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Abstract

To elucidate the evolution of ionomer-Pt and ionomer-carbon interfaces during life cycle of polymer electrolyte fuel
cells (PEFCs), electrodes with high surface area (HSA) and durable carbon supports underwent catalyst and carbon
corrosion accelerated stress tests (ASTs) under stoichiometric and sub-stoichiometric gas flow conditions.
Electrochemical characterizations, as well as X-ray photoelectron spectroscopy (XPS) were utilized to assess degree
of components degradation. Catalyst AST results revealed that Pt nanoparticles dispersed within the micropores and
not in contact with ionomer are the main contributor to the 50% electrochemical surface area (ECSA) loss observed
after 30k cycles resulting in significant polarization loss, which is much more notable in the case of sub-stoichiometric
operating condition. Support AST results for HSA carbon showed severe ionomer degradation and 55% ECSA loss
within the first 100 cycles, while MEA with durable support exhibited negligible polarization and ECSA decay during
the first 2500 cycles attributed to higher ionomer coverage, preservation of proton pathways preventing Pt from

detachment.
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1. Introduction

Many countries are committed to decarbonization of energy systems by 2050. Transportation sector is one
of the largest emitters of carbon dioxide. Battery electric vehicles will decarbonize most of the light-duty
fleet but for the heavy-duty transportation sector fuel cell electric vehicles (FCEVs) are promising. FCEVs
have quick refueling time and high energy density designed for long driving range. California and other
states already have existing hydrogen refueling infrastructure. Unlike passenger cars and buses that have
reduced the petroleum consumption to some extent, long-haul trucks still rely heavily on diesel fuel making
them responsible for a large portion of carbon dioxide emissions!. Polymer electrolyte fuel cells (PEFCs)
stack is at the heart of the fuel cell system. For heavy-duty trucks the PEFC stack design requirements are
different from existing automotive stacks: with more space available on board, power-to-weight ratio
becomes subsidiary to durability aspects, since long-haul trucks must drive for up to 100,000 miles per
year. Currently, the lifetime goal set by the US Department of Energy (DOE) is 8,000 hours for automotive
stacks, 20,000 hours for buses?, and up to 30,000 hours for long haul tractor-trailers.>* To meet the
durability criteria of 30,000 hours, further understanding of fundamental mechanisms of degradation within

individual cell components is needed.

An extensive knowledge about most aspects of fuel cell durability is already present in the
literature’. A review by Ren et al.® summarized most of the achievements done so far in the field and
provided the current state-of-the-art research on various degradation aspects of the PEFCs. The degradation
of the membrane electrode assembly (MEA) in the fuel cell stems from the interplay of various mechanisms
among which are the loss of catalyst electrochemical surface area (ECSA), the corrosion of the carbon
support, and the chemical and mechanical breakdown of polymeric membrane’. To assess the durability of
a fuel cell without relying on real-time data, accelerated stress tests (ASTs) have been developed that
involve voltage cycling relevant to automotive applications with intermittent performance evaluation

standardized by the DOE. Because durability studies in the automotive field revolve particularly around Pt



catalyst degradation and carbon-support corrosion, widely-used AST protocols target the degradation of an

individual component of the MEA by varying a set of operation parameters®°.

Many of the studies focus on catalyst or support degradation'®, but very few focus on ionomer-
catalyst interface or ionomer degradation. lonomer is used in the catalyst layers for proton conduction but
its distribution in the cathode catalyst layer dictates the Pt utilization and local oxygen transport at high
current densities.!!. While the influence of ionomer physical configuration on oxygen transport to the Pt
catalyst surface has been extensively explored by both experimental'>!*!* and molecular dynamics
simulation'>!® tools, solid understanding of how ionomer properties change as the cell degrades is currently
missing. One work from Hiesgen group focused on the degradation of ionomer using AFM technique
showing morphological modification in the ionomer film surrounding Pt agglomerates'’. It has been shown
that the sulfonate moieties (SO3°) in the side chains of the ionomer can poison Pt catalyst and slow down
the oxygen reduction reaction (ORR) kinetics'® ; on the other hand, the proximity of sulfonic acid groups

to the catalyst surface helps transport protons that are needed for the ORR.

Various approaches have been applied to improve ionomer coverage in the cathode catalyst layer
such as introducing chemically modified carbon supports with tailored porosity'® or nitrogen containing

2122 "and proposing various electrode fabrication processes??*. In these

surface?’, designing novel ionomers
studies, demonstration of ionomer distribution is either qualitative or is limited to modeling efforts;
however, two in-situ experimental methodologies are currently present in the literature that can provide
quantitative ionomer coverage data in the PEFC catalyst layers. Iden and Ohma? developed a method based
on the double layer capacitance collected in different experimental conditions to estimate ionomer and
water contributions to the proton accessibility in the cathodes. Garrick et al.?® also used a combination of
CO displacement and CO stripping procedures to evaluate the surface of the platinum that is covered with

Nafion’s SO;™ groups. A work by Andersen®’ described the adsorption behavior of ionomer on platinized

nano carbons and amorphous carbon using Langmuir isotherms showing that stronger adsorption of



ionomer results in better durability of the catalyst but to the best of our knowledge no study explored

ionomer coverage evolution during catalyst layer aging using in-situ experimental methods.

In this contribution, we utilized two analytical methods with a combination of testing protocols
including catalyst AST under both stoichiometric and sub-stoichiometric gas flow conditions, and carbon
corrosion ASTs to investigate the evolution of ionomer and SO; groups’ coverage in fuel cell cathode
electrodes during cell ageing. The extensive characterization provided an insight into the changes in
ionomer distribution during degradation and its influence on cell performance, ECSA loss, and ionic
conductivity under harsh testing conditions. Ex-situ characterizations such as scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) were also performed at the beginning of life (BOL)
and end of life (EOL) to determine the microstructure and composition of the ionomer after degradation.
This work brings understanding of ionomer-catalyst and ionomer-carbon interfaces with the hope to
develop durable and high-performing fuel cell electrodes for the upcoming generation of heavy-duty

vehicles.

2. Materials and Methods
2.1 Materials

Two types of MEA with 25 c¢cm? active area were manufactured by IRD Fuel Cells LLC, specifically
designed for these experiments. MEAs 1 and 2 (see Table 1) featured cathode catalyst layers with standard
high surface area carbon support. MEA 1 and 2 underwent catalyst and carbon corrosion ASTs,
respectively. All MEAs had ionomer to carbon (I/C) ratio of 0.8. Catalyst AST was also performed under
both stochiometric and sub-stoichiometric reactant gas condition, the later one termed as MEA 4. The MEA
3 cathode catalyst was supported on durable, low surface area (LSA), graphitized carbon support, and it
was employed for the support AST studies. Both MEA types have 18um PFSA (Gore Fuel Cell
Technologies manufacturer) membrane and are loaded with Pt catalyst and PFSA-based ionomer of

equivalent weight (EW) 1100. The details about the tested MEAs are reported in Table 1.



Table 1: Parameters of the MEAs employed in this work.

Cathode
Loading Anode Loading Support Type AST Type
mg cm™ mg cm™ -
MEA 1 0.6 0.2 HSA Catalyst (stoichiometric condition)
MEA 2 0.6 0.2 HSA Support
MEA 3 0.4 0.1 LSA Support
MEA 4 0.6 0.2 HSA Catalyst (sub-stoichiometric conditions)

2.2 Fuel Cell Testing and Characterization

Scribner 850e fuel cell test stand with maximum current load of SOA (Scribner & Associates Inc.) was used
for performing AST and measuring performance metrics such as polarization curve and mass activity. ASTs
were performed according to the DOE protocols. This work focuses on two AST protocols, namely the
Nissan-FCTT Pt dissolution’ and DOE carbon corrosion cycles.?® Pt dissolution cycle was performed at
80°C, under fully humidified H»/air at environment pressure * and 0.25/0.25 slpm gas flow-rates, with a
square-wave potential profile from 0.6 to 0.95 V or OCV, whichever is smaller, with 3 s hold at each step'®.
For the starved conditions the flow rates were 0.05/0.05 slpm instead. The total number of cycles was set
to 30,000 with interruptions for in-situ electrochemical characterization including polarization curves,
cyclic voltammetry (CV), CO displacement/stripping, electrochemical impedance spectroscopy (EIS) for
calculating double layer capacitance, and catalyst layer ionic conductivity. Characterizations were
performed at the beginning of life (BOL), 1,000™, 5,000%, 15,000, and 30,000" cycle. Table S1 reports the

summary of the testing protocols for the catalyst AST and characterization.

Carbon corrosion AST was also performed at 80°C under fully humidified H2/N,, with gas flow-
rates 0f 0.25/0.25 slpm. The potential was cycled using a triangular wave between 1 and 1.5 V with a sweep
rate of 0.5 Vs™!. Interruptions for the characterization were done at 100", 500, 1000, 2500", 5000" cycle

under air environment®. In-situ electrochemical characterization included polarization curves, cyclic




voltammetry (CV), CO displacement/stripping, electrochemical impedance spectroscopy (EIS) for

calculating double layer capacitance, and catalyst layer ionic conductivity.

MEAs were conditioned at 80°C and 100% RH by potential holds at 0.8, 0.6 and 0.3 V for 30 s
each until the values of the current density remains constant for at least 3 consecutive cycles. Polarization
curves were performed in Hy/air environment with 1.5/1.8 stoichiometric flows at 80°C with 100% RH and
150 kPa absolute pressure. Corresponding cell voltage at each current density (0, 10, 25, 50, 100, 200, 400,
600, 800, 1000, 1200, 1400, 1600, 1800 mA cm?) was averaged over the 180 s current hold. CV was
performed to assess the catalyst ECSA by sweeping the potential between 0.095 and 1 V at 20 mVs!. These
measurements were performed using VSP-BioLogic 4A potentiostat, feeding the cell with fully humidified
(100% RH) H»/N, gas flows (0.25 slpm flow rate on each side). Cell temperature was set to 80°C with no

backpressure applied.

2.3 Measurement of SOs3” group coverage using CO

Evaluation of SO5™ groups coverage was performed following the method developed by Garrick et al.*6. CO
displacement was preceded under fully humidified 5% H> in N> and N> (0.25/0.25 slpm) on the anode and
cathode, respectively. 2% CO in N, was introduced to the equilibrated cathode electrode after 2 min hold
at 0.35 V. The potential was kept for 6 more min, while recording the current. The cathode was then purged
with N» for 20 min and subsequently, CO stripping was performed by cycling the potential between 0.095
and 1 V at 20 mV s™'. The procedure was repeated in dry conditions at 25% RH. CO displacement charge
was calculated from the current-time plot. When CO is introduced in the system it displaces charges on the
platinum surface and a variation in the current of the cell was registered. Current-time plot was corrected
by subtracting the baseline current before and after the introduction of CO to normalize the current peak to

the same baseline, and finally the charge was obtained by integrating the current peak:

) [1]
Qdisplacement = idt

to



where to and t; are the two timestamps chosen as the steady conditions before and after the introduction of
the carbon monoxide mixture. Figures S9, S11, S13 and S15 show the CO-displacement current densities
vs. time. The value of the stripping charge obtained from the integration of the CO stripping peak, and it
was used also for the calculation of the Pt electrochemical surface area with the assumption of 420 pC cm-

2 as the unit charge for integrated CO areas, as reported by 2°:

Qstripping [2]
0.42 x Pt loading

ECSACO =

where Qguipping 18 the CO stripping charge. Figures S8, S10, S12 and S14 show the stripping CVs for the

MEA:s in all the conditions of the testing.

The voltage at which the displacement is performed is greater than the potential of zero charge at
Pt surface, which is reported to be around ~0.23 V2. In these conditions, the adsorbed species on the
platinum that are displaced by the CO through oxidation must be negative, and therefore they are all
attributed to the presence of SOs™ groups adsorbed. The SOs coverage can be calculated from the ratio of

the twice of the displacement charge to the stripping charge:

2Qq; 3
505 Coverage _ lesplacement [ ]
Qstripping

The measurement is carried out three times and only two last measurements are averaged to calculate the

displacement charge and the first measurement is discarded.

2.4 Double layer capacitance and catalyst layer conductivity
Double layer capacitance (Ca) was investigated for all cells following the method described by Iden et al.?
in which the catalyst layer is simplified as a Randles circuit. The imaginary part of the impedance at low
frequency region is used for obtaining the Ca.. This method identifies four interfaces in the fuel cell catalyst
layer that contribute to the total Ca, including platinum/ionomer, platinum/water, carbon/ionomer and

carbon/water. Potentiostatic EIS was performed at 80°C under fully humidified H»/N, environment with



gas flow-rates of 0.25/0.25 slpm on the anode/cathode, respectively. The DC potential was kept at 0.2 V
with an AC amplitude of 5% of the DC potential, from a frequency of 10,000 Hz to 0.1 Hz. The
measurements were repeated three times for each cell in four different conditions: (i) dry condition
(25%RH) before CO poisoning, (ii) dry condition (25% RH) after CO poisoning, (iii) wet condition (100%
RH) before CO poisoning, (IV) wet condition (100% RH) after CO poisoning; each representing a subset
of interfaces that contribute to the total double layer capacitance. Wet conditions express the contribution
of platinum and carbon contacted by both ionomer and water, while the dry conditions represent only the
fraction covered by ionomer. Measurements on the CO-poisoned electrodes allow for understanding of sole
carbon contribution which can be further subtracted from the total value to calculate the double layer

capacitance of single interfaces:

Ceot00%rH = Ccsi + Copw + Cpeji + Cpeyw [4]
Ceot25%rH = Ccji + Cpyyi [5]

Cio00%RH poisoned = Ccsi ¥ Copw [6]
C259%RH poisoned = Ccyi [7]

where, subscripts C/i, C/w, Pt/i and Pt/w indicate interfaces at carbon/ionomer, carbon/water, Pt/ionomer
and Pt/water, respectively. Once all the interfaces are known, the ionomer coverage on platinum and carbon

can be calculated:

g _ _ Crn [8]
Lpt Cpeji + Cpyw

0,0 = Ceyi [9]
" Ceji + Cepw

For the catalyst layer ionic conductivity calculations, EIS data was used. The impedance spectra from EIS
data showed a 45° line in the high to medium frequency region where real and imaginary parts are equal,
followed by a straight vertical line, representing a capacitive region. A physical impedance model,
transmission line model (TLM), was used to fit the EIS data at high frequencies to measure the proton

conductivity of the cathode catalyst layer 33!,



2.5 Ex-situ characterization

SEM cross-sectional images were taken from the pristine and aged cells. Samples were prepared by peeling
off GDLs from the MEAs, and subsequently embedding small pieces into epoxy resin (Araldite 502 epoxy
resin, SPI Chem.). Samples were cut with slow speed SiC circular saw (South Bay Technologies inc.) and
the sections were polished with P800, P1500, P3000 grit sandpaper, and later with 30 um and 0.5 pm
alumina paste. Cross sections were contacted to SEM stubs using silver conductive in, and SEM images
were collected using Hitachi Ultra-High-Resolution SEM Regulus 8230.

The XPS data were measured by Kratos AXIS Supra X-ray photoelectron spectrometer, with a
monochromatic Al Ka operating at 225 W for survey spectra and 300 W for high-resolution spectra. The
survey spectra were acquired using 160 eV pass energy, 1 eV step size, 100 ms dwell time, while the high-
resolution spectra were acquired using 20 eV pass energy, 0.1 eV step size, and 100 ms dwell time. For
each spectrum, the data were averaged by three random sample points and each sample point was averaged
by specific cycles of scanning. All spectra were analyzed using CasaXPS software and fitted with 70 %

Gaussian / 30 % Lorentzian line shape.

3. Results and Discussion

3.1 Catalyst AST
Catalyst AST was performed on MEA 1, where the cell was cycled for 30,000 times. Pt underwent
oxidation, dissolution and ripening. ECSA and ionomer coverage were recorded at defined intermediate
steps. The Nissan-FCTT Pt dissolution cycle is designed to trigger the dissolution and re-deposition of the
catalyst. Figure 1 shows the polarization performance and high frequency resistance (HFR) of the cell at
the BOL during the catalyst AST protocol. Most of the polarization loss occurred during the first 5,000
cycles in the kinetic and Ohmic regions. This is consistent with the changes in the ECSA, shown in Figure
Ic, where a sharp decrease is observed for the first 5,000 cycles and then more gradual ECSA loss is

observed with both CO-stripping and Hupp methods under wet conditions. Therefore, the polarization loss



observed in kinetic and Ohmic regions is largely due to ECSA loss. The cell voltage loss from the BOL to
30,000 cycles throughout entire polarization curve was less than 0.1 V, for example, at 0.2 A cm™? the
voltage loss was about 70 mV. Overall, after 30,000 cycles, MEA 1 lost 50 % of its ECSA, as measured in
wet conditions, it was reduced from 50 to 25 m? g! as measured by CV and 40 to 20 m? g'! as measured by
CO-displacement. However, in dry conditions the ECSA did not change and remained at around 10 m? g’!.
Under dry conditions, one detects Pt in contact with ionomer but not with water. Pt that is in micro- and
meso-pores is mainly in contact with water and under dry conditions there is no condensed water to conduct

ions.

The cell voltage from Figure 1a at higher current densities than 1.5 A cm™ increased at 5,000 cycles
and then decreased after 15,000 and 30,000 cycles. This is possibly due to improved wettability of the
catalyst layer as shown by slightly reduced HFR at high current densities for 5,000 cycles and after, due to
better proton accessibility to the catalyst or better oxygen transport. From the shape of the Hupp region
displayed in Figure 1b, it can be shown that the first Hupp peak decreased more with the number of cycles.
This is generally associated with the changes in the 110 and 111 Pt facets, where the surface of the Pt is
rearranging by the loss of high energy facets and the increasing amount of lower energy facets *? caused by

the dissolution/redeposition of Pt during AST protocol.
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Figure 1: Electrochemical properties of MEA 1 collected at different stages of the catalyst AST: a)
polarization curves at 80°C, 100 RH, 1.5/1.8 stoichiometric flows with 150 kPa absolute back-pressure, b)



cyclic voltammograms, c) evolution of the ECSA determined by both Hypp region of the H:/N:> CV and CO-
stripping charge at indicated RH.

Figure 1c exhibits the difference in ECSA obtained from dry and wet measurements, which is most
likely due to the difference in the amount of Pt within the micro- and meso-pores and that on the surface of
the high surface area carbon. As already mentioned, for 25 % RH most of the detected ECSA is attributed
to Pt on the surface of the carbon and not within the carbon support pores. The ionomer polymer chains are
in the range of tens of nanometer in diameter and cannot penetrate the meso and micropores of the carbon
support due to the size exclusion'? and only water is expected to conduct ions in the micro- and meso-pores.
For 25 % RH, we expect no liquid water condensation in the pores and hence Pt in the pores will not be
detected by the ECSA measurements. By comparing the ECSA value at the BOL in dry and wet conditions,
which is about 10 and 40 m? g'!, respectively (determined by dry CO measurements), one can conclude that
most of the nanoparticles (about 75% of them) are dispersed inside the micropores of the carbon support
and are not accessed by the ionomer. Furthermore, while the total surface area under 100 % RH decreases
with cycling, the area contacted by the ionomer (determined by dry CO measurements) remains constant.
Several conclusions can be derived from this data: (i) Pt in contact with ionomer does not degrade or/and
(i1) Pt dissolves from micro- and meso-pores and redeposits in the areas with ionomer coverage but Pt still
dissolves from under ionomer. It is possible that positively charged Pt ions are expelled from the micro-
and meso-pores with positive pore surface charge at these high potentials and then redeposited in the

locations where sulfonic acid groups partially balance surface positive charge.

Figure 2a shows the variation of the double layer capacitance for MEA 1 under wet and dry
conditions. Double layer capacitance for wet condition includes all interface, such as Pt/i, Pt/w, C/i and
C/w. The double layer capacity for 100 % RH was 300 mF cm? at the BOL and it decreased to 175 mF cm’
% after 30,000 AST cycles. ECSA loss amounted to 50 % from the BOL to 30,000 cycles, and double layer
capacitance loss was about 40 %, indicating that C/i and C/w double layer capacitance cannot be neglected.

The double layer capacitance for dry conditions was 75 mF ¢m and it was reduced to 30 mF cm? after



30,000 cycles. The ratio of double layer capacitance in wet and dry conditions is similar to that of wet and
dry ECSA which is about 4. The double layer capacitance data is in alignment with the ECSA data
confirming that about 75 % of the Pt particles are in contact with water and the remaining 25 % of Pt

particles are in contact with the ionomer.
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Figure 2: a) Double layer capacitance for MEA 1 for humidified and dry conditions, b) ionomer coverage
for MEA 1 on platinum and carbon support, c) SO3" coverage on Pt surface for the specified RH values, d)
catalyst layer conductivity at 25% RH from the EIS for MEA 1 with and without CO. e) A schematic of the
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proposed degradation phenomena occurring for MEA 1 subjected to catalyst AST.



Figure 2b shows the evolution of the ionomer coverage on Pt and carbon obtained from the
difference between the double layer capacitances at various RH, as described in Section 2. About 50 % of
accessible carbon area is covered by ionomer, indicating that the remaining 50 % is covered by water. This
agrees with the carbon support having high surface area. The fraction of C/i interface remained constant
from the BOL to EOL, as catalyst AST does not have a strong effect on carbon corrosion. The Pt/i interface
fraction decreases with the AST cycling. At the BOL, the Pt/i interface is about 20 %, whereas the remaining
80 % is Pt/w interface. The ionomer coverage here agrees well with the ECSA and double layer capacitances
data. At 15,000 AST cycles, the ionomer coverage increased to 38 % but decreased to below 10 % at 30,000
cycles because the ionomer coverage is a relative value and the sum of Pt/i and Pt/w must be equal to 100
%. At 15,000 cycles, the relative fraction of Pt/i increased as Pt has been lost from the micro- and meso-
pores (indicated by wet ECSA), where it was in contact with water. The loss of Pt/i at 30,000 cycles can

potentially be due to ionomer degradation, which will be explored when the XPS data is discussed.

The evolution of SO; coverage on Pt is reported in Figure 2¢. This coverage is different from the
ionomer coverage, as it shows only the fraction of the Pt surface that the side chain of the PFSA-based
polymer is adsorbed on, as described by Eq. (2). While ionomer presence is generally favorable for a better
local proton transport, adsorption of SOs™ groups is reported to suppress ORR reaction®’. The two
parameters appear to be related to each other: one may assume the adsorption of sulfonic groups is a direct
consequence of the ionomer coverage on the platinum catalyst®?, but too much of it may lead to an excessive
poisoning of the active sites, so there is likely to be an optimal value that ensure the best proton accessibility,
with limited effect on catalytic performance. Both in the wet and dry cases, the SO;” coverage on Pt is
decreasing with AST cycles. For 100 % RH at the BOL, the SO5™ coverage on Pt is 0.32, which is similar

to what has been reported in literature 264

. At 15,000 cycles, the SO;™ coverage decreased to 0.25 in wet
conditions. As can be seen, some SO3™ coverage data points are not available due to the complexity of the

measurements and the fact that reproducibility was not achieved for these points. Similar decreasing trend



in SOs3 coverage on Pt was observed for 25 % RH, but the ionomer coverage was much higher. This is
because of low CO-stripping charge on Pt at 25 % RH. As can be seen from Eq. (2), the SO3™ coverage is
proportional to the ratio of CO-displacement and CO-stripping. For both 100 % and 25 % RH, the CO-
displacement charge is similar (Figure S2 and Table S2 in Supplementary Material (SM)), but CO-stripping
charge is much higher for 100 % RH as Pt that is covered by water in the micro- and meso-pores is detected
in wet conditions. We also observe the CO-stripping charge (proportional to ECSA values from Figure 1)
does not change with AST cycling at dry conditions. The SOs™ coverage on Pt at 25 % RH decreased from
0.55 to 0.35. This decrease is due to reduction in CO-displacement charge (absolute value). This decrease
in the coverage can be attributed to a chemical degradation of the ionomer itself. It is reported in the
literature that at high potentials, OH radicals react with Nafion side chains and contribute to degradation of
the membrane®®; therefore, ionomer is also affected. This is supported by XPS analysis in Figure 3a by
comparing the changes in the intensity of C-F bond peak with the pristine case in Figure 3¢, where we see
a decrease in intensity. This peak is related to the bond between C and only one fluorine, which corresponds
to the position in the PTFE backbone where the side chain is present. From the elemental survey in Figure
3d, we also register a smaller atomic concentration of sulfur, which indicates the loss of side chains and

SO;™ groups.

Figure 2d shows the evolution of the ionic conductivity in the catalyst layer obtained from the EIS
spectra fitting for dry conditions. This ionic conductivity captures only ionomer and not water clusters that
can connect the disconnected ionomer segments. The ionic conductivity of the catalyst layer does not
change significantly during AST cycling and was around 0.01 — 0.015 S m™!. EIS data was available for
catalyst layer as is, and also after CO-poisoning. Both show similar trends with the loss of ionic conductivity

within first 5,000 cycles and then leveling off conductivity values from 5,000 to 30,000 cycles.

In summary, behavior of ionomer in the cathode catalyst layer during a catalyst AST can be
summarized by Figure 2e. Pt dissolution reaction is triggered by the voltage cycling but the dissolution

rates are different for Pt in contact with ionomer vs. Pt in contact with water (in micro- and meso-pores).



Higher dissolution rates are observed for Pt in contact with water, perhaps due to higher Pt ions transport
in confined water environment in micro- and meso-pores that can be affected by electric double layers and
surface charge (positive for high applied potentials). In parallel, due to the high potential and production of
OH radicals, some ionomer loss is observed because of the chemical attack, resulting in loss of SO3™ group
coverage on the platinum surface. Transmission electron microscopy (TEM) using Jeol Grand Arm has
been performed on the pristine and aged MEA 1. The results are shown in Figure S1, where particle size
distributions were reported, as an average over multiple images collected over various locations. From the
particle size analysis, the mean particle size increased from 3 nm for pristine MEA to around 6 nm for aged
MEA. For aged MEA 1 one observes a broad particle size distribution range, ranging from 2 nm to 14 nm.
This might be due to protective effect of the ionomer over the small platinum particles. From the TEM
image it is not possible to discern which particles are covered or not covered by ionomer. The
inhomogeneity in particle size partially supports the conclusion on different modes of degradation for Pt

covered and not covered by ionomer.

Figure S3 in SM displays the polarization curves, CVs, Tafel plots and ECSA loss for MEA 4,
which was subjected to starvation conditions in terms of gas flow. MEA 4 was identical to MEA 1 but used
5 times lower gas flow-rates during catalyst AST. The polarization loss and ECSA loss was observed to be
more dramatic for MEA 4 compared to MEA 1. Voltage loss in some polarization regions between BOL
and EOL was higher than 100 mV. At 0.2 A cm™ cell voltage difference between the BOL and EOL was
close to 100 mV, compared to only 70 mV for MEA 1. The ECSA loss was 60-63 % at wet conditions and
for dry conditions it was about 50 %. Similar to MEA 1 majority of ECSA loss happened within 5,000 AST
cycles. Unlike MEA 1, this reactant starved MEA has seen increase in HFR at 15,000 and 30,000 cycles.
Figure S4 shows the changes in double layer capacitances, ionomer coverage, sulfonic acid group coverages
and catalyst layer conductivities for MEA 4. For most of these similar trends are observed with the MEA 1
but for SO3- coverage that did not show trend. Figure S5 shows the decrease in C-F bond intensity from

BOL to EOL, indicating that MEA 4 similarly to MEA 1 had ionomer degradation. High gas flow-rates are



important during the AST as they ensure the stable potential of the anode and uniform along-the-channel
conditions for both anode and cathode. Otherwise, the AST will be conducted in inhomogeneous conditions

for gas flow along the channel and heterogeneous degradation of catalyst layers will occur.
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3.2 Carbon Corrosion AST

During carbon corrosion AST, the cell voltage is swept between 1 and 1.5 V. In this condition, Pt is almost

fully oxidized on the surface and does not participate in the degradation phenomena; thus, we can expect



that most of the ECSA loss be attributed to the corrosion of the support that disconnects the catalyst from
the electron and proton pathways. Figure 4a shows the polarization performance of the MEA 2 during the
first 1,000 carbon corrosion AST cycles. Dramatic loss of the polarization is seen between 100 and 500
cycles; however, no increase in the HFR was observed. The HFR increased significantly between 500 and
1000 cycles because of the lack of electron and proton pathways after carbon corrosion. This does not seem
to induce a major limitation to the cell performance because most of the losses are observed prior to the
HFR increase. ECSA, as can be seen from the CV plots in Figure 4b and 4d, had a steady decrease up to
500 cycles, where the cell lost half of its initial active Pt surface, and then stabilized for the remaining 500
cycles. MEA 1 and 2 show similar ECSA in wet condition, while the dry ECSA is slightly higher for MEA
2 compared to MEA 1. The ECSA loss is also observed at 25 % RH, indicating that Pt/i interface is also
reduced during support AST. The CVs are similar for MEA 1 and MEA 2, as predominantly the first Huprp
peak (Pt(110)) is lost during the AST. However, a distinct feature on the CV is observed for MEA 2 at 500

and 1000 cycles, at around 0.6 V that is attributed typically to carbon oxidation.

Similar dramatic loss in polarization is observed in H»/O, as shown by Figure 4c, where the IR-
corrected I-V curves are reported on the x-log scale. The slope of the curves is the Tafel slope that represents
the mechanism of ORR (number of electrons that participate in reaction), assuming a single rate-
determining step and that all the losses are kinetic in nature. The Tafel slopes are tabulated in Table 1,
where Tafel slopes change from 50.8 mV dec™ at the BOL to 133 mV dec™! at 1000 cycles. Since, the
catalyst composition did not change, there is no reason for the reaction mechanism to change. The only
explanation for the increased Tafel slope is that at higher cycles (500 and 1000), transport and ohmic
limitations become significant. The mass and specific activities (per geometric area) also show dramatic
decrease between 100 and 500 cycles. A sharp decrease in the catalytic activity seems to be the main factor
that determines the degradation of the cell. This should be attributed to the Pt ECSA loss (about 50 %) due
to the failure of the support during corrosion, disconnecting and mechanically removing Pt particles. From

the ECSA plot, an ECSA loss of 10 m? g'! is observed from the BOL to 1000 cycles, but the polarization



behavior does not change significantly with a small decrease in kinetic region. However, when ECSA was
further reduced to 15- 17.5 m? g'! in wet conditions at 500 and 1000 cycles, this is where the catastrophic
polarization loss was observed. The large kinetic loss is apparent in both Figure 4a and Figure 4c. When
using Tafel model for the ORR kinetics, one can derive equation where the loss in overpotential per decade
of catalyst loading corresponds to the value of Tafel slope.*® The ECSA ratio at the BOL to that at 500
cycles is about 3; therefore, the effective loss of loading is most likely similar to this ratio. From Table 1,
about 22 mV (Tafel slope of 65 mV dec! divided by 3) is expected to be lost as overpotential due to the
reduction in the ECSA between the BOL and 500 cycles and the actual loss at 10 mA c¢cm? (from Figure
4c) is close to this value and is 38 mV. The loss of ECSA explains the increase in overpotential in the
kinetic regime, but it does not explain the increase in the Tafel slope (Table 1 and Figure 4c) and
progressively higher overpotential losses in the Ohmic region that cannot be elucidated by the HFR as the

HFR value is very similar at the BOL and after 500 cycles.

Table 1. Slope and ipov from IR corrected I-V curves in H»/O, for MEA 2.

Cycles Tafel slope, absolute value i0.9v Mass Activity | Specific Activity
(mV dec™) (mA cm?ge) (mA mg™) (mA cm?p)
0 50.8 192.1 320.1 0.486
100 65.0 67.73 112.9 0.229
500 91.1 20.76 34.6 0.137
1000 133 15.96 26.6 0.104
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Figure 4: Electrochemical properties of MEA 3 collected at different stages of carbon corrosion AST: a)
polarization curves, b) cyclic voltammograms. c) oxygen polarization curves. d) ECSA evolution for MEA
2 collected from HUPD and CO stripping for the indicated RH values.

Figure 5a shows the double layer capacitance trend as a function of AST cycles and the decrease
of the double layer capacitance for wet conditions is similar to that of MEA 1. At the BOL, the double layer
capacitance was 300 mF cm™ (also 300 mF cm™ for MEA 1) and it decreased to about 175 mF cm™ at 1000
AST cycles. At 25 % RH, MEA 2 showed higher double layer capacitance of 130 mF c¢cm™ at the BOL
while MEA 1 exhibited a double layer capacitance of 75 mF ¢cm™. This indicates that MEA 2 has more Pt
on the surface compared to the Pt in contact with ionomer, which is most likely due to MEA to MEA
variability. Dry conditions show an initial slight increase in the double layer capacitance from BOL to 100

cycles followed by a decrease. This might be attributed to a higher Pt area becoming exposed to the ionomer



at 100 cycles due to carbon corrosion, followed by Pt and ionomer loss as the support degrades after 100

AST cycles.

Figure 5b shows ionomer coverage as a function of number of cycles. At the BOL, the C/i for MEA
2 is 45 %, which is close to the C/i value of 50 %. for MEA 1. However, as already mentioned, Pt/i double
layer capacitance is higher for MEA 2 compared to MEA 1 at the BOL. The C/i percentage increases with
the cycle number. This increasing trend is due to the reduction in “free” carbon surface after corrosion,
increasing the fraction of the total that is contacted by the PFSA polymer. After 1000 cycles, 80 % of carbon
surface is covered by ionomer and only 20 % is covered by water. lonomer coverage on Pt first increases
from 45 to 69 % from BOL to 100 cycles, and then decreases to 20 % at 1000 cycles. The Pt/i trend is
similar to the dry ECSA and double layer capacitance trends: in the initial cycles more Pt surface is exposed
to the ionomer before the drastic degradation of the polymer and support that causes disconnection of both

proton and electron pathways.

SO;™ coverage in wet conditions is similar for MEA 1 and MEA 2 at the BOL. Since more Pt is
present on the surface of carbon in MEA 2, the SO3™ coverage in dry and wet conditions is very similar. The
coverage shows a severe decrease of around 90 % over the 1000 cycles. The same trend of decrease in the
ECSA was also observed for wet conditions. The CO-stripping charge mostly shows the decreasing trend
with increase in the cycle number due to loss of Pt surface area (Figure S2b). The absolute value of the CO-
displacement charge is very similar for wet and dry conditions and monotonically decreased for MEA 2.
Since both CO-displacement and stripping charges decreased with AST cycling number, the net SO3"
coverage decrease is large, indicating the loss of Pt/i interface due to both Pt and ionomer loss (Figure S2b).
From the XPS data in Figure 3b, the intensity of C-F bond peak is significantly reduced for MEA 2
compared to Baseline, indicating the loss of the side chains in the ionomer. The fluorine content is reduced
but sulfur atomic relative percentage is extremely low, showing additional proof of ionomer degradation.
Ionomer loss for MEA 2 is larger than that of MEA 1 (Pt dissolution AST case). We can attribute this to

higher potential of the carbon corrosion AST and therefore an enhanced production of radicals which offers



much harsher conditions to the polymer. One might argue if this could be factored in to attribute the source
of degradation that comes from this type of accelerated stress tests: the effect of ionomer loss and the
disconnection of pathways for protons might be of the same order of magnitude compared to the loss of

active material and ECSA. This is reflected directly in the loss of polarization as shown in Figure 4c.

Catalyst layer conductivity from Figure 5d shows a monotonic increasing trend that can be
explained by the thinning of the catalyst layer due to carbon corrosion, leaving shorter ionic pathways that
results in a better ionic conductivity. The thickness reduction in the catalyst layer after carbon corrosion
experiment is shown by Figure S7, SM. As summarized in Figure Se, during support AST, the high potential
on the cathode leads to the corrosion of the carbon in the electrode, resulting in the detachment of catalyst
particles with the loss of active sites. At the same time, both for mechanical degradation and chemical
attack, the ionomer is also deteriorating, progressively eliminating access for protons to the remaining
active Pt sites. The two combined effects lead to a severe loss in polarization performance, as well as a

sharp ECSA loss in the first one hundred cycles.
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Figure 5: a) Double layer capacitance for MEA 2 for humidified and dry conditions, b) ionomer coverage
for MEA 2 on platinum and carbon support, ¢) SOs coverage on Pt surface for the specified RH values, d)
catalyst layer conductivity at 25% RH from EIS for MEA 2 with and without CO poisoning. e) A schematic
of the proposed mechanism of degradation for the carbon support AST.

Carbon corrosion AST on MEA 3 was performed to show the behavior of a corrosion-tolerant
cathode having LSA carbon support compared to the HSA carbon support of MEA 2. Figure 6a displays

the polarization performance during the first 2500 AST cycles. The cycling was interrupted between 2500



and 5000 cycles due to a shunt that short circuited the cell, unrelated to the degradation phenomena. In this
set of polarization curves, it is possible to see how both the activation and ohmic regions are not changing
significantly and therefore we can assume both kinetic properties and electric conductivity are preserved in
the cell. From Huypp region in Figure 6b, no dramatic change in the Pt features was observed, and from mass
activity plots in Figure 6c, the current values at 0.9 V show little change overall, indicating only minor
decrease in the kinetic performance of the catalyst. The measured Tafel slopes did not change significantly
with cycling, increasing from 67.9 mV dec™ at the BOL to 71.9 mV dec™! at 2,500 cycles. Degradation is
mostly limited to the high current density region, where the cell shows mass transport limitations. This
might be due to carbon oxidation and flooding. The ECSA measured with Hupp and CO-stripping is plotted
as a function of AST cycle number. BOL ECSA was measured to be around 30 m? g! for both 100 % and
25 % RH. The stability comes at the cost of a lower initial ECSA: graphitized carbon generally is less
porous compared to other types of support *7 and it is more difficult to disperse Pt uniformly on it. For this
graphitized cathode carbon support, most of the Pt was on the surface of carbon because graphitized support
had minimum amount of meso- and micro-pores *’. After 2,500 carbon corrosion AST cycles, the ECSA
decreased to 27.5 m? g!, which is a negligible loss of surface area, showing that the graphitized support is
very durable. Table 2 also revealed that mass activity and specific activities show virtually no change with

number of cycles, again indicating that the graphitized support is very well designed to protect Pt from

dissolution.
Table 2. Slope and ip.9v from IR corrected I-V curves in H»/O, for MEA 3.
Cycles Tafel Slope, absolute value 10.0v Mass Activity | Specific Activity
(mV dec™) (mA cm?ge) (mA mg™) (mA cm?p)

0 67.9 33.79 112.6 0.278

100 70.1 30.88 102.9 0.255

500 70.6 32.88 109.6 0.291

1000 71.3 30.24 100.8 0.270

2500 71.9 28.31 94.37 0.263
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Figure 6: Electrochemical properties of MEA 4 collected at different stages of carbon corrosion AST: a)
polarization curves, b) cyclic voltammograms c) mass activity plots from oxygen polarization curves, d)
evolution of the ECSA determined by both HUPD region of the Hy/N> CV and CO stripping charge at
indicated RH.

Figure 7a shows the double layer capacitance for MEA 3 in both 100 % and 25 % RH. Although,

most of Pt is on the surface of carbon, not all of it is in contact with ionomer, as there is about two times

higher double layer capacitance at 100 % RH compared to 25 % RH. The BOL double layer capacitance in



100 % RH was 95 mF cm?, which is three times less than for MEAs 1 and 2. The graphitized support has
lower double layer capacitance due to non-porous nature of the carbon support, lower Pt surface area
reducing Pt’s contribution to the double layer capacitance. The double layer capacitance for 100 % RH first
increased to 120 mF ¢cm™ at 1,000 cycles and then reduced to 85 mF ¢m at 2,500 cycles. The increase in
double layer capacitance during the first 1,000 cycles was most likely due to oxidation and wetting of
carbon. The double layer capacitance for 25 % RH stayed at about 50 mF cm™ for the entire AST, indicating
very stable C/i and Pt/i interfaces. The ionomer coverage on carbon was as high as 80 % or higher, which
was much higher than that of MEA 1 or 2, as there were no pores within graphitized carbon and most of
the carbon surface was in contact with ionomer. The Pt/i coverage was also higher for MEA 3 compared to
MEAs 1 and 2, as most of the Pt was on the surface of carbon and was accessed by the ionomer. At the
BOL, 50 % of Pt was in contact with ionomer and after 2,500 cycles, it increased to 58 %. SO;™ coverage
on the other hand (Figure 7¢), was only about 10 % at the BOL, which is much lower compared to MEAs
1 and 2. High value of Pt/i double layer capacitance and low SOj; coverage was most likely due to the
different ionomer orientation near the surface of Pt. Carbon wettability also controls ionomer orientation

near the surface °29,

CO-displacement charge was very similar for 25 % and 100 % RH. CO-stripping charge was also
similar for 25 and 100 % RH (Figure S2d and Table S2). Nevertheless, although the ECSA remained
constant after 2,500 cycles, CO-displacement charge reduced at both RH conditions. For this MEA, the
ionomer was most likely to degrade due to radicals’ formation and chemical attack alone, rather than the
combined effects of the loss of carbon support or Pt ECSA. Figure S6 represents the XPS spectra for this
MEA compared to the Baseline, which was identical for MEA 1 and 2. Higher content of carbon and lower
content of oxygen as well as the signature of graphitized carbon support can clearly be seen in MEA 3 XPS
spectra. Lower sulfur (S) signal can be indicative of ionomer degradation. This MEA also exhibited higher
catalyst layer ionic conductivity at the BOL (Figure 7d) compared to MEAs 1 and 2, which is due to the

better ionomer coverage on the low surface area of carbon, as shown earlier by Ramaswamy et al.*®. Tonic



conductivity did not change significantly with cycling, when no CO was introduced into the system. To
summarize, as opposed to high surface area carbon, this class of graphitized support catalysts (Figure 7e),
not only had a better tolerance to corrosion, which prevented Pt from detachment, but at the same time
helped keep the polymer adhesion, maintain the ionomer content in the electrode, preserve ionic pathways

and ionic conductivity, and prevent further polarization loss.
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Figure 7: a) Double layer capacitance for MEA 3 for humidified and dry conditions, b) ionomer coverage
for MEA 3 on platinum and carbon support, ¢) SOs coverage on Pt surface for the specified RH values, d)
catalyst layer conductivity at 25% RH from EIS for MEA 3 with and without CO poisoning. e) A schematic
of the proposed mechanism of degradation for the carbon support AST.

4. Conclusions

This work aimed to understand the evolution of Pt-ionomer and carbon-ionomer interfaces undergoing
catalyst AST and carbon corrosion AST. Two MEAs with HSA carbon support on the cathode were
subjected to the ASTs of DOE platinum dissolution protocol in air environment one of which was under
gas starving condition. Two MEAs, one with HSA and one with durable graphitized carbon support (LSA
support), underwent carbon corrosion AST. Electrochemical characterization at different stages of the ASTs
was performed and ionomer and SO3™ coverage on Pt were investigated. Double layer capacitance, ionomer
and SO;™ coverages were measured in wet (100 % RH) and dry (25 % RH) conditions. And furthermore,
Pt/i and C/i interfaces were elucidated by use of CO poison during EIS measurements. In wet conditions
all Pt and carbon is contacted by either ionomer or condensed water. In dry conditions Pt and C that is not
contacted by ionomer will not be detected. This study was the first one to understand Pt/i, C/i, Pt/w and

C/w interfaces evolution during ASTs.

Pt dissolution AST performed on a HSA carbon support cathode (MEA 1) revealed a limited
polarization loss throughout polarization curve (<70 mV), most likely attributed to the ECSA decrease
under wet conditions, which was around 50 % from the BOL to the EOL, defined by 30,000 AST cycles.

For this MEA with HSA carbon support the following observations were obtained:

e Most of the Pt nanoparticles were in the micro- and meso-pores, as detailed by differences in
ECSA (40 vs. 10 m? g'! for wet vs. dry) and double layer capacitances (300 vs. 75 mF cm?) in
wet and dry conditions.

e Pt that was not in contact with ionomer (in micro- and meso- pores) degraded more compared
to Pt in contact with ionomer, as evidenced by ECSA loss, double layer capacitances and

ionomer coverage for wet and dry conditions.



e For dry conditions no Pt ECSA loss was observed during AST, indicating that Pt in contact
with ionomer did not degrade significantly

o lonomer degradation was observed especially for 30,000 cycles, resulting in both Pt/i interface
loss and also loss in SOs™ coverage. lonomer degradation was also confirmed with the XPS

study.

MEA 4 was identical to MEA 1 but was cycled in catalyst AST under starving conditions for gas-flow.
Significantly higher degradation rate was observed for MEA 4 due to larger ECSA loss and also larger
polarization loss where the ECSA decreased by 60-63 % and the cell voltage was reduced by more than
100 mV in some polarization regions at EOL. MEA 4 results indicate that gas flow-rates during catalyst

ASTs are important as if flow-rates are low heterogeneous degradation of catalyst can happen.

Carbon corrosion AST was performed on MEA 2 that had HSA carbon support. The polarization
curve showed a sharp voltage decrease between 100 and 500 cycles, and the cell had to be stopped early,

after 1,000 cycles due to lack of performance. The following were observed:

e Majority of polarization loss occurred 100 and 500 AST cycles. This loss cannot be explained
purely by Pt agglomeration and detachment (ECSA loss). This polarization loss (~160 mV at 0.2
A cm) was mostly due to a combination of ionomer loss, carbon loss and Pt detachment.

e Significant loss of carbon was observed during the 1,000 cycles, and catalyst layer thickness was
reduced by half. Because of the loss of carbon the C/i interface increased from 45 % at the BOL to
80 % at the EOL (defined by 1,000 support AST cycles).

e Pt was lost regardless whether it was in contact with ionomer or water. This is indicative of Pt
agglomeration and mechanical detachment or isolation from electric or ionic domains.

e Pt/i interface dramatically decreased from 65 % at 500 cycles to 20 % at 1,000 cycles. This is
indicative of ionomer loss, as confirmed by XPS study. SOs™ coverage monotonically decreased

throughout the cycling indicating both Pt loss and also ionomer loss.



As a comparison, the same support AST was performed on a graphitized carbon support. MEA 3 performed
without any seeming degradation up to 2500 cycles, but it was shut down after that due to an unexpected
short circuit that ended the cell’s life. In this MEA, platinum ECSA was smaller than that for MEAs 1 and
2 having high surface area carbon as larger fraction of Pt was on the surface of carbon support, indicating
a smaller amount of meso and micropores within the carbon support. Differently from the previous case,
here both performance and ionomer coverage were preserved through the cycling. The effect of a stable
support is not only to mitigate the corrosion and the consequent ECSA loss, but also to offer a better

anchoring to ionomer and preservation of ionic connection and proton availability.
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