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Peizhe Wu,® Julia Mainka,® Jéréme Dillet,” Clémence Marty,© Fabrice Micoud,®
Olivier Lottin® and Marian Chatenet @ *2

MEAs with various cathode Pt loadings were elaborated and aged using a multiple-stressor accelerated
stress test (AST) in a segmented PEMFC. The thinnest (lowest Pt loading) cathodes have lower initial activity,
owing to larger oxygen reduction reaction hindrance and oxygen transport resistance. Although the lowest
cathode Pt loadings initially degrade faster, the overall loss of ECSA at end-of-test is nearly similar whatever
the cathode Pt loading, with no local heterogeneities of aging detected along the gas channels. The
cathode Pt/C catalyst degrades mostly by Ostwald ripening (which seems more pronounced for lower
cathode Pt loading) and nanoparticles agglomeration, owing to superficial carbon functionalization and
related Pt crystallite migration: no consequent carbon corrosion is witnessed in this AST. Also, the oxidized
Pt?* ions formed by Pt corrosion diffuse/migrate roughly in a similar manner through the membrane for all
cathode Pt loadings, and are re-deposited by crossover H, close to the cathode|membrane interface.
Overall, the mechanisms of Pt/C degradation are not depending on the cathode Pt loading for the chosen
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1 Introduction

Proton exchange membrane fuel cells (PEMFC) are considered
promising for a number of applications where zero CO,
emission generators are targeted (e.g. the automotive or
heavy-transportation sectors). One limitation of the PEMFCs'
deployment at the large scale is their high cost (in part
connected to the usage of platinum-based catalysts at their
electrodes) and insufficient durability in operation." One easy
mitigation strategy to the first point is evidently to lower the
aerial loading of Pt-based catalysts; while this strategy is very
feasible at the anode side (the hydrogen oxidation reaction,
HOR, is fast, enabling proper anode operation at Pt loadings
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below 50 ug cMunoge 2),> it is much more demanding at the
cathode side. Indeed, the oxygen reduction reaction, ORR, is
sluggish, and oxygen is only present at 21% vol in air, hence
imposing mass-transport limitations in the porous electrodes
and gas diffusing media, that are further complexified by
liquid water production at the cathode of PEMFCs.”” As a
result, present state-of-the-art PEMFC cathodes employ Pt
catalyst aerial loading on the order of 0.3-0.5 mgp
CMeathode 2, When one would aim at decreasing this value
down to 0.1-0.2 Mgp; CMegenode ~ OF even below.”” At that
stage, it must be recalled that PEMFC catalyst layers (CLs) are
made from a mixture between the catalytic material (e.g. Pt
nanoparticles supported on a carbon black, like Pt/Vulcan
XC72) and an ionomer, that plays the role of polymeric
binder, proton conducting phase and water-conducting
phase.®'® Whereas the ijonomer is crucial to the
electrochemical operation of the electrodes (in particular at
the cathode), it also conveys adverse effects: the particular
interaction between the hydrophilic (-SO;™ groups) and the
hydrophobic (-CF,—CF,-) backbone of usual
perfluorosulfonated ionomers and the complex Pt/C surface
induces the formation of a “skin” of ionomer that covers the
Pt/C nanoparticles'*™* which limits the access of oxygen to
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the Pt sites and the evacuation of water formed upon
ORR."" The induced oxygen mass-transport resistance
through this ionomer film has since been recognized as a
major issue in PEMFC cathodes when one intends to operate
at large current density,'® especially when the cathode Pt
loading is decreased.” As a matter of fact, the developed active
area (amount of Pt sites per volume of CL or per geometric
surface of membrane electrode assembly, MEA) is a key: at a
given geometric current density, the local current density to
each Pt site within the CL increases concomitantly with the
local flux of oxygen when the amount of Pt sites decreases,
which detrimentally influences the oxygen transport
resistance.*’” This increased oxygen transport resistance
(hence lower cathode performance) for low cathode Pt loading
is now well documented (see the previous articles cited) and
this has triggered the development of highly-oxygen-
permeable ionomers (HOPI) to mitigate this effect'®'® or the
use of mesoporous carbon to immobilize the Pt nanoparticles
in pores, preventing their direct contact with the ionomer;*>°
both materials enable (individually or combined) to improve
the CL performance at low cathode Pt loading.*

However, there is still very limited information about the
real impact of the cathode Pt loading on the durability of the
cathode (and of the whole membrane electrode assembly).
The present paper aims to start filling this gap. MEAs
containing different Pt loadings in the cathodic CLs are
prepared using a commercial Pt/Vulcan XC72 catalyst and
assembled with a given state-of-the-art membrane, given gas
diffusion layers (GDL) and a given anode composition and
loading. These MEAs are tested with a home-made (very
degrading) accelerated stress test consisting of multiple
stressors (current density/potential and relative humidity
cycling and OCV hold*"?*?) aiming at degrading the electrodes
(i.e. carbon support, catalyst, and possibly the ionomer), and
the membrane. This AST protocol is used here to evaluate
whether the cathode Pt loading (labeled as x-Pt/C, where x is
the cathode CL Pt loading and varies in the sequence 0.05,
0.1, 0.2 and 0.3 mgp cm’z] has an influence on the
mechanisms and the extent of degradation monitored pre/
during/post aging.

2 Results and discussions

MEAs with four different Pt-loadings were evaluated
physicochemically and electrochemically. Four of them were
submitted to electrochemical degradation tests, which
consist of accelerated stress tests (ASTs), as detailed in
Materials and methods section 4.3. The electrochemical
performances were measured for each MEA at its beginning of
test (BOT) and end of test (EOT), meaning before and after the
AST, respectively. Since the physicochemical characterizations
are irreversibly degrading/destructuring the MEA materials/
assembly, two MEAs for each cathode Pt loading were
produced, one for the electrochemical characterizations in
unit PEMFC cell (section 2.1) followed by post-AST
physicochemical characterizations at EOT and the other for
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similar characterizations on non-aged samples (as detailed in
section 2.2). In the process, it was assumed that the two
MEAs in each couple for a given cathode Pt loading were
similar.

2.1 Electrochemical characterizations in unit PEMFC

The electrochemical performances of the x-Pt/C MEAs were
assessed by plotting polarization curve, measuring
electrochemically — active surface area (ECSA) and
electrochemical impedance spectroscopy (EIS) at both BOT
and EOT. Between the initial (BOT) and final (EOT) states,
the MEAs experienced the tailored AST described in section
4.3.

The polarization curves at BOT (Fig. 1, full lines) show an
evident cell performance enhancement from the lowest (0.05-
Pt/C) to the most (0.3-Pt/C) loaded cathode, that increases
from the low (j < 0.5 A cm™) to the high (j > 1 A cm™)
current density regions. This advantage of the highest
cathode Pt loading is already significant in the so-called
activation region (j < 0.2 A ecm™), and further increases
along the polarization plot to become maximal in the so-
called mass-transport limiting region (j > 1.5 A cm?),
whereas the least loaded one (0.05-Pt/C) presents the lowest
cell performance throughout the voltage range. In contrast,
the 0.2-Pt/C and 0.1-Pt/C MEAs start from near-superimposed
polarization plots for low current densities to two entirely
separated ones above 1 A cm™. The MEA performance decay
follows the decrease of cathode Pt loadings: the -cell
performance losses observed are more remarkable at high
current densities, when all the limitations (activation, ohmic
and mass-transport) do superpose, which suggests that (in
the range of cathode Pt loading considered), the larger the Pt
loading the smaller these overall limitations. This is further
illustrated by the decrease of the values of the high-frequency
resistance (Ry¢), the charge-transfer resistance (R.) and
diffusion resistance (Rq) when the cathode Pt loading
increases. These resistances are identified from EIS spectra
measured at 1 A cm > (Table 1) by least-square fitting method
using the equivalent electrical circuit, i.e. a modified Randles
circuit for the CCL with a Warburg impedance Zw (Rq7) in
series for the GDL, and an anode circuit used in a previous
study.”

In particular, the pronounced mass-transport limitation
observed for the smallest cathode Pt loading correlates with
the increased resistance to oxygen transport within the
cathode at high current densities (clearly visible in Fig. S1,f
related to the EIS diagrams recorded for the four x-Pt/C MEAs
at 1 A cm™?), in agreement with the literature.>*°

Comparing BOT vs. EOT, all the polarization curves exhibit
significant voltage losses for all the investigated MEAs, which
seems inversely correlated to the cathode Pt loading: the
larger the loading the smaller the losses. It is more explicit in
Fig. 1b, in which the two lowest Pt-loaded cathodes start to
show a significant cell performance loss even at low current
density (0.2 A em™?) up to an early complete failure at high
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Fig. 1

(a) Polarization curves for the MEAs comprising 0.05-Pt/C, 0.1-Pt/C, 0.2-Pt/C and 0.3-Pt/C cathode CLs at BOT and EOT; (b) voltage losses

of selected points at low (0.2 A cm™2), medium (0.6 A cm™) and high (1.25 A cm™) current densities.

current density (1.25 A cm?) for the 0.05-Pt/C MEA and ca.
30% maximum loss for 0.1-Pt/C MEA. In comparison, the
0.2-Pt/C and 0.3-Pt/C MEAs show much smaller
performance losses, which means they are more robust
than the MEAs with smaller cathode Pt loadings, the best
results being recorded for the most Pt-loaded cathode
throughout the current density range. The EIS diagrams
(Fig. S1t) are totally in line with these observations. So,
regardless the nature of the degradation phenomena (not
known at that stage), one can already state that larger
cathode Pt loading leads to better MEA robustness, at least
for the present AST.

Table 1 Values of the high-frequency resistance (Rys), charge-transfer
resistance (R) and diffusion resistance (Ry) measured at BOT for the four
Xx-Pt/C MEAs at 1 A cm™ by electrochemical impedance spectroscopy;
the EIS diagrams are shown in Fig. S1t

MEA 0.05-Pt/C 0.1-Pt/C 0.2-Pt/C 0.3-Pt/C
RindQ cm? 0.114 0.109 0.086 0.070
Re/Q cm? 0.213 0.090 0.087 0.070
R4/Q cm? 0.102 0.081 0.059 0.068

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Fig. 2a presents the evolution of the cell voltage measured
at (a relatively) high current density (1 A cm™) versus time
during the daily characterization step of the AST, for the four
MEA compositions. As expected from the polarization plots
of Fig. 1, the EIS data of Fig. S11 and Table 1, the BOT cell
voltages at 1 A cm™> decrease with the cathode Pt loading.
Moreover, MEAs with small cathode Pt loading (0.05-Pt/C and
0.1-Pt/C) quickly lose cell performance (within 48 h) before
exhibiting a lower time-depending degradation for longer
durations. In contrast, for the largest cathode Pt loading
MEA (0.3-Pt/C) this two-step performance decay versus time is
much less pronounced. Comparing the slope values of cell
voltage loss per hour, the order for the x-Pt/C cathodes is
0.05 > 0.1 > 0.2 > 0.3 for the BOT (¢ < 48 h), then showing
a slope inversion from 48 h to the EOT with roughly
comparable values for large cathode Pt loadings (i.e. 0.2-Pt/C
and 0.3-Pt/C) and low cathode Pt loadings (i.e. 0.1-Pt/C and
0.05-Pt/C) (Table 2). The cell voltage losses at 1 A cm™
between BOT and EOT are found to drop near 50 mV for 0.3-
Pt/C and 0.2-Pt/C and =100 mV for the two least loaded
cathodes. We observe that the cell voltage drops between
BOT and EOT are much smaller when measured closer to the

Ind. Chem. Mater., 2023, 1, 501-515 | 503
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Fig. 2 (a) Cell voltages measured at 1 A cm™2 during the daily characterization step and their OCV in the course of the AST; (b) ECSA mapping and
its percentage loss; (c) cell voltage at 1 A cm™ vs. roughness factor, R.F., both values being measured in real-time along the 288 h of AST for 0.05-

Pt/C, 0.1-Pt/C, 0.2-Pt/C and 0.3-Pt/C cathode CLs.

OCV, ranging between 10-30 mV whatever the cathode Pt
loading (Fig. 2a). Indeed, the OCV primarily depends on the

Table 2 Average values of cell voltage loss per hour (uV h™) for the
x-Pt/C cathodes operated at 1 A cm™ during the daily characterization
step (calculated from the results of Fig. 2)

MEA 0.05-Pt/C 0.1-Pt/C 0.2-Pt/C 0.3-Pt/C
BOT <t <48h 1962 1933 906 368
48 h <t < EOT 95 16 258 151

504 | Ind Chem. Mater,, 2023, 1, 501-515

extent of H, crossover and this parameter is essentially
determined by the quality of gas separation brought by the
membrane. Here, the fluidic conditions are close for all
samples with air/hydrogen flow rates being set to 170/27
standard liters per hour (sLph) for 0.3-Pt/C cathode and 110/
17 sLph for the 0.05-Pt/C cathode. This shows that the
membrane (i) does not significantly lose its barrier properties
in the present AST procedure and (ii) does not seem more
altered for smaller cathode Pt loadings. This conclusion is
consistent with the absence of significant increase of

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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hydrogen permeation currents during the AST, regardless of
the cathode Pt loading employed.

Fig. 2b shows that all the cathode CLs have a similar
electrochemical surface area (ECSA) between 30-35 m? gp "
at BOT. The ECSA losses are essentially observed at the
beginning of the AST for both lowest cathode Pt loading
MEAs: 50% of the ECSA loss occurs within 48 h for the 0.05-
Pt/C and 0.1-Pt/C MEA. This matches the cell performance
losses measured at 1 A cm > in Fig. 2a, suggesting that ECSA
losses drive the cell performance even at high current density
for the low cathode Pt loading MEA. In contrast, the ECSA
losses are more homogeneously distributed along the 288 h
of AST for high cathode Pt loading MEAs (0.2-Pt/C and 0.3-Pt/
C). Nevertheless, the cathodes lose about 40% of their ECSA
throughout the AST, disregarding the initial Pt loading: the
ECSA reaches ca. 20 m?> gp " at EOT in all cases.

Fig. 2¢ plots the cell voltages measured at 1 A cm™> versus
the cathode roughness factor (R.F.), both values being
measured along the 288 h of AST (240 h for 0.05-Pt/C). As the
roughness factor is the product of the cathode Pt loading and
ECSA expressed in mp® Myea 2,2° and as the latter parameter
(ECSA) is near-constant for all x-Pt/C MEAs, its value
decreases from the most to the least Pt-loaded CL at BOT.
The roughness factor is correlated to the total oxygen
transport resistance (Rroi) throughout the cell described by
eqn (1), which can be broken down as the sum of the
transport resistance in the flow channel (Rcy), gas diffusion
media (Rpy), microporous layer (Rypr) and local oxygen
transport in the CL (Ro).” Given the same experimental cell
conditions and similar components (except for the cathode
Pt loading) for all the MEA, the oxygen transport resistance
related to Rcy, Rpm and Rypp, can be considered constant;
hence, Ry should essentially be affected by Ro, and R.F.
Thus, the (bad) initial cell performance of the low Pt content
cathode must be explained by the low value of R.F., possibly
coupled with a large value of Ro, of the 0.05-Pt/C MEA (which
is confirmed by EIS, Fig. S11 and Table 1), overall leading to
a high oxygen transport resistance in the MEA at BOT. On the
contrary, the high cathode Pt loading MEA (0.3-Pt/C) initially
exhibits a low oxygen transport resistance at BOT; this trend
overall agrees with the literature***” and notably the seminal
study of Greszler et al: “the electrode oxygen transport
resistance is inversely proportional to platinum loading or,
equivalently, platinum surface area”.’

Ro,
Rrotal = Rcu + Rpm + RmpL + RF (1)

Upon aging, whatever the x-Pt/C MEA considered, the
cathodes roughness factor continuously declines over the
AST. This is ascribed to Pt losses in the membrane and
growth/agglomeration of Pt nanoparticles within the CLs
detected by SEM and TEM images, respectively (see section
2.2). Those effects are strongly correlated to the cell
performance losses within 48 h for 0.05-Pt/C and 0.1-Pt/C,
and seem more evenly distributed along the duration of the

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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AST for 0.2-Pt/C and still more for 0.3-Pt/C. In addition, the
smaller the roughness factor, the larger the slope of
performance loss versus time, which explains why low-
loading MEAs degrade faster than high-loading ones.

Since a segmented electrochemical cell was applied for the
degradation studies,****" it was possible to track the local
ECSA (and local current density) changes for all of the 20
segments along the gas channel. It is recalled here that
segment #1 corresponds to the air inlet at the cathode and H,
outlet at the anode, while segment #20 corresponds to the air
outlet at the cathode and H, inlet at the anode. The evolution
of degradation along the channel reactant pathway (captured
by the values of local ECSA for each segment as a function of
time of AST) is plotted in Fig. 3 complemented by steady-state
current density (Fig. S2t). Should it be at BOT (blue curves) or
EOT (red curves), the fluctuations of local ECSA observed along
the gas channel are essentially similar. This means that these
fluctuations likely originate from the cell design and not from
the variable cathode Pt loadings tested (in general, segments
close to turns in gas channels show smaller ECSA). The MEA
with the lowest cathode Pt loading (0.05 mg cm™®) is an
exception to this trend, though: it exhibits more pronounced
heterogeneities close to the air outlet, possibly linked to its
fabrication process. The cell design explanation holds for lower
ECSA values obtained for the segments found close to the gas
inlet (segments 1-4) and outlet (segments 17-20) compared to
the average ECSA for the other segments (5 to 16). In addition
to the cell design, the non-uniform distribution of O, in the
CLs** during the AST is likely to cause non-uniform
temperature and  relative  humidity  distribution®*"**
exacerbating these fluctuations during aging. For these
reasons, different degrees of degradation could be found in the
CLs in these segments.*® Therefore, to have a right evaluation
of the Pt-loading effect in the MEA performance, the segments
spotted close to the gas inlets and outlets were deliberately
avoided for the physicochemical characterizations (see section
2.2). Whatever these (small) biases, these local
characterizations do not seem to show any spectacular
dependence of the local ECSA loss on the cathode Pt loading.

2.2 Physicochemical characterizations

In this section, the MEAs with four different cathode Pt-
loadings are physicochemically evaluated by TEM, GIXRD,
cross-section SEM and Raman spectroscopy. As stated in the
previous section, the regions analyzed correspond to
segments 5 to 16 (i.e. not in the first and last pass of the
channels), and it is assumed that within this “middle” area,
there are no specific local heterogeneities caused by either
the operating conditions or the cell design to be expected for
a given sample.

In terms of TEM analysis, the technique was used to
assess the mean size of Pt nanoparticles and their
distribution in the carbon substrate at BOT and EOT.
Representative TEM images (Fig. 4) from the scrapped

cathode powder reveal homogeneous spherical Pt

Ind. Chem. Mater., 2023, 1, 501-515 | 505
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Fig. 3 Local ECSA along the gas channel measured in a segmented cell for CLs (a) 0.05-Pt/C; (b) 0.1-Pt/C; (c) 0.2-Pt/C and (d) 0.3-Pt/C. Segment
#1 corresponds to the air inlet at the cathode and H, outlet at the anode, while segment #20 corresponds to the air outlet at the cathode and H,

inlet at the anode.

nanoparticles distributed on the Vulcan XC72 carbon
substrate with a little fraction of agglomerated and/or non-
spherical nanoparticles. The average diameter of isolated and
spherical Pt nanoparticles is ca. 2-3 nm, quantified in the
four different x-Pt/C CLs at the BOT.

The average diameter of the Pt nanoparticles grows
dramatically to ca. 5-6 nm at EOT, this growth being
accompanied by a widening of the nanoparticles size
distribution  histograms upon electrochemical aging
(Fig. 4). These are typical signatures of the Ostwald
ripening mechanism for Pt nanoparticles growth,*® which
comprises the dissolution of the smallest nanoparticles
due to their high surface energy, followed by the re-
deposition of the formed Pt™ ions onto larger
nanoparticles to equilibrate the system. Hence, the small/
large Pt nanoparticles become smaller/larger, broadening
the particle size distributions, respectively, until all the
small nanoparticles disappear. In addition, a second
nanoparticle growth mechanism takes place between in-
contact nanoparticles within the pre-existing agglomerates,
leading to a sintering process (particles coalescence) which
occurs in parallel to the Pt dissolution/re-deposition
mentioned above.’” Finally, the rise in the number of
agglomerates comparing EOT and BOT TEM images, shows
that crystallite migration onto the Vulcan XC72 carbon
support  happens, likely  following the  gradual
functionalization/corrosion of the carbon, as clearly
highlighted in.*®**° In contrast, the anode CLs essentially
exhibit unmodified Pt nanoparticle sizes (only measured
for the 0.05-Pt/C and 0.3-Pt/C MEAs, the least- and most-

506 | /nd. Chem. Mater, 2023, 1, 501-515

loaded cathode CLs) evidencing that the procedure used in
this work does not lead to significant anode damages (Fig.
S3+).

Cross-sections of the MEAs were observed in SEM to
evaluate whether the cathode Pt loadings influence the fate
of the MEAs upon AST (Fig. 5a).

At BOT, because the ink formulation and deposition
methods were kept constant for all the x-Pt/C MEAs (given
the fixed 50 wt% Pt/Vulcan XC72 catalyst and I/C ratio),
increasing the cathode Pt loading results in increasing
cathode CL thickness, as observed for the SEM micrographs
(Mag 2 k) in Fig. 5a and the mean cathode CL values
determined from two SEM images and regions in Fig. 5b: the
cathode CL thickness near-linearly depends on its Pt loading,
which shows that the porous texture/density of the CL is
essentially maintained constant whatever the aerial Pt
loading. The membrane exhibits a very slight opposite trend,
smaller thickness being observed at larger cathode CL
loading. One can speculate that the cathode thickness
influences the degree of compression of the membrane,
resulting in the decreasing trend in Fig. 5c: the thickest
cathode (0.3-Pt/C) compresses the membrane up to 4 pm
more than the thinnest one (0.05-Pt/C) when the MEA is
assembled. The initial anode thickness has a more variable
trend, in line with the variable practical loading of the
anodes (respectively 0.18, 0.14, 0.11 and 0.13 mgp, cm > for
increasing values of x in x-Pt/C MEAs).

At EOT, the cathode CLs exhibit similar mean thickness
values, within the error bars compared to BOT; this means
that the carbon corrosion, if any, was not significant enough
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Fig. 4 Representative TEM images, corresponding nanoparticle size distribution histograms and mean nanoparticles diameter values for the active
materials scrapped from cathode CLs at BOT and EOT: (a) 0.05-Pt/C; (b) 0.1-Pt/C; (c) 0.2-Pt/C and (d) 0.3-Pt/C.

in this AST to result in major CO, generation associated with  in.>*™*° The rather low value of the AST maximum potential

the collapse of the active layer, which had been observed (0.8 V vs. RHE, except for the plateau at OCV) explains this
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(a) Representative SEM images for the MEAs with different cathode Pt loadings: 0.05-Pt/C, 0.1-Pt/C, 0.2-Pt/C and 0.3-Pt/C at beginning of

test (BOT) and end of test (EOT) with their respective (b) cathode, (c) membrane and (d) anode average thickness values. In any case, the cathode
is the upper electrode and the anode is the lower electrode on the micrographs.

minor extent of carbon corrosion, the process being highly
potential-dependent.*"**

Active area losses from PEMFC cathode are typically
promoted by three main phenomena: Pt nanoparticles
dissolution into Pt**, re-deposition in the CLs (causing the
nanoparticles’ growth by Ostwald ripening), or Pt*
migration/diffusion to the ionomer and the membrane (Pt
depletion from the CL), and possibly Pt crystallites migration
over the carbon support (upon its functionalization/
corrosion), yielding agglomerated nanoparticles.?”*¢3%43
Their growth by Ostwald ripening and agglomeration were
established by the TEM images and particle size distribution
histograms in Fig. 4. Pt corrosion and redeposition in the
membrane is visualized by higher magnification images

508 | /nd. Chem. Mater., 2023, 1, 501-515

obtained by SEM (Mag 5 k) focusing on the membrane region
(Fig. 6). The metal nanoparticles are found gathered as a
band within the membrane, attesting that Pt was indeed lost
to the membrane during the AST, as observed by Guilminot
et al.®® Those bands of Pt nanoparticles are not cathode Pt
loading-dependent for the present samples: the band is
situated close to the cathode and the Pt® ions generated at
the cathode through eqn (2)-(4)*® diffuse on roughly similar
distances within the membrane for all the x-Pt/C CLs. The
position of this band likely depends on the fluidics
conditions of the cell (H, and air pressures/fluxes), but also
on the potential alternation (Pt>" cations migrate to the
cathode under current flow and mostly diffuse towards the
anode at open-circuit).
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Fig. 6 SEM images for the MEAs with different cathode Pt loadings: (a) 0.05-Pt/C; (b) 0.1-Pt/C; (c) 0.2-Pt/C and (d) 0.3-Pt/C at EOT focusing on

the Pt redeposition within the membrane.

Pt = Pt*' +2¢” (2)
Pt() + H,O = PtO() + 2H" + 2¢” 3)
PtO(,) + 2H" = Pt*" + H,0 (4)

4.1 nm

Intensity (a. u.)

20 40 60 8 10 20 40 60 8 100

20 (degree)
Fig. 7 Grazing incidence X-ray diffractrograms for the cathode CLs:
(a) 0.05-Pt/C and 0.1-Pt/C and (b) 0.2-Pt/C and 0.3-Pt/C at beginning

of test (BOT) and end of test (EOT) with their respective crystallite size
values calculated at the highlighted graph region (Pt 220; 26 ~ 68°).
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GIXRD measurements were performed on the four
different metal-loaded cathode CLs for the detection of the Pt
crystalline phase and their crystallite sizes. The analyzed
samples comprised both the cathode and anode CLs
separated by the PFSA membrane (that contains a PTFE
contribution). Due to the small thickness of those three
components and to avoid the detection of the anode side, the
grazing incidence X-ray diffraction technique was the method
utilized to enable the quantification of the cathode CL
without hindrance from the anode CL. Then, by positioning
the X-rays source on the cathode side, the PTFE contribution
from the membrane backbone is perfectly visualized in X-ray
diffractograms (Fig. 7) at 20 = 18° (PDF 00-060-1504) for all
samples. This means that the X-rays pass deep enough
through the cathode CL and reach the membrane
disregarding the cathode Pt loadings and CL thicknesses at
stake.

Focusing on the crystallinity of the catalyst, typical Pt/C
profiles are detected, which comprise five diffraction peaks at
40, 46, 68, 82 and 86° (PDF 00-004-0802); these peaks are
related to the polycrystalline Pt phases. Since the two most
intense diffraction peaks are set in the range from 26 = 40°
to 50°, which is in close contact to the broad carbon peak
and some PTFE contributions, as well the other two metal
contributions are really close to each other at high 26 values,
the isolated peak at 20 = 68° (Pt (220)) was chosen to

Ind. Chem. Mater., 2023, 1, 501-515 | 509
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Table 3 Nanoparticle (NP size) and crystallite (Scrystauite) Sizes measured from TEM and XRD, respectively; corresponding differences of the two values

from BOT to EOT (Anp and AScrystatite)

TEM: NP size (nm)

XRD: Scrystallitc (nm)

Cathode ANP AScrystallite
CLs BOT EOT BOT EOT (nm) (nm)
0.05-Pt/C 2.8 0.8 51+1.4 3.4 5.2 +2.3 +1.8
0.1-Pt/C 2.8 £ 0.5 5.4+1.3 2.3 4.6 +2.6 +2.3
0.2-Pt/C 3.2+0.8 6.1+1.4 3.5 4.1 +2.9 +0.6
0.3-Pt/C 2.8+ 0.9 5.5+1.3 3.2 4.0 +2.7 +0.8

determine the Pt crystallite sizes. They were determined by
fitting the peak and applying Scherrer's equation following
the equipment features described in section 4.1.3. The Pt
crystallites have mean sizes (Seryscaniice) Of ca. 2-3 nm (Table 3)
well matching the nanoparticles (NPs) size derived from TEM
images at BOT. Also, the growth of crystallite sizes to 4-5 nm
follows roughly the same trends for all samples at EOT.

In contrast, the observed growths (Anxp and AScysanite)
from BOT to EOT do not match and may be divided into two
groups regarding the value of cathode Pt loadings (and
cathode CL thicknesses): the thin (0.05-Pt/C and 0.1-Pt/C)
and the thick ones (0.2-Pt/C and 0.3-Pt/C) do not follow the
same trend, as exhibited in Fig. 4a and b and Table 3.
Considering Axp and AScysiaiice @S the NP and Seryscaniice at
EOT subtracted by their corresponding values at BOT, thin
cathode CLs are characterized by Axp =~ AScystatlice, While
thick cathode CLs correspond to Axp > AScrysanice (Table 3).
Here, two possible explanations can be put forth: (i) the Pt
band in the membrane (composed of very large Pt
crystallites) is likely more detected by the grazing X-rays for
the thin cathode CLs 0.05-Pt/C and 0.1-Pt/C cathodes
(because the thin CLs let more X-rays pass through the whole
cathode CL thickness) resulting in overall larger crystallites,
while the Pt band crystallites would be less detected when
thick cathode CLs are employed, resulting in overall smaller
crystallites. In short, the Pt band relative weight associated
with thin CLs (containing low amounts of Pt) is thus
proportionally larger in the global diffraction signal; (ii)
different degrees of degradation takes place within the thin
and thick cathode CLs, owing to the different potentials
witnessed by cathodes of different Pt loading. Indeed, at the
highest current density, large-loading cathodes experience a
higher potential (better performance) than low-loading
cathodes (see Fig. 1a, 2a and S47); to be more specific, at
BOT, the 0.05-Pt/C cathode potential is close to 0 V at 1.7 A
em™2, when it is only ca. 0.5 V for the 0.3-Pt/C cathode; the
differences of cathode potential at OCP or at low currents is
much smaller (Fig. 1a and S4f), and can be neglected. In
result, the Pt>" redeposition in the cathode CL (promoted at
the lowest cathode potential) is more likely for the thinnest
cathode than for the thickest one. To the authors' opinion,
this second hypothesis better accounts for the larger
crystallites observed for thin CLs, even though from a mass-
transport point of view, Pt** ions should exit faster thin than
thick CLs. These heterogeneities are in agreement with some
related literature.*®

510 | /nd. Chem. Mater, 2023, 1, 501-515

From the results presented above, the fate of the Pt
nanoparticles may only (slightly) differ according to the
different potential experienced by the cathodes during the
high-current phase of the AST at various cathode Pt loadings.
In addition, the carbon substrate, and in particular its degree
of oxidation, may also influence the catalytic activity losses.
The carbon substrate oxidation likely takes place for the Pt/C
catalysts.>””** To understand carbon corrosion in the cathode
CLs, Raman spectroscopy was used to investigate the carbon
substrate of the cathode at BOT and EOT (Fig. 8). The Raman
spectra (and related ratio of intensity of the defective and
graphitic bands, I4/I;) demonstrate negligible (or small)
differences comparing the BOT vs. EOT: the Iy/I, ratio values
can be considered nearly constant or within the error bar of
the technique. This suggests a very small effect of carbon
corrosion for the present AST, regardless the value of cathode
Pt loading; this corroborates the results obtained on the SEM
analyses, that showed comparable cathode CL thicknesses at
BOT and EOT. The small effects caused by carbon corrosion
can be related to the maximum cell voltage (nearly
corresponding to the cathode potential, versus RHE) of 0.8 V

0.05-Pt/C lly | 0.1-Pt/C lo/lg
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s ‘
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Fig. 8 Raman spectra for 0.05-Pt/C, 0.1-Pt/C, 0.2-Pt/C and 0.3-Pt/C
cathode CLs at beginning of test (BOT) and end of test (EOT) coupled
to their respective 4/l ratio.
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applied in the AST conditions, a potential that does not
severely yield complete corrosion into CO, (stressing the
electrode to £ > 1 V vs. RHE would have led to massive
carbon corrosion, that would be evident in Raman
spectra*™** and cross-section SEM images**). It however leads
to superficial oxygenated species production,*’ that could be
transformed into CO, by a Pt-assisted mechanism. In the
present case, because the same Pt/C catalyst was used in all
the x-Pt/C CLs, there is no reason to posit that carbon
corrosion should be different depending on the cathode Pt
loading, in agreement with the experimental data. As a result,
the degradation observed here can be mostly attributed to
the Pt nanoparticles’ dissolution followed by growth (Ostwald
ripening) and slight migration onto the carbon support and
agglomeration, or Pt*" transport into the membrane, where
these species are reduced into a Pt-band by crossover H,.

3 Conclusions

In this contribution, MEAs varying only by their cathode Pt
loading were investigated in a multiple-stressor accelerated
stress test in a segmented PEMFC. These MEAs were
characterized over the duration of the test in terms of
polarization curves, electrochemical impedance spectroscopy;
their core materials were also evaluated physicochemically,
with special emphasis on the respective thicknesses of the
anode, cathode and membrane layers, the definition (size/
shape/degree of agglomeration) of the carbon-supported Pt
catalyst nanoparticles and the extent of carbon corrosion/
functionalization.

The thinnest (lowest-Pt loading) cathode evidently behaves
worst in terms of initial activity, being hindered by their low
Pt content in the low current density (activation) region and
adverse oxygen (and maybe proton) transport resistance in
the high current density (mass-transport) region of the
polarization curve. These trends have been fully confirmed by
EIS measurements. In terms of degradation of performance
during the aging, the rate is larger in the early stages (¢ < 48
h) of test for the lowest cathode Pt loading, and then slows
down; whereas the overall loss of ECSA is in the end of the
AST quite similar whatever the cathode Pt loading, smaller
cathode Pt loading results in larger loss of performance.

The TEM data point towards a clear Ostwald ripening of
the cathode Pt/C catalyst over the AST, that is more
pronounced for the small Pt loading, owing to the lower
operating potential witnessed by the materials during the
large current phases of the AST that eases Pt redeposition;
the anode Pt/C catalysts is essentially unharmed in the
meantime, as confirmed by XRD analyzes. Some
agglomeration of the cathode Pt/C nanoparticles is also
witnessed, likely  owing  to superficial carbon
functionalization and related Pt crystallite migration; indeed,
no consequent carbon corrosion has been witnessed by
Raman spectroscopy or by any change of the anode or
cathode thickness over the AST. Also, the oxidized Pt*' ions
formed by Pt corrosion in the cathode CLs are diffused and

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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re-deposited within the membrane close to the cathode|
membrane interface. Thus, the mechanisms of Pt/C
degradation (at the cathode, mostly) are essentially
unchanged for the various cathode Pt loadings, only the
extent of Ostwald ripening depending partly to the cathode
Pt loading.

4 Materials and methods
4.1 Preparation of the membrane-electrode assemblies (MEA)

The MEAs studied in this work were home-made and based
on commercial components: a reinforced PFSA membrane
(MX 820.15 from Gore), gas diffusion layer (GDL) from
Sigracet (ref. 22 BB) at both anode and cathode sides and
Vulcan carbon (XC72; Cabot) supported Pt nanoparticles
from Tanaka (50 wt% Pt, TEC10V50E) in both catalytic layers
(CL) mixed with Nafion® D2020 ionomer solution. The anode
and cathode CL inks were prepared similarly to a previous
work of the authors:** briefly, the electrocatalyst was mixed
with ultrapure water and ethanol with 0.24 ethanol:water
mass ratio. Then, 3 mm diameter zircon beads were added
and the ink was mixed overnight with a roller mill (IKA roller
10 basic) at room temperature. The Nafion® D2020 solution
was incorporated afterward into the vial with an I/C ratio of
0.7 and the solution was mixed again with the roller mill for
one day. The inks were finally deposited on an inert PTFE
support (250 pm thick) by blade coating the next day. The
electrode loading was adjusted by the height of the doctor
blade and then controlled afterwards. For the lowest loading
0.05 mgp, cm >, the ink was diluted by a factor of 2 keeping
the ethanol/water ratio constant to reach the target by blade
coating. The global catalyst loading was checked by weighing
and comparing the bare PTFE substrate with/without dried
electrodes. Additional analyses by X-ray fluorescence (Fischer
XVD-SDD) were carried out on each electrode to check the
local layer homogeneity, to control the global loading (in a
complementary manner to weighing) and to select the most
suitable layer for each targeted loading. The catalyst-coated
membrane (CCM) was then finalized by decal-transfer of both
electrodes onto the membrane using a hot-press at 145 °C
under 1 MPa for 180 s using in-house hardware. The GDLs
were pressed onto the MEA using PET gaskets (23 pm) and
PTFE seals (150 um) to control their thickness, reaching
about 20% of compression.

In the study, the nature of the GDLs, anode and
membrane, the cathode I/C ratio and CL deposition
technique were deliberately kept constant, so to produce
similar Pt density within CLs cathode loadings. The MEAs
differed by their cathode Pt loadings which are 0.05, 0.14,
0.21 and 0.32 mgp, cm ?, their anode loading being roughly
constant: 0.18, 0.14, 0.11 and 0.13 mgp, cm >, respectively.
The MEAs labels are defined as 0.05-Pt/C, 0.1-Pt/C, 0.2-Pt/C
and 0.3-Pt/C, named after the targeted Pt loading at their
cathode, which is in first approximation the only variable
parameter in the study. In any case, new (non-
electrochemically degraded) MEAs were fabricated without
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GDL to enable physicochemical comparison of their CLs and
membrane with those of the corresponding aged samples.

4.2 Physico-chemical characterization

4.2.1 Transmission electron microscopy (TEM). For each
of the x-Pt/C MEAs (x = 0.05, 0.1, 0.2 or 0.3), the catalyst +
ionomer powder was scraped away from the selected
homogenous areas of the cathode (or anode) CLs using a
single-use razor blade. The resulting powder was dispersed in
isopropanol and sonicated for 10 minutes to complete ink
homogenization. Then, an aliquot of 10 uL of the described
ink was deposited onto a clean Cu-lacey carbon grid. Each
sample was analyzed using a JEOL 2010 transmission
electron microscope operated at 200 kV with LaBg filament of
0.19 nm point-to-point resolution coupled to the Gatan
Microscopy Suite software. The Pt nanoparticle size
distributions were reconstructed from five different TEM
images counting only isolated nanoparticles (about 200
particles counted for statistical relevance).

4.2.2 Cross-section scanning electron microscopy (cross-
section SEM). MEA samples comprising anode/cathode CLs
and membrane were cut using a razor blade and embedded
in epoxy resin, then mirror-polished into a proper cross-
section sample.®® The cathode and anode sides were
previously labeled to be easily recognized during the SEM
measurements. Cross-section SEM images were obtained in a
field emission gun (FEG) SEM Zeiss Gemini SEM 500 and
Zeiss Gemini SEM Ultra 55 instrument operated at 15 kV
electron accelerating voltage in high vacuum conditions;
unless otherwise stated, the backscattered electron detector
was used to maximized Z-contrast.

4.2.3 Grazing incidence X-ray diffraction (GIXRD).
Crystalline structure analysis of the four cathode CLs (with
membrane and anode CLs) was performed with a Rigaku
Smartlab X-ray diffractometer operated using the Cu Ko
radiation (1 = 0.15406 nm). The diffractograms were obtained
from 26 = 15° to 120° at a scan rate of 1° min " with an
optimized Q-angle = 0.15°. Crystallite sizes were calculated by
application of Scherrer's Equation on the isolated Pt (220)
peak at 26 = 68°.

4.2.4 Raman spectroscopy. Raman spectra of x-Pt/C
cathode CLs were recorded in a Renishaw inVia Raman
equipment applying an excitation wavelength at 532 nm.
Measurements were performed in a backscattering
configuration, using a 50x objective (NA = 0.85), and a 2400
grooves mm ' grating. The incidence LASER power was
minimized well below ca. 50 uW pm™, and to reduce the
irradiance at the sample, a line excitation was applied while
keeping a rather high signal to noise ratio. For a better
comparison and visualization between new vs. aged cathodes,
the Ip/I; ratio, i.e. the intensity ratio of the disorder-induced
D band (~1350 cm™') to the first-order allowed bond-
stretching G band (~1580-1600 cm™) was determined and
all the spectra were normalized by the amplitude of the G
band at 1580 cm ™, as fully described in ref. 41.
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4.3 Fuel cell testing measurements and durability protocols

The durability tests were performed using the 5 x 5 = 25 cm?
segmented cell of PEMFC shown in Fig. S5 in ESL} The flow
fields of this cell are identical on both sides with 5 parallel
serpentine channels (5 passes) of 0.6 mm in depth, 1 mm in
width, and 1 mm ribs. Both plates were made of 316L
stainless steel coated with a thin gold layer to lower the
electrical contact resistance with the gas diffusion layers. The
cathode plate is divided into 20 electrically-insulated
segments, so that the current can be collected individually on
each of them to assess the homogeneity of the MEA
performance as well as local impedances, voltammograms
(acquisition of the local electrochemical surface area, ECSA),
and hydrogen permeation currents. Air and hydrogen were
always supplied to the cell in counter-flow, with segment #1
corresponding to the air inlet at the cathode and H, outlet at
the anode, and segment #20 corresponding to the air outlet
at the cathode and H, inlet at the anode.

The acquisition of local currents - including during EIS -
was carried out by measuring the ohmic drop on 20
calibrated shunt resistors of 5 mQ using a homemade
electronic card and a x600 electronic gain. In regular
operating conditions (i.e. aging tests and acquisition of the
impedance spectra or the polarization curves), the PEMFC-
overall-current intensity was imposed by the electronic load
(Armel 0-100A/0-10 V) and the cell voltage measured between
the anode and cathode plates (global cell voltage). When
voltammograms and hydrogen permeation currents were
recorded, the cell was automatically connected to a bipolar
power source (Kikusui PBZ-20-20A) to impose positive and
negative voltages. A supplementary 5 mQ shunt resistance
was used to get the PEMFC overall current, while the local
currents were measured with the same electronic card as in
normal operation.

The cell was thermoregulated by a water cooling circuit
and a thermostatic bath. The pressure was regulated by
valves located at the gas outlet and inlet, and the relative
humidity was controlled through the temperature of a
calibrated water bubbler. More details about the segmented
PEMFC characteristics and operating conditions are available
in ref. 22, 29, 30 and 46 with another geometry or*' with that
specific cell geometry.

The accelerated stress tests (AST) that were performed
herein combine humidity-cycling, open circuit voltage (OCV)
hold and load cycling; it enables to adjust independently the
number of load cycles - to emphasize the stress on the
electrodes-and that of humidity cycles as well as the duration
of OCV hold - to emphasize the stress on the membrane and
the electrode ionomer. The principle of such combined-
stressor ASTs consists of keeping the gas flow rates constant,
and their humidity to a low or medium value.>***”* In the
present case, the gases were slightly humidified (50% RH)
and their flow rates did correspond to hydrogen and air
stoichiometries of 1.5 and 4, respectively, at the highest
current density (between 1.15 A cm™ and 1.8 A cm >,
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depending on the MEA used). Thus, the stoichiometries
increased to very high values when the current density was
set to the lowest values (0.04 to 0.081 A cm > again,
depending on the MEA used) and to infinite values during
the 27 seconds OCV hold at the end of each sequence. The
low and high current values were chosen to yield a cell
voltage of 0.8 and 0.4 V, respectively, assuming this would
induce sufficient potential cycling to accelerate the
degradation of cathode materials.

Fig. S67 shows the complete AST sequence, which overall
lasts 105 seconds; it consists of a 52 s hydration stage (with
an alternation of 1 s at low current and 3 s at high current),
followed by a dehydration stage (3 s at low current and 1 s at
high current) including a 27-second OCV hold step. This AST
has been used in some of our previous works,>"*® because of
its ability to combine, in addition to potential cycling, a
membrane chemical stress during OCV hold (through the
formation of hydrogen peroxide), and a mechanical stress via
the humidity cycling. Although the membrane was not
targeted in this work, it has been chosen to keep the
sequence (i) to induce a global stress to the MEA that
remains close to real-life operation and (ii) because hydration
and dehydration cycles as well as free radical formation are
expected to attack the ionomer in the electrodes. Indeed,
previous results of some of the authors of this work have
shown a considerable increase of the electrode degradation
rate’>*® when chemical and mechanical stressors were added
to load, and thus potential, cycling.

The AST sequence was repeated for ten to twelve days (i.e.

10 to 12 times 24 hours), with a characterization stage
performed every 24 hours (lasting about 2 hours) to monitor
the decrease of the PEMFC performance and material
degradation in general. This characterization stage included:
1. 60 min operation at a constant current density of 1 A
em >,
2. Measurement of the local and global impedance spectra
in galvanostatic mode at 1 A cm >-except otherwise stated-
using a peak-to-peak perturbation amplitude of 10%, with
frequencies ranging from 20 mHz to 10 kHz, with 10 to 20
data points per decade.

3. Measurement of the polarization curve in two steps: a
first current sweep in 60 s increments from low to high
values, and then a sweep in the opposite direction. Once both
scans have been completed, the average curve is then
calculated using the average values of the last 30 s of each
step of the forward and reverse scans. A difference between
the forward and backward curve can be observed in some
cases, possibly due to the formation of platinum oxides at
high potential, and/or different hydration states of the cell.>

4. Finally, the hydrogen permeation current and electrode
ECSA were measured, the latter on both the anode and
cathode sides: the anode or cathode compartment is first
flushed for 10 min with nitrogen (50% RH) while the
opposite electrode is fed with hydrogen, and the hydrogen
permeation current is recorded at 0.6 V. Then, the nitrogen
flow is stopped and the ECSA is measured by cycling the

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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voltage between the working and the counter/reference
electrode, between 0.1 and 0.8 V, at a sweep rate of 50 mV
s

Before each AST, the new MEAs were subjected to a four-
hour break-in stage, consisting of the repetition of
potentiostatic steps at OCV (30 s), 0.6 V (45 s) and 0.3 V (60
s). The PEMFC was then operated for two hours at a constant
current density of 1 A cm™> to make sure the MEA
performance was stable. Then, the average current densities
corresponding to FC voltage of about 0.4 and 0.8 V were
assessed and the AST was started.
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