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This study combines local electrochemical diagnostics with ex situ analysis to investigate degradation mechanism associated to
start-up/shut-down (SU/SD) of PEMFC and mitigation strategies adopted in automotive stacks. Local degradation resulting from
repeated SU/SD was analyzed with and without mitigation strategies by means of a macro-segmented cell setup provided with
Reference Hydrogen Electrodes (RHEs) at both anode and cathode to measure local electrodes potential and current. Accelerated
Stress Test (AST) for start-up with and without mitigation strategies are proposed and validated. A ten-fold acceleration of
performance loss due to un-mitigated SU/SD has been calculated with respect to AST for catalyst support. Under mitigated SU/SD,
instead, a strong degradation was observed as localized at cathode inlet region (i.e. —38% ECSA loss and —22 mV voltage loss
after 200 cycles) due to local potentials transient reaching up to 1.5 V vs RHE. These localized stress conditions were additionally
reproduced in a zero-gradient and a new AST protocol (named start-up AST) was proposed to mimic the potential profile observed
upon SU/SD cycling. Representativeness of the start-up AST for real world degradation was confirmed up to 200 cycles. Platinum
dissolution and diffusion/precipitation within the polymer electrolyte was shown to be the dominant mechanism affecting
performance loss.
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Hydrogen polymer electrolyte membrane fuel cells (PEMFC) are
suitable for replacing fossil fuels-based power systems of medium-
large cars, buses and trucks."” While the first passenger vehicles
already entered the market,” a significant improvement in durability
is required to accelerate the commercialization and facilitate the
spread of more demanding applications such as heavy duty
transportation.” The material degradation depends on the peculia-
rities of automotive application: possible operation modes include
frequent load changes or temperature cycles, exposure to stressing
events, e.g. cold start or the formation of hydrogen/air fronts in the
anode compartment. This last aspect occurs after a long stop* of
several days, during which air diffuses into the anode compartment.
Upon subsequent start-up (SU) hydrogen is injected in the anode
compartment, forming a hydrogen/air front.

Several studies analyzed the degradation resulting from SU/SD
and it was concluded that carbon corrosion in the cathode electrode
is the major cause for voltage degradation,’ due to a reverse-current
mechanism.® Reiser et al. demonstrated in 2005 that the hydrogen/air
front at the anode compartment causes a high potential excursion at
cathode electrode as high as 1.5/1.6 V vs RHE, thus accelerating
catalyst and carbon support degradation in the local regions exposed
to air in the anode. Degradation is expected to be more severe near
the hydrogen outlet (inlet) in the case of start-up (shut-down).”® The
electrochemical oxidation of carbon support is possible at potentials
above 0.207 V vs NHE according to reaction:

C + H,0 — CO;, + 4H" + 4e~ Eo = 0207 V [1]

However, the kinetics of carbon oxidation reaction (COR) is slow
at typical PEMFC operating temperatures and potentials, and it

“E-mail: andrea.bisello@polimi.it

appears significant only at potentials above 0.6 V, when the reaction
is catalyzed by platinum as observed by Macauley et al.’

Numerous works in the literature focus on the conditions
accelerating the carbon corrosion during SU/SD events. Shen
et al.'® found that hydrogen or air flow rate influences the reverse-
current mechanism and suggested feeding the gas as fast as possible
to limit degradation. Moreover, they proposed to purge nitrogen to
reduce the fuel cell damaging during start-up.

The effect of gas flow rate was also analyzed by Lamibrac et al.,”
who proposed an experimental approach based on a segmented-cell
and on the measurements of local currents to estimate global and
local carbon losses. First, they confirmed that flow rate must be as
high as possible. In addition, they observed that degradation is
strongly heterogeneous during start-up and that the performance loss
is mostly located at the anode outlet region. Dillet et al. confirmed
that for equivalent gas flow rates, start-ups are more damaging than
shut-downs. "

In 2013, Durst et al.'? studied aging heterogeneity induced by
137 SU/SD events, when shut-down was performed at high velocity
and start-up at low velocity. They found that the cathodic catalyst
layer is less damaged at hydrogen inlet rather than at hydrogen
outlet. Moreover, by ex situ analysis of aged samples they confirmed
that the portion of cathode at the opposite side of anode land
degraded more than portion opposite to anode channel, due to the
higher difficulties in removing oxygen under land during start-ups.

Mittermeier et al. analyzed the effect of temperature’® and
relative humidity'* under repeated start/stop cycles. They predicted
a ten-fold lower degradation rate at 5 °C compared to 80 °C, while a
three-fold lower degradation rate at RH = 25% compared to 100%,
measured at 80 °C.

Thanks to these findings, several mitigation strategies were
progressively implemented in PEMFC systems for SU/SD, which
successfully improve durability.>'> Such mitigation strategies are
mainly focused on oxygen consumption using additional load during
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shut-down operation,'®!” gas purge strategies adopted in a proper

sequence during SU/SD,™ or performing the operation at low
temperature.'’

Even though many studies address SU/SD in PEMFC, only few
discuss the impact of such mitigation strategies on the degradation
mechanisms. Being, fuel cell SU/SD operation and mitigation
strategies adopted in real systems, difficult to simulate reliably at
lab-scale level, AST protocols have been widely adopted to evaluate
catalyst degradation and identify materials with enhanced durability.
In Refs. 20, 21, the most important protocols are summarized,
highlighting differences and characteristics. Some of the most
adopted protocols are proposed by the US Department of Energy
(DoE) and the US Fuel Cell Council (USECC).> Of these, catalyst
support AST is widely adopted and consists in 5,000 triangle sweep
cycles between 1V and 1.5V to simulate H-air front typical of
start-up and accelerate support corrosion. However, the DoE
protocol imposed fixed operating condition, i.e. T = 80 °C, RH =
100%, and ambient pressure of supplied gases (H, at anode/ N, at
cathode) along with voltage limits, without accounting the influences
of different operating and cycle conditions on the degradation rates.

Despite the many strategies existing, there is a clear lack in the
scientific literature regarding the identification of the relevant
degradation mechanisms involved in the mitigated SU and a
comparison between this degradation mode and already existing
ASTs that selectively induce catalyst or support degradation.

To address the above-mentioned gap, this article focuses on
understanding mitigated SU/SD operation. This work follows the
specification of the ID-FAST European project durability test
program, built on use-case vehicle data (ID-FAST id: 779565).
Accordingly, the start-up event (after a long stop—not to be mixed
up with more frequent short stop) should occur with a frequency of
one every 200 operating hours, i.e. approximately 30 times through
the component lifetime, considering a durability target for a
passenger vehicle of 6000 h. In this range, the mitigation strategies
applied are supposed to be effective to limit the components
degradation, but the analysis carried out in this work was extended
to 200 cycles to assess future applications with longer lifetime, e.g.
heavy-duty. The definition of mitigated SU/SD protocol, here
considered, as unavoidable stressor in realistic driving cycle,
consists of a hydrogen/air front going through the anode compart-
ment, only at start-up of the operations. This procedure simulates the
scenario when a vehicle is kept off for a long period (several days/
weeks), so oxygen diffuses both at anode and cathode compartment
in fuel cell stack due to leakages.

In this work, the impact of the start-up/shut-down on perfor-
mance degradation, was evaluated by adopting two different proto-
cols without and with such mitigation strategy. The results were
quantitatively correlated with catalyst support AST and a new ad-
hoc protocol for start-up developed in a reference zero-gradient cell
hardware.”*** To clarify the link between start-up/shut-down
operation and performance degradation, a locally resolved investiga-
tion was performed by electrochemical measurements and post-
mortem analysis of aged materials.

Experimental Methodology

MEA samples.—In this work, experimental activities are carried
out on two type of catalyst-coated membranes (CCMs) to con-
solidate results generality, mainly differing in terms of membrane
thickness and catalyst loadings. A standard commercial CCM
manufactured by Ion Power Inc. (with Pt loading of 0.3 mgcm™>
for both anode and cathode side sprayed on Nafion® XL membrane
and assembled with Sigracet® 29BC GDL) was tested together with
an automotive commercial MEA supplied by Johnson Matthey (with
Pt loading of 0.4 mg cm™> for cathode and 0.08 mg cm ™2 for anode,
assembled with Freudenberg GDL H14CX483). For both the
samples, assembled without hot-pressing, 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.

Experimental hardware—Two different cell experimental
setups, including cell hardware and testing station, have been
developed and applied in this work, described in the following.

To be able to reproduce start-up/shut-down operation, cell
feeding gas can be selected by means of three-way upstream valves
among hydrogen, oxygen, nitrogen (from compressed bottles, purity
level of 5.0, 5.0 and 5.5 respectively) and compressed air. The gas
flow is regulated by means of flow meters (Brooks® 5850 s) and fed
to water bubblers (Fuel cell tech®) to reach the desired dewpoint.
Heated ducts are used immediately downstream to prevent con-
densation in the gas stream prior to reaching cell inlet manifold.
Both temperature of heated ducts and bubblers is measured and
regulated by means of T-controllers. Reactants pressure is regulated
using electronically controlled backpressure valves (Equilibar® LF
Series) installed at the outlet manifolds of the cell and measured by
means of several pressure transducers (GE® Unik 5000), connected
both to anode/cathode inlet and outlet.

Cells are operated in a galvanostatic mode by means of multi-
channel Chroma® 63600 electric loads (63610-80-20 and 63600—-
80-80) with remote sensing to avoid ohmic effects in source cables,
capable of highspeed waveform generation suitable for EIS analysis.
Instead, for specific diagnostics measurements and AST execution,
an Autolab® PGSTAT30 with FRA module is adopted.

Data acquisition system is based on National Instrument®
DAQmx interface and a custom developed LabView® interface,
integrating the abovementioned setup in a comprehensive platform.

macroSegmented-cell with RHE.—A 25 cm® macro-segmented
Fuel Cell (m-SFC or segmented-cell in the next) hardware®*% is
utilized in the experimental activity, permitting single cell perfor-
mance analysis with an active localized control on four macro-
regions of the cell. Depicted in Fig. 1 A, it enables complete
electrochemical characterization of each segment while limiting
internal border effects, avoiding crosscurrents and reciprocal inter-
ference between segments; the limited invasiveness of the setup has
been demonstrated in Refs. 24, 25. The flow-field geometry for both
the anode and cathode is a triple serpentine channel. The channel is
1.0 mm wide and 0.9 mm deep, including a preheating section. The
land is 1 mm wide. Both at anode and cathode, the flow plates are
divided into four sections of active area: segment 1 = 5.832 cm?,
segment 2 = 5.797 cm?, segment 3 = 7.652 cm? and segment 4 =
5.719 cm®. Segmentation cuts were realized on the ribs to prevent
alterations in channel cross section. The gas flow configuration
adopted was counter-flow: using this configuration, the segments 1
refers to the cathode inlet/anode outlet while segment 4 indicates the
cathode outlet/anode inlet region. The segmented-cell reference
operating protocol is galvanostatic: total current is imposed, which
is controlled individually for each segment by the previously
mentioned modular electronic load, aiming to maintain the four
segments at the same voltage. This configuration permits to identify
the instantaneous contribution of each segment to the overall current
density in the cell while operating it as if the MEA was in standard
single-cell hardware, i.e. limiting crosscurrents between consecutive
segments. The segmented-cell was heated with cartridge heaters: the
temperature was controlled, independently on each side, by a PID
algorithm implemented in NI Labview®.

Each segment of the setup is also provided with a localized
reference hydrogen electrode (RHE) to provide a local mapping of
the potentials for the individual electrodes. The innovative through-
plane design adopted has been discussed in publications by Piela
et al.?® and by Brightman and Hinds in PEMFC?” and Rabissi in
DMEC applications,>*® to which the reader is pointed for a detailed
description of the RHE setup. Since hydrogen for setting reference
potential is encapsulated externally from the MEA, this setup has
been identified as more proper for studying start-up/shut-down
operations which require continuous gas feed modifications,
avoiding potential drop effects and modifications to MEA structure.

Briefly, as shown in Fig. 1B, the salt bridge consists of a 10 cm
Nafion® tubing (Permapure®, NJ, USA. Internal diameter of 0.6 mm,
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Figure 1. (A) macro-Segmented fuel cell setup with RHE positions, (B) a simplified drawing showing through-plate salt bridge connection of reference

electrode, (C) Schematic diagram of the zero-gradient Fuel Cell hardware.

external diameter of 0.8 mm) encapsulated in a PTFE shield. On one
side the salt bridge crosses the cell end plates, current collectors and
flow fields, which are accordingly perforated at the positions
reported in Fig. 1A to permit a direct contact of the salt bridge
with the GDL. To ensure a performing ionic contact towards the CL,
small holes have been machined in the GDL (d = 0.9 mm) and filled
with a solution of liquid Nafion® and isopropyl alcohol. A PEEK
filament (0.45 mm diameter) is plugged in to improve mechanical
performance, permitting an O-ring arrangement to prevent gas
leakages. On the other side, salt bridge reaches a 0.5M H,SO,
electrolyte filled vessel in which the hydrogen reference electrode
(HydroFlex manufactured by Gaskatel®) is immersed. To prevent
tubing dehydration and maintain thus a good ion-conductive path,
Nafion tubing is filled by same 0.5M H,SO, acid. Potential
measurements with RHEs were performed at three different oper-
ating temperatures: 30 ° C, 40 ° C and 80 ° C.

Moreover, the in-plane current exchanged between consecutive
segments during an air start was also measured. In literature there are
three common approaches for in-plane current measurements in fuel
cells: shunt resistors,29’3° hall sensors®"*? and printed circuit boards.>>

In the present work, localized currents have been measured through a
novel technique based on high-precision source-measure units (SMU)
modules (National Instrument® PXIe-4139) imposing AV eg; segit1 = 0
between two consecutive segments. This permits to measure the current
flowing between insulated single segments. In our configuration, three
units connected alternatively at anode or cathode side operate as current
sources/sink to measure the currents contributions during start-up/shut-
down operations.

The current density generated/consumed by each segment j is
recomputed according to Eq. 2, assuming that the sum of all
contributions is equal to zero due to charge conservation:

) L — Ly

lsegj = —7—— >» with 10 = 14 =0 [2]

Aredgeg j

where i ; is the current density [A cm~?] generated/consumed by
each segment, Ij and Ij_; are the currents [A] flowing between two
consecutive segments measured by SMU units, and Areae, [em?] is
the active area of the jth segment. The use of SMUs guaranteed a
high accuracy, fast responsiveness, and adaptability to different flow
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fields configurations. To characterize fast start-up/shut-down opera-
tion (< 1), as required for automotive application, the acquisition
time was set to 10 ms. Current full scale was set at 3 A, and current
measurement resolution is 1 pA while the accuracy is the 0.082% of
the current value + 900 p:A. Voltage full scale was set at 6 V instead
and voltage measurement resolution is 1 'V while the accuracy is
the 0.02% of the voltage value + 300 pV.

Zero-gradient cell—The work relies also on a novel zero-
gradient cell hardware, which has been appositely developed at
Politecnico di Milano, to operate the MEA in homogeneous
conditions over the cell area.

One of the most crucial characteristics is the pattern of the gas
channels, as shown in Fig. 1C: a parallel flow design was chosen as
it is the one that minimizes the pressure drops. Despite this type of
flow field is not optimal for gas distribution and water management,
these drawbacks have been overcome by the effects of the high
stoichiometric ratios utilized (i.e. anode/cathode = 8/10). The
parallel channel design permitted to adopt high reactants stoichio-
metry to homogenize gas and water distribution. The configuration
features small-channels (24 channels 0.4 mm x 0.6 mm at cathode,
25 channels 0.3 mm x 0.3 mm at anode) and large-ribs (0.25 mm at
cathode, 0.55 mm at anode), with similar performance as observed
for the JRC reference zero-gradient hardware,22’23 in order to
homogenize the gas distribution over the active area of the CCM.
While the total width of the channels (20 mm) was imposed by the
desired active area, their length (123.5 mm at cathode and 96 mm at
anode) was chosen to be significantly longer than of the MEA in
order to assure a complete preheating and flow development prior to
the gas reaching the GDL. To ensure a uniform gas distribution in all
the channels, two large manifolds, both at the inlet and outlet, were
designed. The active area, of width 20 mm and length 50 mm, is
defined by two Mylar® sub-gaskets, one at the anode and one at the
cathode side of the CCM. The GDL section is 30 mm X 60 mm,
while the CCM section is 25 mm x 55 mm. This configuration was
observed in the design phase to be the one maximizing performance.

A liquid-cooling system was adopted: it consists of a Thermo-
Fischer® AC200 thermostatic bath and two heat exchanger plates, one at
the anode and one at the cathode, designed to be mounted between the
endplate and the current collector. Temperature distribution is recorded
at both anode and cathode graphite-plate, near the active area.

Diagnostic protocols.—Polarization curve (also i—V curve in the
following) is adopted to map the voltage response as a function of
current density of the fuel cell and recorded in both reference
conditions (H,/Air at anode and cathode respectively) as well as in
pure oxygen feeding (H,/O, at anode and cathode respectively) to
isolate mass transport resistance.

Reference polarization curve (Hy/air) is measured at 80 °C cell
temperature at constant stoichiometry for current densities from
0.05Acm™> up to 1.5Acm > for the segmented-cell and to
3 Acm™? for the zero-gradient cell hardware. The minimum flow
rate is set at 0.2 Acm > and 0.5 A cm ™ *for single-cell and zero-
gradient cell respectively, i.e. for lower currents the test is performed
at fixed flow rate. Gas is fed fully humidified with a stoichiometry of
2/4 and 8/10 in segmented-cell setup and zero-gradient cell, at 250/
230 kPa backpressure for anode and cathode respectively. The only
exception is for the ION POWER MEAs where the tests has been
performed at ambient pressure due to RHE O-ring sealing pressure
limitations.

Prior to recording a polarization curve, the MEAs were conditioned
at 0.2 A cm ™2 for 5 min under the operating conditions of the test, in
agreement with EU Harmonized Test Protocols.” The maximum
current was set avoiding voltage to decrease below 0.3 V. Moreover,
only the current descending points are used for the polarization curve,
discarding the initial transient of each current density step.

H,/O, polarization curve is performed at the same operating
conditions of air polarization curve. In order to maintain unvaried
pressure drop in the channels with respect to the reference case,

oxygen mass flow was kept constant with respect to the air test,
leading to very high stoichiometry at cathode (up to 19 in zero-
gradient cell). In case mass activity is evaluated, 5 low-current points
are added at the end of polarization ranging from 0.020 to
0.001 A cm ™2 and each held for 5 min.

During polarization curves measurement, Electrochemical Impedance
Spectroscopy (EIS) is measured at 0.8, 0.4 and 0.1 A cm ™2 and 04, 1.0,
2.0, 30 Acm~? in segmented-cell and zero-gradient setups, with 50
logarithmically spaced frequencies in a range from 0.07 Hz to 20 kHz.
EIS was performed in galvanostatic mode with the current oscillation set
to obtain a voltage oscillation lower than 10 mV to respect the linearity
condition. As detailed in Ref. 25, in order to avoid any reciprocal
interference between consecutive segments, accurate synchronous sinu-
soidal oscillation of the current density for all the segments is guaranteed.
Measurement consistency is verified by a retrospective use of Kramers-
Kronig transforms:*® the impedance values that do not satisfy such
relations are discarded.

Cyclic voltammetry has been adopted to quantitatively estimate
catalyst layer electrochemical active surface area (ECSA) on both
the setups described in Figs. 1A and 1C.

On the segmented-cell setup, current associated to each segment
is independently measured using four NI® SMUs PXIe-4139, while,
in the case of the zero-gradient hardware, an Autolab® PGSTAT30
potentiostat is adopted. Cyclic voltammograms were collected
between 0.07 V and 0.6 V vs RHE at a scan rate of 50mV s™' at
30 °C. The ECSA value was estimated by H-desorption charge using
a specific charge o,, of 210 C cm™2. Defining the potential at which
the current has a minimum in the positive half of the chart as £, the
scan rate [mV s~ '] as Sc and the Pt loading as Lp, [mgp, cm °):

[ i ay
ocv

Om Lpt Sc

ECSA = [m%g,"] (3]

A linear sweep voltammetry (LSV) was performed under H,/N,
gas feed to study the reduction of Pt oxides covering the catalyst.
LSV was performed from 1.0 V to 0.08 V vs RHE at a scan rate of
50mV s~ . For the voltage cycling and linear sweep tests were
conducted under H,/N, (anode/cathode) at 0.06/0.60 N1 min~!, 100
kPa,ps, 30 °C 100% RH.

Catalyst activity measurement requires a purely kinetic current
due to the ORR. For this reason, MEAs are tested using H,/O, as
reactants to minimize mass transport resistances. Moreover, as done
by Gasteiger et al.*” and suggested by DOE protocols,*® activities
are evaluated at 0.9 V: here the overpotential losses, due to
resistance, mass transport, current distribution and effects of oxygen
utilization are expected to be negligible.

Catalyst mass activity i,, .9 v) is evaluated as:

Leff (0.9V)

im©9v) = [A mg,'] [4]

pt

where i.g00 v) is the effective current density (corrected for
H,-crossover contribution) at 0.9 V (iR-free) obtained from a linear
regression of fully corrected polarization curve, while L,,is the platinum
catalyst loading. An experimental Tafel slope value of 70 mV/decade
was verified for consistency with Refs. 39, 40 at 353.15 K.

The limiting current density is the maximum current that can be
produced by a cell as the concentration of reactant O, at the
electrode working surface approaches zero*'**> and permit estima-
tion of oxygen mass transport resistance Ry In limiting current
operation, when concentration of oxygen at catalyst surface ap-
proaches zero, the mass transport resistance Ry can be estimated as:

dry
sz,in 2 pw

Ry = 4F
! im RT

(5]

where p is the total gas pressure, p,, is the water vapor pressure,
dependent only on T and x%¥4, ;, is oxygen molar fraction at inlet.
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Table 1. US Department of Energy (DOE) Accelerated Stress tests protocols.

Catalyst Support AST

Electrocatalyst AST

Wave form Triangle square wave Square wave cycle
Upper/Lower potential limit 1.5V/1.0V vs RHE 0.6 V/0.95 V vs RHE
Scan rate 05Vs! 07Vs!

Cycle time 2s 6s

Cell temperature 80 °C (30 °C where indicated) 80 °C

Relative humidity 100% 100%

Outlet pressure

Atmospheric
Hy/N, 0.06/0.06 N1 min ™'

Atmospheric
0.06/0.06 NI min "

Table II. Un-mitigated start-up/shut-down protocol at 80 °C, 100% RH and ambient pressure.

Step Name Description

#1 Operation 600 s: galvanostatic holding at 0.4 A cm >

#2 Refresh 300 s (since cathode potential decreases below 100 mV): Hy/cathode closed
#3 Standby 60 s: OCV in Hy/Air

#4 Start-up (SU) Allow hydrogen flow at anode and wait 60 s

#5 Shut-down (SD) Allow air flow at anode and wait 60 s

#4 - #5 repeated 5 times in a row.

The total resistance is the outcome of different contributions. In
this work, pressure is varied to investigate the separation between a
pressure-dependent component (R7 pp), related to intermolecular gas
diffusion, and a pressure-independent component (Rzp;), i.e.
Knudsen diffusion and transport through ionomer/liquid water
layers. At the same time, Ry could be seen as the summation of
single-layer resistances. Since it is the pore size that determines the
gas diffusion type, molecular phenomena are dominant in the GDL
and flow-fields, while Knudsen diffusion dominates in the MPL and
in the catalyst layer, where also ionomer-related resistances count.
Following the procedure proposed by Baker et al. *'*?, limiting
current should be related to the oxygen fraction by a zero-crossing
linear correlation at each pressure condition, in accordance with
Eq. 5. Once the average ratio at each p is found, this value is used for
computing total oxygen mass transport resistance.

Thereafter, pressure independent (Rzp;) and dependent (Rz pp)
components are disentangled thanks to a linear regression vs the
absollige pressure, using the approximation described by Greszler
et al.:™

Pt
0: [61

Pt

Rr = Rrpp + Rr.pr = Rey + Rpy + Rypr +

where Rr is the total oxygen resistance, Ry pp and Ry p; are the
pressure-dependent and pressure-independent terms of total oxygen
mass-transport resistance, Rcy, Rpys, and Ry,p; denotes the transport
resistances in the channel, diffusion media, and MPL, respectively.
R, is the local transport resistance on the surface of the platinum
while fp, denotes the roughness factor in cm,’Yem,.

The tested average absolute pressures for cathode side are 210 kPa,
310 kPa and 360 kPa for the segmented-cell and 150 kPa, 250 kPa and
350 kPa for the zero-gradient hardware (except tests for [ION POWER
MEA described below, due to RHE system pressure limitations where

tested pressures are 115/150/200 kPa). Temperature and relative
humidity were kept at 80 °C and 100%, respectively. This test is
carried out at the fixed flows of 0.5 Nl min~"' and 4 Nl min™" at anode
and cathode, respectively. Dilutions of 1%, 2% and 3% of O, in inert
N, are evaluated; note that flow rates are such high that the influence
of stoichiometric variations on results is assumed negligible. The
limiting current density is evaluated by means of Autolab®
PGSTAT30 with booster 20 A, averaging the current in the low
voltage region at 0.3V, 0.2 V and 0.1 V. Each point is held for 180 .

Aging protocols.—In the following, the aging protocols adopted
in the work are described.

Accelerated stress tests.—Catalyst layer stability has been
separately evaluated for support and electrocatalyst by means of
AST protocols developed by DoE and reported in DoE 2017 Fuel
Cell Program.*® In catalyst support AST corrosion of the carbon
support of the catalyst layer is enhanced while reducing as much as
possible the electrocatalyst degradation through fast high-voltage
cycling. Instead, electrocatalyst AST promote consecutive oxida-
tions and reductions of platinum catalyst by means of a lower
voltage square wave. Specifications, as suggested by DoE, are
summarized in Table I:

Start-up/shut-down protocols.—To reproduce start-up/shut-down
cycle both with and without mitigations, two protocols have been
appositely developed to investigate degradation associated with such
operation. These protocols are named “un-mitigated start-up/shut-
down” and “mitigated start-up/shut-down” and described in
Tables II and III. Un-mitigated SU/SD operation is summarized in
Table II.

After galvanostatic operation (#1), performed to allow MEA re-
hydration and measure performance, a refresh procedure (#2) is

Table III. Mitigated start-up/shut-down protocol at 30 °C, 100% RH and ambient pressure.

Step Name Description/repetitions

#1 Refresh 300 s (since cathode potential decreases below 100 mV): H,/N,
#2 Mitigated shut-down (SD) 120 s: Air/N,

#3 120 s: Air/Air

#4 Real start-up (SU) or Hy/air front 120 s: OCV in Air/H,

Repeat #1 - #4 every 660 s.
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applied to prevent any influence of the eventual catalyst surface
oxidation: the flux at cathode is interrupted and the voltage is let
decrease thanks to H, crossover from the anode, promoting cathode
catalyst oxides reduction. After the cell voltage decreases to a value
as low as 100 mV, a condition that is held for 5 min, a sequence of
SU/SD cycles (#3-#5) is performed. A Hp/air OCV condition (#3) is
held for 60 s to simulate post-operation transient, then five in-a-row
shut-down (#4) and start-up (#5) transients are performed, imple-
mented as an air flow at anode followed by the H, flow. The protocol
was performed at 80 °C with fully humidified gases both at anode
and cathode side and at ambient pressure. The anode fluxes were set
t0 Nposair = 0.05 N1 min~! and at the cathode N n;, = 0.2 NI min~ ..

A full diagnostic protocol, as described above, is periodically
performed during start-up/shut-down protocol cycling. EoT (end-of-
test) was chosen considering a minimum performance of 0.3V
during galvanostatic operation at 0.4 A cm™ 2.

Consistently to the protocol described in previous section, a
modified SU/SD protocol has been also developed to simulate the
execution of start-up/shut-down operation in presence of mitigation
strategies as in state-of-the-art automotive systems. To goal is to
reproduce in single-cell, through a fast and repeatable protocol, the
long-stop and the subsequent H/air front at the restart of the
operation as it occurs in the stack testing. The mitigated SU/SD
protocol is described in Table III.

First, the shutdown and the long stop of the operation are
mimicked. Starting from Hy/air OCV, N, is fluxed at cathode side
for 300 s, during which cathode potential decreases till approxi-
mately 100 mV (#1). After the purging of the oxidant by the inert, air
is fluxed for 120 s through the anode (#2). Cell voltage immediately
drops further, till 0 V. Same voltage is kept when air is introduced
into the cathode (#3): the post-long stop air/air condition is finally
reached and high cathodic potentials are avoided during the shut-
down transient which is thus defined as mitigated. This purge
operation with nitrogen permits to reproduce the shut-down quickly
and in a controlled manner. Then, the restart of the operation is
simulated. After 120 s, a Hy/air front is finally generated at anode
side causing the start-up (#4). After 120 s again, the described
procedure is repeated (#5).

The start-up operation was performed following the specifica-
tions of the ID-FAST European project durability test program,
according to indications provided by car manufactures. The flux of
hydrogen during start-up must be 1 A cm™2 equivalent. Using a 25
cm? CCM, Ny, = 0.175 NI min~'; the same value has been adopted
for the air flux at anode side. Applying this specification also to the
cathode it results Ny, = N, = 0.417 NI min~ ', In the mitigated
protocol the galvanostatic operation (i.e. step 1 in Table II) was not
considered and the EoT criterion was set at 200 cycles.

Ex-situ analysis.—EXx-situ analyses were performed on pristine
and aged JMFC MEAs to support degradation investigation as
described in the following:

Scanning and transmission electron microscopy.—Samples were
cut from the fresh MEA and from both MEAs aged under mitigated
SU/SD degradation test in segmented-cell and under start-up AST in
zero-gradient cell. For the MEA aged under mitigated SU/SD, cross-
sections were taken at different positions of the surface area: air
inlet, middle and air outlet. After embedding in epoxy resin, cross-
section samples were prepared by mechanical polishing until mirror-
like surface and then observed by scanning electron microscopy
(SEM). Then thin MEA cross-sections (90 nm) were cut using a
LEICA ultramicrotome and analyzed by transmission electron
microscopy (TEM).

SEM and TEM observations were respectively performed using a
ZEISS-MERLIN field emission gun (FEG) microscope and a FEI-
Titan Ultimate microscope equipped with a Cs aberration probe
corrector. For each sample, histograms of Pt particle size distribution
were built from TEM images recorded in high-angle annular dark-
field / scanning transmission electron microscopy (HAADF/STEM)

mode. For this, Pt nanoparticle sizes were measured automatically
on high magnification images (pixel size of 0.03 nm) using the
Image] analysis software (http://rsbweb.nih.gov/ij/download.html).
A specific procedure was adopted:** (1) grey level threshold was
applied and brightness and contrast were corrected, no other
operations or filters were used; (2) touching particles were not
elaborated, rather all particles were recorded and those that had an
aspect ratio (AR) more than 1.25 were excluded from fitting; (3) the
area-equivalent average diameters of all valid particles were used to
fit log-normal particle size distributions.

To be reliable, the automatic counting must consider a large
number of particles. For this analysis, total particles analyzed are
more than 500. The number of particles that was counted respec-
tively for each sample was: segmented-cell inlet (SEG 1) = 922;
segmented-cell middle (SEG 2/3) = 1241; segmented-cell outlet
(SEG 4) = 1179; start-up AST = 685.

X-ray photoelectron spectroscopy.—XPS measurements have
been performed using a ESCALAB 250 ultra-high vacuum (UHV)
facility from Thermo Scientific. The base pressure in the analysis
chamber was 107 mbar. As X-ray source (Thermo Scientific XR4
operated at 300 W) Al Ka radiation was used. The kinetic energy of
the electrons was measured with a hemispherical electron energy
analyzer.

The concentrations of elements (given in atomic percent, at%)
are calculated using sensitivity factors provided by Thermo
Scientific. For the analysis of the CL/MPL interface two layers
were disassembled by pulling the GDL with the MPL off the catalyst
coated membrane.

Electronic Supplementary Information (ESI) including experi-
mental datasets are available at DOI: 10.5281/zenodo.4695961,
under a CC-BY-4.0 license.

Results and Discussion

The process of reverse-current mechanism is initially elucidated
through mapping of local potential by means of reference hydrogen
electrode arrays at the anode and cathode.

During reverse-current mechanism, while hydrogen is progres-
sively flowing in the anode side, the domain is ideally divided into
two parts. In the anode region occupied by hydrogen, the MEA
operates as a fuel cell with hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) at anode and cathode respectively:
this region is generally named as active region. The remaining
region, where anode is filled with air, is instead defined as passive
region, where ORR takes place at the anode while oxidation
reactions, such as carbon oxidation reaction (COR) and oxygen
evolution reaction (OER), occur at the cathode. The simultaneous
current exchanged between the active and passive regions causes a
reverse proton flow in the air/air and the hydrogen/air regions,
leading to a circular current flow in the cell. The fuel-filled regions,
which operate normally as a power supply, are expected to polarize
the remaining part. This description, which figures the cell as divided
in two halves and in steady-state conditions, is not thorough: the cell
voltage, and thus both metal and electrolyte potentials, are not
constant but progressively change during the transients. Process lasts
as the two gases at the anode co-exist.

First, the start-up process is analyzed, measuring anode and
cathode local potentials which are depicted in Figs. 2A and 2C for
both the MEAs tested in this work. Starting from air/air condition,
both the anode and cathode electrodes are close to the equilibrium
potential (about 1.05 V vs RHE), resulting in cell voltage near 0 V.
When anode gas is switched from air to hydrogen, the cell voltage
(represented with black line in Fig. 2), increases rapidly. The active
region at anode inlet/cathode outlet (represented with red lines in
Figs. 2A-2C) operates as a normal fuel cell, with cathode potential
at 0.7-0.8 V vs RHE. Instead, passive region at anode outlet/cathode
inlet (represented with blue lines in Figs. 2A—2C) operates under air/
air: the anode electrode runs in ORR mode, while cathode reaches


http://rsbweb.nih.gov/ij/download.html
https://doi.org/10.5281/zenodo.4695961

Journal of The Electrochemical Society, 2021 168 054501

1.8

16} ———-Anode
—— Cathode
>
L
L
v
w
>
L
0.4 '\ 3 Start-up
02| bsaisol=alo
0
o 1 2 3 4 5 6 7
Time /s
1.8 T : ‘ : ‘
(C) Start-up

EvsRHE/V

O 1 2 3 4 5 6 7
Time/s

start-up process, (B)—(D) shut-down process. Operating conditions T = 40 °C, RH = 100%, H,/air anode = 0.1 NI min~, air cathode = 0.2 NI min

1.8
1.6
1.4}
1.2

1
0.8
0.6
04
0.2

0

(8) m—y
Active

—— Passive

Pt

fone™

- -
-

EvsRHE/V

0 1 2 3 4 §5 8 7
Time /s

1.8 ————r——
1.6
1.4
1.2+
1
08¢
06|
04}
02}
0

Shut-down |

EvsRHE/V

Time/s
Figure 2. Local potential profiles collected with reference hydrogen electrodes (RHEs) for (A)—(B) ION POWER and (C)—(D) JMFC MEAs durinig (A)—(C)

, ambient

pressure. The position of RHE depicted in legend in figure c, are referred to: 1- Segment 1 (cathode inlet/anode outlet), 2- Segment 2, 3- Segment 3, 4- Segment 4
(cathode outlet/anode inlet). Dashed lines are anode electrode potentials and solid lines cathode electrode potentials, both measured with RHEs. Solid black line

is the cell voltage.

high potential near 1.5/1.6 V vs RHE, boosting COR/OER. At the
end of the start-up process the whole anode compartment is filled
with hydrogen: in Open Circuit Voltage (OCV) near 0.9-0.95 V, the
anode electrode is close to equilibrium of 0 V vs RHE and cathodic
potential is around 0.9 V.

The shut-down process is symmetric to start-up but leads to
different effects, as visible in Figs. 2B and 2D for each MEA tested
in this work. First, the duration of start-up is lower than shut-down,
in which it seems to double. Active and passive regions are inverted
with respect to start-up operation, and the last reaches a lower peak
potential, around 1.2-1.4 V vs RHE. As the air front flows through
anode, the cell voltage drops from OCV (around 0.9 V vs RHE) to
0V, but with a slower dynamic than in the case of start-up. In part,
the effect was due to the lower diffusion of oxygen with respect to
the hydrogen in the start-up operation. A more detailed discussion of
these aspects is described in Refs. 45-47.

Degradation under un-mitigated start-up/shut-down pro-
tocol—The aim of the work presented in this section is to clarify
and quantify the degradation caused by abovementioned SU/SD
operation, in absence of any mitigation strategy. The attention is
primarily focused on catalyst layer support failure which is known to
be the most relevant issue related to SU/SD. Hence, as first step of
the work, the aging effect driven by 1000 cycles of the carbon
support AST protocol are compared to those given by 100 cycles of
start-up/shut-down processes. Figures 3A and 3B compare air and
pure oxygen polarization curves of aged MEAs. Characterization
was performed at BoT, 500 and 1000 cycles of AST, while un-
mitigated SU/SD operations were analyzed after 60 and 100 cycles.

Polarization curves at 60 and 100 SU/SD are respectively in good
agreement, both in oxygen and air, with 500 and 1000 cycles of
support AST, indicating a factor of 10 in terms of cycles. Comparing
instead the time for testing, the duration of the sequence of start-up
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and shut-down is 120 s, while the duration of an AST cycle is 2.
Considering the factor that makes 10 cycle of AST representative of
the actual process, the AST accelerates the real ageing by a 6 factor.
This consistency of performance fading of support AST with SU/SD
operation indicates that the main aging mechanism found in un-
mitigated SU/SD is indeed corrosion of carbon support, in agreement
with the literature findings.® Degradation of carbon support is known
to collapse the structure of cathode catalyst layer: both porosity and
tortuosity of the carbon texture are expected to progressively increase
gas transport resistances, while hindering triple phase boundary of the
electrode by detaching and thus isolating platinum nanoparticles.” To
confirm this, performance evolution was investigated by electroche-
mical measurements to clarify the different contributions expected to
be caused by carbon corrosion mechanism.

The evolution of ECSA of support AST is consistent with that of
SU/SD operation as visible in Fig. 3C, which is shown to be halved
after 500/60 cycles of support AST and SU/SD protocol respectively,
and further reduced below 40% at EoT. Mass activity evolution,
evaluated as described previously, is reported in Table IV to enable
comparison of the decrease of platinum utilization for the two
protocols, showing a significant extent and a sensible consistency.
Indeed, at 1000/100 cycles of support AST and SU/SD protocol
respectively, mass activity is only the 39% and the 30% of the initial

Table IV. Mass activity changes during start-up/shut-down and
Support AST, for ION POWER MEA. Data evaluated in H,/O,
polarization curve, T = 80 °C, RH = 100%, P = ambient.

Support AST SU/SD

Cycle Mass activity cycle Mass activity
[A/mgp,~'] [-] [A/mgp,~"]

BoT 0.064 BoT 0.070

500 0.032 60 0.033

1000 0.025 100 0.021

value, confirming SU/SD operation to dramatically impact on cathode
electrode. The variation of mass activity shows good consistency with
ECSA loss and is larger in the initial part of the test (500/60 cycles of
support AST and SU/SD protocol respectively), with a reduction of
almost 50% from BoT. This suggests that the largest loss of platinum
occurs in the first stage.

Mass transport resistance is plotted as a function of pressure and
is depicted in Fig. 3D, showing again strong consistency between
SU/SD and support AST. Only minor differences of slopes emerge,
related to the pressure-related term of Eq. 6: a slighter larger growth
of Ry for SU/SD operation is highlighted.
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Figure 4. Variations of local potentials, recorded by RHEs at BoT and EoT of un-mitigated SU/SD and catalyst support AST on ION POWER MEA, (A) at

cathode inlet during start-up, (B) at cathode outlet during shut-down. (C) Nyquist

unmitigated start-up/shut-down and AST protocols, conditions: T = 80 °C, RH =

This effect could be attributed to heterogeneity of degradation
during SU/SD operation, as observed by Cheng et al.,*® that are
absent or very limited in the accelerated stress test. To further
investigate this aspect, three consecutives SU/SD cycles were
performed during catalyst support AST as a diagnostic tool and
the local potentials collected by means of RHEs. These profiles were
compared with those recorded during un-mitigated SU/SD. Potential
profiles at cathode inlet (during start-up) and at cathode outlet
(during shut-down) are reported in Figs. 4A and 4B.

Already at the beginning of life, it is visible from the local potential
that the cathode electrode is stressed differently during the start-up
operation compared to shut-down. At BoT, the passive zone of the
cathode during the start-up (opposite to anode outlet) reaches a
maximum voltage of 1.4 V. Conversely, the passive zone of the
electrode during the shut-down (opposite to anode inlet) reaches a
maximum potential of 1.3 V. While the duration of the test remains
similar in the cases, i.e. 2.2 s, the potential transient over 1.2 V vs RHE
is longer in the case of the start-up (1.63 s) with respect to the shut-
down (1.08 s). The start-up/shut-down duration is usually described by

plot recorded in H,/O, polarization curve at 0.4 A cm ™2 at BoT and EoT for
100%, P = ambient.

the residence time under the plug-flow assumption.**>° This parameter
represents the time required for the complete replacement of the gas in
the anode compartment during the Hp/air front. Yu et al. has shown
that the degradation rate is linearly correlated to the theoretical
residence time. In this work, it is calculated as in Eq. 7, such as the
ratio of the volume to be replaced of flow-field (V'F= 1.46 cm®) and
GDL (V°PL ~ 0.28 cm®) to the humidified gas flow rate, at a given
temperature (T), RH and operating pressure.

VFF + VGDL VFF + VGDL
oy T
Paas To

TRes =

(7]

- wet
Vr.p.rH

Where, Véi ™ is the applied dry gas flow-rate, p, and T, the
standard conditions and pg,s = Pop—DPw the gas pressure using ideal
gas law. However, the measured value is much higher than the
estimation of the residence time just calculated. The theoretical
residence time is around 0.8 s, which means that in the real case the
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Figure 5. Local aging analysis after 200 cycles of mitigated start-up protocol in segmented-cell on JMFC MEA: (A) Overall Hy/Air polarization curve in
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segment 4 at 0.4 A cm 2in H»/O; polarization: RH = 100%/100%, T = 80 °C, pan/pca=250/230 kPa4s), (D) Overall and local limiting currents measured at T =
80 °C, RH = 100%, P = 210 kPa,s, and three oxygen concentration (Xozqry = 1/2/3%).

duration is about 2/3 times greater than the assumption of plug-flow
model. The difference between theoretical and measured residence
time can be attributed to several aspects: the progressive consump-
tion of hydrogen as the front proceeds, the diffusion process in the
electrodes and the increase of the capacitive current contributions
associated to PtOx and double-layer, in particular in case of fast
start-up transients. A more detailed discussion of these aspects is
described in Refs. 45, 51.

After 1000/100 cycles of catalyst support AST and un-mitigated
SU/SD respectively, the potential in the passive region increases
from 1.4V to 1.5 V and 1.57 V respectively during catalyst support
AST and SU/SD, while it remains more stable at 1.3 V for the shut-
down in both the tests.

A significant discrepancy was observed between SU/SD test and
AST when analyzing the electrochemical impedance spectra (EIS)
measured in the polarization curve under oxygen atmosphere, as
shown in Fig. 4C. In the Nyquist plot, a large semicircle appears after
1000 cycles of AST, indicating an increase in the charge transfer
resistance associated to the ORR reaction,® together with the
disappearance of the high frequency linear branch. In the case of

SU/SD, the behavior is more complex, with the appearance of a high
frequency circular feature and a smaller increase of the charge transfer
resistance circle. The presence of a high-frequency arc could be
related to a new reaction kinetics. Specifically, also the anode suffers
significant degradation during SU/SD, induced by potential cycling as
described in Ref. 53. However, as shown by other authors,8 the SU/SD
mechanism introduces heterogeneity in the catalyst layer properties
affecting both rib/channel and through the channel, observable at high
frequency and attributable to the variation either of the proton
conductivity or of the double layer capacitance. This finding seems
consistent with the asymmetry, in the local potential profiles, observed
between the SU and the SD, as discussed above. All these results
suggest that the un-mitigated SU/SD induced performance hetero-
geneity compared to the support AST, which will be carefully
investigated in the case of mitigated SU/SD in the following.

The mitigated start-up/shut-down protocol.—To verity hetero-
geneous aging, mitigated SU/SD aging protocol applied to JMFC
MEA for 200 consecutive cycles, aiming to identify specific
differences in aging with respect to un-mitigated SU/SD operation
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discussed above. The mitigation of shut-down and the execution of
the start-up is expected to introduce heterogeneity, located at the
cathode inlet/anode outlet region in counter-flow configuration.

Polarization curve performed at BoT and EoT, are reported in
Fig. 5A. A voltage loss of —12 mV at 0.4 A cm ™ after 200 cycles, is
calculated, slightly more evident in the low current density range
(below 0.5 A cm™?), possibly related to ECSA loss, which will be
investigated in the following. Considering fading related to SU/SD
in absence of any mitigation strategy discussed above (—480 mV
loss at 0.4 A cm™2 after 100 cycles), this confirms the sensible
positive effect of the introduced mitigation strategy in limiting
overall detrimental effects.

Interesting insights are obtainable by means of localized inves-
tigation: Fig. 5B reports local polarization curves, focusing on low-
current density range, which permits to detail the local degradation
in the kinetic region. From their comparison, a sensible hetero-
geneity appears in terms of performance loss, noticeably stronger at
cathode inlet region, in consistency with the high potential occurring
during start-up transient. The performance loss at 0.4 A cm™ > for the
four segments (moving from cathode inlet, SEG 1, to outlet region,
SEG 4) is respectively: —22 mV, — 13 mV and smaller for the third
and fourth segment (—8 mV and —6 mV).

The spectra of local EISs, reported in Fig. 5C, confirm the
substantial heterogeneity of the process. Comparing BoT and EoT
local spectra, a general shrinking is noticeable, with again a
noticeably different behavior localized at cathode inlet (SEG 1)
with respect of the outlet regions of the MEA (SEG 4). In particular,
for the first segment, current redistribution induced a reduction of the
current density at which EIS is performed. For the fourth segment,
two main effects occur: an increase of local current density
(consistent with a reduction of the charge transfer resistance feature)
due to current redistribution after start-up/shut-down cycling and the
increase of oxygen concentration due to a reduced consumption in
the first segment.

Cyclic voltammetry (reported in SI-1) confirms an uneven ECSA
loss (reported in Fig. 9B) in the cathode catalyst layer. For an
average ECSA loss of 25% with respect to BoT, local heterogeneity
loss is evident beneath each segment. The largest loss is again
localized at cathode inlet segment, confirming a harsher operation,
progressively milder towards the outlet section of the electrode.

H,/O, polarization curves (reported in SI-2) also demonstrate
heterogeneous performance reduction, visible as a vertical transla-
tion in the i—V chart. The largest voltage decrease regards SEG 1 and
2 (close to anode outlet), respectively —11 mV and —11 mV (at
04 A cmfz), while the performance of the SEG 3 and 4 is
respectively unchanged and even slightly improved (due to current
redistribution between the segments).

The kinetic performance loss due to the decrease of catalyst
surface area (i.e. ECSA, in m’p g 'p) is obtained from local cyclic
voltammetry analysis.

According to Tafel kinetics:

_ 2303RT | ife
lork oF &\ iy ECSA L,

(8]

where « is the cathodic transfer coefficient (that is assumed equal
to 174, ir. the current density in galvanostatic operation, iy the
exchange current density and Lp, the cathode platinum loading.
Accordingly, the theoretical kinetic loss can be estimated by ECSA
decline:

An [9]

_ 2303 RT o ECSAg,r
aF ECSAEOT
For the first segment the so-calculated theoretical voltage loss
curve is —14 mV, in good agreement with performance decay
measured from H,/O, polarization and discussed just above.
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Figure 6. Effect of temperature on support ASTs in Zero-Gradient cell on
JMFC MEA: (A) iR-corrected voltage loss measured in reference condition:
T = 80 °C, RH = 100%, Panode/Peathode = 250/230 kPa, Stoich. An/Ca = 8/
10, minimum flux = 0.5 A cm™ 2 equivalent. (B) ECSA evolution during
support ASTs conducted at 30 °C and 80 °C. ECSA values were obtained
during CV performed in H,/N, (anode/cathode) at 30 °C, 100% RH and
ambient pressure.

Results of the limiting current test are shown in Fig. 5D and
further confirm the heterogeneity of ageing among segments.
Limiting current density values decrease between segments along
channel direction, because of non-infinite stoichiometry that was set
in the experiment. After 200 cycles, the oxygen transport resistance
appears to be higher in the case of air inlet region, with notably
largest changes at the first segment, while the third and fourth
segment exhibit contrarily improved limiting current. In conclusion,
a large difference is found between the degradation in the un-
mitigated and mitigated SU/SD. The difference was both quantita-
tive (larger degradation is found for the un-mitigated case) and
qualitative, because the voltage loss appears as an offset for any
current density and localized in the air inlet region only. To get
insight into these results, additional tests were performed in a zero-
gradient cell and a new AST protocol was defined to reproduce the
degradation observed during mitigated start-up protocol.
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profile adapted for start-up AST performed in zero-gradient cell.

SU-AST protocol development and validation.—Existing AST
protocols that selectively induce electrocatalyst or support degrada-
tion were analyzed, and the results compared with the degradation
consequent to the mitigated start-up protocol. No satisfactory
agreement was found, differently from the previous case where
un-mitigated start-up was analyzed. A possible explanation is a
difference in the dominant degradation mechanism in the process, as
later discussed in this work when post-mortem results are presented.

Temperature effect on catalyst support AST.—Temperature impact
on degradation was analyzed by applying consecutive cycles of potential
between 1.0 and 1.5V such as in DoE support AST both at 80 °C and
30 °C. All material testing results have been realized adopting the zero-
gradient cell. Performance evolution was compared by polarization
curves and ECSA measurements and results are reported in Fig. 6.

At 80 °C, the ECSA reduces by 17% between 1 and 1000 cycles
and decreases by 41% in the last 4000 cycles. To evaluate the
performance loss induced by voltage cycling, iR-free differential curves
were compared at BoT and EoT. The voltage loss was respectively:

—83 mV at 1 A cm™2 After 5000 cycles, the theoretical voltage loss is
—15 mV according to Tafel kinetics as expressed in Eq. 9 (ECSAp,r =
36 mz/gpl, ECSAg,r =22 mzlgpl, a = 1). The experimental results are
higher compared to the theoretical calculations, suggesting that also
worsening of proton and oxygen transport are involved.

In Fig. 6, low temperature (30 °C) support AST presents different
results in terms of degradation effects than high temperature AST.
The active area increases uniformly during AST. In the first 500
cycles ECSA can be considered constant and reach the maximum
value after 1000 cycles, after 5000 cycles the ECSA value is still
14% higher than at the beginning of test. Hence, in terms of ECSA, a
degradation effect is not identified, confirming the mitigation role of
the temperature, which has a strong impact on carbon corrosion
kinetics. Despite the standard activation procedure has always been
applied to all the samples adopted in the work, ECSA has been found
to increase in the first operation period for certain tests. Likewise,
performance loss is negligible at EoT, high voltage cycling is known
to be a method for reversible recovery of ECSA after degradation;
sulphur based pollutants can be effectively removed.>>’
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To clarify the observed results, a potential analysis has been
performed focusing on the local transient during Hy/air front in
mitigated start-up protocol. Cathode potential measured in four loca-
tions along the channel (see Fig. 1A) is depicted in Fig. 7A highlighting
the onset of a sudden, strongly heterogeneous response to the procedure.

As visible, a potential as high as 1.5V vs RHE is reached at
cathode electrode in the inlet segment (SEG 1 in Fig. 7A), while a
much lower potential (approaching 0.7 V vs RHE) is progressively
reached moving towards the outlet segment (SEG 4 in Fig. 7).

The main difference that is noticeable compared to the case of
start-up/shut-down performed in segmented-cell is the presence of a
low potential period for each cycle (around 0.1V vs RHE). As a
consequence, in the worst case of the cathode inlet (anode outlet), as
shown in Fig. 7A, the potential sweeps between 0.1V and 1.5 V.
Considering the negligible performance loss observed in catalyst
support AST at 30 °C, the result suggests that the cause of the
observed degradation is linked with the wide potential cycling adopted
that could accelerate the Pt dissolution. Instead, the contribution of
carbon corrosion at low temperature with respect to that at high
temperature appears to be lower, as discussed by other authors.>

In conclusion, catalyst support AST at 30 °C was not effective to
reproduce performance loss observed at segment 1, during mitigated
protocol, and hence a new protocol development is required.

Start-up protocol development.—A new AST protocol was devel-
oped (hereinafter defined Start-up Accelerated Stress Test, SU-AST),

aiming to reproduce the local degradation identified at the air inlet in
the mitigated start-up test performed in the segmented-cell hardware.

The definition of the SU-AST started from the analysis of the
local cathode potential measured by RHE, focusing on the first
segment, identified as the passive region during start-up, because the
local degradation rate is higher.

The steps that compose the mitigated start-up protocol are
reported in Table V. During the cycle, the potential profile at
cathode inlet (i.e. SEG 1) and the cell voltage were collected and
results are reported in Fig. 7B. After the refresh period under Hy/N,,
air was fed in the anode compartment. Potential increased at about
1V vs RHE and remained almost constant until the end of the cycle
with a fast voltage cycling at 1.5 V during Hy/air front.

This potential profile, measured by means of RHE measurement,
was the target of the new AST cycle. The new SU-AST proposed is
consistently performed at low temperature (i.e. T = 30 °C as the
mitigated SU/SD cycling) and with the fuel cell fed by 0.06 NI
min~ ! of N, at the cathode and by 0.060 NI min~! of H, at the
anode, as summarized in Table V.

To simplify the shape of the voltage profile in real start-up and
increase reproducibility, a triangular sweep cycle is pro?osed.
Cathode potential is symmetrically scanned at 1.5V s rate
between 1.0 V and 1.5V vs RHE.

Effect of potential cycling during start-up.—Results obtained
with SU-AST were compared to the mitigated start-up potential and
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Figure 9. Comparison between start-up AST and cathode inlet segment of mitigated start-up/shut-down after 200 cycles of operation on JMFC. (A) iR-free
H,/Air polarization curves measured at T = 80 °C, RH = 100%, Panode/Peathode = 250/230 kPa, the full symbols represent segment 1 of MEA in 25 cm?
segmented-cell while the open symbols is the 10 cm® MEA in zero-gradient cell; (B) ECSA comparison for AST and mitigated SU/SD at each MEA segment;
(C) Oxygen transport resistance plotted against the inverse roughness factor for 3 different pressures in zero-gradient cell (P = 150/250/350 kPa,s)), and 2
pressures for segmented-cell (Psy.segi = 210/310 kPaq)). For each point Ry was interpolated from 3 different oxygen concentrations (Xozary = 1/2/3%). The
reported tests for zero-gradient cell are: electrocatalyst AST (Ptdiss), catalyst support AST at 80 °C (COR 80 °C), start-up AST at 30 °C (SU AST), sequence of
electrocatalyst/start-up AST (Combined); while local resistance at segment 1 is named SU SEG1.

current profile, as reported in Fig. 8. A consistent profile was found
for both local currents and potentials, indicating the reliability of the
AST in reproducing the process occurring on cathode electrode
associated to mitigated SU/SD operation. As noted, the potential and
current profiles are similar in both cases, although minor differences
are found and attributed to capacitive/pseudo-capacitive effect. To
better understand these effects, and in particular the role associated
with platinum oxides and link them with platinum dissolution
mechanism, a sensitivity analysis was carried out on the formation
and reduction of platinum oxides on the material under study. The
impact of the different zones of voltage profile during a cycle of
start-up AST (see Table V) has been studied by linear sweep
voltammetry (LSV) and the results are reported in Figs. 8C and 8D.

To simulate the AST’s region 2), a holding time variable between
30s and 3600s at 1V vs RHE was applied, then LSV down to
0.08 V vs RHE was performed to investigate the reduction peaks.
Looking at the results is evident that, in terms of PtOx formation, the
first holding time at 1 V cause a progressive increase of platinum
reduction charge. Analogously, the AST cycle was performed and
AST region 4) was analyzed after different holding time by means of

LSV down to 0.08 V vs RHE; results are reported in Fig. 8D. It was
evident that most of Pt oxides were formed at potential up to 1V,
however, keeping the MEA at 1V for 30s or 120s does not
significantly change the reduction peak. Platinum oxides reach a
quasi-steady state during voltage cycling at 1.5V vs RHE (i.e. the
start-up) and were reduced only during the last voltage sweep from
1V to 0.1V vs RHE.

The continuous change of Pt surface state, due to oxidation and
reduction mechanism, seems to be linked to the degradation process
observed. Thus, it partially elucidates the heterogeneous perfor-
mance loss which was observed under mitigated SU/SD from
cathode inlet (i.e. 0.1-1.5 V) to cathode outlet (i.e. 0.1-1.0 V) and
sheds light on the different performance loss observed under the SU-
AST with respect to the catalyst support AST performed at 30 ° C, as
discussed below.

Performance loss induced by new AST protocol—To demon-
strate the consistency of the SU-AST in terms of aging effects, 200
cycles were performed on the zero-gradient cell hardware and were
compared to 200 mitigated SU/SD cycles operated in the segmented-
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cell hardware. In order to enable a direct comparison between tests
on the two different hardware, iR-free polarization curves are plotted
in Fig. 9A. For the scope, this correction makes acceptable the
comparison between the two hardware, at least up to 1 A cm 2. At
higher current, oxygen and liquid water transport effects related to
the flow field geometry become relevant.

The results demonstrate a noticeably good reliability for the SU-
AST in reproducing the effects of actual SU/SD operation localized
at cathode inlet. The performance loss is respectively: —21 mV and
—22mV (at 0.4 A cm ) for the real SU in segmented-cell (at cathode
inlet) and SU-AST in zero-gradient cell. In iR-free H,/O, polarization
curves, the performance evolution is visible as a vertical translation,
though a slight difference on voltage loss was observed: —11/—6 mV
(at 0.4 A cm ) for real SU at cathode inlet and SU-AST.

In terms of ECSA loss, the degradation obtained at 200 cycles of
the SU-AST is comparable with the one obtained in the first segment,
as presented in Fig. 9B, supporting again a good representativeness of
the proposed AST.

To conclude the comparison, the evolution of oxygen mass
transport resistance over the inverse of roughness factor is reported,
to highlight ECSA evolution effect on performance and elucidate the
degradation mechanism. In Fig. 9C, the results of real start-up and
SU-AST are reported and compared with DoE electrocatalyst
protocol and support protocol, both performed at 80 °C, and finally
with a combined protocol that consist of a sequence of electro-
catalyst AST at 80 °C and start-up AST. First, it is important to point
out that the shape of the flow-fields in zero-gradient and segmented
hardware are different: the land of segmented-cell flow-field is
almost three times the land of zero-gradient cell flow-field. For this
reason, limiting currents are lower in the segmented-cell leading to
higher oxygen transport resistance (Rr), e.g. the Ry value at 2.5
bar,y for the zero-gradient and the segmented cell were respectively:

80sm™' and 100sm~' (obtained by linear interpolation between
2.1-3.1 bar,,). Thus, the Ry values, described in Fig. 9C for the
segmented-cell test, are reported at the pressure of 2.1 and 3.1 bar to
be compared with the results in zero-gradient hardware.

The evolution of the Ry, in the case of the electrocatalyst AST was
analyzed. At each AST stop, the limiting current iy, have been
measured at three different oxygen concentration (ie. 1-2%-3% dry
gas) and at three pressure values. Following the procedure described in
the experimental, the computed value of Ry can be visualized as a
function of the inverse of the roughness factor, r.f."!. A linear
correlation is found and slope of the straight line through the r.f.”"
values for each test pressure was found as: 10scm ! at 150 kPa,
10scm™ ! at 250 kPa and 7.5 s cm ™! at 350 kPa (for tests performed at
80° C and RH = 100%). These values are very similar to the one that
Greszler observed in limit current measurements carried out on
electrodes over a wide range of catalytic loads (from 0.03 to 0.4
mgp cm ). *" According to Baker et al. the oxygen-transport resistance
can be separated into two different contributions: one dependent on
pressure (Rpp), representing bulk transport in the channel, diffusion
media, and electrode, and a pressure-independent resistance (Rp;). The
two contributions were calculated from the value of R7 as a function of
pressure, in the limit p — O, representing non-Fickian transport in the
electrode, including local oxygen electrode resistance due to permea-
tion across ionomer, as described in Refs. 58, 59 Additionally, for the
electrocatalyst AST, the computed value of Rp, fit a straight-line as a
function of r.f. ™!, and the regression slope, Rpzp; is = 12sem™?,
according to Greszler et al.>

Following consecutive cycles between 0.6 — 0.95V vs RHE a
reduction of ECSA was observed. The Pt dissolution process is the
dominant mechanism attributable to ECSA loss in the potential
range of the electrocatalyst AST,*® that led to a decrease of the
number of catalyst sites available for the ORR reaction.
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As discussed by Weber et al.,°' the local resistance is attributable

to local effects at catalyst sites, specifically oxygen permeation across
the ionomer film covering the nanoparticle, not the specific activity of
the single site. So, the increase of oxygen resistance is proportional to
the increase of flux per Pt site. Based on the observed result, the link is
confirmed both for electrocatalyst AST and SU-AST.

As reported in scientific 1iterature,62’63 due to Pt dissolution and
diffusion into the membrane, there is a more pronounced Pt loss at
the membrane/CCL interface. However, no effects of this phenom-
enon have been observed in the tested materials even at EoT (i.e.
after 30 k cycles when relative ECSA = 57%).

As shown in Fig. 9C, the linear relationship observed for a Pt
dissolution mechanism, as in electrocatalyst AST,” is no longer
valid for the support AST. Here, the evolution of Rt during AST is
well-fitted with a quadratic function, in accordance with the
degradation of electrode microstructure as foreseen by studies on
carbon corrosion mechanism. Moreover, a similar trend was also
observed by Kneer et al.>® on a start-up/shut-down test at high
temperature 90 °C, who have highlighted a more pronounced
increase of pressure-independent term than pressure-dependent
one, as expected if the degradation mainly occurs in the electrode.

However, in the case of the mitigated start-up and in the case of the
start-up AST a linear trend was observed between the beginning and
the end of life after 200 cycles, as observed under electrocatalyst AST.
The most interesting result is the correlation between oxygen transport
resistance and the ECSA value. From the condition reached under
electrocatalyst AST, the start-up AST leads to decrease of the catalyst
active area by an additional 6/7% with respect to the BoT value.
Combining this information with the oxygen transport resistance, the
point obtained at 200 start-up cycles lies perfectly on the line obtained
for the only Electrocatalyst AST, as visible in Fig. 9C. The linear and
equivalent trend confirms that the two degradation mechanisms lead to
the same oxygen transport resistance change.

Post-mortem analysis.—To clarify the underlying degradation
mechanism during start-up cycling, SEM and TEM analyses were
performed on aged MEAs. MEA cross-sections have been first
analyzed by SEM for both the MEAs aged under mitigated SU/SD
degradation test in segmented-cell, and under start-up AST in zero-
gradient cell. For the segmented-cell aged MEA, the three cross-
sectional samples taken at different position of the cathode electrode
surface area, air inlet (SEG 4), middle (SEG 2/3) and air outlet (SEG 1)
positions, were observed while one sample was prepared from the zero-
gradient cell. Results of mitigated SU/SD operation in segmented-cell
(i.e. Hy/Air operations) and start-up AST (H,/N, operations) are
depicted in Fig. 10.

SEM images after 200 cycles of start-up protocols (Figs. 10A-10C),
do not reveal any severe thinning of cathode electrode, thus severe
carbon corrosion can be excluded in both the operations, as observed
commonly in start-up/shut-down at high temperature.

However, platinum precipitates were observed in the membrane;
the intensity and the position of the precipitate bands are different
between the samples. While a higher intensity of the Pt band
characterizes the air inlet (Fig. 10C), it is less pronounced in the
middle (Fig. 10B) and almost absent in the outlet section (Fig. 10A).
The observations are in good accordance with the maximum potential
reached during operation. Despite the entire cathode electrode sweep
to high potentials (till 1V vs RHE), the large Pt precipitates were
formed at the passive zone of the start-up operation.

The SEM analyses of the MEA operated under SU-AST in zero-
gradient cell (Fig. 10D) also show Pt precipitation within the membrane,
however the precipitation appears less intense and close to the CCL.

Figure 11 shows higher magnification SEM images and TEM
images of CCL/membrane interface, aged in segmented-cell at
segment 1 (Figs. 11A-11C) and zero-gradient cell (Figs. 11D-11F).
These images highlight that for the MEA aged in segmented-cell at
segment 1 the main precipitate band is located in the membrane near
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Table V. Parameters during Start-up: AST steps and mimicked operation during real Start-up cycle in segmented-cell.

Mitigated start-up in segmented-cell

Start-up AST

Cycle
Air infiltration in stack due to leakages

2) Air/N, and Air/Air, long stop at ambient temperature
Hydrogen/Air front at anode compartment

3) Start-up

H,/Air operation

Cycle duration 660 s

Temperature 30 °C

RH Anode/Cathode 100%

Pressure Atmospheric

Reactants Anode/cathode—0.175/0.417 NI min~*

the reinforcement, however some large precipitates are also located
at CCL/membrane interface (Figs. 11A-11C). For the MEA aged
under SU-AST in zero-gradient cell, the precipitate band is located
near the CCL/membrane interface with some large Pt precipitates
appearing to precipitate in the CCL, probably inside the ionomer
(Fig. 11E). The Pt precipitated in the membrane (near the reinforce-
ment) when the anode is fed with H, and the cathode with air (real
start-up), while the Pt band is shifted in the cathode/membrane
interface or in the CCL (inside the ionomer) in the case of Hy/N,
operations when high hydrogen concentration is reached also at the
cathode side. Elongated precipitates were found in the case of start-
up AST: the formation of such a large precipitate could be

1) refresh Hy/N, at OCV for 5 min (Stop with valve closed)

1) Potential hold at 0.1 V for 2.5 min
| Slow ramp at 0.1 V s~ rate

2) Potential hold at 1 V for 4 min

| Fast ramp at 1.5 Vs~ rate

3) Peak at 1.5V

| Fast ramp at 1.5V s~ rate

4) Potential hold at 1 V for 2 min

H,/N,—0.06/0.06 N1 min~"

characteristic of the fast voltage sweep and wide potential window
adopted.

Regarding the Pt ions, precipitation at the membrane anode/
interface (reported in SI-3), observed for cathode inlet/middle
samples and SU-AST,but not for cathode outlet sample, could be
related to the large amount of Pt ions that diffuses/migrates through
the membrane (not precipitating over the reinforcement). They were
smaller respect to larger precipitate at cathodic side and could
indicate that some ions cross the membrane without being reduced
by hydrogen crossover.

Despite the differences observed in the Pt band formation in air and
inert atmosphere, that could enhance the degradation over a larger
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number of start-up cycles, the mechanism of platinum dissolution and
diffusion/precipitation within the polymer electrolyte is the dominant
physical process underlying performance loss observed in start-up
operations.

From TEM images the Pt particle size distribution were
calculated, and results are reported in Fig. 12.

The average particle values are quite similar for all the samples
and around 3 nm with a standard deviation close to 2 nm. Looking at
the aged samples, the protocols showing the main similarities are
collected at the cathode inlet of the segmented-cell and during the
start-up AST. They show the same mean particle diameter (i.e.
3.4nm) and a similar particle distribution which is slightly wider
than in SEG 2/3 and SEG 4. Larger particles (out of 20 nm abscissa
scale in the histogram) were detected, in contrast with the other
samples. As reported in literature,*® due to voltage cycling, the
particle size tends to increase for the Ostwald-ripening mechanism.
Probably due to the small number of cycles and the different
mechanism of dissolution involved at high potential the effect on
particles size distribution is minor. In conclusion, the presence of
large Pt agglomerate and the pronounced ECSA loss are good
indicator that the catalyst material is severely stressed under wide
voltage cycling.

To evaluate the coupling of CCL degradation with possible aging
of the cathode side GDL/MPL related to high cathode potential

occurring during start-up operation, the GDL backing and MPL
samples were analyzed by means of XPS. In Figs. 13A and 13B XPS
elemental analysis of aged MPL and GDL samples are reported,
respectively. Apparently, the elemental concentrations of C, F and O
do not differ significantly in the three samples (Cath ZeroG: sample
from the zero-gradient cell test, Cath In Seg. Cell: sample from SEG
1 of the m-SFC; and Cath Out Seg. Cell: sample from SEG 4 of the
m-SFC). To obtain more detailed insight on possible GDL and MPL
aging, the Cls detailed spectra are provided in Figs. 13C and 13D
showing two prominent peaks due to C-F, stemming from the binder
and C—C stemming from the carbon fibers.®® Obviously, the three
samples of the MPL exhibit almost identical shape (Fig. 13C)
lacking any indication for material aging. In Fig. 13D the spectral
regions are labelled where signals from degraded GDLs are
expected66 (charged C-F, and C-F). In this context, the defluorina-
tion of the binder resulting in an additional C-F; peak around 288 eV
is not observed. However, Cls spectra from SEG1 of the m-SFC and
the zero-gradient cell exhibit a shoulder at >292eV which is
typically attributed to electrically charged binder (due to X-ray
impact), likely caused by a kind of detachment between the binder
and the conducting carbon fibers. It needs to be mentioned that the
shoulder is very tiny compared to similar peaks of severely aged
GDL.%" So, coupling effect of degradation between CCL and GDL is
minor.
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Conclusions

A detailed investigation of start-up operation protocols, in single-
cell hardware with capability to monitor local effects was conducted
to evaluate the replicability of real-world operation by proper AST.

As a basis for the evaluation of the AST protocols representa-
tiveness, two operating profile that mimic start-up/shut-down opera-
tion were analyzed without/with the adoption of strategies to
mitigate the degradation, consisting in suppressing shut-down and
having a low temperature air start.

It has been demonstrated that the reference protocol (DoE AST
for the catalyst support degradation) allows to reproduce the SU/SD
operations without mitigation strategies (i.e. T = 80 °C and low flow
rate) in a consistent manner. Having regard to the specific protocol
adopted, it was observed that ten cycles of the catalyst support AST
accurately reproduced the performance loss caused by one cycle of
SU/SD. Moreover, the AST accelerates the ageing by a 6 factor.
Despite the good predictability, a heterogeneous degradation along
the flow field was observed, due to local potential asymmetry
between the SU/SD operations, i.e. SU potential = 1.4 V vs RHE,
SD potential = 1.3 V vs RHE, and the consequent variation of the
potentials as a result of concomitant degradation.

To perform durability testing under “real world conditions,” or
mitigated SU/SD, appropriate mitigation strategies were introduced,
which have been adapted for single-cell test based on statistical
analysis of data from test vehicles. Generally, they were effective to
mitigate the CCL degradation in contrast to the unmitigated
protocol. However, after 200 cycles a strong heterogeneous degra-
dation was observed at cathode inlet/anode outlet region. While the
shut-down operation is effectively mitigated, the restart causes a
local voltage cycling till 1.5 V at cathode inlet region.

The catalyst support AST at 30 °C, was ineffective to reproduce
this mechanism so, to overcome this limitation a new start-up AST
protocol was developed in order to mimic the local potential profile of
mitigated start-up. The new start-up protocol can be used to effectively
predict the performance losses with a degradation rate equal to one.
The introduction of a voltage profile from 0.1V vs RHE to 1.5 vs
RHE boosts the formation/reduction of Pt-oxides resulting in an
accelerated Pt dissolution/migration/agglomeration, while the low
temperature mitigates the carbon oxidation reaction. Electrochemical
and ex situ analysis confirmed that the observed degradation is mainly
attributable to a Pt dissolution mechanism but with not negligible
differences in the Pt band formation under air atmosphere, that could
enhance the degradation at higher number of start-up cycle.
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