw (1)
cm llim,measured + Lerossover (p) RT

where p is the total gas pressure, pw is the water vapour pressure and x%o2 is the oxygen molar
fraction, computed as the logarithmic average between inlet and outlet:

dry dry
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The dry oxygen mole fraction at outlet is computed from the value at inlet and the consumed

oxygen because of the drawn current:

dry _ _dry _ 1limArea RT (3)
Oz0ut = " Ozin V 4F D

Where V is the volumetric flow rate [m® s™'] and Area is the active area (25 cm?).

2.5. Local ex-situ analysis: scanning and transmission electron microscopy
Samples were cut from CCM A and B, both fresh and aged under load cycle. For aged CCMs, cross-
sections were taken at different positions along the flow field: at air-inlet, middle and outlet. After
embedding in epoxy resin, cross-section samples were prepared by mechanical polishing until mirror-
like surface. They were then observed by scanning electron microscopy. In addition, for the CCM B,
thin slices (100 nm thick) of the cross-sections were cut using a LEICA ultramicrotome and analyzed
by transmission electron microscopy.
SEM and TEM observations were respectively performed using a ZEISS-MERLIN field emission
gun (FEG) microscope and a FEI-Titan Ultimate microscope equipped with both a Cs aberration
probe and image corrector. For each sample, histograms of Pt nanoparticle (Pt NP) size distribution
were built from TEM images. Pt nanoparticle sizes were measured manually. For obtaining the
particle size distribution: (i) grey level threshold was applied to pictures; (ii) agglomerated particles
were not taken into consideration; (iii) spherical nanoparticles only were considered, for which the
geometric surface area (GSA)[46] was calculated from measured diameters according to Equation 4:

GSA Im—zl _ 6 Lidi_ 61 4)
9 Ppt 2i di3 Ppe d

where d; indicates the diameter of the individual i nanoparticle, pp, is the density of platinum (21.45

g cm®), d is the volume/area average diameter.



2.6. Dynamic load cycling protocol

The ageing protocol performed in this study is adapted from the stack driving cycle developed in
the European ID-FAST project (H2020 id:779565). The ID-FAST consortium defined a
representative drive cycle based on several hours of customer fleet data. It contains synchronous
variation of temperature, pressure, relative humidity and load. These transitory conditions are
obtained from PEMFC systems but are challenging to reproduce on a testing station at laboratory
scale. Information about the methodology adopted for deriving the durability test program are in
project documents[41].

In this work, a segmented single cell (Figure 1.C) was operated in a counter-flow configuration:
air flow gets into the first segment, while hydrogen inlet is located at the fourth. The adopted
stoichiometry is 1.4 and 1.6 for anode and cathode respectively. The dynamic cycle is divided into
two parts: a low load and a high load operation, represented in Figure 1.A. The transition from the
two operational modes occurs at minute 47. The low load part lasts for two-third of the operative
cycle, while the remaining one-third is attributed to high load. The cell temperature is accurately
control: a value of 71 °C is kept over the active area under low load operation and it increases up to
90 °C through a ramp at high load (see Figure 1.A). Absolute outlet pressure is regulated at both
anode and cathode. Constant values are kept during low load: 190 kPa and 140 kPa respectively.
During the transition from low to high load, the pressure increases up to 300/280 kPa. Pressure
transitions should not exceed 10 seconds. Table 3 summarizes the different pressures associated to
specific current setpoints of the protocol. Dew point variations of the feeding gases are obtained
through the gas switch between different bubblers, two located at each cell side. The dew points are
set in order to keep inlet relative humidity close to 30% at cathode and 50% at anode for the two
temperatures of 71 and 90 °C. Since in high load the cell temperature is not fixed but follows a ramp,

the relative humidity varies during these transitions.

Table 3 Operative parameters of the driving cycle protocol used for testing single cells. The total operating time of each cycle is
equivalent to 3600 s (stops excluded): the second column indicates the operating time fraction for which the cell is run at the conditions
specified in the row. Points indicated with (*) are involved in the cell temperature ramp, as shown in Figure 1.A.

Cycle | Current Operating Panodeout | Peath,out | Aanode | Acathode | Tcell | Tdewanode | Tdew cathode
point | density time [%] [kPa] [kPa] [°C] [°C] [°C]
[A cm?]

1 0.095 49.58% 190 140 1.4 1.6 71 58 43

2 0.247 18.61% 190 140 1.4 1.6 71 58 43

3 0.589 11.11% 190 140 1.4 1.6 71 58 43

4 1.273 7.92% 275 248 1.4 1.6 710) 72 57

5 1.748 12.78% 300 280 1.4 1.6 90 72 57




Figure 1.B depicts the current density imposed during each cycle (galvanostatic control). As an
example, the Beginning of Test (BoT) voltage response of CCM A is inserted. Each cycle of the
protocol requires one hour of operation, indicated as operating time. In addition, several stop
conditions were included. First, the cycle is interrupted every 30 minutes by a short stop. During the
5-minutes short stop, hydrogen is supplied while the air flux is closed and a resistive load is applied
in order to actively reduce the cell voltage, avoiding open circuit (OCV). The cycle is repeated five
times, after which a cold soak is introduced. The cold soak includes the cell cooling down and lasts
two hours. Finally, every 200" cycle, a long stop of 12 hours is integrated and a recovery procedure
is applied. It consists in performing cyclic voltammetry between 0.07-1.20 Vrwe ten times, with a
scan rate of 100 mV s, at 30 °C. Thereafter, the electrochemical and performance characterization
is carried out. Further details about stop protocols are reported in Appendix. A summary of the testing
procedure is included in Figure 1.D, while Figure 1.E evidences the fraction of total time (operating
time and stops) spent at each cycle point.

Figure 1.B shows also the High Frequency Resistance (HFR) measured at 1 kHz during a cycle.
This quantity provides an indication of the humidification state of the MEA and varies with the local
position and the operating point. At low load, the inlet operates such dry to result in the highest
measured values. When the current setpoint is increased, the product water quickly hydrates the
membrane and rapidly reduces HFR. In the middle and in the outlet areas, drying is prevented by
accumulation of product water along the flow field, exhibiting progressively lower values. As the
operation moves from low to high load, water content increases, because of the increasing pressure
and current. A clear HFR reduction is visible during the transition at minute 47. Then, coming back
from high to low load, impedance increases suddenly (time >65 min): the most severe dehydrated
conditions are reached because of the low current supplied when the cell temperature is reducing but
the electrode is still hot since the heat generated during the previous high current operation. Notably,

segment 1 undergoes the widest oscillations during each cycle.
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Figure 1(A) Operating parameters applied during each cycle of the ageing protocol: current densities, outlet pressures
(expressed as absolute values), cell temperature and bubblers dew point. Two short stops are introduced for every operating hour
(correspondent to 0 A cm™); (B) Relevant quantities measured during a cycle for CCM A, at BoT: voltage profile and impedance at 1
kHz. This second information is collected for each local region of the MEA, thanks to the hardware scheme reported in Figure 1.C;
(C) Four macro-segmented hardware adopted for load cycle protocol application. Gas feedings are in counter-flow configuration.
Segment 1 corresponds to air-inlet, segment 4 to outlet; (D) Schematized representation of the durability protocol; (E) Time spent at
each specific current of the durability protocol: fraction with respect to the total testing time (stops included).



3. Results and discussion

3.1. Performance loss induced by load cycling protocol: operando analysis
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Figure 2 (A) Operando voltage at different current setpoints of load cycle. Results for the three different tested CCMs are
compared (CCM A, B, C, see Table 1); (B) Current distribution among the segments at maximum current setpoint of load cycle (1.748
A cm?) and related evolution over time. Each contribution is expressed as the ratio of the current density generated by the segment to
the imposed cell setpoint (overall current density). (C) Current distribution among the segments at minimum current setpoint of driving
cycle (0.095 A cm2) and related evolution over time. Each contribution is expressed as the ratio of the current density generated by
the segment to the imposed cell setpoint (overall current density). Definition of ishare is provided by Equation 5.

The voltage measurement performed during the cycle was averaged for each of the five points
included in Table 3, to compare samples degradation. Since the protocol is controlled in galvanostatic
mode, changes in the cell voltage response could be checked alongside operation. The resulting
evolution in time is included in Figure 2.A and indicated as operando voltage profile. The
performance of the different CCMs is quite comparable at zero time and it ranges from 0.85 V (all
the CCMs) at 0.095 A cm? to 0.61 V (CCM A)/0.63 V (CCM B)/0.64 V (CCM C) at 1.748 A cm™.
On the other hand, evolution in time differs. From this chart, an information that briefly summarizes
the global cell losses induced by automotive-like operations is computed. Simple rates of voltage

decrease are defined through linear fitting of the profiles, determined by removing the first 100
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operating hours, where the trend is strongly non-linear and after which linearity assumption is
considered reasonable. The obtained abridged degradation rates are included in Table 4 and expressed
equivalently in pV h, where the time is the operative, or in pV cycle™. For all the CCMs, the rate of
loss depends on current density and it monotonically increases with it. CCM A shows a rate of loss
~4 times larger than CCM B at the highest current and even ~15 times larger at minimum current.
CCM C shows a different behaviour: at the highest current, the loss is close to CCM A, while at
low/middle currents it is an intermediate between CCM A and B. CCM B is thus proved as the most
resistant to degradation among those tested, in particular at high currents. It is observed that such
CCM present the highest load (0.5 mg cm? against 0.4 mg cm? of the other MEAS), but it has a
comparable roughness factor to CCM C (see Table 1). The explanation of the observed different
ageing was researched by quantifying and combining the evolution of different parameters, e.g.

ECSA, crossover current and oxygen mass transport resistance, as discussed in the following sections.

Table 4 Operando rate of voltage loss at different current density setpoints of the load cycle protocol. Values are reported for
different CCMs and computed as a linear fitting on the voltage profile in the range 100-1000 operating hours.

Cycle current point | Rate of voltage loss during driving cycle protocol
[A cm?Z] [uV h]
CCM A CCMB CCMC
0.095 34.0 2.4 15.9
0.589 55.1 13.5 19.1
1.273 81.4 219 43.3
1.748 127.0 31.7 136.1

The adoption of a segmented cell hardware allows to investigate spatial current distribution. Table 5
summarizes how the current is locally provided at BoT. In low load operation, described in the
protocol section, the middle region is the most performing, followed by the outlet. The inlet area is
instead hindered by the dry operating conditions, resulting from the low relative humidity of gas
feeding and by the low current setpoints. In high load, the current distribution follows instead the
cathode flow direction. The higher loads allow for a better humidification of the inlet region, and the
current distribution is controlled by the oxygen partial pressure, that makes the outlet suffer. Since
low load operation lasts twice high load, the middle region (seg2, seg3) is the part of MEA that overall
provides the largest contribution. Few differences are observed between samples; CCM A suffers less
the low relative humidity at air-inlet than the other samples, which could be ascribed to properties of

the polymer membrane.
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Table 5 Current density distribution computed for each MEA region and specific material at Beginning of Test. Values are
obtained as an average over the low load operation of a cycle and over the high load operation of a cycle. For this computation, the
first 5 operating hours have been taken into account.

Average current density [A cm-2] at Beginning of Test
CCM A CCMB CCMC
Segl | Seg2 | Seg3 | Seg4 | Segl | Seg2 | Seg3 | Seg4 | Segl | Seg2 | Seg3 | Seg4
Low Load | 0.143 | 0.179 | 0.203 | 0.181 | 0.122 | 0.187 | 0.214 | 0.181 | 0.129 | 0.180 | 0.207 | 0.189

Operation

High Load | 1.167 | 1.107 | 1.042 | 0.922 | 1.190 | 1.150 | 0.985 | 0.896 | 1.110 | 1.124 | 1.013 | 0.967

Operation

Overall 0.389 | 0.400 | 0.403 | 0.357 | 0.378 | 0.416 | 0.398 | 0.326 | 0.364 | 0.406 | 0.399 | 0.326

cycle

The current distribution is changing in time, as a consequence of reversible and irreversible losses.
The evolution could be tracked for each point of the protocol through the local current density
fraction. For sake of brevity, only two cases, correspondent to minimum and maximum cycle current,
are provided in Figure 2.B and 2.C. This operando local quantity was calculated as:

ilocal,j (t) [A Cm_zj]

itotal [A Cm_z]

(5)

ishare,j () =

where | is referred to a specific segment. The current density (i) fraction evolves in time, according
to both temporary and permanent changes. It is recognized that the performance degradation
comprises two kinds of processes, one reversible and one irreversible[47,48]. The adoption of a load
cycle that contemplate different stops conditions allows to partially recover the reversible component.
Short stops are expected to remove the platinum oxides formed over the catalyst surface at high
potentials, by decreasing the cell voltage to approximately 0 VV[49,50]. In addition, the reduction of
cell temperature during cold soaks would allow to increase humidity, reducing ionomer stress and
favoring recovery[51]. Even though the largest part of the reversible losses is expected to be recovered
frequently, long stops seem to provide additional benefits. Their impact is evinced every 200™
operating hours: voltage profile improves from few to ~20 mV. Moreover, the current density
distribution significantly modifies while operating over 200 cycles: the alteration is mostly evident
for CCM B at minimum current (Figure 2.C). The largest temporary drop was measured for air-inlet:
ishare.1 decreases from 0.74 to 0.42 between 201-400 hours and came back to 0.70 at hour 401, thanks
to the combined application of long stop and recovery protocol. Operando reversible loss is
compensated by a boosted input of the middle region, in particular of segment 3. A similar impact is
observed for CCM A at high load operation, while CCM C seems unaffected by the phenomenon, the

intensity of which results material dependent. The reversible performance drop at cathode inlet might
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be associated to drying-out of the ionomer in the catalyst layer and/or membrane. The de-hydrated
conditions are supposed to be responsible for catalyst poisoning through ionomer because of an
increase in anion adsorptivity under low RH[52]. The effect was also proved in literature[53] in case
of low surface area support, as graphited carbon. The combination of longer periods at higher relative
humidity during long stops and the application of potential sweeps to 1.2 V, appeared as an effective
method for removing that part of reversible ageing that was not cleaned during short stops and cold
soaks. Anyway, further understanding of recovery under drive cycle will require future dedicated
works.

As regards irreversible changes between beginning and end of test, variations of current distribution
are detected at high load for segment 1, followed by segment 4. For all the materials, middle region
is the least affected at highest current. On the other hand, segment 3 decreases its contribution at low
load, mostly for CCM A: isnare3 largely reduces from 1.20 to 0.95 over 1000 hours. The underlying
degradation, responsible of these altered performances, is addressed in the following sections.

3.2. Platinum catalyst degradation
The platinum active surface area was computed from cyclic voltammetry, every 200" hours. At 1000
operating hours, an overall loss of 41% is identified for CCM A, 35% for CCM B and 32% for CCM
C. ECSA profile in time is close for all the CCMs and is well described by the exponential decay of
Equation 6:

S = Sman + (1= Spnde ™5 § = oo ©

S(x) is the normalized surface area and is a function of the x number of protocol cycles, equivalent
to the operating hours. A is a proportionality constant that correlates the rate of surface area decay to
the remaining area that could be lost. In addition, it emerges a minimum surface area, Smin, Which
seems less susceptible to degradation. This description was already adopted in other works that
studied electrocatalyst ageing under voltage cycling[8,11,54]. The parameters Smin and A are regressed
over the experimental data and their values collected in Table 6. The fitting was included in Figure
3. The largest decay is in the first 200 operating hours. After 400 hours, ECSA becomes more stable,
subjected to minor variations. The underlying mechanism responsible of this measured loss was

investigated through post-mortem analysis, based on SEM and TEM characterization.

Table 6 Parameters of Equation 6 used for describing ECSA decay under the application of load cycle protocol on the three
tested CCMs. Values are regressed over experimental data by minimizing the mean square error.

CCMA | CCMB | CCMC

A | 41e-3 | 5.1e-3 | 4.7e-3
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Figure 3 (A) ECSA decay as a function of the operating hours for the three CCMs tested under the load cycle protocol. Average
information is provided through the overall fitting, while local ECSA is obtained by the local Cyclic Voltammetry, measured at every
long stop characterization; (B) SEM image of CCM A after 1000 operating hours: focus on membrane that evidences the limited Pt
precipitation into ionomer. Middle region along the flow field direction is shown; (C) Representative TEM images for the after break-
in CCM B and for middle region of the same CCM after 1000 operating hours of load cycle; (D) Particle size distributions for CCM
B, evaluated after break-in procedure (BoT) and after 1000 operating hours of load cycle, at inlet region (segl, in blue), middle region
(between seg2 and seg3, in green) and outlet region (seg4, in red). Values of the average volume/area diameters are included too.
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Table 7 Table that summarizes the results of TEM images analysis carried out for CCM B, both for after break-in and aged MEA,
under 1000 load cycles. Local information (air-inlet, middle and air-outlet) are provided. The table includes counted particles, as well
as the obtained geometric surface area and average diameter. Only spherical and not agglomerated particles have been considered
into counting. Results are compared to ECSA computed through local Cyclic Voltammetry.

MEA B Counted GSA Volume/area ECSA Utilization GSA loss ECSA
region particles [m2z/g] average from factor [%] loss
diameter cv
(d)[nm] [m?/g] [-] [%]
AFTER 347 58.70 4.8 40.1 0.68 - -
BREAK-IN
INLET 615 40.59 6.9 29.1 0.72 30.9 27.4
MIDDLE 672 38.39 7.3 26.3 0.69 34.6 34.4
OUTLET 613 36.15 7.7 25.4 0.70 38.4 36.7

Figure 3.C shows TEM images of the cathode Pt nanoparticles of the after-break-in and the aged
CCM B (middle area), which reveal that the size of nanoparticles largely increased after the ageing
test. To construct the cathode Pt particles size distributions in the different samples (Figure 3.D) a
large number of spherical particles as included in Table 7 was considered. Comparison of the
histograms shows that the load cycle application broadened the extent of nanoparticles sizes in all the
MEA regions. The Pt NPs diameter, which was initially in the range 2-7 nm, grew to be in the range
3-12 nm. At the opposite, TEM images of the anode revealed no important changes (Figure SI-1).
From these histograms, the Pt GSA was calculated and an average diameter of Pt NPs was determined,
as detailed in the experimental section. Cycled MEA presents a mean diameter approximately 1.5
times larger than fresh (from 4.8 to 7.3 nm) and nanoparticles with diameters lower than 5.5 nm
disappeared during ageing. The result is aligned to Stariha et al.[4], who applied 1200 hours of U.S.
DRIVE-FCTT wet-drive protocol, identifying a size increase from 4.5to 7.4 nm.

Minor differences could be evinced among the CCM regions: the average diameter increases from
inlet to outlet, and in the outlet area the amount of small particles (<4.5 nm) is lower, while greater
the one of larger (>8.5 nm). The result could be explained by the higher relative humidity of the air
outlet region, which enhances Pt ions mobility[10], compared to the drier air-inlet zone. Furthermore,
degradation of Pt NPs during potential transients is strongly related to the oxidation state[55-57], also
enhanced at high RH.

Pt utilization is obtained comparing GSA to the ECSA calculated from cyclic voltammetry, collected

in Table 7. For fresh MEA, the Pt utilization value, equivalent to 0.68, is consistent to literature
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data[58][46]. It is noteworthy that Pt utilization does not change significantly after degradation,
resulting in range 0.69-0.72 for all the cases.

From these analyses, it is concluded that the electrochemical Ostwald ripening mechanism is the main
driver for the active Pt surface area loss. During the potential cycles that characterize the driving
protocol, smaller Pt particles dissolved and re-deposited upon larger. The particles are changed
towards a symmetric shape and a good consistency between the loss of GSA and ECSA is identified.
Their values deviate at air-inlet of only ~3.5%, while the deviation is even lower in the other regions.
Some additional processes might happen that have an effect on the reported difference, as a variation
in the contact between catalyst and ionomer. Furthermore, Figure 3.B illustrates the SEM image of
CCM A. No Pt precipitation within the membrane is observed in all the regions along the channel
direction (see also Figure 4). The absence of Pt band is probably consequence of a maximum voltage
equivalent to 0.85 V, while OCV condition is avoided at all, in order to represent real stack mitigation
strategies. At this maximum voltage, the amount of Pt ions that could diffuse and precipitate by the
hydrogen crossover in the membrane is not significant. In addition, this potential limitation, combined
to the adoption of corrosion resistant supports, prevented any relevant carbon corrosion. The absence
of carbon oxidation was proved by ex-situ and in-situ analysis. In the range of measurement accuracy,
no relevant catalyst layer thinning was observed as no CV alteration is detected in the potential range
of double layer capacity[59]. The result is in agreement with literature works that keep voltage inferior
tol V[60,61].

However, the ECSA loss cannot be considered as the only driver for the observed performance
degradation. Indeed, the different End of Test (EoT) performance among materials could not be
explained considering the Pt active surface area only: the loss of performance of CCM B is much
more limited rather than the other materials, while ECSA decay is comparable. Further mechanisms

should be researched and they are the object of the next paragraphs.

3.3. Membrane degradation
The membrane degradation was monitored in-situ through (i) hydrogen crossover, (ii) shorting
resistance and (iii) High Frequency Resistance. Figure 4.A shows the crossover current measured
setting outlet ambient pressure at cathode and 150 kPa at anode. For all the CCMs, the hydrogen
crossover increased in time. In the meanwhile, the electronic short circuit resistance lowered (Figure
SI-2). Clear differences among the CCMs are highlighted: the crossover current evolution indicates
that CCM B is the most resistant to membrane degradation, since its value increase was the lowest,
from 5 to 7 mA cm? (+40%). At the opposite, CCM A is characterized by a very large increase of
crossover current, evinced for segment 3 at 600 operating hours: a much higher value was identified

at that time compared to BoT. Such a large change indicates that a membrane failure thus set-off in
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the middle region. However, also the other segments, like seg.2 and seg.1, showed a large increase in
crossover current later, in the range 800-1000 operating hours. This is an indication that the PEM
damage became widespread over the cell active area, affecting all the MEA regions at the end of the
test. At EoT, the average CCM A crossover of Figure 4.A is increased ~10 times (from 4 to 40 mA
cm) and for segment 3 it even increased ~18 times. This observation matches with the great loss of
current contribution of air-middle (ishare,3) at the minimum cycle current density (Figure 2.C). At low
currents indeed, the effects of shorting and hydrogen flux across the membrane weight a lot. In Figure
4.C, the CCM A hydrogen transport from anode looks dominated by the total pressure difference
between the two sides, and not only by the partial pressure. This is concluded from the sudden
increase in the crossover current when the absolute pressure at anode becomes greater than the
cathode pressure. Such behaviour highlights the prevailing convective rather than diffusive origin of
hydrogen flux[62] and indicates that the membrane failed because of pinholes formation.

CCM C results as an intermediate case, signed by a larger increase of crossover current than CCM B,
but not showing a drastic failure as CCM A. Crossover current at pressurized conditions of Figure
4.A averagely increased from 5 to 13 mA cm?; the largest local current density is attributed to
segment 3 at EoT (18 mA cm?). Notably, middle region is again subjected to the most severe
alterations. The relative trend of membrane ageing for the different CCMs is consistent to the rate of
voltage loss at the low current setpoint of load cycle, included in Table 4 (34.0 — 2.4 — 15.9 pV h'
for CCM A, B and C respectively at 0.095 A cm): the performance at the lowest load is dominated
by alterations of membrane permeability, if these occur.

As described in the dynamic protocol section, the air-inlet region was subjected to the widest variation
of humidification over one-hour cycling, as well as to the lowest values of water content. One would
expect a failure near air-inlet because of chemical degradation caused by exposure to low RH or
because mechanical ageing driven by the amplitude of oscillations, but the most stressed membrane
region was instead at air middle-outlet (seg 3). It should be observed that water content oscillations
are widespread over the whole active area because of load and operating conditions cycling. In
addition, middle region draws the highest average current density, mostly during the long-lasting low
load operation (Table 4). Lai et al.[63] observed that the highest membrane mechanical stress alters
the close-to-air-outlet region, by applying a current cycling protocol under low RH air feeding.
Interestingly, they found a connection to the strongest water flux across the membrane. Also another
work[37] presented the results of an AST that introduced simultaneous current and RH cycling:
consistently to our findings, the MEA failed in the middle-outlet zone.

The measurements of the present work reveal also that, even though the increased crossover, the

ohmic resistance, measured as HFR from impedance spectra, is not modified with ageing. Its value
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(Figure 4.D and Figure SI-3) does not change between BoT and EoT, staying close to 26-28 mQ cm
2. The same conclusion is drawn for the other spectra obtained during intermediate long stops (data
not reported).

SEM images of Figure 4.B reveal localized PEM deformation after the load cycle application,
probably more pronounced under the ribs (Figure S1-4), as well as the presence of cracks into the
electrodes. The very localized thinning is consistent to the increase in crossover current measured for
CCM B (+30-40%) and related to diffusive hydrogen flux. The reduced CCM section might be
connected to the presence of graphitic plates in the microporous layer (MPL) which, since in contact
with the electrodes, seem to deform the CCM. The interplay between the components was verified
preparing some post-mortem samples without removing the GDL before the epoxy embedding
(Figure SI-5). The deformation is widespread along the flow field: the structural alterations look the
result of mechanical stress, as could be inferred from irregularities, that are responsible for local
thinning as for increased PEM sections nearby, denoting a structural re-arrangement that led even to
failure in case of CCM A.

To summarize, dynamic automotive-like conditions reduce stability of membranes and resulted as a
material-specific and time-dependent phenomenon, challenging even in case of robust component
design. The regions that are stressed by fluctuations in water state due to dynamics, high
humidification and relatively higher currents, as the air middle portion, appear more prone to the
occurrence of membrane pinholes and micro-cracks. It should be noted that OCV, recognized to
enhance the formation of peroxide and radical species which chemically attack PFSA[64], is avoided
in the present protocol, as in the applications. The results suggest that the mechanical fatigue has a
key role. However, synergistic effects between mechanical and chemical degradation could subsist.
Few works[63] proved that membranes are subjected to depletion of cerium, used as radical
scavenger, in the region most stressed mechanically because of the strongest water fluxes. The
migration of the radical scavenger might promote chemical issues at the location where the

mechanical fatigue is intense; such an effect cannot be excluded in this work as well.
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Figure 4 (A) Local crossover current measured through Linear Sweep Voltammetry at 80 °C, Ha/N; flux = 300/300 ml min
Panode, in = 1500 mbar, peathode, ot = @ambient pressure. Crossover current density is reported as a function of the operating hours and
measured during long stop characterization; (B) SEM images of CCM A at different locations along the flow field and CCM B in the
middle area. Membrane and catalyst layer deformation is visible, as induced by the driving cycle protocol application. Deformed
regions with a reduced thickness seem connected to MPL graphitic plates; (C) Local crossover current measured through Linear
Sweep Voltammetry at 80 °C, Hz/N2 flux = 300/300 ml min, peathode,in= 1500 mbar while varying panode,n., measured at 1000 operating
hours of load cycle protocol; (D) Local Nyquist plots recorded at BoT and at 1000 operating hours of load cycle protocol for reference
polarization curve conditions, at overall drawn current density equal to 0.8 A cm™,

3.4. Catalyst layer: additional irreversible losses
This section focuses on the additional degradation mechanisms of the cathode catalyst layer not

described previously.
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Figure 5 (A) Pure kinetic loss estimated from ECSA loss by assuming a simple Tafel model for ORR, as described by Equation
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and 1.8 A cm%; (C) Reference polarization curves: global(black) and local (coloured) performance are compared at BoT and after
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Figure 6 CCM B performance: oxygen and ID-FAST polarization curves (Table 2) are reported, in dark and light colours
respectively. Local performance of each segment is compared at BoT (full dots) and after 1000 operating hours of load cycle protocol

(empty dots).

Table 8 Voltage loss computed as difference between performance at 1000 operating hours and BoT. Values are reported for
two specific current densities and for the different polarization curves operating conditions. Both local polarization curves (i.e. related
to segments 1-4) and global performance (overall) have been considered.

CCM A: local and overall voltage losses (mV) after 1000 operating hours

Oxygen polarization curve

Reference polarization curve

ID-FAST polarization curve

CCM region

0.08 A cm= 1.8Acm?

0.08 A cm=? 1.8Acm?

0.08 A cm~? 1.8Acm~?

Seg 1

20 45

31 93

51 108
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Seg 2 21 43 35 87 50 90
Seg 3 31 30 47 64 51 60
Seg 4 22 37 35 62 46 56
Overall 25 38 39 76 50 74
CCM B: local and overall voltage losses (mV) after 1000 operating hours
Oxygen polarization curve Reference polarization curve ID-FAST polarization curve
CCM region 0.08 A cm* 1.8 A cm? 0.08 A cm*2 1.8A cm? 0.08 A cm? 1.8A cm?
Seg 1 6 9 23 52 29 69
Seg 2 5 6 8 10 32 61
Seg 3 4 4 -2 22 34 40
Seg 4 0.06 7 8 45 36 55
Overall 5 6 7 27 33 57
CCM C: local and overall voltage losses (mV) after 1000 operating hours
Oxygen polarization curve Reference polarization curve ID-FAST polarization curve
CCM region 0.08 A cm=? 1.8 A cm? 0.08 A cm~2 1.8 A cm? 0.08 A cm~? 1.8 A cm?
Seg 1 5 28 23 53 33 77
Seg 2 11 28 22 41 38 61
Seg 3 5 22 22 38 45 76
Seg 4 5 12 22 41 34 40
Overall 7 23 22 45 35 60

The reference polarization curve (defined in Table 2) is selected to evidence the differences in
performance among the CCMs. Figure 5.C depicts the overall (cell average) and local i-V curves at
BoT and after 1000 operating hours of the load cycle. Average loss is consistent with the operando
decay: CCM A evidences the largest losses, showing a large impact at low current densities, penalized
because of the membrane ageing described in the previous section. CCM B is the most performant in
the end, while, in comparison, CCM C is subjected to a larger decay at intermediate/high currents.
The average evolution is detailed in Figure 5.B, where changes in time at two selected low (0.08 A
cm?) and high (1.8 A cm™) currents are provided. CCM B reveals larger losses in the first 400 hours,
after which variations are minor. The trend is coherent to Pt active surface area decay (Figure 3.A).
The purely kinetic performance loss could be predicted considering Tafel kinetics for ORR[8]. Under
the hypothesis that the reference exchange current density is not varying in time, the overpotential

variation is estimated as:

(")

2.303 - RT ECSAg,r
Anoprgr = ——— log

aF ECSAcycie
Where ECS A, indicates the ECSA at a specific cycle of the protocol, while « is the anodic transfer

coefficient, set equivalent to 1[65]. Kinetics losses calculated according to Equation 7 are included
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in Figure 5.A. CCM B shows, at low currents, a performance decay very close to such estimation.
Discrepancies, in particular experimental values that are 2+4 mV lower than theoretical, are attributed
to measurement uncertainty or to limitations in this simple model. Both progression and stabilization
are similar for CCM C voltage loss at 0.08 A cm™, deviating compared to CCM B only at the end of
the test, where the larger increase of crossover current, that becomes ~2.6 times larger than BoT,
probably boost the low load decline.

It is well known that mass transport losses promote an additional decreases of performance at high
current densities [66]. For CCM B, the voltage loss at 1.8 A cm? (Figure 5.B) follows, again, the
ECSA evolution and the difference respect to the low current could be largely attributed to gas
transport limitations, which grow at increasing values of geometric current densities, i.e. at increasing
ratio igeo[ A cm=2]/ ECSA[67]. CCM C is subjected to an incentivized high current degradation,
mostly from 600 hours, a behaviour that diverges from CCM B and hints to more intensified ageing
mechanisms that would differ from Pt active area drop because of Pt NP increase in size only. Finally,
CCM A shows no stabilization, as evinced from the operando voltage also. Membrane failure could
promote additional ageing phenomena[68] (e.g. due to high local temperature because of direct
reaction between hydrogen crossover and oxygen) that make the trend of irreversible losses
significantly vary compared to other MEASs.

For all the materials, the distribution of local polarization curves at EoT differs from BoT (Figure
5.C). The polarization curve of segment 1, that was the best performing at the beginning, dropped
down to provide a lower EoT contribution. The result is coherent to the irreversible re-distribution of
local currents described in the operando analysis. The same information is evinced by the losses
included in Table 8: segment 1 shows at 1.8 A cm™ a voltage drop that is ~8-25 mV larger than the
overall loss, under reference conditions. Air inlet loses thus 20%-90% more than the CCM average
at high current density.

In all the regions, the voltage drops of Table 8 are higher under air rather than pure oxygen
(reference vs oxygen polarization curve) and even more promoted at ID-FAST conditions,
characterized by lower relative humidity and temperature, while higher pressure (ID-FAST vs
reference polarization curve). Different local i-V curves of CCM B are also compared in Figure 6.
Results suggest that the same MEA local aged state leads to a different performance decay under
various operating conditions, meaning that the loss could be stressed or attenuated acting on specific
parameters like oxygen concentration and relative humidity. The reduction of these two quantities
was proved to be detrimental, mostly for the air-inlet. Segment 1 suffers at medium-high currents: at

1.8 A cm?, EoT performance at ID-FAST conditions is 15-24 mV lower than reference case.
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To investigate the origin of the additional losses evinced through polarization curves, the mass
transport resistance was evaluated through the limiting current measurement. Figure 7.A illustrates
the dependence of Rmt on cathode pressure, at each long stop. Linear fitting at BoT and at 1000 hours
was included. CCM B behaviour is clearly unchanged in pressure dependence: the slope of the fitting
curve is unvaried over time, meaning that only the pressure independent contribution increased. Since
the transport resistance related to intermolecular gas diffusion[69] is kept unchanged, it is concluded
that GDL is not undergoing significant modifications. The mass transport resistance of CCM B was
then plotted as a function of the inverse of roughness factor (rf), that expresses the ratio between the
catalyst and the geometric electrode active area. The rf is the product of the catalyst loading and of
Pt active surface area and its value changes with the load cycle application because of ECSA decrease.
Greszler et al.[70] found that a reduction of Pt surface due to electrochemical Ostwald ripening
mechanism results in an increasing mass transport close to a reduced catalyst loading, i.e. the surface
resistance becomes more relevant due to reactant flux concentration. In their paper, the adoption of a
graphitized catalyst support led to resistance values comparable to ones of CCM B. They also found
a chart slope, reasonably representing local thin-film resistance, in range 12-14 s cm™. The linear
dependence is proved in the present work as well (Figure 7.B), with a slope of 15-17 s cm™. As a
conclusion, the driving cycle protocol caused a decay in the oxygen transport properties of CCM B
that is mainly driven by particle size increase. The slightly higher values could be explained by
analyzing what happens locally. In Figure 7.C, the segments contribution to the overall limiting
current is provided over time. Segment 1 results as more degraded than others, since it decreases the
relative current provided during the limiting current density test: ishare,1 irreversibly decreases from
1.41 to 1.30, while other ishare,j are almost unchanged, as if the air-inlet resistance increases more than
average. Since this variation is pressure independent (Figure SI-6), it could be imagined an alteration
of the thin-film resistance or of the microporous catalyst layer structure. This impact is suspected to
be more on gas transport rather than proton transport properties, at least at fully humidified conditions,
as deduced from minor changes of impedance spectra in hydrogen/nitrogen (Figure SI-7). It is
speculated that the drier inlet region not only suffers more because of reversible ageing, but it also
undergoes some irreversible degradation in the local transport, consistently to the uneven
performance losses observed under different polarization curves conditions at middle-high currents,
previously described. Indeed, mass transport limitations become more evident at lower oxygen partial
pressure and lower relative humidity (Table 8, Figure 5.C and Figure 6). The irreversible alteration
of air-inlet region might be attributed to (i) the combination of dry low load operation and wide
humidification cycles over one-hour protocol (impedance of Figure 1.B), that could cause loss and

redistribution (adhesion) of the ionomer within the catalyst layer, as observed after 1100 h operation
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by Morawietz et al.[71]; (ii) irreversible decomposition of the sulfonate groups near catalyst surface,
promoted at low relative humidity, as in Isegawa et al. work[72].

For CCM C, trend and intensity of performance losses partially differ from CCM B and could be
correlated to a larger increase of oxygen transport resistance: even though the catalyst of this MEA
appears as more performant in limiting current conditions at BoT, the progressive evolution of Rmt
indicates more intensified ageing processes that occur within the catalyst layer, as observed from the
larger slope of Figure 7.B, which is 35 — 40 s cm™, almost three times larger than other samples. Local
analysis of CCM C, in Figure 7.C, confirms what described for the air-inlet of CCM B, even though
the local re-distribution is less evident in this second case (ishare,1 drops from 1.47 to 1.42). The trend
of CCM C resistance well correlates to the larger losses of performance observed in polarization
curves of Figure 5.C, mostly in the high-currents range: this could be explained, at least in part, by
alterations of the local resistance, related to the ionomer thin-film. A limitation of the transport
mechanisms is expected to highly impact on the dynamic performance of the drive load cycle because
its operating conditions, like low stoichiometry and low relative humidity, could incentivize the
performance loss. CCM C operando voltage loss at the maximum load is strongly negatively affected,
reaching a degradation rate of 136.1 pV h', much higher than CCM B observations. Finally, the CCM
A trend of Figure 7.B is quite aligned to CCM B; the reader is advised that mass transport resistance
values are not reported in this chart after failure, while they are included in Figure 7.A, since mass

transport determination is less reliable.
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as function of the inverse of the roughness factor, where the roughness factor is progressively decreasing as consequence of the
degradation caused by the load cycle protocol application. Linear fitting is reported for CCM B (dashed line) and CCM C (dotted
line). For CCM A values are included up to 400 operating hours: from 600 hours membrane failure was detected, making unreliable
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the measurement of Rmr (large increase is observed in Figure 7.A); (C) Specific current density fraction of the overall limiting current,
computed according to Equation 1. The evolution of each segment contribution is reported as a function of the operating hours.

3.5. Influence of degradation mechanisms on cycle efficiency
In the following, it is presented how the degradation phenomena impact on cycle efficiency. The
cycle efficiency is a parameter that provides a broad picture of the MEA decay, computed as an
energy efficiency according to Equation 8. It is the ratio of the output energy to the lower heating
value of the input hydrogen, consumed in order to draw the current setpoint. This evaluation is done
over one cycle of the protocol, by data registered every second:

B [AV idt

" f%M{;’Edt - LHVy,

(8)

where AV corresponds to the operando cell voltage, i is the current density, Mn"2 is the hydrogen
molar mass and LHVw; is the Lower Heating Value of hydrogen. The resulting values are in Figure
8. The trends of Figure 8 are consistent to the operando voltage losses of Figure 2.A. However,
compared to current-specific voltages, the efficiency parameter combines in a weighted average the
various setpoints encompassed during operation providing thus a representative picture of the whole
automotive driving. It also allows to compare operational modes, as the low load and the high load
functioning, that by nature include many operational setpoints. This partial information is quantified,
again, through Equation 8 but limiting the integrals just to the low and to the high load part of each
protocol cycle, according to the cycle separation provided in Figure 1.A and explained in Section 2.6.
As evinced by the profiles, high load has the major impact on the overall cycle efficiency.

BoT cycle efficiencies are collected in Table 9. Low load efficiency is the same for all the CCMs (i.e.
63%, with an instantaneous peak efficiency[73] attained to 67%) while high load ranges between 51-
54%: the combination of the two operations results in an overall efficiency of 54-56%.

The application of the ageing protocol comprises two types of losses, reversible and irreversible, as
already described. The reversible degradation recovered during long stops permitted to increase of
~1-2% the efficiency in case of CCM A and B, while CCM C do not show variations. The recovery
of reversible effects is more pronounced in the first 200-400 cycles, after which the contribution
becomes <1%.

Overall cycle efficiency decreases of ~3% for CCM B. The decrease of efficiency is comparable at
low load (~2%) and high load conditions (~3%). The trend results from the described dominating
electrochemical Ostwald ripening mechanism: the larger losses at higher current density could be
attributed to mass transport limitations that rise because of ECSA loss and to a probable degradation

of ionomer in the air-inlet region of cathode catalyst layer.
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Efficiency loss is larger for CCM A: an overall ~9% decrease was quantified. Separating the cycle
into the two types of operation, a loss of ~5% is attributed to low load while of ~11% to the high load
functioning. CCM A shows a larger impact in low load operation than the other samples since PEM
failure (~10 times larger hydrogen crossover current at EoT compared to BoT).

An overall loss of ~9% was registered for CCM C. Even though this result is close to CCM A, the
observed partial information differs. Low load degradation is comparable to CCM B (~3%) and is
dominated by an analogous ECSA decay. On the other hand, significant deviations are registered for
high load, that reduced its efficiency of ~12%. These results are consequence of the observed much
more accelerated rate of decay of transport limitations in the cathode catalyst layer, due to either
proton or gas transport phenomena (see Table 8 and Figure 7, previously described).
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Figure 8 Cycle efficiency of each tested CCM evaluated as a function of operating hours. Efficiency is evaluated according to
Equation 8. Overall cycle is compared against low load and high load operation, defined as included in the load cycle protocol section.

Table 9 Cycle efficiency at BoT and at EoT, i.e. at 1000 operating hours, for each tested CCM. Overall cycle efficiency is
included, as well as low load and high load efficiencies.

CCM A CCMB CCM C

BoT EoT BoT EoT BoT EoT
Overall cycle efficiency [%] 54 45 56 53 56 47
Low Load cycle efficiency [%] | 63 58 63 61 63 60
High Load cycle efficiency [%] | 51 40 53 50 54 42

4. Conclusions

This work shows the results of a degradation testing program designed to mimic automotive
driving in a comprehensive way. Local effects were studied through a segmented hardware,
evidencing the role of ageing mechanisms in relation to heterogeneous operating conditions. A
meaningful ageing experiment was performed on a single fuel cell with the objective of including

vehicle-like operations. The load cycle protocol, designed from a customer fleet dataset, included
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temperature ramps and cycles of gas feeding humidification, pressure and load. Main findings are

summarized:

(i)

(ii)

(iii)

(iv)

v)

different stop conditions were reproduced, to stay close to real-world: the introduction of
short stops and cold soaks allow to recover part of reversible degradation, thanks to
platinum oxides removal and re-humidification. Further reversible losses were removed
at long stops: being for longer times at ambient temperature and applying a suitable
cathode catalyst cleaning procedure allowed for an additional recovery, probably
connected to ionomer. The extent of reversible losses is material dependent: the
performance improves from few to ~20 mV. The effect is more pronounced at air-inlet
and at low current densities, possibly since the driest operating conditions of this MEA
portion. After long stop, local current contribution is recovered: ishare,1 iNCreases even from
~0.40 to ~0.70 at the lowest load;

irreversible ageing was proved due to cathode catalyst layer and membrane degradation.
All these mechanisms caused a cycle efficiency loss from ~3% to ~9%. The larger loss is
at high load operation (~3%-12%), while lower at low load (~3%-5%). Consistently, the
rate of voltage decay increases with the current setpoint;

Electrochemical Ostwald ripening mechanism is the main mechanism regarding catalyst
at the cathode electrode: increase in particle size is aligned to ECSA decay, while no signs
of Pt band formation and carbon support corrosion were evinced. The largest variation of
ECSA is within the first 200/400 operating hours. Evolutions are similar for all the
materials, with a final value that is 62%-67% of BoT;

membrane degradation resulted as mechanically driven, consequence of the stress due to
dynamic operations, that impact on ionomer humidification state. PFSA membranes,
even though all reinforced and chemically stabilized, were characterized by different
durability: CCM A failed because of pinhole formation, increasing the hydrogen
crossover current by a factor ~10, responsible of large performance drops at low current.
This material did not show a stabilization of the performance decay, probably because
the defect drew additional degradation processes. CCM B showed much more limited
variations in crossover current (factor ~1.4), attributed to localized membrane thinning.
Interestingly, the middle/close-to-outlet region (segment 3) resulted in general as the most
susceptible to membrane ageing;

irreversible performance losses are largely justified by ECSA decay for CCM B, as the
increase in mass transport resistance, that showed a linear dependence on the inverse of

roughness factor, with a slope of 15-17 s cm. On the contrary, CCM C showed boosted
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(vi)

Appendix

decay from 600 operating hours that are attributed to more promoted alterations within
the catalyst layer and to different material properties: the mass transport resistance
increases ~2.5 times more than CCM B, negatively impacting on the high current
operation of the load cycle (at the two highest currents, the degradation rates are 43.3 uV
h? and 136.1 pV h for CCM C against 21.9 pV ht and 31.7 pV h* for CCM B);
irreversible ageing was heterogeneous in the along-the-flow-field direction. Air-inlet
suffered the largest performance losses, an effect more evident under operating conditions
that stress transport limitations (low oxygen partial pressure and low relative humidity).
EoT segment 1 performance loss at ID-FAST conditions is 15-24 mV higher than at
reference operating parameters, that is, in turn, 25-48 mV higher than under oxygen
feeding. The observation is confirmed through the local analysis of the limiting current
measurement: the higher local impact might be related to a larger increase in the local
thin-film resistance. Note that heterogeneities were detected in GSA and ECSA too.
Larger particles are at air-outlet, because of the higher humidification, while distribution
is slightly shifted towards smaller diameters at the drier inlet, proving that the locally
decreased limiting current at air-inlet could not be explained by Pt active area loss only,
but structural changes of ionomer should subsist.

At high currents, performance decay is instead lower in the air-middle, that seems more
affected by membrane but less by catalyst layer degradation: the performance of this

region compensates the losses of the others, as evinced by local current distribution.

In the following, a more detailed description of the procedures adopted for the testing protocol is

provided.

Short stop

The short stop procedure is frequently introduced in the protocol (twice per operating hour) in order

to mimic the frequent interruptions that are expected in a real application: very rarely the vehicle is

operated for many hours without stopping. Short stop protocol for single cell testing consists in the

steps:

- Aclipping voltage equal to 0.85 V is set;

- Gas flows are reduced to the minimum (stoichiometric flow rate equivalent to 0.2 A cm);

- Gas pressures are reduced to ambient value;

- Hydrogen flow is still supplied at the anode side while air flow is stopped,

- Cell voltage is let decrease to values < 0.1 V, condition kept for 5 minutes;

28



- Cell temperature is not reduced (no cooling down).
Cold soak
The cold soak protocol would like to reproduce the regular stops in real systems that are long enough
to cause the complete cooling down. Cold soaks are less frequent rather than short stops. In particular,
a cold soak is introduced every 5 operating hours. For the present work about single cell testing, cold

soak is performed as:

A clipping voltage equal to 0.85 V is set;
- Gas flows are reduced to a minimum (stoichiometric flow rate equivalent to 0.2 A cm?);
- Gas pressures are reduced to ambient value;
- Hydrogen flow is still supplied at the anode side while at the cathode side the flow is switched
from air to nitrogen;
- Cell voltage is let decrease to values < 0.1 V, under an inert atmosphere, in the meanwhile
temperature control is turned off;
- Condition is kept for 2 hours.
Long stop
The long stop mimics a situation in which the vehicle is turned off for several days. It is expected to
be a rare event, therefore introduced every 200 operating hours. For the present work about single
cell testing, the procedure adopted is equivalent to cold soak, but the stop lasts for 12 hours.
Thereafter, the cathode recovery procedure is performed. It consists in performing cyclic voltammetry
between 0.07 — 1.20 VRHE for 10 times, with a scan rate of 100 mV s at 30 °C and outlet ambient
pressure. The anode is fed with fully humidified 0.06 NL min™ hydrogen, while the cathode is fed
with 0.06 NL min nitrogen.
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