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This study investigates the performance losses and degradation of proton-exchange-membrane fuel-cell stacks taken from the
Alameda Contra Costa Transit District (AC Transit) bus system (Alameda and Contra Costa counties, California, United States)
that were operated for over 25,000 h. Here, we focus on the origin of differences in electrochemical performance between
beginning-of-life (BOL) and end-of-life states as well as diagnostic data acquired during the lifetime of the buses. In doing so, we
employ in- and ex- situ characterization methods such as polarization curves, electrochemical impedance spectroscopy, electron
microscopy, and X-ray characterization. Uniform degradation of the catalyst layer including Pt agglomeration/migration and
electrode thinning was observed in all of the post-teardown measurements compared to BOL materials resulting from years of field
operation. Despite these changes, the measured post-teardown performance suggests a sufficient output for the expected load,
which indicate factors other than degradation of the membrane-electrode assemblies (MEAs) are likely responsible for the
decommissioning of the stacks. The findings indicate that these MEA materials can enable long lifetime in fuel-cell vehicles, if the
MEAs are not subjected to adverse operating conditions. The results also highlight the need for more in-vehicle diagnostics to
maximize the lifetime of fuel cell vehicle (FCV) powerplants.
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Hydrogen fuel cells have the potential for increased efficiency
over traditional energy conversion devices and can result in greatly
decreased emissions of harmful criteria pollutants (such as carbon
monoxide, nitrogen oxides, particulate matter) compared to combus-
tion engines."> During normal operation, the byproduct of a polymer
electrolyte membrane fuel cell (PEMFC) is simply water, which can
be harmlessly released into the environment, avoiding any CO,
emissions. Fuel cells directly convert the chemical energy of the
hydrogen fuel into electrical energy that can be utilized as a power
source directly for many applications. For all of these reasons, fuel
cells present a promising emerging technology for both stationary
power generation and transportation applications, especially for
heavy-duty vehicles.**

Despite these advantages, fuel cell vehicles face challenges that
must be addressed for widespread adoption. First, the production,
storage, and distribution of hydrogen remains costly and energy-
intensive, relying primarily on natural gas sources.” Advancing
technology to drive the production and improve the efficiency of low
carbon intensive hydrogen—hydrogen produced via electrolysis
powered by renewable energy sources—becomes critical for alle-
viating the reliance on non-renewable energy supplies.®®
Additionally, the development of hydrogen refueling infrastructure
and advancements in fuel cell technology are essential for scaling up
adoption and reducing costs.” The hydrogen industry is at a pivotal
moment with governments worldwide promoting hydrogen energy
through subsidies and initiatives, and several major automakers,
such as Toyota, Hyundai, and Honda, offering commercial Fuel Cell
Vehicle (FCV).'%"'? Hydrogen-fueled FCVs offer a pathway toward
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a zero-emission future, but their success will depend on overcoming
key technical and economic barriers including the lack of data and
understanding of the durability of the cells and components over
time in real-world operation.

The Alameda Contra Costa Transit District (AC Transit) operates
a fleet of 626 buses to transport residents in the Alameda and Contra
Costa counties of California. Of the 626 buses commissioned, AC
Transit operated 13 fuel-cell buses, which were fully electric hybrids
using fuel cell and battery, under its Legacy Fuel Cell Bus Study,
denoted as FC4 to FC16."*'* This included an initial deployment of
three Van Hool A330 fuel cell buses in 2006 and a later expansion of
10 additional Van Hool fuel cell buses in 2010-2011." The Legacy
fleet had an average operating lifetime of 25,763 h with three of the
buses reaching over 30,000 h without requiring significant main-
tenance. The performance of these buses was measured periodically
throughout their lifetime when brought in for maintenance. FC7 and
FC12 (one of the buses studied in this work) had lower mileages
because spare fuel-cell components were installed after the original
stacks were decommissioned. FC4 was part of the additional
expansion fleet in 2010."*

This data and the stacks from two different fuel cell buses were
donated by AC Transit to the authors of this work for the purpose of
providing insight into the degradation of the fuel-cell stacks operated
in the field. Each bus contained two stacks of 290 PEMFC
Membrane Electrode Assemblies (MEAs). Each MEA has an active
area of 420 cm® and is comprised of an 18 pm membrane'® with
symmetric anode and cathode catalyst layers with a nominal loading
of 0.4 mgp, cm™> and 12 pm thickness manufactured by W. L. Gore
& Associates, Inc. (Newark, DE, USA). At beginning-of-life (BOL),
the Pt particle diameters were approximately 2 nm, and the stacks
were operated at atmospheric exhaust pressure. The stacks employed
microporous bipolar plates, or water transport plates (WTPs) and
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were operated with hydrogen and air, as has been described
elsewhere.'”'® Figure 1 contains a photograph of a single stack, as
well as a depiction of the geometry of the reactant streams. The
anode flow field channels were straight and partitioned equally
between the first and second passes. The cathode flow field channels
contained an oblique flow section and were asymmetrically parti-
tioned such that the first pass included slightly more than half the
active area due to decrease in air flowrate from inlet to outlet.
Further details of the stack design are contained in Fig. S1 in the SI.

Methods and Materials

Provided bus performance data analysis.—To facilitate compar-
ison with fuel cell data obtained in the laboratory using BOL and
end-of-life (EOL) MEAs, the data provided by AC Transit was
filtered to only those files that contained stack voltage variation
instead of voltage holds. These polarization curves largely contained
only ohmic regime data (mostly between 0.5V to 0.8 V), but this
still presents invaluable field insights of working PEMFCs. The
PEMFC performance was taken periodically over the course of the
buses’ lifetimes (over 10 years in the case of some of the buses).
Although 13 different PEMFC buses were part of the Zero Emission
program, the stacks from only two of these buses were provided for
complete tear-down analysis. The two buses for which parts were
physically provided for further testing were the stacks from buses
FC4 and FC12. Both buses reached end of life due to their inability
to deliver the minimum voltage required by the bus’s power-
conversion system. FC4 failed at 29,822 h over a period 11 years,
4 months and traveled for a total of 264,079 miles, while FC12 failed
at 25,964 h over 7 years, 4 months (total miles traveled not included
in end of life reported, but at least 185,000 miles). Figure S2 in the
SI shows an example of an end of life (EOL) report provided by AC
Transit.

The data analysis initially used a macro to aggregate the data for
each bus (initially in.csv files) into sheets in a single Excel
workbook, filtering out files that did not exhibit voltage differences
greater than 20 V (or 0.034 V per fuel cell). The data was further

filtered by the anode backpressure to provide useful comparison, as
the backpressure significantly impacts performance.'® The work-
books were then processed using the Pandas library and saved as
Pandas dataframes locally. As the data was perceived to be very
noisy, a convolution filter was implemented to smooth the data over
every 10 points. For all data that follows, the voltages were
normalized by the number of cells (580 total for both stacks), while
the current densities were normalized by the cross-sectional area
(420 cm?).

Cell analysis.—We utilized a variety of experimental techniques
to determine the root cause of the performance loss observed in the
stacks. First, we obtained performance data through polarization
curves, electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and mass activity measurements on MEAs
harvested from the EOL stacks. Even though we were limited in
the data taken throughout the lifetime of the bus to the ohmic regime,
the polarization curves obtained from BOL and EOL MEAs included
the kinetic, ohmic, and transport limited regimes.zo"22 Moreover,
EIS allowed for additional analysis to identify contributions to
performance loss from changes in membrane resistance, electrode
kinetics, and mass transport.23’29 The CVs were measured to
determine the hydrogen underpotential deposition, which was used
to calculate the electrochemical surface area (ECSA).

Additionally, we supplemented the above methods with imaging
using electron microscopy. These techniques yield thicknesses of the
layers involved, to monitor overall cell degradation.30 In addition,
Pt particle size distributions are useful in accounting for
Electrochemical Surface Area (ECSA) losses, since larger Pt
particles result in a smaller available surface area.>' A summary of
the experimental techniques and which cells they were performed on
can be found in Table I.

Single-cell testing procedure.—Individual cells were tested on
850 and 840 fuel-cell test stations equipped with 885 potentiostats
and automatic backpressure units (Scribner LLC, Southern Pines,
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b

Figure 1. (a) A photograph of a stack with 290 cells is shown with the external fuel and air manifolds removed. The pipe shown jutting out of the stack in the
front are water lines for the coolant. The anode side is facing the front (where the hydrogen enters the stack). (b) Depictions of the geometry of the reactant
streams, which consisted of two passes across the MEA. External manifolds connect to channels in the bipolar plates. The anode plates used straight channels in
the direction of the long side of the cell. (top) The cathode plate directed air in two passes with an asymmetric non-linear path (bottom). The MEA sampling
regions were identified as regions 1 through 6. There were no partitions in the MEA.
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Table 1. Tabulation of MEA samples and the analyses performed. Sampling locations indicated in the identifier are from the cell areas shown in
Fig. 1b, 50 cm®. MEA samples with the identifier (x/y) indicate that the sampling location was obtained from an area spanning areas x and y. A

location of “NR” stands for not recorded.

Sample identifier Cell Location Area (cm?) GDL material Electrochemical analyses Technique
BOL 5 Sigracet” 22BB PC, ECSA SEM

BOL 50 BOL Nimbus GDL PC, ECSA

270 270 NR 5 Sigracet” 22BB PC, ECSA

271-1 271 1 5 Sigracet” 22BB PC, ECSA SEM
271-4 271 4 5 Sigracet” 22BB PC, ECSA SEM

7 7 50 EOL GDL PC, ECSA, EIS SEM

7-1 7 1 TEM, PSD
7-6 7 TEM, PSD
165-1/6 165 1/6 50 EOL GDL PC, ECSA, EIS SEM
165-3/4 165 3/4 50 EOL GDL PC, ECSA, EIS SEM

74 74 NR 50 EOL GDL PC, ECSA, EIS

281 281 NR 50 EOL GDL PC, ECSA, EIS SEM

150 150 NR 50 EOL GDL PC, ECSA, EIS SEM

150 150 NR TEM, PSD TEM, PSD
150 150 NR 50 BOL Nimbus GDL PC, EIS

PC = Polarization curve.

ECSA-HUPD = ECSA using Hydrogen Underpotential Deposition.
SEM = Scanning electron micrograph.

TEM = Transmission electron micrograph.

PSD = Particle size distribution via TEM.

NC, USA) using 50 cm? cell hardware from Fuel Cell Technologies,
Inc. (Albuquerque, NM, USA) with solid plates with 14-channel
serpentine flow fields as used by Baker et al.*> Cell geometries of
5cm? (differential cell configuration) and 50 cm?® (integral cell
configuration) were tested in the 50 cm® hardware with the inactive
areas being masked by gasketing. Both cell sizes were sealed using a
polyurethane gasket with the 50 cm? cell using a 0.3 pm Kapton®
sub-gasket as additional edge protection for the MEA, which
reduced the active geometric area of the 50 cm?® cell to 47.8 cm>.
Sealing clamping pressure was achieved by torquing the cell
hardware bolts to 60 in-Ib.

A sheet of unused MEAs from the original fuel-cell stack
production were provided by Nimbus Power Systems (Groton, CT,
USA), which served as BOL samples of the stack MEAs. The EOL
MEAs and gas-diffusion layers (GDLs) were harvested from the
stack cells. For the 50cm® EOL cells, the GDLs from the
corresponding cell was used in the cell testing. The cathode GDL
(cGDL) contained a microporous layer (MPL), which left a residue
on the MEA when the layers were separated. The anode GDL
(aGDL) did not contain an MPL, which resulted in a clean separation
of the aGDL and MEA. For 50 cm? BOL cells, OEM GDL materials
(Toray® TGP-H-60 for the anode and Sigracet® 25AC for the
cathode) were provided by Nimbus Power Systems. These GDLs
are ideal for WTP cells and not necessarily solid plates since they are
hydrophilic and do not contain any hydrophobic treatments to
mitigate GDL flooding.'” Sigracet’ 22BB (SGL Carbon SE,
Wiesbaden, DE) was used as the GDL material for the 5 cm? cells.
The 22BB GDLs are carbon papers that have been PTFE treated and
contain an additional MPL to make them hydrophobic, a necessity
for solid-plate cells.

BOL MEAs were activated and conditioned using the Million
Miles Fuel Cell Truck (M2FCT) protocol based on the work of
Kabir et al.™® EOL MEAs were conditioned using the M2FCT
protocol prior to operation and electrochemical characterization.
Electrochemical characterization for all cells consisted of H,-N,
cyclic voltammetry, polarization, EIS, and mass activity using the
built-in test stand load box and potentiostat, which were all
measured under fully humidified conditions to mimic the wet
conditions imposed by the WTPs under operation.** The polarization
and impedance spectra were measured at a cell temperature of 80 °C

at an absolute pressure of 150 kPa using Hj-air at 100% relative
humidity, with the impedance response being measured galvanosta-
tically from 10 mHz to 10 kHz with 10 points per decade and using a
current perturbation amplitude that corresponded to 15 mV esti-
mated from the total polarization resistance. The reactant gas flow
rates for the polarizations using H, and air were fixed at 1000 and
3000 sccm, respectively for the 5cm? differential cells. The
flowrates for the 50 cm®> MEA were based on stoichiometric flow
with coefficients of 1.5 and 2, for the anode and cathode respec-
tively. After electrochemical characterization, MEA samples were
further characterized using SEM, and STEM.

The stacks operated at ambient exhaust pressures in the field, but
when the polarization curves were measured during maintenance, the
recorded exhaust pressures varied. To determine the effect of
pressure on the cell performance, the single-cell polarization curves
were measured at ambient pressure, which was achieved by
disabling the back pressure control, and at a constant gas pressure,
which was regulated by setting the back pressure to 150 kPa
absolute. Cells were also operated under temperatures ranging
from 60 to 80 °C with cathode air flow stoichiometric ratios of
1.25, 1.5, and 2. Parametric studies of cell performance as a function
of pressure, temperature, and cathode gas flow are included in the
Supplemental Material.

Imaging and particle size procedure.—Scanning transmission
electron microscopy (STEM) was performed using a JEOL JEM-
ARM200F NEOARM operated at 200 kV on thin slices of mem-
brane electrode assembly cross-sections prepared using diamond-
knife ultramicrotomy. The experiments were conducted using a
high-angle annular dark field (HAADF) detector. Samples were
exposed to a beam shower before experiment acquisition to reduce
hydrocarbon contamination.

Particle size measurement was assessed from HAADF-STEM
images acquired using specific settings which allowed a larger depth
of field. Images in each region of the electrode: bottom (close to the
membrane/catalyst layer interface), middle, and top (close to the gas
diffusion layer) were acquired to assess discrepancies in the size
distributions across the electrode. Following the acquisition, images
were analyzed, and particle sizes were measured following the
workflow described in Yu er al.*’
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Figure 2. Average polarization curves derived from the provided stack maintenance data at multiple timepoints for both (a) FC4 and (b) FC12.

Results

Stack data analysis.—The performance metrics for the buses
were only taken when the bus came in for maintenance, leading to
irregular intervals when data was added to the database. For FC4,
most of the data was taken near the end of life, with a few timepoints
taken earlier. For FC12, unfortunately only two timepoints with
polarization data were provided. The comparison between both
buses is provided in Fig. 2.

If the anode backpressure is not used as a filter for FC4, we
obtain the polarization curves in Fig. S3 in the SI. Figure 3
demonstrates a minimal difference in the performance of the two
stacks for FC4, highlighting the symmetry of the system. Due to the
similar performance of the two stacks from FC4, the focus of the
analysis is on stack A with the expectation that stack B performs
similarly.

One interesting characteristic of Fig. 3 is the variation in the
power outputs provided between 115 k miles and 221 k miles at 0.3
A cm™ and 045 A cm™. Since the cells within the stack are
connected in series, the total current through them is the same and
the total power output is given by

P =iCVA [1]

where V is the average voltage difference across one cell, C is the
number of cells in both stacks, i is the current density, and A is the
active area of the cells. The power output drops from 52 to 40 kW at
0.3 A cm™2 after 115 k miles and 221k miles, respectively, where
both are below the power threshold required for bus operation
(60kW). At 045 A cmfz, though, power goes from 69 to 57 kW,
which would have resulted in the bus being decommissioned at
221k miles with <60 kW power output. Although the peak power
output of the stack would be at a slightly higher current density and
depends on hybridization, these trends display the overall decline of
the performance of the stacks until the eventual decommissioning
due to their inability to meet the threshold power requirement.

As the data is provided for every 10 cells, we can additionally
compare polarization curve data for cells near the ends of the stack
to cells near the center. As seen in Fig. 4, the center of the stack
tends to perform worse than the ends at higher current densities, and
this gap only widens over the lifetime of the device. From the layout
of the stacks, this is possibly due to either heat management issues
from coolant water or the reactants inadequately reaching the center
of the stacks relative to the ends. Both the cooling water and the
reactants move from the ends of the stacks towards the center (see
Fig. S1), so the cooling water increases in temperature (reducing
effectiveness) and the reactant flow-rate decreases (flow maldistri-
bution). This mechanism can be mitigated using shorter stacks that
allow for improved heat exchange with the cooling system and more
uniform reactant flow. Other mitigation strategies include different
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Figure 3. The polarization curves taken for four different time points over
the lifetime of FC4. The performance is very similar for both stacks (solid
and dotted lines), coinciding indistinguishably in all except the 115 k miles
case at higher current densities.

inlet flow arrangements, increasing the number of inlet/outlet stack
ports for the reactant streams, and changing the manifold types.

Single-cell testing.—Cell polarization curves were measured
using a cell constructed from BOL materials and MEAs and GDLs
extracted from the stack. Electrochemical characterization was
performed on stack cells 7, 74, 150, 165, 270, 271, and 281. The
polarization curves from the 5cm?® and 50 cm? cells are shown in
Figs. 5a and 5b respectively. As expected, the 5 cm? cells with 22BB
GDLs exhibit higher performance (especially at higher current
densities), since these GDLs have hydrophobic treatments, which
are preferable for these solid-plate cells. EOL cells from the stack
exhibited lower performance when compared to polarization curves
from BOL cells. Figure 5a compares the performance of two 5 cm?
areas in difference locations of the same MEA: 271-1 is at the anode
inlet and 271-4 is at the cathode outlet. The minimal difference in the
polarization curves of the two locations, 271-1 and 271-4, illustrates
that the performance loss within each cell is extremely uniform with
the EOT cells from different locations exhibiting identical perfor-
mance. To further assess the sgatial distribution of cell performance
within a 420 cm? cell, 50 cm® MEAs and GDLs were taken from
region 1/6 (cathode inlet) and region 3/4 (cathode outlet) of cell 165
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Figure 5. Experimentally observed polarization curves of BOL MEAs and MEAs extracted from the PEMFC stack in (a) 5 cm? cells using Sigarcet” 22BB
GDLs for both the anode and the cathode and (b) 50 cm®> MEAs using GDLs removed from the corresponding cell with fresh GDLs used for the BOL cell.

to evaluate localized performance losses. Impedance spectra mea-
sured at low and high current densities suggested local variations
within a cell did not yield significant changes in overall performance
(see Fig. S4). This consistently implies that the local operating
conditions across the active area, and from cell-to-cell, were
relatively uniform, which is due in part to the unique water-
management enabled by the WTPs which prevent local fuel
starvation and provide uniform humidification.

Figure 5b compares the EOL of various cells from FC4 stack A,
where the mass-transport-limited regime exhibits higher losses for
some MEAs than others. Moreover, there was no clear trend of
middle cells (150 and 165) being worse than end cells (7 and 281).
Figure S5 shows the EOL performance difference more explicitly
with significant mass transport loss variation between the cells. This
variation can be attributed to the use of solid plates instead of WTP
in this testing and also due to MPL residue remaining on the cathode
after extraction of the EOL MEAs.

ECSA was measured from the BOL and EOL stack cells, which
showed a significant loss from an initial BOL ECSA of 75.3
7.0m? g~' to an EOL value of 23.7 +2.1 m* g~ '. The EOL ECSA
was consistent throughout all EOL stack MEAs. The EIS response
was measured at every steady-state current density in the polariza-
tion curve. Select spectra are shown for current densities of
400 mA cm™? and 1 A cm™? in Fig. 6. In Fig. 6a, BOL was
observed to yield the lowest impedance with a majority of EOL cells
having similar performance with the exception of cell 150, which

showed significant increases in cell impedance at both high and low
frequencies. The disparity in impedance was greater at high current
densities, as shown in Fig. 6b, where the observed impedance in cell
150 was significantly larger than all other cells tested. These EIS
results agree with the results shown in the SI and show the cell to
cell performance variability in the mass transport region.

SEM characterization.—SEM images of MEAs were taken from
BOL and EOL cells 7, 150, 165, 271, and 281. In Fig. 7, the
formation of a platinum band was observed in EOL samples. Images
from BOL and the best and worst performing EOL cells, which were
cells 7 and 150 are illustrated in Figs. 7a—7c respectively. EOL layer
thickness of the aCL, Membrane (M), and cCL shown in Figs. 7d-7f
respectively, suggest that loss of cCL occurred to the greatest extent
followed by the aCL with the membrane remaining about the same
thickness as BOL. The performance from cell 7 was the best
observed from the stack while cell 150 was the worst. Layer
thicknesses did not correlate to observed cell performance indicating
that the transport losses observed in these cells due to any
degradation are smaller than the cell to cell variability observed
between the various MEAs extracted from the stack and tested in
solid plates.

To determine the role of Pt dissolution/aggregation in the
differences in performance between middle and end cells, we took
Pt particle size measurements for both cell 7 and cell 150 using
HAADEF-STEM as illustrated in Fig. 8. Although some larger Pt
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particles can be observed in cell 150 as compared to cell 7, the
differences between these cells were within error and significantly
greater than BOL.

Another possible degradation mechanism comes from the for-
mation of a Pt band within the membrane, which can influence
membrane degradation and cause ECSA loss.***” However, STEM
images of Pt bands in the membranes of cells 7 and 150 show little
differences in the thicknesses of the Pt band (as depicted in Fig. 9).

Discussion

After 25,000 h and 221 k miles of operation, although the power
output of the bus system decreased to the point of decommissioning
the fuel-cell bus, the degradation of the MEAs does not explain this
dramatic loss in stack power. The performance measured in the
stacks in the buses is dramatically different than what is measured in
lab cells using the same MEAs. For example, with FC4, the
polarization curve at 0.3 A cm ™~ for the data at 221 k miles yields
an operating voltage of 0.55 to 0.6 V, while the polarization curve
taken with EOL MEA materials yields an operating voltage of
0.75 V, a power increase of at least 20%. This result occurs despite
the EOL data being taken after further degradation of the fuel cells
from 221 k miles.

There is no evidence of substantial membrane thinning (Fig. 7)
and the OCV is relatively constant (Fig. S6) and the hydrogen
crossover rates are also low (Fig. S7a). The lack of membrane
degradation is not surprising in WTP cells since this passive water-
management technology results in the entire active area being
maintained at close to 100% RH, with minimal RH cycling.
Therefore, two major accelerating conditions for membrane degra-
dation, low RH and RH cycling, are effectively mitigated in WTP

. PtBand .

r

-3

cells.!” A direct comparison of membrane degradation in WTP cells
and conventional solid-plate cells has been demonstrated
previously.*®

However, there is some evidence of thinning of the catalyst
layers, especially the cathode catalyst layers. This is expected, since
the cathode potential is greater than the thermodynamic potential for
carbon corrosion. Additionally, the high-RH environment of WTP
cells should promote carbon corrosion.”” However, there is no strong
evidence of severe cathode thinning, as one might expect from the
reverse current mechanism that results during uncontrolled start/stop
cycles.40 This is because UTC Power implemented multiple start/
stop-decay-mitigation strategies, which have been summarized
elsewhere.*' Since UTC Power was the first to discover start/stop
decay, they were also the first to implement these mitigation
strategies, which are now commonly used in most fuel-cell vehicle
applications. Because WTP cells suck liquid water into the porous
plates, local flooding is prevented and local carbon corrosion due to
local fuel starvation is also mitigated.

From CV and SEM measurements, the CLs exhibited loss of
ECSA and layer thicknesses. The ECSA shows a monotonically
increasing dependance on the cCL thickness, which is shown in Fig.
S7b in the SI. The loss of ECSA appears to be primarily due to the
growth of the Pt particles due to Ostwald ripening (accelerated by
higher temperature), platinum dissolution due to potential cycles,**
and loss of carbon support due to the aforementioned corrosion. As
these mechanisms are further accelerated at the increased RH
encountered with the use of WTPs, this reduction in Pt surface
area is expected. Although these buses were hybrids, the fuel cells
underwent extensive power/voltage cycles since the batteries were
not large. However, UTC Power did practice voltage clipping to

C_)athéd,a

%", PtBand

Membrane

Figure 9. The Pt bands (light particles) taken from STEM sampled from (a) cell 7, region 1 with an average thickness of 1.5 pm, (b) cell 7, region 6 with an
average thickness of 1.4 pm, and (c) cell 150 with an average thickness of 1.2 pm.
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Figure 10. Impedance spectra obtained at 400 mA cm > and 1 A cm?
using EOL and BOL GDLs. MEAs were taken from cell 150.

avoid open-circuit conditions, which does mitigate Pt growth due to
potential cycles. Additionally, the performance loss related to ECSA
loss corresponds to only about 50 mV at 0.5 A cm™2 consistent with
~65% ECSA loss (Fig. S8). All the tested EOL MEAs gave a
voltage >0.7 V at 0.5 A cm ™2 (see Fig. 5) when tested in 50 cm®
cells, whereas these cells had a voltage <0.6 V at 0.5 A cm ™2 when
operated in the bus. Therefore, it is reasonable to conclude that the
larger particle sizes while responsible for ~50 mV loss at 0.5 A
cm 2, cannot be the cause of the >150 mV loss observed in the
buses.

Since changes in the catalyst layer and membrane cannot explain
the voltage losses observed in the buses, attention was paid to
differences in the gas diffusion layer and other system variables.
While the buses were large systems operated using WTPs, the BOL
and EOL MEAs were tested in single cells using solid plates and
either fresh hydrophobic (5 cm? cell) or EOL (50 cm? cell) GDLs.
This leads to the conclusion that balance of plant and system issues,
or GDL degradation could be the root cause of the loss of power
observed in the bus systems.

The influence of GDL degradation was quantified by performing
cell studies with an EOL MEA with EOL and BOL GDL materials,
showing only little differences (see Fig. S9). Cell 150 was observed
to have the lowest performance, which could not be explained by
ECSA or SEM images and was therefore used for this study. The
impedance spectra were compared between the cell using BOL and
EOL GDL materials, which is shown in Fig. 10.
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At lower current densities, the spectra showed good superposition
between EOL and BOL GDL materials. At higher current densities,
the spectra exhibited increased mass-transport effects indicated by
the larger lower-frequency loops. Analysis suggests that a mild
negative effect on MEA performance was observed due to the GDL,
which was insufficient to explain the origin of the lower performance
of cell 150. Therefore, the mass transport variations observed
between the different cells are more likely due to cell to cell
variability arising from cell extraction (MPL residue on cathode
catalyst layer) and not due to any systematic GDL degradation. It
should also be noted that low-frequency inductive features in the
measured impedance spectra were observed in both Figs. 6 and 10,
which used 50 cm?® integral flow fields. These features have been
attributed to various mechanisms including water transport,**™° PtO
formation in the cCL,*® and hydrogen-peroxide reaction
intermediates.*’

In checking for failure mechanisms through other avenues,
although the data does not extend to open circuit, we tried to
capture the near open-circuit behavior. As open-circuit voltage
performance does not typically depend on anode backpressure, all
of the polarization curve data is utilized instead of only a filtered
subset. The data was truncated between 0.05 and 0.4 A cm™2 and
voltage between 0.6 V to 0.9 V and the voltage extrapolated to zero
current using straight lines to examine for a trend (lack of data in the
kinetic region did not enable Tafel fitting). As shown in Fig. S6 in
the SI, although the found open-circuit voltages are quite noisy, the
overall lifetime open-circuit voltage was relatively stable at 0.83 +
0.02V (low due to linear extrapolation instead of using a Tafel
slope). The open circuit voltage trend was observed in addition to the
absence of significant membrane thinning at EOL, as depicted in
Fig. 7 as well as low hydrogen crossover rates demonstrated in Fig.
S7a, all of which demonstrate little membrane thinning. This
demonstrates how a membrane can be maintained at nearly ideal
performance by keeping it hAydrated, even with a lack of radical
scavengers, such as Cerium.*® This data bodes very well for the
overall performance of fuel cells with radical scavengers especially
if drier conditions and RH gradients can be mitigated.*’

EOL power output—The given polarization data was used to
estimate the power output of the cell at every current density by
fitting a quadratic function to each curve in order to force a
maximum, as demonstrated in Fig. 11a. The power expression in
Eq. 1 can be modified to demonstrate a quadratic dependence where
a linear polarization curve is involved. Here, it should be noted that
the quadratic fit for 73 k miles was performed with a current density
range of less than 0.1 A cm™2, so the resulting fit should not be
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Figure 11. Power curves observed from (a) data given during the lifetime of the bus and expanded using a quadratic fit and (b) projected total power output of a
two-stack power plant operated at ambient pressure. The projected total power curves using the polarization data from the best and worst cell were also calculated
to suggest maximum and minimum EOL total power output. The EOL average was obtained by averaging all the 50 cm? polarization curves. The minimum

required power plant power output is indicated by the horizontal 60 kW line.



Journal of The Electrochemical Society, 2025 172 074507

o
<o
T

Potential [V]
o
(=]

GDL Losses

04 F
I Cell-to-Cell Vaniation
0. 2 i i i i "
0 0.5 1 1.5 2
Current Density [A/lcm?]

Figure 12. Contributions to the total cell losses were estimated by
comparing polarization curves obtained from cells recovered from the stack
cell assembled with new materials. Kinetic losses were estimated from the
difference in polarization between the BOL and EOL performance estimated
from OCV to 100 mA cm 2. GDL losses were estimated from the
polarization data from assembling EOL stack MEAs with EOL and BOL
GDL materials. Stack distribution losses were estimated from polarization
differences between the best and worst EOL stack cells, which were cell 7
and cell 150, respectively.

trusted, but has been included for completeness. The polarization
curves were used to estimate the power output of the two-stack
power plant (120 kW rated power) contained within a bus. The
power curves obtained from the EOL 50 cm® MEAs were corrected
for back pressure and extrapolated using the total estimated active
area of the two stacks, and are shown in Fig. 11b. Estimates of the
total power output suggests a 6 to 10% power loss, which is well
below the system-observed decommissioning power loss of 50%.
The polarization curves shown in Fig. S10, where an EOL cell was
operated at ambient and at 150 kPa back pressure, were used to
perform a pressure correction and to estimate the EOL stack
potential. Ambient pressure operation yielded a reduction in cell
potential of 25 mV at open circuit up to S0 mV at operating current
densities. Figure S11 illustrates the power curves for all the tested
50 cm? cells shown in Fig. 5b.

The EOL projected power output accounts for performance
losses in the 50 cm?® cell tested. Although the maximum power of
the parabolas in Fig. 11a tends towards 60 kW (any lower would
indicate bus failure), the power curves projected from Fig. 11b
instead suggest ample power available in the fuel cells to meet
performance requirements.

Utilizing the total potential losses between cells 7 and 150 (see
Fig. S5), we can break down the differences between BOL and EOL
cells through expected mechanisms as in Fig. 12. Kinetic losses were
estimated from the difference in polarization for relatively low current
densities. GDL losses were evaluated from the differences in the
polarization curves between BOL and cell 7 at EOL after accounting
for the kinetic loss. Cell-to-cell variation losses were estimated from
the differences in the polarization between the best and worst cells in
the stack at EOL. These results are consistent with the observed
catalyst and GDL degradation as discussed above but not consistent
with the power loss observed in the bus stack. Moreover, these losses
were insensitive to the various cell operating parameters including
temperature and cathode flow rate (see Fig. S12).

Conclusions

The results of this study provide valuable insights into PEMFC
degradation during extended operation in fuel-cell buses. The
polarization curves and electrochemical impedance spectroscopy

(EIS) data demonstrate a clear decline in performance from BOL to
EOL cells. The observed degradation can be explained by well-
known decay mechanisms. This loss of performance can be
primarily attributed to a loss of ECSA, due to growth of the Pt
particles, as well as some loss of Pt to a band in the membrane.
There were minimal changes to the membrane, and catalyst-layer
thinning was uniform throughout the active area and cell location,
possibly aided by high catalyst loading. These two results may be
attributed to the use of water-transport plates (WTPs), which
passively maintain uniform (~100% relative humidity) conditions
with minimal liquid water flooding.

Despite this cell degradation, the EOL fuel-cell components
tested individually continued to perform at a level sufficient for
meeting the power demand specifications of the buses of the
Alameda Contra Costa Transit District. The greatest differences,
instead, were between the data taken during the lifetime of the bus
and the EOL polarization curves, which utilized fresh GDLs. This
signifies the majority of the performance losses were due to sources
outside of the membrane and catalyst layer. One possibility is a
change in the system balance of plant, meaning supporting hardware
not inclusive of the fuel cell stacks, such as degradation in the air
blower or seals, which could result in the poor performance observed
in the buses. More work is required to determine the actual root
cause of this significant discrepancy. Future exploration could
include testing of entire systems and/or stacks across the entire
voltage range, which are beyond current capabilities.

Outside of the possible limitations of the stacks, the analysis
completed demonstrates that both the membrane and the catalyst
layers retain their BOL performance to a large degree and could
continue to be utilized. After reaching EOL (above 25,000 h), the
degradation of the MEA accounted for only a 50 mV decrease at 1 A
cm 2. Additional optimization methods such as utilizing radical
scavengers and pressurizing inlet flows would enhance the perfor-
mance of the MEA even further. With these design principles in
mind, the findings and data analysis of this study provide a basis for
future improvements in material design and operational strategies to
extend the lifetime of PEMFCs in real-world applications.
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