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List of Abbreviations

ASC AUTOSTACK Core (former FCH-JU stack development project)
AST Accelerated Stress Test

BolL Begin of Life

BoT Begin of Test

CCM Catalyst Coated Membrane

CL Catalyst Layer

cv Cyclic Voltammetry

D.o.E. | (US) Department of Energy

DLC Dynamic Load Cycle

ECSA Electrochemically active Surface Area

EIS Electrochemical Impedance Spectroscopy
EoL End of Life

EoT End of Test

FC-DLC | Fuel Cell Dynamic Load Cycle

FCEV Fuel Cell Electric Vehicle

FCS Fuel Cell System

GDL Gas Diffusion Layer

ICE Internal Combustion Engine

JMFC | Johnson Matthey Fuel Cells

JRC Joint Research Centre of the European Commission
LPL Lower Potential Limit (CV)

MEA Membrane Electrode Assembly

NEDC New European Driving Cycle

RH Relative Humidity

RHE Reversible Hydrogen Electrode

SD Shut Down

SU Start Up
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List of symbols
F Faraday constant

Auel/ox | Fuel (anode) / oxidant (cathode) stoichiometry

T Temperature

Pabsse | Absolute / Gauge (i.e. over-) pressure

A Difference

1. Introduction

This document presents the preliminary results of synchronized investigations performed by
different partners of the ID-FAST consortium. The investigations aimed at achieving two
basic targets:

¢ Identification of coupling of stressors and local effects relevant for stack operation
during ageing employing different single cell concepts (zero-gradient and for
stoichiometric operation)

o Development of a methodology for deduction of procedures for combined ASTs and
trial, evaluation and comparison of first combined ASTSs.

Sections 2 to 4 deal with the first target. In section 2, a comprehensive analysis of coupling
between selected mechanisms is presented. Section 3 elaborately describes the investigation
of local degradation effects as expected over the large active area of an automotive stack, but
conducted in a very controlled manner employing an advanced segmented single cell. Section
4 is focused on mimicking and analysing degradation effects during realistic drive cycles
employing a zero-gradient single cell.

Building upon the results presented in the first sections and in Deliverable D4.2, in section 5
the concept followed when defining the combined AST cycles is explained. In sections 6 and
7, first results obtained by employing a variation of combined ASTs are presented and a first
assessment of the impact of these combined ASTs is given. Finally, the main findings are
summarized in section 8.

This report is the first public document to describe results obtained employing a new, realistic
dynamic load cycle and fuel cell durability test program developed within the ID-FAST project.
This ID-FAST drive cycle and protocol will be presented in detail in a separate publication.
Nevertheless, clearly it is necessary to comprehend the basic idea behind this new test cycle
to understand the contents this document is focussing on. Thus, though this is not the original
intention of D4.3, the consortium decided to prefix a short introduction of the new realistic fuel
cell test program.
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ID-FAST load cycle and durability test program

Choosing a relevant load cycle, i.e. realistic for the automotive application, and defining an
appropriate durability test program poses a major challenge when trying to perform meaningful
ageing experiments on a fuel cell testbench with the objective to mimic the conditions the stack
would experience during vehicle operation. An obvious choice would be the Fuel Cell Dynamic
Load Cycle (FC-DLC) as derived from the automotive-specific New European Driving Cycle
(NEDC) and adapted to common applicable fuel-cell testing in the framework of the FCH-JU
project STACK-TEST?. Subsequently, this load cycle was integrated into the EU Harmonized
test protocols?. This load cycle has been well established in the fuel cell research community.
Nevertheless, meanwhile the underlying NEDC cycle is outdated and it is unclear, to what
extend the NEDC cycle represents in a statistical sense the real driving states a vehicle will
experience during its service time.

Thus, the ID-FAST consortium decided to spend some effort to define a representative drive
cycle, based on comprehensive customer fleet data available at the parther BMW. In the
following, the drive cycle and the methodology used by BMW to derive it will be briefly
explained. Of course, introducing a new test protocol requires comparison to the existing ones,
specifically the FC-DLC. This will be dealt with in a separate publication planned by the ID-
FAST project.

The "ID-FAST drive cycle" can be operated on a test bench and is based on known relevant
customer data such as vehicle speed over time, state of the art electrical powertrain
hybridization- and FCS operation-strategy, cross-checked with "avoidable" events from FCEV
Demo fleet operation.

The fuel cell system load cycle ("ID-FAST drive cycle") was derived from several thousand
hours of real vehicle data from customers (vehicle speed versus time). The fuel cell system
power cycle (P(FCS) vs.t) was obtained by applying a vehicle or powertrain hybridization
model and also contains information on fuel cell system or fuel cell stack temperature vs. time.

1 http://stacktest.zsw-bw.de/

2 Georgios Tsotridis, Alberto Pilenga, Giancarlo De Marco, Thomas Malkow; EU HARMONISED TESTPROTOCOLS
FOR PEMFC MEA TESTING IN SINGLE CELL CONFIGURATION FOR AUTOMOTIVE APPLICATIONS; JRC Science
for Policy report, 2015; EUR 27632 EN; doi 10.2790/54653
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Figure 1: Visualization of the customer use profile derived from data covering several
thousands of operating hours driven by BMW customers in their ICE cars (left). This is use
profile was transformed into a ‘heat map’ of operating conditions (right).

A FCS power distribution which represents 99% of the customers for the class of vehicle
chosen was obtained using statistical methods from the data shown in Figure 1 (left).

Next step in deriving a testable stack load cycle was to use a state of the art FCS operation
strategy model to translate this power distribution into a heat map based on stack power
(P(Stack)) and stack temperature (T(stack)) for the 99% customer load cycle.

The main stressors considered were half-cell potential (approximated with cell voltage), stack
temperature and MEA relative humidity (RH).

Figure 1 (right) shows the heat map, the permissible operating range is shown in purple.
Figure 1 (right) also features the equi-voltage lines and the equi-RH lines calculated from the
proprietary FCS model and experiments.

Further simplifications concerning voltage, temperature and RH domains were done in order
to finally design the "ID FAST load cycle" shown in Figure 2.

As a remarkable feature, it contains a simultaneous rise of temperature and RH starting after
45 minutes corresponding to the highest load requests, followed by a decline back to the
nominal level. Whereas this is clearly closer to the conditions in a real vehicle system than
testing at constant temperature and RH over the complete time, of course it is also more
challenging to perform this cycle on a standard fuel cell test bench.

Further elements of the ID-FAST durability test program (Short Stop, Cold Soak, Long Stop)
are explained in the Appendix (section 9).




| D FAST D4.3 Analysis of coupling between mechanisms and definition of combined AST’s

FCH

) N
L7
"0 pgpen

)
,@‘\"x

K
kg

& Proposed load cycle:

©

o Es Max. permanent /\ 1] ~17% of
S / H time in
E d) L --V--.-—--T-—-_- ------l---f--— l-'_

wn % - In. permanen | ] ,,dry state”

o

BFEE R |
0 10 20 30 40 50 60

Time [min]

= gl ]
ool L
3 40

o

S 20l f

2

B

&

Figure 2: ID-FAST drive cycle proposed as the key building block of a realistic durability test
program.
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2. Analysis of coupling between single mechanisms

A first study about coupling between mechanisms conducted by POLIMI is focused on the
impact of the different degradation states of the catalyst layer on the real operations of
start-up/shutdown (SU/SD). In order to achieve this objective, during the D.0.E ASTs
protocols few unmitigated SU/SD were ad hoc introduced to check the effect of the specific
degradation on the transient voltages profile. Commercial lon Power MEA’s were
degraded under (i) Electrocatalyst AST and (ii) carbon support AST, according to U.S.
D.o.E. specifications. The protocol and the setup for unmitigated start and stops have
already been reported in D4.2. To make a reliable evaluation, a set of 3 unmitigated SU/SD
were reproduced consecutively and the results of the first and the third cycles compared.
Note that, for consecutive cycles, the potentials reached during the transient show a
general increase due to the altered state of oxidation of the catalyst surface. The maximum
voltage reached by the cathode electrode (working in the passive region — “in” position)
decreased with both the D.o.E Electrocatalyst and the carbon support ASTs, as shown in
Figure 3. At the same time, the maximum potential of the active part of the cell increased
(“out” position). A coupling between the ageing mechanisms of the catalyst layer and
start/stop operations is therefore demonstrated.
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Figure 3 Variation of voltages, recorded by RHEs at cathode inlet and outlet (see D4.2 for the
testing setup), during start-up at different ASTs degradation cycles (D.o.E. Electrocatalyst AST

on the left, carbon support AST on the right); fluxes are operated in co-flow configuration.
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Figure 4 (a) Variation with cycle number of maximum voltage value during
unmitigated start-up transients for the D.o.E Electrocatalyst AST; (b) Variation
with cycle number of maximum voltage value during unmitigated start-up
transients for the D.o.E. carbon support AST

The increasing rate of maximum potential is larger in case of carbon corrosion rather than
of Electrocatalyst AST. Both the ageing protocols cause ECSA loss (D4.2). As described
in D3.2, the decrease of ECSA should have an impact on the maximum voltage, as well
as on the minimum, reached during the start/stop. Simulation results are in accordance
with what is observed here: the model predicts less carbon corroded but the decrease of
Pt active area makes the specific currents for Pt higher, which are responsible for the
overpotentials increase, as observed experimentally. The maximum voltage dropped
instead significantly at 5000 cycles of carbon support AST. If the catalyst layer structure is
strongly affected, the triple phase boundary could be such weakened that even the Pt
specific current gets lower (coherently with an observed decrease of the active part
overpotential, i.e. an increase in the minimum transient voltage, not shown here).

To check for coupling between single mechanisms, the effects on performance due to the
application of different combined ASTs have also been tested. In particular, the coupling
between the new SU-AST and the D.o.E. Electrocatalyst AST has been analysed. 200
cycles of the new SU-AST, proposed in D4.2, was applied on the same JMFC MEA aged
under the Electrocatalyst-AST protocol. Both the independent ASTs results are described
in D4.2, while their combination is summarized in the following. For the performance
analysis, polarization CatinHOT (i.e. cathode in, high loading operating conditions: T =
85°C, pc/a= 2.8/3.0 bar, RHc/a = 30/100%, described in D4.1) was the one chosen for the
comparison, because it allowed to evaluate the effect of the combined Electrocatalyst/SU-
AST at cathode inlet conditions. Indeed, cathode infanode out is the most stressed MEA
region in case of start-ups after long stops, if operated in counter-flow configuration, as
extensively explained in D4.2 and D2.3. SU-AST performance loss results in a vertical
translation (Figure 5), with a voltage decrease proportional to the small number of
degradation cycles. The degradation due to SU-AST appears comparable in case of single
AST (D4.2) and combined AST, with an observable rate of 40 uV/cycle and 45 uV/cycle
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respectively. The most interesting result is the correlation between mass transport
resistance and ECSA value. Starting from the condition reached under Electrocatalyst
AST, SU-AST protocol made the catalyst active area decrease of additional 6/7% with
respect to the BoL value. Combining this information with the mass transport resistance,
the point obtained at 200 start-up cycles lies perfectly on the line obtained for the only
Electrocatalyst AST, as visible in Figure 5. The linear and equivalent trend confirms that
the two degradation mechanisms lead to the same oxygen transport resistance change.
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Figure 5: On the left, evolution of Polarization E (D4.1) during Electrocatalyst (30000
cycles)/Start-up(200 cycles) combined AST; on the right, oxygen mass transport resistance
as a function of the inverse of roughness factor for combined Electrocatalyst AST + SU-AST
(pink point over green curve).

3. Local degradation analysis in single cell during driving cycle

The aim of this section is to provide the local impact due to driving cycle degradation on
membrane electrode assemblies. Through the application of the ID-FAST protocol on a four-
segmented hardware at POLIMI, the performance loss of each specific MEA region is
identified and studied. Different degradation mechanisms are occurring at the same time (i.e.
coupling of phenomena): this test helps to evidence heterogeneities under realistic automotive
ageing and to identify correlations with the local operating conditions (stressors). It is also the
basis for the development of new AST’s, as described in the next paragraphs.

In the following, the results regarding the ID-FAST durability test program on JMFC (Johnson
Matthey Fuel Cells) MEA1 are described. A 25 cm? segmented cell hardware was adopted to
test 1000 operating hrs of the automotive protocol developed by BMW and based on BMW
fleet data (cf. section 1). The protocol was adapted from what designed for stacks (as included
in D1.1) to guarantee its implementation on a single cell.
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The single cell is operated in a counter-flow configuration: cathode flow gets in the 4" segment,
while anode flow enters in the 1 (see Figure 6B). Stoichiometry is set constant to 1.4/1.6 for
anode and cathode respectively. Each driving cycle operating time takes 1 hour. The single
cell protocol also includes all the prescribed stop conditions: the cycle is interrupted by a short
stop of 5 minutes every 30 minutes; hydrogen is still supplied while the flux at cathode is
stopped. Moreover, load cycles are repeated for 5 times, after which a cold soak is introduced,
that includes the cell cooling down. In this latter case, nitrogen is fluxed at the cathode in the
meanwhile. Finally, every 200" cycle, a long stop of 12 hours is integrated. A recovery
procedure®, developed from past research experiences, is applied and then the
electrochemical and performance characterizations are carried out.

% A. Bisello, “Start-up and shut-down of PEMFC in real conditions : local experimental
investigation and development of a new accelerated stress test protocol,” PhD Diss.,
2020.
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Figure 6 (A) Operating conditions for single cell driving cycle and voltage profile at BoL; (B)
25 cm? segmented cell and counter-flow configuration.

In the following, the most relevant assumptions and adaptions (compared to the original
protocol for stack testing) for the single cell test are stated and graphically presented in Figure
6A:

e Temperature is assumed as uniform over the cell (no differences between inlet and
outlet could be reproduced as in stacks). For each cycle, cell temperature ranges
between 71 °C and 90 °C, as depicted at the top of Figure 6A,

o Dew point changes are obtained through a gas switch between two different bubblers,
for each cell side. The dew points are 58/72 °C and 43/57 °C for anode and cathode
respectively;
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o All the pressure transitions and related set-point values were respected, at both anode
and cathode. Low load functioning is the only exception: in that case, constant
pressure conditions were assumed.

Data obtained during the driving cycle and MEA characterization
Operando measurement recorded during the protocol application:

* Voltage profile evolution;

* Local current distribution among segments;

* Impedance measurement at 1000 Hz, for all the segments.
In-situ global and local characterization at long stops:

» Polarization curves (see Table 1) with EIS (Electrochemical Impedance
Spectroscopy) at the average current density of 0.4 and 0.8 A cm?;

» Effect of recovery procedure on reference polarization (Polarization P, see Table 1);
» “Steady state” driving cycle points with related EIS;

* CV and LSV for detecting ECSA, hydrogen crossover and short circuit resistance
changes;

» Limiting current measurement for computing oxygen mass transport resistance
(dilutions tested: 1%, 2% and 3% O at pac= 170/150 kPa, 270/250 kPa, 370/350
kPa. Hydrogen flow of 1000 ml min, cathode flow of 3000 ml min?).

Table 1 Polarization curve operating conditions used for MEA characterization at long stops,
every 200™ cycles of ID-FAST driving cycle protocol. Adopted stoichiometries are (for
anode/cathode respectively): (i) 2/20 for polarization B (ii) polarizations P, D have been
repeated with both 1.3/1.5 and 2/4, (iii) Polarization A has been repeated with both 1.4/1.6 and

2/4.
. . ) . . . | p.Si. | p.Si.
T.Si | DPT.Si.| T.Si. | DPT.Si. | T.Si. | RH.Si. | RHSI. | ") | A/ | conc.sic. | Conc.SiA.
Code |.cL| c/ | cr| A1 | A1 | ci A |wpa |kPa | ©,1% H, /9%
jec| -°c °C °C °C % /% a a
bs bs
B-oxygen | 80 | 80 85 80 85 | 100 | 100 | 230 | 250 100 100
P-airfully | g5 | g4 85 80 85 | 100 | 100 | 230 | 250 20.9 100
humidified
D-— 80 | 53 85 64 85 | 30 50 | 230 | 250 20.9 100
automotive
A —
DFAST 68 | 43 73 58 73 | 30 | 635 | 280 | 300 20.9 100
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Table 2 "Steady state" current points and EIS (from 0.1 Hz to 10000 Hz) at driving cycle
operating conditions that simulate low power and high power functioning.

0.S1.C/ 0.SLA/ Conc.Si.C | Conc.Si.C
Code T.Si.CL°C |DTP.Si.C°C |DTP.Si.A°C 02 H2
kPabs kPabs % %
Current points to test (5 min holding per each + EIS): 0.095, 0.247, 0.589 A cm™?
LOW
POWER 71 43 58 140 190 20.9 100
Current points to test (5 min holding per each + EIS): 0.589, 1.273, 1.748 A cm™
HIGH
POWER 90 57 72 280 300 20.9 100

Local ageing results

The global cell loss of performance during driving cycle is only briefly summarized (see
Table 3), since it is out of the scope of the present document. The focus will be instead on
the local ageing derived from experimental observations.

Table 3 Rate of voltage loss per each current point of driving cycle (operando data).

Cycle current point

Voltage loss rate

[Acm?] [nV b
0.095 47
0.247 50
0.589 82
1.273 90
1.748 139

A first information about local performance is provided by the MEA current distribution, as
depicted in Figure 7.
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Figure 7 Current distribution among the segments for maximum and minimum current points
of driving cycle (1.748 and 0.095 A cm™ respectively) and related evolution over time. Each
contribution is expressed as the ratio of the current generated by the segment to the imposed
cell setpoint.

At maximum current (high power functioning), the distribution follows the cathode flow
direction: the first segment contributes most, while the fourth suffers the low oxygen partial
pressure. This is in accordance with the current distribution observed using a segmented
current scan shunt for the automotive stack design (ASC Evo2) employed in the project.
During the ageing, there is no change in the segments order; the most relevant variation
consists in the decrease of the 1%t segment input after 600 hrs, mainly promoting the 4. For
the minimum current (low power functioning), at BoL the 15 segment performance is affected
by the dry conditions, that favour instead the middle and most of all the outlet section. In this
second case, the distribution evolves with time: the 3™ segment faces the largest reduction,
while the 1%t and the 2" progressively make a compensation. Anyway, between 800 and 1000
hrs the 1% segment current output starts to decrease.
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As introduced before, a high frequency impedance (1000 Hz), indicated with Z, has been
recorded during the overall test. All the segments have been checked. An example of this
measurement is shown in Figure 8. The MEA state of hydration varies with the local position
and in dependence on the operating point. During the low power functioning, the inlet operates
dry, such to cause a high value of the impedance, as visible for section (1) of the picture. On
the other hand, thanks to the increasing amount of water produced along the cathode flow
direction, segment 3", and 4" as well, shows a lower value of Z. As the cycle moves from low
to high power conditions, water content increases (due to a combination of pressure, current
and dew point changes). A clear reduction is indeed visible in section (2). Then, after the
highest cell temperatures have been reached, the cycle comes back from high to low power,
causing a sudden and relevant impedance increase — section (3). The 15 segment is the MEA
region that faces the largest variation, i.e. an enhanced relative humidity cycling. With aging
instead, an increase of the impedance value is registered for all the segments (from few to 15
mQ cm?).

160

Dark - EoT | . Colours legend
140k Light - BoT @
120 :

1008 RS ¥ ¢ @ = — ARIN
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Figure 8 High frequency impedance (1000 Hz) recorded from the first short stop to the end of
the operating driving cycle: (i) effect of position along the flowfield - 1st segment (in blue) and
3rd segment (in green) and (ii) effect of ageing - light colour (BoT) and dark colour (EoT).
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Every 200™ cycles, a complete characterization was performed. Four polarization curves have
been recorded at the same time. From these experimental data, a trend of voltage loss was
individuated by the way of interpolating for selected current densities. A low (0.15 A cm™), a
medium (0.76 A cm) and a high value (1.6 A cm?) have been chosen in order to cover all the
most relevant aspects due to ageing. Results are collected in Figure 9. Irreversible losses
show almost a linear trend in all the cases but the 4™ segment. Indeed, it undergoes an initial
sudden loss while then, from 200 operating hrs, changes are limited. The 1% and the 2™
segment degrade more at high current values compared to the other MEA regions. For both
of them, the initially limited voltage loss strongly increases from 600/800 operating hrs. EIS
have been recorded for all the polarization curves conditions. An example is reported in Figure
10. Not relevant changes of the high frequency resistance are visible, as well as no evident
linear branch appears. Alterations of charge transfer/mass transport are visible, even if a direct
comparison during ageing could not be done because of the varying local current density.
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Figure 9 Trend of the voltage loss, for each of the four segments, at three current values (0.15,
0.76 and 1.6 A cm™) in case of polarization curve P (see Table 1) at stoichiometry of 2/4 for
anode and cathode respectively.
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Figure 10 EIS measured at average current setpoint of 0.4 A cm™ for polarization P (see Table
1), with stoichiometry of 2/4 for anode and cathode respectively. EIS is recorded per each
segment under ageing due to the driving cycle protocol.

To understand local heterogeneities under different operating conditions, the aggregated
information of voltage loss rate over the 1000 operating hrs is reported in Table 4, that consider
the “high stoichiometry” polarizations described in Table 1. They are indeed useful for helping
the understanding of degradation mechanisms. It is evidenced: (i) the increasing loss with the
current value for all the segments, (ii) the largest damage on the 1% and the 2" segment,
visible at medium/high current values, (iii) quite a large impact on the 3 segment for what
regards low current conditions. At medium/high current points, the general trend of voltage
loss for all the segments is: polarization B2<P<A<D. The loss rate has a similar spatial
distribution for both polarization B2 and P, i.e. for same conditions of temperature, pressure
and fully humidification, but different oxygen partial pressures. On the contrary, the first
segment suffers even more than others in case of combined high temperature and low relative
humidity (polarization D). Checking the results for low stoichiometry polarization curves, the
decrease of oxygen partial pressure makes the impact more uniform over the active area, or
even larger for the outlet section. Results are not reported for sake of brevity. However, this
explains why there is no inversion among segments contribution at maximum current in Figure
7.
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Table 4 Rate of voltage loss over 1000 operating hrs: specific segment information for three
different current density values. Polarization curves conditions are summarized in Table 1; the
applied stoichiometry is 2/4 for anode and cathode respectively.

Loss rate [V h] - Oz/fully Loss rate [uV hl] - air/fully
humidified (B2) humidified (P)
Current density [A cm™?] Current density [A cm™]
0.15 0.76 1.6 0.15 0.76 1.6
Seg1 24 32.6 42.6 Seg 1 32.2 46.2 88.4
Seg 2 23.6 31.6 41.4 Seg 2 35 43.7 90
Seg 3 315 27 28.5 Seg 3 45.5 40.1 60.6
Seg 4 235 27.7 35.5 Seg 4 34.9 35.9 61.6
Loss rate [V h] - Loss rate [uV h1]—
automotive/JRC (D) ID-FAST (A)
Current density [A cm™?] Current density [A cm™]
0.15 0.76 1.6 0.15 0.76 1.6
Seg 1 213 63.4 206.8 Seg 1l 37.9 48.3 94.3
Seg 2 19.3 41.3 139.2 Seg 2 37.7 45.7 80.6
Seg 3 28.8 33.9 109.2 Seg 3 44.7 41 58
Seg 4 17.3 37.9 139.8 Seg 4 28.7 38.7 60.3

Loss rate reported in Table 4 for polarization curves takes care of the irreversible loss only.
The application of the recovery procedure (following a protocol consolidated through past
laboratory experiences) permitted to get rid of the reversible degradation. Furthermore,
polarization P was repeated twice, before and after the recovery procedure, to check for the
reversible contribution. The local impact of recovery is here briefly summarized. Figure 11
evidences the recovery effect over the segments for a limited degradation (200 operating hrs)
and at the end of the testing (1000 operating hrs). Voltage loss is reported at a low current
value (0.1 A cm™) and a high current value (1.4 A cm™) to take care of all the effects (i) in a
region where kinetics predominates and (ii) where ohmic effect and mass transport are
relevant as well. The recovered voltage and the unrecoverable voltage loss (with respect to
BolL) are directly compared. The recovered voltage is in all the cases larger at high current
values compared to low. There is a probable beneficial impact on the ionomer, both in the
catalyst layer and in the membrane (e.g. linear sweep voltammetry evidenced a decrease of
crossover and short circuit resistance through the recovery). At 200 hrs, the inlet MEA region
(1% segment in particular) was signed by a higher recovery. Proceeding with ageing, the effect
appeared instead more equally distributed over the entire area and progressively less effective
in the kinetic region.
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Figure 11 Effect of the recovery procedure. Voltage losses compared to BoL are reported at
0.1 and 1.4 A cm™ for each segment, divided into irreversible (light colour) and reversible (dark
colour) contribution.

In addition to polarization curves, cyclic voltammograms have been performed. From such
characterization, the Platinum active area was determined. Its overall average loss is around
the 44%. Local CVs and ECSA trends are summarized in Figure 12. Quite an analogous
evolution for local ECSA has been individuated, with final values that are around 40-45% lower

than BoL.
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Figure 12 (A) Local cyclic voltammograms recorded at 30 °C, fully humidified conditions and
fluxes of 60 ml min™ for both H2/N,. LPL (lower potential limit) = 0.079 V, UPL (upper potential
limit) = 0.6 V, scan rate of 0.05 V s®; (B) trend of local ECSA computed from cyclic
voltammograms as function of driving cycle operating hours.

Driving cycle conditions evidently impacted also on the membrane: crossover current
increased with ageing for all the segments because of a probable membrane thinning. In
addition, from 600 operating hours on a strong alteration of the linear sweep voltammetry (as
visible in Figure 13A) indicated that a pinhole was formed in the middle region. In case of 3"
segment indeed, hydrogen transport from anode appeared to be dominated by total pressure
difference between the two cell sides rather than from the partial pressure difference (e.g. at
pa/pc = 150 kPa/ambient pressure, hydrogen crossover of the 3 segment was doubled
compared to the case pa/pc = 150/130 kPa, at 80 °C and fully humidified conditions). At 1000
hrs, similar effects were visible also in the other MEA regions. In brief, middle region was the
most impacted one, but crossover evidently increased in case of air inlet too, approaching the
end of the testing. Results at EoT are collected in Figure 13B. These are evidences for
processes like membrane creeping, crack and pinhole formation, that could have been
induced by temperature and humidity fluctuations, i.e. mechanical degradation. Ex-situ
analysis will clarify these aspects.
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Figure 13 (A) Linear sweep voltammetry measured on the third segment at different driving
cycle operating hours, at ambient temperature and ambient pressure; (B) Crossover current
per each segment measured from linear sweep voltammetry at 80 °C and fully humidified
conditions, at 1000 operating hrs. Dependence on anode pressure is reported, while cathode
pressure is kept constant at 150 kPa

By measuring the limiting current under different oxygen and pressure conditions, as
described at the beginning of this paragraph, the oxygen mass transport resistance was
determined every 200" operating hours. The results are collected in Figure 14. An evident
jump is highlighted between 400 and 600 hrs. From 600 hrs, variations are larger compared
to the initial 400 hrs of ageing. The drop in the limiting current is mainly caused by the pressure
independent component, such to be attributed to either the local ionomer resistance or to the
Knudsen diffusion, or to a proper combination of both. As degradation proceeds, slight
variations on the pressure dependent component rise: alterations on the molecular diffusion
of the oxygen transport might be present as well. The other segments show a similar evolution
of oxygen mass transport resistance, signed by a larger increase at 600 hrs and final values
that are 25-35% higher than BoL.
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Figure 14 Oxygen mass transport resistance evolution with driving cycle ageing (numbers In
the legend indicate operating hours), as function of pressure. Each chart point has been
computed as an average among three oxygen dilutions (1,2,3 %)

4. Analysis of degradation in zero-gradient cell during driving
cycles

In this section, preliminary results of ID-Fast driving cycle tests performed by DLR in a
differential single cell at 21% oxygen concentration and 17.7 % oxygen concentration (air
diluted with nitrogen) are presented. The aim is to simulate and study in a single cell the effect
of local conditions representative for certain areas of a large area cell of a stack (with parallel
channels). The conditions have been defined for cathode INLET, MIDDLE and OUTLET as
specified in Figure 15. The differences are related to cell temperature and relative humidity.
The results presented below refer to cathode MIDDLE conditions. Moreover, also a decrease
of oxygen concentration from inlet to outlet is assumed, which is the reason that one of the
tests was carried out at reduced oxygen concentration. It is noted that the test was carried out
in a differential cell with fixed gas flows corresponding to Aanode = 8 and Acamode = 10 at current
density of 3 A cm™2. For example, 2L/min H. to anode and 6L/min air are feed to the cell;
however, to achieve 17.7 % oxygen concentration, additional 1 L/min N2 gas was supplied to
the cathode side to reduce the partial pressure of oxygen in the feed gas. The ID-Fast driving
cycling tests were performed using the project standard CCM from Johnson Matthey (MEA1)
together with the standard GDL H14CX483 from Freudenberg. Testing was performed in a

67]4/(/’40
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“gCf Liquid Cooling” high amp single cell hardware from balticFuelCells GmbH with 12 cm?
active area.

CurrentFraction % 5 13 31 67 92 92 67
E T cell °c 68 68 68 68 68 85 85

ﬁ E RH anode % 100 100 100 100 100 100 100
= RH cathode % 30 30 30 30 20 30 30
W T cell °C 71 71 71 71 71 a0 20
%8 /H anode % 71 71 71 71 71 71 71
Y E RH cathode % 59 59 59 128 128 59 59
G T cell °c 74 74 74 74 74 as o5
% E RH anode % 49 49 49 49 49 40 40
Yo RH cathode % 77 77 77 176 176 77 77

Figure 15: Differential single cell operating conditions. Anode and cathode RH as well as cell
temperatures defined for different operating conditions (representing cathode inlet, cathode
middle and cathode outlet area of a generic automotive parallel channel stack flow field) and
different steps (current fractions) of the ID-Fast load cycle.

In Figure 16, parameters during ID-Fast cycling at 21% and 17.7% oxygen concentration are
shown clearly demonstrating the successful implementation of the requirements of this drive
cycle in the fuel cell test benches. The change of RH and pressure is included as well as the
increase of temperature at high current levels and specific short stops, cold soaks and long
stops. The fuel cell operation during ID-Fast cycling is stable and the test can run continuously.

In case of 21% and 17.7% oxygen concentration, 200 and 400 cycles were performed,
respectively, as shown in Figure 17. The plots show voltage data logged during the entire
tests. The test in panel (B) which lasts 400 cycles contains a long stop. Apparently, after the
long stop the voltage decay is slightly lower than during the first half of the test. From these
tests the voltage values belonging to individual current steps can be extracted and evaluated
separately. The result is shown in Figure 18 and compared for both tests. Apparently, the
reduced oxygen concentration can be considered as a stressor leading to increased voltage
degradation rates especially at high currents; specifically, at 21 A (1.75 Acm™) the voltage
degradation rate increases by 3 folds when oxygen content is reduced from 21% to 17.7%. It
is apparent that lower partial pressure of oxygen causes higher irreversible voltage
degradation associated with the reaction kinetics (activation polarization). Another speculation
might be the increased rate of Pt dissolution at high current density which is associated with
higher temperature as well as higher humidity.

The samples from the presented tests have not been analyzed by ex-situ techniques so far,
so information on structure and compositional changes are not available to draw clear
conclusions on degradation mechanisms. According to CV analysis (not shown), operation at
21% oxygen concentration leads to ECSA loss from 42 m? gt at BoT to 26 m? g* at EoT (200
ID-Fast cycles). On the other hand, operation at 17.7% oxygen leads to ECSA loss from 43.5
m?2 gt at BoT to 24.5 m? g after 200 cycles to 24.5 m? g at EoT (400 ID-Fast cycles). The
difference is only minor, so operation at reduced oxygen content is not accelerating ECSA
loss significantly. However, in case of 17,7% oxygen operation the CV’s centreline is inclined
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relative to the potential axis indicating a minor electrical short with a resistance of 4.4 Q after
200 cycles and 2.5 Q after 400 cycles.

Additionally, at BoT and at EoT the MEAs were characterized by means of polarization curves
and electrochemical impedance spectroscopy. It is noted that even though the tests were
carried out at different oxygen concentrations, the characterization was performed at 21%
oxygen concentration.
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Figure 16: Test bench partners during an ID-Fast load cycle recorded at 21% (A) and 17.7%
oxygen concentration (B) at DLR. The test is carried out using CCM from Johnson Matthey
and GDL H14CX483 from Freudenberg in “gCf Liquid Cooling” high amp single cell hardware
from balticFuelCells GmbH (12 cm? active area). Short stop (2 for each cycle) and cold soak
(after every 5 cycle) events are labelled in the figure and explained in section 9.
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Figure 17: ID-Fast load cycling tests performed at 21% (A) and 17.7% oxygen concentration
(B) at DLR using CCM from Johnson Matthey and GDL H14CX483 from Freudenberg in “qCf
Liquid Cooling” high amp single cell hardware from balticFuelCells GmbH.
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Figure 18: Voltage degradation rates belonging to different current steps (12 cm? active area
cell) determined from the ID-Fast load cycling test shown in Figure 17. The rates have been
estimated assuming a linear voltage drop between BoT and EoT.

As mentioned above, the voltage decay during the first 200 cycles (until first long stop) is faster
than afterwards. This is observed in Figure 19 (B) showing performance characterization and
is consistent with the data from Figure 17. The polarization curves recorded after 200 and 400
cycles differ only slightly and mainly at low current density. Moreover, the voltage drop by
operation at 17.7% oxygen is substantially higher than at 21% (consistent with Figure 18);
however, the most significant differences occur at very high current densities which are not
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covered by the ID-Fast driving cycle (compare Figure 18) and are attributed to charge transfer
and mass transport losses. According to EIS spectra in Figure 19 (C) and (D) the ohmic
resistance is not significantly affected.

Using data of polarization curves from Figure 19 (A) and (B), the degradation rates versus
current density before and after the long stop were determined separately. Thereby, using
(zero-gradient) single-cell polarization allows to cover a much broader current density range
than by only using data from the drive cycle. The voltage decay rates versus current density
are plotted in Figure 20. It is evident, that during the first 200 cycles the decay rates for both
17.7% and 21% operation are severe, reaching values up to 0.8 and 0.4 mV/h at 4 Acm?,
respectively. Moreover, the decay rates between cycle 200 and 400 are close to zero in the
current density range 1 — 4 Acm. For current densities decreasing from 1 Acm™ to zero,
however, the voltage decay rate increases substantially up to 0.2-0.25 mV/h which is due to a
strong decrease of OCV observed in Figure 19 (B) after 400 cycles.
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Figure 19: Characterization of MEAs at BoT and after ID-Fast cycling: (A) Polarization curves
and (C) EIS spectra before and after ID-Fast test at 21% oxygen concentration, (B)
Polarization curves and (D) EIS spectra before, after 200 cycles and after 400 cycles ID-Fast
test at 17.7% oxygen concentration. The characterization has been carried out at 21% oxygen
concentration in all cases.
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Figure 20: Voltage decay rates determined from polarization curves measured at BoT, after
200 ID-Fast cycles and after 400 ID-Fast cycles in a differential cell.

A detailed analysis of degradation data is ongoing and will be done involving additional
experiments. In particular, longer tests are required to analyse cell behaviour beyond 400
cycles. To better assess the results similar test are planned using a different CCM. Moreover,
the different operation conditions of the ID-Fast load cycle allow to evaluate voltage decay
rates at various current levels for specific temperature, pressure and RH as shown in Figure
21. Hence, conditions being particularly stressing for the cell can be identified and will be
included in a combined AST which is under development. By a detailed comparison of
combined AST with the shown ID-Fast cycling test, the acceleration factors of involved
stressors will be determined, contributing to the determination of the transfer function between
realistic and accelerated ageing.
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Figure 21: Different operation conditions of the ID-Fast load cycle allowing to determine
voltage decay rates at various current levels for specific temperature, pressure and RH.

5. Definition of the approach for combined AST

An approach for proposing a combined accelerated stress test (AST) has been defined by
POLIMI and CEA, as presented in the following and evaluated in Section 7. A proper sequence
of single ASTs will be tested in Zero-Gradient hardware in order to mimic the driving cycle
ageing, taking care of the main degradation mechanisms that occur in real processes.
The realistic data provided by the protocol application on the 25 cm? segmented hardware and
the analysis of acceleration factors offered a starting point for understanding the main
stressors and developing the new AST. The aim is to design an accelerated version of the ID-
FAST driving cycle, based on the same protocol profile, but introducing an acceleration factor
in time and exploiting specific harsh conditions as stressors. The chosen methodology
consists on separating the driving cycle protocol in three operating modes:

e Low power functioning;

e High power functioning;

e Start-up after long stops.
For each single mode a specific AST profile must be developed and its prevailing degradation
mechanisms could be evinced through a comparison of the effects due to single mechanisms,
that have been reported in D4.2, as well as considering ex-situ characterizations provided by
WP2. Thereafter, the single mode ASTs will be combined in order to obtain a protocol
representative of the real driving cycle ageing; moreover, by varying the specific operating
parameters, the main effects due to local heterogeneities will be reproduced as well.




D4.3 Analysis of coupling between mechanisms and definition of combined AST’s

FCH

N
HYoR0GEN o

kg

oM
S
%;

Sy

6. Analysis of acceleration factors in first versions of a combined
AST

Introduction and approach for combined AST

In this section, possible acceleration factors have been studied by CEA based on the ID-FAST
reference driving cycles presented in the introduction of the report. These tests were
performed in regular 25 cm? single cell using single serpentine design at both anode and
cathode sides with technical reactant stoichiometry.

In order to increase degradation rates while keeping realistic operating conditions, the
extremum current values in the reference cycles were exacerbated to widen the operating
potential range. These modifications should enhance Pt catalyst oxidation and reduction
reactions and thus nanoparticles dissolution and redeposition mechanisms. Short and long
shutdown cycles were not considered here to maximize the fuel cell operating time.

Figure 22 presents two variations of the reference driving cycles for single cell (SC-
Reference). In the first version (SC-AST1), the 6 medium current peaks at 8.5 A (25 cm?2 active
area) are both decreased and then divided into three distinct phases separated with power
peaks in between. This allows to favour more frequent cycling between high and low cell
potential. The maximum current is also increased from 25 up to 30A. Please note that these
variations still contain identical current values (e.g. 1.4 A as minimum current, medium
currents 8.5 and 18.8 A, first peak at 25A) as reference steps to make it possible to compare
and assess the acceleration factor. In the second variation (SC-AST2), these modifications
were further amplified by increasing the maximum current peak from 30 to 37.5 A followed by
a short OCV phase to reach potential higher than 0.9 V. Minimum current was also reduced
to favour high potential at the cathode. For sake of comparison, Table 5 summarizes the main
changes between reference and AST-cycles.
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Figure 22: Reference and 2 AST variations of the driving cycles to be applied in regular 25 cm?

single cell.

Table 5: Comparison of the reference cycle and proposed AST variations in single cell.

SC-Reference SC-AST1 SC-AST2
Minimum current 14A 14A 0.7 A
Medium current 8.5/18.8A 6A/85/18.8A 6A/85A/188A
Maximum current 25A 30A 30A/375A
ocVv No No Yes
Frequent current - Yes Yes
peak vs. ref

The main operating parameters during these tests are kept constant and are presented
Table 6.

Table 6: Cell characteristics and operating parameters for single cell ageing

Cell Temperature 80°C

Relative Humidity Anode/Cathode 50% / 50% (Dew point 64°C)
H2/Air Stoichiometry 15/2

Pressure Anode/Cathode 1.5/1.5 bar abs

in
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Minimum gas flow rate 5A (0.2 Alcm?)
corresponding to current value

CCM Anode Pt/C 0.1 mg/cm?
Johnson Matthey FC Cathode Pt/C 0.4 mg/cm?

JMFC Membrane

GDL H24C5 Freudenberg

Periodic electrochemical characterizations were also performed by polarization curves
(descending current steps after 30 min of conditioning at 25 A) and cyclic voltammetry under
H2/N» to assess Pt cathode active area and properties evolution during ageing.

Results and discussion

The overall view and cell voltage evolution during the 3 ageing tests are shown in Figure 23.
Please note that all tests were stopped after membrane pinhole causing important H2
crossover, cell voltage instabilities and fast performance drops. Membrane failures occurred
after 900 h, 625 h and 410 h for reference, AST1 and AST2 tests, respectively. The membrane
pinholes might be due to test bench regulation, especially after each peak power when a fast
current decrease is applied. The higher the current peak in AST, the higher decrease in gas
flow and thus pressure drops within the cell and the bench. In future tests, possible mitigation
would be for example to adapt fast change for current load with intermediate steps according
to the pressure regulation dynamics to avoid undesired stressors related to the test bench and
not to the cell and the MEA. However, this did not prevent to identify clear trends and
conclusions from the comparisons.

After 200 h, some transient flooding occurred during SC-AST1 and huge performance drop
can be observed, probably caused by test bench fault. However, after restart, the cell behavior
was back to normal state of health and the test was further continued.
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Figure 23: Overall cell voltage evolution during reference and 2 AST cycles in 25 cmz single
cell. H2/air, 80°C, RH 50%/50%, Sto 1.5/2 , 1.5 bar abs.

In all tests, even the reference case without specific stressors, strong degradation rates from
several tens to hundred of puVv/h are measured during ageing. These values are very high
regarding the expected targets of few pV/h for real ageing automotive applications. This may
be mainly ascribed to poor membrane durability in the reference CCM of the project
(systematic membrane failure after 500-1000h of operation). Indeed, similar SC-reference test
was performed on another commercial CCM on the same test bench and cell hardware for
1500 h without any pinhole issues (not shown here). As a consequence, this section will only
use comparison between reference and AST cycles profiles to identify more stressing cases.

On the one hand, Figure 24 shows all the periodic polarization curves for the 3 single-cells
during their respective ageing cycles. As expected, performance losses are observed during
the tests and membrane pinhole can be detected by a strong decrease in cell voltage for the
OCV and the lowest current values.

On the other hand, Figure 25 presents a comparison of the polarization curves for the first
600 h of ageing for the 3 tests. The 3 cells showed almost similar performances at the
beginning of test (BoT). The overall performance losses seem effectively accelerated with
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modifications on polarization curves after ~350/400 h and ~600 h stronger for the second case
compared to the reference test. For sake of clarity, the detailed cell voltage evolution at 0.1,

1.0 and 1.4 A/lcm2 is presented in Figure 26.
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Figure 24: Polarization curves during reference and 2 AST ageing cycles in 25 cm? single cell.
Operating conditions: H/air, 80°C, RH 50%/50%, Sto 1.5/2, 1.5 bar abs.
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Figure 25: Comparison of polarization curves during reference and 2 AST ageing cycles in 25
cmz single cell. Reference cycles: solid lines, AST1 dotted line, AST2 dotted lines and light
colours. Operating conditions: H/air, 80°C, RH 50%/50%, Sto 1.5/2, 1.5 bar abs.
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Figure 26: Comparison of cell performances based on polarization curves at 0.1, 1.0 and 1.4
Alcm? for SC-Reference, AST1 and AST2 cycles. Operating conditions: H/air, 80°C, RH
50%/50%, Sto 1.5/2, 1.5 bar abs.

Figure 27 presents the respective degradation rates calculated for the three load cycle profiles
at common current values during about 600 hours of operation. For sake of comparison, the
last 20 hours of ageing for AST2 (between 620 and 640 h, see Figure 23) were not considered
in the calculation to avoid the impact of the huge performance drop caused by the membrane
failure at the end of test. It can be seen that the degradation rate ranking is: SC-Reference <
AST1 << AST2 for the four current values. It can be noticed that degradation rate is roughly
doubled between reference and AST 2 for all currents. This demonstrates the high impact of
larger potential cycling 0.50 V / 0.90-0.95 V for AST2, even with only short peaks added at
higher current densities and OCV, compared to voltage range around 0.60 V / 0.85 V in both
reference and ASTL1.
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Figure 27. Comparison of degradation rates based on raw ageing data presented in Figure 23
over the first ~ 600 h of ageing for SC-Reference and SC-AST cycles at common current
values. Operating conditions: Hy/air, 80°C, RH 50%/50%, Sto 1.5/2, 1.5 bar abs.

In order to get further information about cathode active layer modification, Figure 28 presents
the voltammograms obtained at beginning of test and after ca. 400 h of ageing for both AST
cycles. After ageing, both AST voltammograms show typical features ascribed to Pt
nanoparticles growth such as more pronounced hydrogen adsorption and desorption peaks
(due to larger Pt (100) and (110) facets) and a positive potential shift for the Pt oxide reduction
peak (from 0.777 V at BoT to 0.783 V and 0.786 V for AST1 and AST2, respectively).

The hydrogen coulometry, often used to assess Pt ElectroChemical Surface Area (ECSA),
decreased about 20% for both AST1 and AST2. Despite these apparent similar ECSA losses,
in the most aggressive AST2 case, a more pronounced Pt nanoparticles growth may be
suspected. Indeed, the higher H2 crossover in AST2 renders the absolute comparison with
BoT and AST1 quite difficult in the hydrogen region (lower potential limit due to higher
permeation). The reduction peak potential of Pt oxides is also located at slightly higher
potential vs. AST1. This extra-ageing and evolution of Pt catalysts between AST1 and AST2
might be responsible for the higher performance losses in the most aggressive cycles.
Complementary physical characterizations planned by electron microscopy techniques will be
necessary to further discuss these conclusions.
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Figure 28: Evolution of voltammograms at the cathode between BoT and after 350/400h hours
of ageing for both AST. Operating conditions: H2/N2, 60°C, RH 50%/50%, 1.5 bar abs,
100 mV/s.

Main conclusions and next steps

A method to accelerate / increase voltage losses thanks to exacerbated voltage amplitude
cycles based on a reference real drive load cycles, focused on the stressing of cathode
catalyst layer degradation mechanisms was identified and tested. The major advantage of this
method is that it can be easily adapted to different designs and cycles. In addition to modifying
load cycles, the insertion of OCV steps, though even short has confirmed their negative
impact. In this case, the same set of operating conditions was applied, but variations of
temperature, stoichiometry or relative humidity may also be considered and integrated as
additional stressors as concluded from a parallel study performed on single component AST
described in another public report (D4.2).

In-situ electrochemical analyses will be completed by ex-situ post-mortem characterization to
check and confirm the microstructural degradation.

As a next step, the validation of the protocols and methodology will be performed with other
components including selected CCM from another provider with more robust membrane to
enable more stable performance under real ageing. Adaptation as specific stressing tests to
be applied at stack level will also be done in near future work.
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7. Analysis of degradation in accelerated driving cycle in zero-
gradient

In the frame of the approach presented in section 5, the start-up after long stop AST (SU-AST)
has been already developed and its description included in D4.2. First versions for low power
and high power modes developed by POLIMI are reported in the next section. The results
highlight the general validity of the assumed approach, but further improvements are
necessary to reach a higher acceleration factor.

Low power and high power mode AST development
In order to develop the new ASTSs, sufficiently simple conditions should be kept in order to
make the protocol easy to reproduce. The assumptions for each “mode” AST are:

e Constant fluxes;

e Constant pressure;

e Constant cell temperature;

e Short stops implementation.
A first version of these ASTSs, here proposed, exploits the same current setpoints of the driving
cycle protocol. From the results obtained by the realistic driving cycle ageing described in
paragraph 4 of the present document, middle region offers a good average indication. It has
been therefore decided to reproduce middle region conditions adopting operating parameters
computed by simple mass balance, under the following assumptions:

e Stack is divided into three regions (inlet/middle/outlet);

¢ A counter-flow configuration is assumed;

o Water drag and back diffusion are neglected (only water generation is included in the

mass balance);
o Pressure drops both at anode and cathode are assumed as negligible (constant value
of pressure for each side);

e Dew point temperatures are constrained to two levels, for both anode and cathode.
Exploiting this simplified approach, the resulting operating conditions for middle region in the
low power mode are as included in Table 7:

Table 7 First proposed low power AST (LP AST): current set-points and operating conditions
for middle case

Current density A cm2 ]0.095/0.247/0.589

Pressure out anode |par(abs)l 1.9 | 1.9 | 1.9

Pressure out cathodepar(abs)| 1.4 | 1.4 | 1.4

T cell °C 71.0{71.0|71.0
Dew point anode °C 63.2(63.2|63.2
Dew point cathode [|°C 59.1(59.1{59.1

Under the same assumptions, the resulting conditions for the high power functioning in the
middle region are computed as well and collected in Table 8. Cell temperature for high power
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was taken as an average between the minimum and maximum reached value, in order to keep
a constant quantity. A relevant stressor for the high power functioning was evidenced as the
water content variation, visible in the high frequency impedance cycling mentioned in section
3 (see Figure 8). In order to reproduce such an effect, a gas switch was implemented at the
cathode side. Dew point temperature was therefore varied, from the value of 76.8 °C to a
completely dry gas, only preheated. This solution ensured the same dynamic of the high
frequency impedance in realistic operation, as presented in Figure 29. The gas switch was
introduced at that point which corresponds to the maximum value in the cell temperature ramp
of the driving cycle original protocol. Since that temperature dynamics could not be reproduced
in a very short time, the change of gas humidification was selected as the easiest and the
fastest way to coherently promote the degradation.

Table 8 First proposed high power AST (HP AST): current set-points and operating conditions
for middle case

Current density A cm? ]0.589(1.2731.748

Pressure out anode |bar(abs)| 3 3 3

Pressure out cathodebar(abs)| 2.8 | 2.8 | 2.8

T cell °C 80.0|80.0(80.0

Dew point anode °C 80.0/80.0(80.0

Dew point cathode |°C 76.8|76.8|76.8
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Figure 29 Trend of impedance at 1000 Hz over its average value measured during both a
cycle of HP (high power) AST and realistic DLC (driving cycle protocol, see Figure 8), on Zero-
Gradient hardware and segmented cell respectively. The impedance was used as a proxy for
the high frequency resistance and provides indication for the MEA hydration state

A x20 acceleration factor in the operating time was set for the new ASTs compared to driving
cycle, as visible in Figure 30. 2000 accelerated cycles of LP AST have been tested. Cold
soaks were introduced every 500" cycles, combined with a fast characterization, while long
stops and recovery procedure were applied at 1000 and 2000 cycles.
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Figure 30 Comparison of the voltage profile vs time between the driving cycle protocols on the
25 cm? segmented hardware and the first version of the low power/high power AST on Zero-
Gradient hardware, at BoT

Low power and high power mode AST: first versions results

From an initial ECSA value of 39.7 m? g, the active area is reduced by the 29% after 2000
low power cycles (28.3 m? geit). No evident changes in the crossover current have been
registered, while the irreversible loss is mainly a pure translation in the polarization curve, of
about 10 mV. No significant differences are recorded varying the current density, appearing
as a purely kinetic performance loss. On the same aged MEA, the high power protocol is then
applied. Other 2000 high power cycles were introduced; ECSA decreases to 24.8 m? gp?, i.e.
causing a total loss of 37% respect to BoL. Pt active area trend is described in Figure 31. Even
in this case, the dependence of hydrogen crossover on the hydrogen partial pressure does
not show relevant alterations with the protocol application.
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Figure 31 Pt active area evolution with ageing due to application of 2000 cycles of low power
protocol (LP — first version) and 2000 cycles of high power protocol (HP — first version)
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In order to compare the degradation results between the new ASTs and the driving cycle
protocol, since tests are performed on different hardware, comparable current points should
be chosen. These points satisfy the criterion of the same BoL voltage. Three voltage values
are taken into account: 0.85 V, 0.75 V and 0.65 V, corresponding respectively to current points
1 (low current density) ,2 (medium current density) and 3 (high current density). Conditions
are summarized in Figure 32.

1

0.85F Zero-G Polimi | Current setpoint[A cm?]
>
- I 2 1 2 3
o N>
15 0.75 1 .\ e - 1 Segmented cell 0.15 0.8 1.6
o) N * -
g N ~ 3 Zero-G 0.14 1.2 2.9
0.65f ‘O\ e, ] BoL Voltage 0.85 0.75 0.65
N > ~
N N
N
25 cm? segmented cell
0.5 - : :
0 1 2 3 4

Current density / Acm 2
Figure 32 Current points used for comparing voltage losses with ageing between the 25 cm?
segmented hardware (in black) and Zero-Gradient hardware (in blue). Polarizations are
recorded in P conditions (see Table 1), with a stoichiometry of 2/4 and 8/10 for the segmented
hardware and the Zero-Gradient hardware respectively

The voltage loss evolution under new ASTs ageing, for this first proposed version, is presented
in Figure 33. As told above, loss is almost uniform at different current values as the LP protocol
is applied. Introducing the HP AST, a larger degradation is observed at high current values.
Considering the combination of both the protocols, the rate of voltage decrease is compared
to driving cycle data in Table 7. Since the middle operating conditions are reproduced, the
average loss between the 2" and the 3" segment of the segmented hardware is used as a
basis for comparison. Degradation rate is approximately 5 times lower in the ASTs than in the
driving cycle protocol, if “a cycle” is adopted as reference unit. The uniformity of this ratio for
all the current values indicates that mechanisms are reproduced quite well. In addition, oxygen
mass transport resistance (Figure 35) evidenced a linear trend with the inverse of the
roughness factor in case of LP AST, as expected in case of predominant Pt dissolution
mechanism (D4.2). Then, as high power AST is applied, a larger drop of limiting current
caused the increase of mass transport resistance such to deviate from previous linearity. Thus,
additional mechanisms of degradation emerged, close to what observed from 600 operating
hrs forward in realistic DLC testing, as previously described. Nyquist plots in Figure 34 do not
evidence variations of high frequency resistance, in accordance to the driving cycle results on
segmented fuel cell (Figure 10).
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Figure 33 Trend of voltage loss with ageing using the protocol of combined LP (low power)
and HP (high power) first version-ASTs

Table 9 Rate of voltage loss per (complete) cycle for the DLC (driving cycle protocol), applied
on the 25 cm? segmented hardware and the combined first version of LP (low power) + HP
(high power) ASTs, applied on the Zero-Gradient cell. Information for DLC is an average
between the 2" and the 3" segment

Loss rate [V cycle™]

Current setpoint

1 2 3
DLC Seg 2/3 average | 41.0| 41.7 | 73.3
LP + HP ASTs | Zero-G 8.6 7.6 | 15.7
-2
EIS@2Acm
0.04 " @ : .
=
5 002}
G
S
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_*_ -
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Figure 34 EIS measured at 2 A cm™ in case of polarization curve P under low power (LP) AST
ageing and consecutive high power (HP) AST ageing.
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Figure 35 Oxygen mass transport resistance as function of the inverse of the roughness factor
during 2000 cycles of low power (LP) AST and consecutive 2000 cycles of high power (HP)
AST. Mass transport resistance is computed from limiting current measurement at 1,2,3% 02
and pa/pc = 270/250 kPa; anode flow = 1000 ml min™ and cathode flow = 4000 ml min *

Since a x20 acceleration was introduced in time, but ageing is 5 times lower in cycles, a x4
acceleration could be roughly estimated for this first version of ASTs. Anyway, the objective is
to boost the resulting ageing even more by:

¢ Increasing the current set-points in the ASTs on Zero-Gradient hardware, such to
reproduce voltage values closer to the realistic driving cycle. This would introduce an

additional acceleration;

e Trying to change the operating conditions, such to make them harsher (e.g. increasing
cell temperature in the high power case).
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8. Summary

Concluding, in this report results on coupling of degradation mechanisms were presented. To
define combined Accelerated Stress Tests in a relevant way, i.e. representative for realistic
operation of an automotive stack design, insight into coupling of mechanisms essentially
needs to be amended with information on the local aspects of degradation over the entire
active area of the automotive cell design. Furthermore, procedures and technical requirements
to reproduce local conditions and stressors need to be explored. In section 2 to 4, results
shedding light on these challenging tasks were presented. Some remarkable aspects
described in these sections include:

Analysis of coupling between single mechanisms

A coupling between the aged state of the catalyst layer and the start-up transients has
been demonstrated,;

The combined testing of the Electrocatalyst AST and the SU-AST, by their consecutive
application, indicated analogous ageing mechanisms.

Local degradation analysis in single cell driving cycle

ID-FAST driving cycle protocol was adapted for single cell testing. A segmented
hardware permitted to study heterogeneities and to identify correlations with the local
stressors;

Drying cycle is operated in quite dry conditions and high variations of water content
over the cycle time have been observed;

The 1%t and the 2" segment degrade more, as observed through polarization curves
characterization. For both of them, the initially limited voltage loss strongly increases
from 600/800 operating hrs, in particular at high current values;

Membrane damage and failure were evinced by the increasing hydrogen crossover.
Crossover increased most in the middle region from 600 hrs, where a pinhole was
formed, but also at the inlet region close to 1000 hrs. Anyway, not relevant high
frequency resistance changes were detected from EIS;

The limiting current measurement revealed quite a strong impact on the mass transport
resistance (i.e. larger than what expected from a simple Pt dissolution mechanism).
This resistance increased most from 600 hrs on. Variations should be attributed to
structural alterations within the cathode catalyst layer.

Analysis of degradation in zero-gradient cell during drive cycles

The reduced oxygen concentration in the middle and cathode outlet regions can be
considered as a stressor leading to increased voltage degradation rates especially at
high currents
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Based on this, a general approach for the definition of a combined AST was presented.
Following this guideline, several combined AST procedures were derived both for application
employing a standard single cell design intended for stoichiometric operation and a zero-
gradient single cell. The procedures and first results obtained were presented and discussed
in sections 6 and 7. The most important results from these sections can be summarized as

follows:

Analysis of acceleration factors in first versions of a combined AST

A method to accelerate / increase voltage losses thanks to exacerbated voltage
amplitude cycles based on a reference real drive load cycles, focused on the stressing
of cathode catalyst layer degradation mechanisms was identified and tested.

In addition to modifying load cycles, the insertion of OCV steps, though even short has
confirmed their impact on degradation. Two preliminary versions of a combined AST
were defined.

A clear acceleration of voltage degradation could be identified and assessed in relation
to the combined ASTSs.

Analysis of degradation in accelerated driving cycle in zero-gradient

Driving cycle protocol was separated into three operating modes: start-up after long
stop, low power and high power;

First versions of low and high power ASTs have been developed and proposed. The
effectiveness of the adopted approach has been demonstrated. Coherent ageing
mechanisms have been reproduced on Zero-Gradient cell with respect to the driving
cycle results on the segmented hardware;

ASTs must still be improved in order to reach a higher acceleration factor (e.g.
increasing the current set points to reproduce realistic driving cycle potentials).
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9. Appendix

In the following, a detailed description of two test modules, Short Stop, Cold Soak and Long
Stop as defined by the ID-FAST project mostly following the recommendations of the STACK-
TEST! project, are given. These procedures were defined in the ID-FAST Deliverable D1.1,
which is non-public. Thus, in the following these non-confidential parts of D1.1 are repeated
for scientific clarity.

Short stop

The short stop procedure is intended to reflect during a durability test program that a real
vehicle is very rarely operated for several hours without stopping. Thus, the ID-FAST test
program contains this element with relatively high frequency (each half hour / each hour),
which is a substantial difference to the way testing was performed in former FCH-JU projects
as IMPACT, ASC etc. It differs from the way the shut-down procedure is performed according
to the STACK-TEST recommendations especially insofar that nitrogen purging is omitted as it
is not realistic during vehicle operation.

The short stop is performed as follows:

a) Reduce electric load to minimum load value needed for voltage clipping to 850 mV or
0.05 A/lcmz, as applicable, and simultaneously gas flows to the minimum flow value
defined for stoichiometric operation (corresponding to 0.2 A/cm?). Reduce gas
pressures to ambient.

b) Turn off the oxidant flow while keeping the minimum fuel flow and the minimum load
value until the mean cell voltage drops below 0.2 V. Negative cell voltages must be
avoided during this procedure.

c) Turn off the electric load

d) Remain in this state for 5 minutes, then start-up again. Specifically, do not cool down
the stack, maintain the cooling liquid temperature (T.Si.CL as before stopping) and
the minimum fuel flow (F.Si.A = F.Si.Amin) during the complete time. Only air flow
and electric load are turned off.

Cold Soak

The cold-soak procedure defines a prolonged stop and serves to mimic regular stops during
vehicle operation which are long enough to allow for complete cool down of the system. During
the ID-FAST test program, this element is used less frequently than the short stop, though by
far more frequently than the shutdowns which were performed during durability test programs
in the past, e.g. in the IMPACT or ASC test programs.

It is performed as follows:
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a) Perform steps a)-c) of the short stop procedure described above
b) Stop fuel supply (F.Si.A = 0.0 I/min)

¢) Bring down the stack temperature below 25°C as fast as possible by actively cooling
via the cooling water flow, preferably within 10 minutes (if feasible on test bench
used).

d) Close both anode and cathode stack in- and outlet valves.

Remain in this state for 2 hours, then start-up again. During this time, the minimum cooling
liquid flow may be maintained for reproducible temperature control.

Long Stop

This procedure is specific for the ID-FAST durability cycle. It serves on one hand for anode
reactivation and on the other hand introduces an additional stressor (off-spec event) which is
a hydrogen/air front going through the anode at start-up. This procedure mimics the situation
that a car is left in shutdown state without being started for a long time (several days/weeks),
so diffusion between anode and cathode will lead to gas mixtures and specifically to a
significant concentration of oxygen on the anode side. For the ID-FAST durability test program,
it was decided that this should be a rare event, thus it is only performed after every 200"
regular load cycle.

It is performed as follows:
a) Perform steps a)-c) of the short stop procedure described above.
b) Stop fuel supply (F.Si.A = 0.0 |/min)

¢) Bring down the stack temperature below 25°C as fast as possible by actively cooling
via the cooling water flow, preferably within 10 minutes (if feasible on test bench
used).

d) Purge the anode compartment of the stack with dry nitrogen. The absolute flow rate
depends on the stack employed, it is recommended to employ at least nitrogen flow
equivalent to the minimum hydrogen flow for stoichiometric operation for at least 3
minutes (F.Si.A.N2.set = F.Si.Amin) to ensure vanishing hydrogen concentrations.

e) Close both anode and cathode stack in- and outlet valves.

f) Remain in this state for at least 12 hours. During this time, the minimum cooling liquid
flow may be maintained for reproducible temperature control.

g) Purge cathode with air to induce diffusion to the anode side, it is recommended to
employ at least the minimum air flow for stoichiometric operation at full humidification
(dew point 25°C). Continue purging until voltage vanishes or at least for 3 minutes.

h) Stop air flow, wait for 5 minutes.

i) Perform normal start-up procedure, but with two important deviations:
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a. Do not use any nitrogen purge during start-up (maybe used for normal start-
up, depending on the requirements of the stack design)

b. Instead of the minimum gas flows for stoichiometric operation, employ flow
rates equivalent to 1.0 A/cm2 on both anode and cathode for at least one
minute or until stable operation is reached.

The anode reactivation can be monitored by a peak in the cell voltages, coming along with a
possibly measured CO;-peak in the anode exhaust gas. The over-stoichiometric gas flow
defined in step i)b will ensure defined conditions for the hydrogen/air front and will keep the
time during which the front passes through the cell/stack short enough to avoid excessive
damage.




