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ABSTRACT: Several experimental methods were used to identify
the cause of the concurrent increase in kinetic and mass transfer
overpotentials during the contamination of proton exchange
membrane fuel cells outfitted with a commercially relevant cathode
catalyst loading of 0.1 mg Pt per cm2. Neutron images demonstrated
that the transport of liquid water through gas diffusion electrode
materials was subtly affected by the presence of propene and methyl
methacrylate in air at ppm levels (25 to 100 ppm propene, 12.5 to 50
ppm methyl methacrylate). Multioxidant polarization curves were
obtained to isolate overpotentials (O2, 21% O2 + 79% He, and air).
For all cases, neat air, 50 ppm propene in air, and 25 ppm methyl
methacrylate in air, only kinetic and mass transfer overpotentials
increased (O2 reduction on a Pt supported on C catalyst, O2 diffusion
through the catalyst layer ionomer). Also, only the O2 mass transfer
coefficient associated with diffusion in the catalyst layer ionomer increased in the presence of 50 ppm propene and 25 ppm methyl
methacrylate. Contaminant species adsorbed on the catalyst decrease the active surface area and increase both the real current
density and the O2 reduction kinetic overpotential. The smaller active surface area also brings the real current density closer to the
limiting value, inducing an increase of the mass transfer overpotential connected with O2 movement in the ionomer layer covering
the catalyst. This mechanism was supported by a mathematical contamination model focused on contaminant and O2 processes on
the catalyst surface (adsorption, reaction, desorption).

1. INTRODUCTION

Vehicles powered by proton exchange membrane fuel cells
(PEMFCs) are currently commercialized in limited numbers.
Degradation is still an issue delaying larger-scale adoption.1

Contamination is an important source of degradation2

increasing commercialization risks because system robustness
partly relies on an air filter3 that may be faulty or is no longer
able to perform its function due to negligence about its
maintenance. A multitude of contaminants exist, and the
majority of those that have been tested have shown several
detrimental effects4 including kinetic, ohmic, and mass transfer
overpotential increases.5 The majority of the identified
contaminants remain to be characterized preventing the
development of contamination mechanisms that are important
to devise effective mitigation strategies. Additionally, con-
tamination mechanisms are generally species-specific due to,
for example, the multitude of adsorbate configurations on the
catalyst surface and chemical as well as electrochemical
reactions6 leaving many gaps in understanding including
reactant mass transfer and water management.
Several broad classes of contaminants were identified: ions

(cations and anions), inorganic, and organic species. The
different cation effects on PEMFCs largely stem from their

exchange with ionomer and membrane protons.7−9 The
presence of cations in the ionomer decreases the O2

permeability because the water content is lessened by a
smaller ion solvation10 affecting hydrophilic ionomer channels,
a gas transport path,11 and corresponding limiting current.
Furthermore, the drier ionomer decreases the real catalyst
active surface by contraction, which brings the current density
closer to the limiting value. Cations are also pushed toward the
cathode during PEMFC operation due to the electric field,
which locally decreases the proton concentration and the
proton limiting current. Additionally, the O2 reduction
mechanism is perturbed by the local change in charge
distribution,12,13 which increases the H2O2 yield, lowers the
electron transfer number, and increases the required O2 flux
(larger current density to limiting current density ratio). The
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higher H2O2 yield may also promote material degradation (C
catalyst support, etc.), which may induce surface hydro-
phobicity and liquid water management (flooding) changes.
Cation precursors (NH3 hydrolysis leads to NH4

+) and anions
may adsorb on the Pt catalyst surface, which partially blocks
the active area and increases the real current density closer to
the limiting value. Salt precipitation is possible and
preferentially occurs in flow channels and the gas diffusion
layer under landings, occluding transport paths and modifying
component hydrophobicity and water management. One or
more of these effects were invoked to explain increases in mass
transfer losses observed during Co2+ (from PtCo alloy catalyst
dissolution),14,15 NH4

+ (reformate impurity),16−18 Ca2+ (a
component of roadside desalting agents, seawater compo-
nent),19−23 K+ (seawater component),21 Ba2+,21 Al3+,21 and
Cl− (seawater component)24 contamination. Organic species
adsorb on PEMFC C (gas diffusion layer, sublayer, catalyst
support)25 and Pt26 materials, which, respectively, alter surface
hydrophobicity and liquid water management, and increase the
real current density by partially covering catalyst sites. These
mechanisms were employed to explain mass transfer loss
modifications resulting from contamination by toluene
(solvent and industrial feedstock),27,28 naphtha (potential
fuel cell system component cleanser),29 acetonitrile (butadiene
production solvent),30 acetylene (welding fuel and chemical
manufacture precursor),30 bromomethane (solvent and chem-
ical manufacture precursor),30 isopropanol (cleaning fluid and
solvent),30 methyl methacrylate (poly(methyl methacrylate)
synthesis precursor),30 naphthalene (mothball primary ingre-
dient),30 and propene (polypropylene synthesis precursor and
petrochemical feedstock).30 It is currently unclear if organic
species predominantly affect mass transfer losses by adsorbing
on C (water management change) or the Pt catalyst (increase
in real current density). Clarification of this aspect would help
focus on contamination mitigation activities because most air
and system contaminants are organic.31 Furthermore, the
confirmation of an effect of organic contaminants on water
management would suggest the existence of synergy between
contaminants adsorbing on C and cationic contaminants,
which require a liquid water path to reach the ionomer or
membrane for ion exchange with protons.7 From that
standpoint, the understanding of contaminant mixtures,
which are prevalent in the field,32 would equally benefit from
such a mechanism clarification.

In this report, several experimental methods were used to
clarify the effects of two organic contaminants on O2 mass
transfer in PEMFCs. Neutron images were acquired to directly
and locally quantify the amount of water in operating
cells.33−35 Polarization curves were completed with different
oxidant compositions to obtain kinetic, ohmic, and mass
transfer overpotentials.36−38 Overall O2 mass transfer coef-
ficients were first derived from limiting current densities.39

Subsequently, overall O2 mass transfer coefficients were
separated into elementary contributions by varying the oxidant
diluent molecular mass and the O2 concentration. This
procedure extends a mass transfer coefficient separation
method39 and yields molecular and Knudsen diffusion and
transport in the ionomer contributions. Overall mass transfer
coefficients were finally used to validate an adapted
contamination model. The unmodified model was derived
for three different contaminant reaction kinetics on the catalyst
surface: inactive species, active species with a slow rate-
determining reaction, and active species with a slow rate-
determining product desorption.40

2. EXPERIMENTAL SECTION

2.1. Contaminant Selection. Organic contaminants were
first chosen from a previously established down selection list
(Table 1)4 because their effects are well documented and have
shown increases in mass transfer resistance at sufficiently high
contaminant concentrations with the exception of isopropanol
(Table 1).30 This list was subsequently reduced by using
several criteria to minimize test duration, simplify test
procedures, and facilitate result interpretation. Selection
criteria included contaminant hydrophobicity, reactivity,
current distribution uniformity, contamination and recovery
timescales, the extent of the cell voltage loss that is recoverable,
and the fraction of contaminant scavenged by liquid water
drops.
Contaminant hydrophobicity is expected to affect liquid

water management because contaminant adsorption on
membrane/electrode assembly C materials (Table 1) modifies
liquid water transport. A surrogate measure, the contaminant
solubility in water (Table 1), was employed to evaluate
contaminant hydrophobicity. A wide range of solubilities was
observed, from sparsely soluble (propene) to miscible
(acetonitrile, isopropanol).

Table 1. Selected Organic Contaminant Characteristics

species acetonitrile acetylene bromomethane isopropanol
methyl

methacrylate naphthalene propene

dimensionless mass transfer
resistance increase30

3.14 1.32 2.65 0.93 2.21 7.88 2.12

adsorption on C yes41 yes42 yesb,43 yes44 yesc,45 yes46 yesd,47

solubility in H2O (mg·L−1) misciblea 1170 17,500 miscible 15,000 31.6 0.61
contaminant conversion (%)48 20 to 45 (0.55

to 0.65 V)
0.8 to 100
(0.55 to
0.85 V)

0 (0.1 to
∼1 V)

49 to 57 (0.55
to 0.68 V)

detectable but not
quantifiable (0.5 to
0.85 V)

43 to 89 (0.55
to 0.85 V)

dimensionless local current
maximum loss and gain (%)48

−15 to 12 −17 to 18 −19 to 13 −9 to 5 −7 to 6 −25 to 14 −8 to 6

contamination timescale (h)4 1.6 3.13 19.6 2.33 0.55 0.41 0.25
recovery timescale (h)4 21.2 0.1 11.5 1.19 0.09 ∞ 0.04
cell voltage loss fraction that is
recoverable4

0.97 1.02 0.22 1 1.03 0 1.06

fraction of contaminant
scavenged4

0.064 8.6 × 10−5 1.2 × 10−5 0.075 0.0026 0.0030 1.1 × 10−5

a786 g·L−1 for pure acetonitrile. bDichloromethane. cMethyl acrylate. d4-Methyl-1-pentene.
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Most contaminants are not fully oxidized at a 0.55 V cell
voltage (Table 1), which is in part supported by contaminant
reduction and oxidation potentials.49 This situation ensures
that a supply of unaltered contaminant is available for
adsorption. Tests completed with different contaminant
concentrations and a momentary contaminant injection have
demonstrated that the current distribution may be altered. The
dimensionless change in current density is minimum for
isopropanol, methyl methacrylate, and propene (Table 1). The
absence of a contamination effect on the current density
distribution simplifies data interpretation. Methyl methacrylate
and propene exhibit fast contamination dynamics with
contamination and recovery timescales resulting from a
momentary contaminant exposure that are both shorter than
an hour (Table 1 data taken from Table 3 in ref 4). Fast
contamination dynamics are convenient because the scheduled
neutron imaging beam time was limited. Additionally, most
contaminants had a temporary effect with a cell voltage that
eventually recovered after the contaminant injection was
interrupted (Table 1 data were calculated using voltage
changes taken from Table 3 in ref 4), which eliminated the
need for a time-consuming rejuvenation procedure. For
contaminants that dissolve in water, entrainment in product
water drops is a possibility that leads to a decrease in
contaminant concentration.50 However, this scavenging effect
is minimal for all contaminants listed in Table 1 (data taken
from Table 2 in ref 4), which again facilitates data
interpretation by limiting the number of contamination effects
that need to be considered.
Propene and methyl methacrylate were selected because

they covered a wide range of solubilities in water (respectively,
0.61 mg·L−1 and 15,000 mg·L−1), were partially converted into
oxidized products, minimally affected current distribution, had
fast contamination kinetics, had a reversible effect on the cell
voltage after contaminant injection was stopped, and were not
significantly entrained by product water drops. These features
minimize test duration, simplify test procedures, and facilitate
result interpretation. Other reports detailing the effects of
propene and methyl methacrylate on PEMFCs are avail-
able.51−54

2.2. Cells and MEAs. Two different Los Alamos National
Laboratory single fuel cell designs were slightly adapted to
access both in-plane (the neutron beam is perpendicular to the
membrane/electrode assembly (MEA) plane) and through-
plane (the neutron beam is parallel with the MEA plane) liquid
water distributions. Both cells were described,55,56 and only key
features are mentioned. Only flow field designs were changed
to conform with prior Hawaii Natural Energy Institute
(HNEI) PEMFC contamination studies. All bipolar plates
were made of Au-plated 6061 Al and had serpentine flow fields
with 0.79 mm channel and 0.76 mm land widths. Cathode
channels were 0.84 mm deep, whereas anode channels had a
depth of 1.14 mm. The in-plane water distribution cell had an
active surface area of 50 cm2 (7.07 cm by 7.07 cm, anode/
cathode, double/triple serpentine), whereas the through-plane
water distribution cell had a surface area of 3.08 cm2 (1.42 cm
by 2.18 cm, anode/cathode, single/single serpentine).
Commercially relevant W. L. Gore and Associates57 5715

MEAs with 0.1 mg Pt cm−2 loadings on the anode and the
cathode were employed. These catalyst coated membranes
were inserted between SGL Carbon57 SIGRACET 25 BC gas
diffusion layers and polytetrafluoroethylene gaskets (anode/
cathode, 152/203 μm thick (0.006/0.008 inches)). MEAs were

conditioned using the following sequential protocol: 0.6 V for
1 h, cycling between 0.85 V for 5 min, and 0.6 V for 10 min for
20 cycles. The operating conditions for MEA conditioning
were as follows: temperature (80 °C), cell inlet relative
humidity (100%) and outlet pressure (48.7 kPag) for H2 and
air compartments, and, for the 50 cm2 cell, flow rates of,
respectively, 0.5 and 1.5 standard L·min−1 for H2 and air.

2.3. Neutron Imaging. For the 50 cm2 cell, tests were
conducted with constant operating conditions and a
temporary, stepwise injection of a contaminant in air. The
cell was operated for a minimum of 1 h before and after the
contaminant injection period, which lasted a minimum of 0.5 h
for each concentration. Two contaminants and two reactant
stream humidification schemes were explored (Table 2). The

cathode reactant stream relative humidity was increased from
50 to 100% to maximize the amount of liquid water and
accentuate the methyl methacrylate effect on liquid water
management. Other operating parameters were maintained at a
constant level: current density (1 A·cm−2), temperature (80
°C), cell outlet pressure (48.7 kPag), and reactant
stoichiometry (2) for H2 and air compartments. The dry
contaminant gas was preheated and injected downstream of
the humidified air stream. During this process, the humid-
ification of the resulting fuel cell inlet gas was kept constant by
increasing the temperature setting of the humidifier unit.
For the 3.08 cm2 cell, test conditions were adapted to mimic

the local situation at both the inlet and outlet of the larger 50
cm2 cell (differential operation). Anode and cathode gas flow
rates were reduced by a factor of 2 and 3, respectively, because
the 50 cm2 cell had two anode flow field channels and three
cathode flow field channels whereas the 3.08 cm2 cell had a
single flow field channel in both compartments. Channels for
both cells have the same cross section (Section 2.2). The inlet
pressures for the 50 cm2 cell are 52/70 kPag for the anode/
cathode, respectively (2 stoichiometry, 1 A·cm−2). The inlet
conditions of the larger cell were simulated by controlling the
smaller cell inlet pressure, whereas for the outlet conditions of
the 50 cm2 cell, the 3.08 cm2 cell outlet pressure was
controlled. For the 3.08 cm2 cell, the inlet conditions that were
kept constant were as follows: current density (1 A·cm−2),
temperature (80 °C), absolute pressures of, respectively, 152
and 170 kPa for H2 and air compartments, inlet relative
humidities of, respectively, 100 and 50% for H2 and air, and
reactant stoichiometries of, respectively, 16.2 and 10.8 for H2
and air streams. Outlet conditions for the 3.08 cm2 cell were
calculated using a General Motors model,58,59 which yielded
the following values: current density (0.875 A·cm−2), temper-
ature (80 °C), absolute pressure (48.7 kPag), inlet relative
humidities of, respectively, 90 and 104% for H2 and oxidant,
reactant stoichiometries of 16.2 and 10.8 for H2 and oxidant
streams, respectively, and dry gas compositions of, respectively,
100% H2 and 12.8% O2 + 87.2% N2 for the fuel and oxidant.

Table 2. 50 cm2 Cell Tests

contaminant
anode/cathode relative

humidity (%)
contaminant concentration

sequence (ppm)a

propene 100/50 0, 25, 50, 100, 0
methyl
methacrylate

100/50 0, 12.5, 25, 50, 0

methyl
methacrylate

100/100 0, 50, 0

aDry gas basis.
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As for Table 2 tests, during the contaminant injection period,
the contaminant concentration was sequentially increased and
each step lasted a minimum of 1 h. As for the steps before and
after the contaminant injection period, their duration was
unchanged and lasted a minimum of 1 h. Table 3 summarizes
all tests.

Neutron images were obtained at the National Institute of
Standards and Technology, Neutron Imaging Facility (BT-2),
Gaithersburg, MD.60,61 Images were acquired during cell
operation and for each step after a steady state was reached.
Image data processing followed established procedures
provided by the NIST and included (1) combining dark
field, flat field, dry cell, and operating (wet) cell image sets
using a 3 by 3 median spatial filter, (2) normalizing wet and
dry images with the flat field image, (3) registering all
combined images using the dry cell image as a reference, and
(4) calculating the optical density (OD) with the flat-field
normalized wet and dry images. Section 3.1 contains a
discussion of the OD calculation.
Water content profiles were derived from neutron images by

averaging across regions of interest in the optical density data.
For the 50 cm2 cell, the averaging domain for the vertical line
scan profiles included the active area without flow redirection
and port regions (Figure 1a), creating data that were
dependent on the distance along the cell height and
representing the inlet to outlet variability. For the 3.08 cm2

cell, two averaging domains were considered (Figure 1b).
Averaging domains for horizontal line scans were centered in
the middle of the flow field landing and channel and covered

50% of their width. Averaging domains also extended beyond
outer gas diffusion layer surfaces for a short distance into flow
field channels and landings. Data were dependent on the
distance along the MEA thickness. In Figure 1b, anode flow
field channels are not visible because they contained an
insufficient amount of liquid water.

2.4. Polarization Curves. Polarization curves were
acquired at HNEI using the 50 cm2 cell and the following
operating conditions that are consistent with Section 2.3 values
with the exception of low current densities and the higher air
relative humidity case of 100%: temperature (80 °C), outlet
pressure (48.7 kPag) for H2 and air compartments, inlet
relative humidities of, respectively, 100 and 50% for H2 and air,
and reactant stoichiometry (2) for H2 and air compartments
with minimum gas flow rates set to values equivalent to a
current density of 0.2 A·cm−2. Polarization curves were
obtained with three oxidants (100% O2, 21% O2 in N2, and
21% O2 in He) and three contaminant concentrations (no
contaminant, 25 ppm methyl methacrylate, and 50 ppm
propene on a dry gas basis). Current densities ranged from 0.1
to 1.5 A·cm−2 with 0.2 A·cm−2 steps between 0.2 and 1 A·cm−2

and 0.1 A·cm−2 steps above 1 A·cm−2. The open circuit voltage
was also recorded. Polarization curves were performed by first
increasing the current density using a sequence of 1 min ramps
and 1 min holds until the maximum current density was
reached while maintaining the cell voltage above 0.2 V.
Subsequently, the current density was decreased by steps
lasting 3 min (the voltage during the last 15 s was averaged and
recorded). For the contamination cases, a 10 min long step was
used to average and record the cell voltage during the last 3
min of that step. The high frequency resistance (1 kHz) was
recorded during tests using an Agilent57 4338B milliohmmeter.
Overpotentials were calculated using an established

procedure.38 The ohmic overpotential was obtained by
multiplying the current density and the high frequency
resistance values. The kinetic overpotential was derived by
subtracting the cell voltage obtained with O2 from the 1.23 V
Nernst potential and adding the ohmic overpotential. The
difference between cell voltages obtained with O2 and the He
mixture yields the sum of the concentration and ionomer phase
mass transfer overpotentials. An extrapolation of this mixed
overpotential to a 0 current density gives the concentration
overpotential. Finally, the difference between cell voltages
obtained with the He mixture and air leads to the gas-phase
mass transfer overpotential.

2.5. O2 Mass Transfer Coefficients. Tests designed to
quantify and separate the O2 mass transfer coefficient were
carried out at HNEI. A constant cell voltage of 0.2 V was first
applied to the 50 cm2 cell for a period of 10 min to record the
average limiting current density for each condition. Current
values were averaged over the last 15 s and produced an
evaluation of the average limiting current density iave (A·m

−2).
Such tests were completed for five different oxidant flow rates.
Data were subsequently fitted to the following equation to
extract the overall O2 mass transfer coefficient k (m·s−1)39

= − −i i (1 e )nFkp RTi f
ave e

/r e (1)

with ie being the inlet reactant flow rate equivalent current
density (A·m−2), n being the number of electrons exchanged in
the electrochemical reaction, F being the Faraday constant
(96,500 C·mol−1), pr being the dry inlet reactant stream
pressure (Pa), R being the ideal gas constant (8.3143 J·mol−1·
K−1), T being the temperature (K), and f being the inert gas to

Table 3. 3.08 cm2 Cell Tests

contaminant
50 cm2 cell region simulated
by the operating conditions

contaminant
concentration sequence

(ppm)a

propene inlet 0, 25, 0
propene outlet 0, 25, 50, 0
methyl
methacrylate

inlet 0, 12.5, 0

methyl
methacrylate

outlet 0, 12.5, 25, 0

propene +
methyl
methacrylate

outlet 0, 12.5 (methyl
methacrylate) + 25
(propene)

aDry gas basis.

Figure 1. Averaging domains for the derivation of water content
profiles. 50 (a) and 3.08 cm2 (b) cells. Domains in panel (b)
correspond to channels (red rectangles) and landings (yellow
rectangles).
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reactant fraction in the dry inlet reactant stream. Equation 1
accounts for the uneven current density distribution occurring
at relatively low stoichiometries. The overall mass transfer
coefficient k is subsequently separated into molecular diffusion
(km, m·s−1), Knudsen diffusion (kK, m·s−1), and ionomer
permeability (ke, m·s−1) contributions with changes in diluent
molecular mass M (g·mol−1) and O2 concentration c (mol·
m−3).

= + = + +
+k k M k c k M k c k

1 1
( )

1
( )

1
( )

1
( )

1

m e K m e K (2)

The original separation method39 was extended by taking
advantage of the insensitivity of both molecular and Knudsen
diffusion contributions to the O2 concentration within a
narrow concentration range. The existence of interfacial
resistances is not explicitly accounted for in eq 2 as they are
assumed to be negligible (infinitely thin interfaces). The
importance of liquid water is also ignored because the O2
concentration is ≥3 times lower than in air, which restrains the
current density and amount of product liquid water in the
electrodes.62 A more detailed discussion of the method
extension is available.63 He, N2, and CO2 were used as
diluents to create mixtures of 1, 3, 5, and 7% O2. Tests were
automated and followed a pre-established sequence that
included changes in the diluent and flow rates. Tests were
initiated with N2 and were followed by He and CO2 tests. For
each diluent, tests included O2 concentration and gas flow
rates variations: 7% O2 from high to low flow rates, 5% O2
from low to high flow rates, 3% O2 from high to low flow rates,
and 1% O2 from low to high flow rates. N2 and He gas mixture
flow rates were 1.044, 1.228, 1.445, 1.70, and 2.00 standard L·
min−1, whereas the CO2 gas mixture flow rates were 0.9, 1.059,
1.246, 1.466, and 1.725 standard L·min−1. The cell was
operated for 1 h before each diluent sequence with an O2
concentration of 7%. The test sequence was completed for
three cases: no contaminant, 25 ppm methyl methacrylate, and
50 ppm propene. Other operating conditions were consistent
with Sections 2.3 and 2.4 tests: temperature (80 °C), outlet
pressure (48.7 kPag) for H2 and air compartments, and inlet
relative humidities of, respectively, 100 and 50% for H2 and air.

3. RESULTS AND DISCUSSION
3.1. Neutron Images. A representative cell voltage

transient is illustrated in Figure 2, which substantiates the
existence of steady states during the acquisition of neutron
images. Figure 2 also shows fast contamination dynamics with

<15 min transition periods and a complete cell voltage
recovery after methyl methacrylate injection. In the absence of
a contaminant, steady-state cell voltages vary between 0.54 and
0.56 V for the 50 cm2 cell and 0.58 and 0.64 V for the 3.08 cm2

cell. The wider cell voltage range for the smaller cell is due to
the significant changes in operating conditions (Section 2.3,
Table 3). During contamination, steady-state cell voltages were
consistent. For propene, cell voltages vary from 0.18 to 0.44 V
for the 50 cm2 cell and 0.2 to 0.46 V for the 3.08 cm2 cell. For
methyl methacrylate, cell voltages vary from 0.12 to 0.42 V for
the 50 cm2 cell and 0.13 to 0.44 V for the 3.08 cm2 cell. The
upper limit of these cell voltage ranges corresponding to the
lowest contaminant concentrations, 0.46 V for propene and
0.44 V for methyl methacrylate, was sufficiently low to ensure
that contaminants were not significantly oxidized. Table 1
indicates that conversion is below 43 and 49% at 0.55 V for
propene and methyl methacrylate, respectively. Therefore, for
the lower cell voltages of 0.46 and 0.44 V, contaminant
conversion is expected to be even lower than at 0.55 V. Table 1
data were obtained with similar MEAs (ohmic resistance of
approximately 0.056 Ω·cm2 at 1 A·cm−2),49 which is
comparable to an average of 0.064 Ω·cm2 at 1 A·cm−2 for
the present work (Section 3.2). The estimated cathode
potentials from ref 48 and the present report data are similar
because a hydrogen electrode was also used for both cases
(anode potential of ∼0 V versus the RHE).
The color and intensity of Figure 3a,b images for the 50 cm2

cell are related to the optical density OD scale (Figure 3c),
which encompasses a 0 to 0.2 range and is representative of the
water content33

=
−
−
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k
jjjjjj

y

{
zzzzzz

I I
I I

OD ln wet dark

dry dark (3)

with Iwet being the neutron beam intensity during cell
operation, Idry being the reference neutron beam intensity
obtained with a dry cell, and Idark being the background
neutron intensity (dark field). The absence of water during cell
operation leads to an OD = 0, whereas for an OD = 1.3,
saturation of the available space by water was observed in the
outlet port. Figure 1a provides a context to interpret Figure
3a,b images. Figure 3a,b processed images only show liquid
water over the cell active area, inlet and outlet ports, and tube
fittings. The cell active area contains only a small amount of
water (Figure 3a,b), which is barely perceivable against the dry
inactive bipolar plate periphery and is located in the oxidant
compartment close to the air outlet port even if the oxidant
inlet stream is saturated. In comparison, Figures 1b, 4c,d, and
5c,d show even less water in the anode compartment. The
averaged optical density over most of the active area (Figure
1a) is depicted in Figure 3c, which reveals a periodicity
characteristic of the succession in landings and channels and
the absence of significant differences between baseline and
contamination cases with the exception of the cell center. The
smaller optical density at this location for the contamination
case only represents a small amount of water (maximum
optical density of <0.02 against a 1.3 maximum), which is
mainly attributed to a contamination effect.
Optical density data for the 3.08 cm2 cell are illustrated in

Figures 4 and 5 for propene and methyl methacrylate,
respectively. Figure 1b and optical density scales displayed in
Figures 4 and 5 offer a context to interpret neutron images. For
inlet operating conditions (subsaturated oxidant stream),

Figure 2. Exemplary cell voltage transient during a temporary
injection of methyl methacrylate. Neutron images were acquired
during steady-state voltage periods before, during, and after methyl
methacrylate injection.
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imperceptible amounts of water are observed in flow field
channels (Figures 4a and 5a). In contrast, gas diffusion layers
and the membrane are visible due to the substantial presence
of water in gas diffusion layers and even more water in the
membrane. Contaminants did not affect the water distribution
for inlet operating conditions (Figures 4b and 5b). For wetter
outlet operating conditions, water is additionally observed in
cathode flow field channels and under landings (Figures 4c and
5c). The water distribution was again undisturbed by the

presence of contaminants (Figures 4d and 5d). Optical density
profiles for inlet (Figures 4e and 5e) and outlet (Figures 4f and
5f) operating conditions and channel and landing areas show
the absence of significant contaminant effects. Only subtle
changes are observed, most notably for the outlet operating
conditions and under landings (Figures 4f and 5f). Figures 4
and 5 results, depicting marginally less water in the presence of
contaminants, are consistent with Figure 3 data. The increase
in optical density near MEA/land and channel interfaces in

Figure 3. Neutron images for the 50 cm2 active area cell before (a) and during (b) methyl methacrylate contamination. Optical density as a
function of the distance along the cell height, from the inlet to the outlet (c). Operating conditions: 50 ppm methyl methacrylate, anode/cathode,
100/100% relative humidity.

Figure 4. Neutron images for the 3.08 cm2 active area cell before (a,c) and during (b,d) propene contamination for inlet (a,b) and outlet (c,d)
operating conditions. 25 (b) and 50 ppm (d) propene. Optical density as a function of the distance through the membrane/electrode assembly
plane for inlet (e) and outlet (f) operating conditions.
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Figure 5e,f is ascribed to a small cell misalignment due to the
repetitive use of the contaminant injection valve.
Liquid water management in gas diffusion electrodes is

dependent on many structural and composition parameters
including pore size distribution, tortuosity, material exposed
(carbon, carbon surface groups, polytetrafluoroethylene), etc.
It is surmised that the presence of the contaminant adsorbed
on the carbon surface (Table 1) only significantly affects one of
these parameters. This change is insufficient to modify to an
appreciable extent liquid water management. Therefore, the

source of the mass transfer loss induced by contamination
must have another cause. Polarization curves were sub-
sequently obtained using different oxidant compositions to
isolate mass transfer overpotentials (concentration, gas phase,
ionomer phase) and guide the search for a cause.

3.2. Polarization Curves. Polarization curves and high
frequency resistances are depicted in Figure 6a,c. O2
polarization curves were offset toward lower cell voltages in
the presence of a contaminant, a clear sign of a larger kinetic
overpotential. In contrast, the high frequency ohmic resistance

Figure 5. Neutron images for the 3.08 cm2 active area cell before (a,c) and during (b,d) methyl methacrylate contamination for inlet (a,b) and
outlet (c,d) operating conditions. 12.5 (b) and 25 ppm (d) methyl methacrylate. Optical density as a function of the distance through the
membrane/electrode assembly plane for inlet (e) and outlet (f) operating conditions.

Figure 6. Polarization curves in the presence and absence of contamination and high frequency resistances obtained with O2 for (a) propene and
(c) methyl methacrylate cases. Overpotentials derived from polarization curves and high frequency resistances for (b) propene and (d) methyl
methacrylate cases.
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(ohmic overpotential) and the difference between He mixture
and air polarization curves (gas-phase mass transfer over-
potential) were not affected by the presence of contaminants.
Finally, the difference between O2 and He mixture polarization
curves (ionomer-phase mass transfer overpotential) increased
in the presence of a contaminant. Only overpotentials that
were significantly affected by contaminants are shown in Figure
6b,d. The calculated concentration mass transfer overpotential
of 47 mV (first-order dependence on O2 concentration for the
exchange current density combined with a 2.303RT/F O2
reduction Tafel slope leading to (2.303RT/F)log(1/0.21)) is
consistent with experimental values obtained by extrapolation.
The larger kinetic overpotential is consistent with con-

taminant adsorption on the Pt catalyst surface, which decreases
the active surface area and increases the real current density.
Concurrently, the smaller catalyst active area brings the real
current density closer to the limiting value incurring a larger
ionomer-phase mass transfer overpotential. It is hypothesized
that the gas-phase mass transfer overpotential is not impacted
because transport is easier than in a solid.
The larger methyl methacrylate kinetic and ionomer-phase

mass transfer overpotentials are attributed to several factors
that control adsorbate coverage and contaminant transport in
the ionomer. However, the overall effect of all these parameters
for propene and methyl methacrylate is not easily evaluated
and compared due to knowledge gaps. For instance, to
estimate the catalyst coverage, contaminant adsorption,
reaction and desorption rate constants as a function of
electrode potential are needed but are not available. Similarly,
the permeability of contaminants through the catalyst layer
ionomer is also missing. The constant ionomer-phase mass
transfer overpotential for methyl methacrylate above 1 A·cm−2

(Figure 6d) is attributed to a low cathode potential that is
insufficient for oxidation, which results in a maximum catalyst
coverage.
Overpotentials clearly showed that the source of the mass

transfer loss associated with contamination is located in the

ionomer and is due to a decrease in the real catalyst active area.
An additional confirmation was pursued by measuring and
separating the O2 mass transfer coefficient.

3.3. O2 Mass Transfer Coefficients. The process for the
measurement and the separation of the O2 mass transfer
coefficient is illustrated in Figure 7. First, the overall O2 mass
transfer coefficient is extracted from average current density
versus inlet reactant flow rate equivalent current density plots
by curve fitting to eq 1 (Figure 7a). This operation is repeated
for each O2 concentration and O2 diluent in the absence of a
contaminant. The second step consists of the separation of the
gas-phase molecular diffusion contribution, which is accom-
plished by extrapolating the linear overall mass transfer
resistance versus diluent molecular mass regressions to the
origin, and yields the combined Knudsen diffusion and
ionomer permeability resistance and the molecular diffusion
resistance with the use of eq 2 (Figure 7b). The molecular
diffusion resistance is constant within a narrow O2

concentration range and is larger for higher diluent molecular
masses (Figure 7c). For the last step, the combined Knudsen
diffusion and ionomer permeability resistance is plotted as a
function of the O2 concentration. The linear regression leads to
the Knudsen diffusion resistance at an O2 concentration of 0
and the ionomer permeability resistance with the use of eq 2
(Figure 7d). O2 mass transfer coefficients are summarized in
Table 4.

Figure 7. Plots of the average limiting current as a function of the inlet reactant flow rate equivalent current density for different O2 concentrations
(a). Overall O2 mass transfer resistance as a function of the gas diluent molecular mass for different O2 concentrations (b). Gas-phase molecular
diffusion resistance as a function of the O2 concentration for different gas diluent molecular masses (c). The lumped mass transfer resistance (gas-
phase Knudsen diffusion, solid-phase ionomer permeability) as a function of the O2 concentration (d).

Table 4. O2 Mass Transfer Coefficients

contaminant km (m·s−1)a ke (m·s−1)b kK (m·s−1)

none 0.0627 0.0220 0.0187
propene 0.0627c 0.00294 0.0187c

methyl methacrylate 0.0627c 0.00160 0.0187c

aFor a N2 diluent.
bFor 21% O2.

cValue assumed equal to the baseline
case (no contaminant).
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For both contamination cases, the first step for the
measurement and the separation of the O2 mass transfer
coefficient remains the same (Figure 8a,b). Deviations between
model and experimental data for cases involving a wide
variation in gas flow rates (Figure 8a, 7% O2) are attributed to
changes in average gas pressure (pressure drop through the
cell) and ionomer water content (subsaturated oxidant stream
inlet). However, subsequent separation process steps were
altered because the solid-phase ionomer permeability resist-
ance is dominant. In the absence of contaminants, the overall
O2 mass transfer resistance is below 100 s·m−1 (Figure 7b) but
exceeds 500 s·m−1 in the presence of propene and methyl
methacrylate (data not shown). Figure 6b,d data indicated that
the O2 mass transfer overpotential for the gas phase (molecular
diffusion) was not affected by contaminants. Knudsen diffusion
is also not affected by contaminants as interactions between
different molecules do not occur and pores contain slightly less
liquid water on average (Figures 3c, 4e,f, and 5e,f). Therefore,
the increase in overall O2 mass transfer resistance in the
presence of contaminants is solely due to the ionomer
permeability contribution. Molecular and Knudsen diffusion
mass transfer resistances in the absence of contamination
(Table 4) were subtracted from the overall oxygen mass
transfer resistance in the presence of contaminants to obtain
the ionomer permeability mass transfer resistance (Figure
8c,d). This resistance is weakly dependent on the diluent
molecular mass, which is ascribed to the relative O2 and gas

diluent permeability and molecular size.64,65 Differences
between Figure 8c,d are not due to the contaminants because
their concentrations are too low to have a direct effect. Rather,
differences stem from the larger effect of methyl methacrylate
on mass transfer (larger molecule confined in narrow,
hydrophilic ionomer channels) with a higher overpotential
(Figure 6b,d) and ionomer permeability resistance (Figure
8c,d), which results in a smaller average current density and
higher O2 stoichiometry. Additional tests and analyses are
needed for a more detailed explanation. Figure 8c,d data are
replotted in Figure 8e,f to highlight the O2 concentration
dependency. The decrease in the ionomer permeability
resistance with O2 concentration is due to competitive
adsorption for catalyst sites between the contaminant and
O2. O2 more effectively competes at higher concentrations,
which leads to a smaller catalyst coverage by contaminants and
limits mass transfer issues (smaller real current density). Figure
8e,f data were empirically correlated to estimate the ionomer
permeability mass transfer coefficient for a 21% O2

concentration and complete Table 4.
Table 4 data demonstrate that the ionomer permeability

mass transfer coefficient is smaller by approximately an order
of magnitude in the presence of contaminants. Figure 8e,f
suggests that this effect is linked to competitive adsorption
between O2 and contaminants on the catalyst surface. A
generic contamination model was used to assess the link

Figure 8. Plots of the average limiting current as a function of the inlet reactant flow rate equivalent current density for different O2 concentrations
and for 50 ppm propene (a) and 25 ppm methyl methacrylate (b). Ionomer permeability mass transfer resistance as a function of the gas diluent
molecular mass for different O2 concentrations and for 50 ppm propene (c) and 25 ppm methyl methacrylate (d). Ionomer permeability mass
transfer resistance as a function of the O2 concentration for different gas diluent molecular masses and for 50 ppm propene (e) and 25 ppm methyl
methacrylate (f).
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between contaminant adsorption and exacerbated mass
transfer resistances.
3.4. Contamination Model. The contamination model

includes adsorption, desorption, and reaction rate constants for
both O2 and contaminant.40 These processes are included in
mass balances for both species on the catalyst surface and lead
at the steady state to an analytic solution relating a ratio of
current densities to a ratio of two lumped parameters

= +
i
i

k
k

1c 2

1 (4)

with ic being the current density in the presence of
contaminants (A·m−2), i being the current density in the
absence of contaminants (A·m−2), k2 being a lumped
parameter (mol·m−2·s−1), and k1 being another lumped
parameter (mol·m−2·s−1). Lumped parameters (Table 5) are
O2-concentration-dependent. The overall mass transfer co-
efficients were obtained under limiting current conditions
(Section 2.5). The current density ic in eq 4 is replaced by the
O2-concentration-dependent limiting current il (A·m−2)
expression39

= =i i nFk ccl c (5)

Equation 5 is valid in the presence of contaminants because
the O2 stoichiometry is high, varying from 2.6 to 17.2, and the
current density is relatively uniform over the electrode active
area. In contrast, the O2 stoichiometry is low and less than 1.29
in the absence of contaminants. Under these conditions, the
current density i in eq 4 is replaced by a simplified version of
eq 1 because the exponential term argument is small (the
exponential term is expanded, and only the first 2 terms are
retained)
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The pr/RTf term in eq 6 is the inlet O2 concentration c for a
dilute oxidant stream.66 The combination of eqs 5 and 6 with
eq 4 yields
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The use of k1 and k2 expressions (Table 5) in eq 7 provides
after rearrangement a relationship between the ratio of overall
mass transfer coefficients in the absence and the presence of
contaminants and the inlet O2 concentration
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Equation 8 parameters k3 and k4 are given in Table 5 and are
independent of the O2 concentration. Figure 9 illustrates
comparisons between Section 3.3 experimental data and eq 8.
The contamination model satisfactorily reproduces the effect
of O2 concentration for both contaminants and all gas diluents
(all correlation coefficients exceed 0.997). This observation
provides additional support to the correlation between
contaminants adsorbed on the catalyst surface (competitive
adsorption between O2 and contaminants) and O2 mass
transfer. For high O2 concentrations (low 1/c values), the
contamination effect on O2 mass transfer gradually decreases
until it disappears with an infinite O2 concentration (k/kc = 1).

Table 5. Contamination Model Lumped Parameters

case contaminant reaction rdsa contaminant product desorption rds

k1 (mol·m−2·s−1)
−

− + +
− − − −

k k c c p p

k c p p k k
k c p p k k

( )

( )
( )R ads X ads R X

R ads R R des R
X ads X X des X

, , s
2

, s ,
, s ,

−
− + +

− − −
k k c c p p

k c p p k k
k c p p k

( )

( )
( )R ads X ads R X

R ads R R des R
X ads X P des

, , s
2

, s ,
, s ,2

k2 (mol·m−2·s−1) − −
−

− + +
k c p p

k k c c p p

k c p p k k
( )

( )

( )X ads X
R ads X ads R X

R ads R R des R
, s

, , s
2

, s ,
− −

−
− + +

k c p p
k k c c p p

k c p p k k
( )

( )

( )X ads X
R ads X ads R X

R ads R R des R
, s

, , s
2

, s ,

k3
−

+
k c p p

k k

( )X ads X

X des X

, s

,

−k c p p

k

( )X ads X

P des

, s

,2

k4
−

+
k p p

k k

( )R ads

R R

, s

,des

−
+

k p p

k k

( )R ads

R R

, s

,des

aFor an unreactive contaminant (only adsorption and desorption take place), kX is set to 0 in k1 and k3.

Figure 9. Experimental values of the overall O2 mass transfer resistance in the presence of contaminants normalized by the overall O2 mass transfer
resistance in the absence of contaminants as a function of the inverse O2 concentration for different gas diluent molecular masses. Air containing
propene (a) and methyl methacrylate (b). Full lines represent a model fitted to each gas diluent data set (eq 8).
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As already stated in Section 3.3, the uneven effect of the gas
diluent molecular mass will require additional analyses to
determine its origin. The contamination mechanism rate-
determining step (rds) cannot be ascertained because the
model has the same form for each case (eq 8) although k3
parameters are different (Table 5). Extrapolations of Figure 9
N2 data to 21% O2 result in k/kc values of 3.19 for propene and
5.14 for methyl methacrylate. These values are consistent with
Table 4 data, which lead to k/kc values of 3.65 and 6.05 with
the use of eq 2.

4. CONCLUSIONS

PEMFC operation in the presence of contaminants increases
the O2 reduction kinetic overpotential as well as the O2 mass
transfer overpotential. Neutron imaging eliminated the
existence of major liquid water management modifications in
the gas diffusion layer. Polarization curves obtained with
different O2 mixtures indicated an increase in O2 mass transfer
overpotential for the catalyst layer ionomer. This observation
was supported by O2 mass transfer coefficient measurements
followed by separation into individual contributions and a
contamination model, which includes competitive adsorption
between O2 and contaminant species on the catalyst surface.
Figure 10a summarizes the relative size of each O2 mass
transfer resistance. Gas-phase molecular diffusion is the
smallest resistance, whereas gas-phase Knudsen diffusion is
the largest hindrance in the absence of contamination. In the
presence of contaminants, the solid-phase diffusion resistance
is exclusively affected and becomes the predominant impedi-
ment. The catalyst surface is partially covered by contaminant
species (Figure 10b), which reduces the active surface and
increases the real current density and O2 reduction kinetic
overpotential. The partially blocked catalyst surface locally
disrupts mass transfer and forces O2 to travel along a longer
path with a progressively smaller cross section resulting in a
higher mass transfer overpotential (the real current density is
closer to the limiting current density). Figure 10b emphasizes
the interconnection between both contamination effects.
It is expected that cation contaminants would have an even

more pronounced effect on O2 mass transfer because the O2
permeability in ionomers is significantly diminished.10,67−71 In
contrast, the impact of organic contaminants on O2
permeability in ionomers remains to be demonstrated and is
expected because other ionomer properties are modified such
as ionic conductivity.72

The contaminant effect on O2 mass transfer in PEMFCs is
similar to the effect of catalyst loading.73−75 For both cases, the

decrease in catalyst active surface area promotes an increase in
O2 mass transfer overpotential. For a catalyst loading change,
the remaining active area is invariant with the same Pt atoms
exposed to the oxidant. However, for the contamination case at
the steady state, the localization of the smaller catalyst area
fluctuates over time because contaminant species continuously
adsorb, react, and desorb. The available catalyst area remains
constant, but the position of free sites dynamically varies. It is
conceivable to control in situ the catalyst loading by identifying
a contaminant that reversibly blocks catalyst sites without
affecting the O2 reduction mechanism (Tafel slope, H2O2
yield, etc.). This approach is desirable to more directly
compare data by minimizing the variability in catalyst
composition and structure inherent to manufacturing oper-
ations.
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