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Oxygen transport across the cathode gas diffusion layer (GDL) in polymer electrolyte
membrane (PEM) fuel cells was examined by varying the O,/N, ratio and by varying the
area of the GDL extending laterally from the gas flow channel under the bipolar plate
(under the land). As the cathode is depleted of oxygen, the current density becomes lim-
ited by oxygen transport across the GDL. Oxygen depletion from O,/N, mixtures limits
catalyst utilization, especially under the land.The local current density with air fed PEM
fuel cells falls to practically zero at lateral distances under the land more than 3 times
the GDL thickness; on the other hand, catalyst utilization was not limited when the fuel
cell cathode was fed with 100% oxygen. The ratio of GDL thickness to the extent of the
land is thus critical to the effective utilization of the catalyst in an air fed PEM fuel cell.
© 2010 American Institute of Chemical Engineers AIChE J, 57: 2505-2517, 2011
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Introduction

Polymer electrolyte membrane (PEM) fuel cells are electro-
chemical cells that oxidize hydrogen to produce an electrical
current through an external load resistance. Figure 1 is a sche-
matic of a PEM fuel cell. Reactant gases are fed through flow
channels machined in bipolar plates. The bipolar plates are
pressed against a membrane-electrode-assembly (MEA). The
MEA consists of five principal layers: (i) a polymer electro-
Iyte which conducts protons; (ii, iii) catalyst layers coated
onto both sides of the electrolyte membrane, forming the an-
ode and cathode; and (iv, v) porous conducting layers [the gas
diffusion layer (GDL)] which conduct the electronic current
and permit reactants to get from the gas flow channels to the
catalyst layers. The bipolar plate contacts the GDL to carry
the current through the external circuit. The area where the
bipolar plate is in direct contact with the GDL is known as
the land, or the rib. At both electrodes, the reactant gases
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must be transported from the gas flow channels through the
GDL to the catalyst layers where the electrochemical reac-
tions occur. When operating a PEM fuel cell with hydrogen
and oxygen, the gas composition in the flow channels remains
nearly constant throughout the fuel cell (consumption of reac-
tants reduces the gas flow rates but does not alter the compo-
sitions). When air is employed as the oxygen source at the
cathode, oxygen is consumed by the reaction and the concen-
tration of oxygen is reduced between the inlet and outlet of
the cathode gas flow channels. The driving force for oxygen
transport from the flow channel to the catalyst/PEM interface
is diminished as the oxygen concentration decreases.

The current through the load resistance depends on the
sequence of transport and chemical reaction steps summar-
ized below.'?

Transport and reaction steps in PEM fuel cells

(1) Hydrogen is fed to the anode flow channel.
(2) Hydrogen transport through the anode GDL from the
anode gas flow channel to the anode catalyst layer.
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Figure 1. Schematic of transport in a PEM fuel cell.

Oxygen and hydrogen flow through gas flow channels in the
bipolar plates at the cathode and anode, respectively. The
O, and H, must be transported through the gas diffusion
layers to the respective catalyst layers where the electro-
chemical reactions occur. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

(3) Hydrogen oxidation to protons and electrons at the an-
ode catalyst layer.

(4) Proton transport through the PEM from the anode cat-
alyst layer to the cathode catalyst layer. (Proton transport is
in parallel to electron transport through the external load re-
sistance from the anode catalyst layer to the cathode catalyst
layer).

(5) Oxygen (or air) is fed to the cathode flow channel.

(6) Oxygen transport through the cathode GDL from the
cathode gas flow channel to the cathode catalyst layer.

(7) Oxygen reduction to water at the cathode catalyst
layer.

At steady state all seven steps proceed at the same rate,
but often one step in the sequence is rate limiting, when the
rate coefficient for that step (e.g., reaction rate constant, dif-
fusion coefficient or membrane ionic resistance) is much less
than the rate coefficients for the other steps. With fuel cells
three different rate limiting steps are generally identified
based on the dependence of the voltage across the load re-
sistance on the current through the load resistance.

Activation Regime. Reaction kinetics at the cathode or
anode catalysts is rate limiting. The voltage drops rapidly

with current density and then levels out (%—‘I/ <<0, %27‘{ > 0).

The activation regime is at low current density (or large load
resistance). The voltage drops from the thermodynamic poten-
tial by the activation potential drop, #,., which corresponds to
the activation energy for the rate limiting electrode reaction.
Ohmic Regime. Resistance to current flow across the
PEM is the rate limiting step. This is normally identified as
the region at intermediate current density, where the voltage

decreases linearly with current. ((%)Ohmic = —Rmembrane)-

Mass Transport Regime. Mass transport of a reactant
from the gas flow channel to the catalyst layer limits the cur-
rent and the voltage decreases rapidly to zero at a limiting
current density. ((0—‘1/) s — foo).

transport

Mass transport limitations are generally attributed to diffu-
sional resistances across the GDL. The GDL is a porous
electronic conductor that permits transport of gases to the
catalyst/PEM interface and transport of liquid water to the
gas flow channels. Liquid water in the GDL is frequently
assumed to be the major cause of mass transport limita-
tions.> Our group has shown that hydrophobic porous car-
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bons with a bimodal pore size distribution push product lig-
uid water from the catalyst layer to the gas flow channel
through the largest pores of the hydrophobic GDL at the
cathode, leaving most of the small pores available to trans-
port gas from the gas flow channel to the catalyst/PEM inter-
face.®” Other groups have confirmed that the amount of
water in the GDL is small even in the mass transport limited
regime of PEM fuel cell operation.* "

The distance for gas transport through the GDL can result
in low utilization of catalyst. Reactants must be transported
from the flow channel to the electrode/membrane interface,
and the increased transport distance under the land may
cause part of the electrode to be in a mass transport limited
regime. Several investigators have employed 2D and 3D
models to show that at low output voltage (high current den-
sity) the local current density is less under the land than
under the gas flow channel.!'~1¢

Mass transport limitations from standard fuel cell test sta-
tions with serpentine and parallel flow channels, which give
an integral current output and average voltage, are difficult
to quantify. We report here quantitative measurements of
mass transport obtained with the one-dimensional stirred
tank reactor (STR) PEM fuel cell and two-dimensional paral-
lel flow channel (PFC) PEM fuel cells. Details of these fuel
cells can be found in the literature.'”'® The STR PEM fuel
cell replaces the flow channels with an open plenum, where
the convective velocity is low and gas phase diffusion is suf-
ficient to mix the gas uniformly. The STR PEM fuel cell
permits a simple correlation of the oxygen concentration at
the cathode with the current density. The PFC PEM fuel cell
has a single flow channel at each of the anode and cathode.
It was possible to vary the ratio of the width of the flow
channel to the width of the MEA, thus altering the distance
for transport from the flow channel to the catalyst under the
land, which in turn affects catalyst utilization. Results with
these model fuel cells show that the dilution of oxygen by
nitrogen in the air causes mass transport limitations that can
lead to poor catalyst utilization if the channel to land area
ratio is small.

Experimental

An STR PEM fuel cell was employed to study the role of
cathode gas composition on mass transport limitations. The
design of the fuel cell system and MEA fabrication is
described elsewhere.!” Briefly, the fuel cell operated as a 1-
dimensional system with an MEA area of ~1.8 cm” and gas
volumes at the anode and cathode of 0.36 cm®. The MEAs
were made with Nafion 115 membranes and ETEK electro-
des; a Pt/C catalyst layer was hot-pressed onto the membrane.
The ETEK electrodes were carbon cloth GDL ~0.4 mm thick
with a thin, ~0.02 mm, thick microporous catalyst layer.

The STR PEM fuel cell

The STR PEM fuel cell was operated at 1 bar pressure
(both anode and cathode). The fuel cell was run autohumidi-
fied (dry feeds were employed). It has been demonstrated
that the autohumidified PEM fuel cell gives identical cur-
rent/voltage output as a fuel cell with humidified feeds as
long as the fuel cell is operated above the critical threshold
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current for current ignition.'” The anode was fed with pure
hydrogen at 8 sccm, (3.0 x 107° m/ecm? s = 0.58 amp-H'/
cmz). The cathode was fed with a mixture of O, and
N,.Feeds of O, and N, were metered through separate mass
flow controllers with a total flow rate of 8 sccm. The inlet
compositions were varied from 0 to 100% O,. The fuel cell
was heated by cartridge heaters and the tests were done at
25, 45, 60 and 80°C.

Reproducible MEA conditions for all the tests were
achieved by operating the fuel cell under galvanostatic con-
trol at the specified temperature for 1 hour, at a total current
of 0.5 A (0.28 A/cm?) with feeds of 8 sccm of hydrogen at
the anode and 8 sccm of oxygen at the cathode; this was suf-
ficient to have the membrane fully humidified (via autohumi-
dification). After 1 hr, the internal resistance was measured
by current interrupt. The cathode feed O,/N, ratio was
adjusted; the fuel cell was put under potentiostatic control at
a voltage of 0.95 V and allowed to equilibrate for 2 minutes
(to refresh the gas composition at the anode and cathode).
The current was recorded while the voltage was stepped
from 0.95-0.025 V at a rate of 0.0125 V/s by an Arbin data
acquisition system (DAQ) running the Arbin’s MSTAT4+
software. After completing the IV sweep the internal resist-
ance was again recorded and the fuel cell restored to galva-
nostatic control. The IV curve was swept in <2 minutes and
the membrane resistance changed by <5% between before
the voltage sweep and after the voltage sweep. The negligi-
ble change in the membrane resistivity indicated that the
water content remained nearly constant during the test. Our
group has also measured water desorption rates from Nafion
into dry nitrogen; at T < 90°C the maximum water loss in
the 4 minutes of the test if there were no water produced
would be <30%.>**' The resistance measured by current
interrupt is less than the resistance determined from the
slope of the IV curve. The current interrupt method measures
the resistance in the membrane but does not capture the
interfacial resistance in the catalyst layer, so it represents a
low estimate of the internal resistance of the fuel cell.

The PFC fuel cell

The PFC fuel cell was used to study the lateral transport of
reactants by changing the width of the MEA under the lands.
A schematic of the cross section of one side of the fuel cell
is shown in Figure 2. The width of the MEA was varied from
4.8 mm (3/16”; 1.6 mm under the channel and 1.6 mm under
each land) to 14.3 mm (9/16”; 1.6 mm under the channel and
6.4 mm under each land). The axial current profile and total
current were recorded for fixed external load resistance.

Experiments were conducted to compare the current
obtained with a pure O, feed and with an air feed; the fuel
cell was oriented vertically with cocurrent feeds from the
top (this configuration facilitates gravity draining of the lig-
uid water formed at the cathode). All the experiments with
the PFC fuel cell were performed at room temperature, so
the water vapor pressure was low and made up a negligible
fraction of the gas composition at both the anode and cath-
ode. The fuel cell was operated autohumidified with dry
feeds. Relative humidity sensors at the outlets of the anode
and cathode showed that effluents were fully humidified for
all operating conditions.
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Figure 2. Schematic of the cross-section of the PFC
fuel cell showing the variation in the path-
length through the GDL with different widths
of MEA.

The width of the MEA is increased from 4.8 mm (3/16”; 1/
16” under the channel and 1/16” under each land) to 14.3
mm (9/16”; 1/16” under the channel and 1/4” under each
land). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The MEAs used in the PFC fuel cell were made by hot
pressing Pt/C catalyst single sided ETEK electrodes onto
both sides of a Nafion 115 membrane. The MEAs were 6.1
cm long with widths that varied from 4.8 to 14.3 mm. The
fuel cell was always operated with a 2:1 hydrogen/oxygen
stoichiometry. It was started with low flows of 6/3 sccm H,/
0,, or 6/14.3 sccm Hy/air, for one hour (“Startup’). After
1 hr the flow rates were increased to a stoichiometric excess
of reactants of ~100% (Fii® = 2 x(i/2F); F&* =2 x (il
4F)). The anode flow was always 12 sccm H,. The cathode
flow was 6 sccm Ojor 28.6 sccm air. After 2 hrs the H,/O,
feeds were reduced until no gas was detected leaving the
fuel cell—these flow rates were approximately 6 sccm of H,
and 3 sccm O,. The current was then measured as a function
of the MEA width with fixed load impedance. The ratio of
the pressure drop along the length of the flow channel to the
total pressure was estimated assuming laminar flow through
a straight channel (AP/P = {8uLchanner F'*“/RT}/R}). The
ratio was 10~ indicating that the pressure could be consid-
ered to be uniform along the length of the flow channel.

Results
Current density compositional dependence

IV data from the STR PEM fuel cell with different cath-
ode feed compositions at 45°C are shown in Figure 3 (simi-
lar data was obtained at 25, 60, and 80°C).Three ‘““polariza-
tion” regimes are evident in the data: (1) activation polariza-
tion at low current densities less than 0.1 A; (2) ohmic
polarization in the moderate current range, approximately
0.1-1 A; and (3) mass transport polarization where
(5) — —oo.

The IV curves are shifted downward with decreasing oxy-
gen mole fraction in the cathode feed. A small downward
shift is to be expected from thermodynamics; the voltage
change associated with a change in oxygen partial pressure
can be described by the Nernst equation based on the gas
compositions in the flow channels (Eq. 2, later).

The STR PEM fuel cell has spatially uniform gas compo-
sition in the gas flow channel. The mass balance gives the
mole fraction of oxygen at the cathode (Eq. 1).
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Figure 3. IV curves for the STR PEM fuel cell as a func-
tion of the cathode feed composition.

Data shown are for operation at 45°C, with feeds of 8 sccm
H, at the anode and 8 sccm (O,+N,) at the cathode; the
percentage of oxygen in the cathode feed is noted. Approxi-
mate dividing lines between different rate limiting steps
with 100% O, feed have been drawn. [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

Fo- ~ir (1)

[Foz +FN, — ﬁ] [p_Tpr—gzo]

The hydrogen pressure at the anode was the same for all the
experiments. The cathode gas stream was always saturated
with water (per RH sensor readings), so the water vapor
activity at the cathode was always unity, independent of
nitrogen mole fraction. At fixed temperature only the oxygen
mole fraction at the cathode was different when changing from
100% O, feed to an O,/N, mixture at the same temperature. If
the gas composition at the catalyst layer is equal to that in the
cathode gas flow channel the thermodynamic shift of the IV
curve between an O, feed and an O,+N, feed is only
dependent on the ratio of the oxygen mole fractions, as
expressed in Eq. 2. Figure 4 compares the experimental data of
a 100% O, feed and a 50/50 N,/O, feed at 45°C, along with
thermodynamic correction of the IV curve from 100% O, feed
to a 50/50 N,/O, feed, based on Eq. 2.
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The predicted downward shifts of the IV curves between O,
and O,/N, mixtures are ~10 mV while the experimental results
showed downward shifts of >100 mV. The internal resistance,
before and after every IV sweep was nearly constant, R, = 0.43
+ 0.03 Q. We suggest that most of the reduction in voltage at
fixed current when changing from O, to O,+N, mixtures is the
result of oxygen mass transport resistance across the GDL.
To understand the mass transport resistance we seek to
identify how the current depends on oxygen mole fraction in
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the cathode gas flow channel at constant load impedance.
The load resistance is the independent system parameter that
is varied in obtaining the IV curves. At every data point
from Figure 3 compositions in the gas flow channels at the
anode and cathode were determined from mass balances
given by Eqs. 3 and 4, and the load resistance can be deter-
mined from the ratio of V/I.
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Current as a function of gas phase composition at fixed load
resistance is shown in Figure 5. The current increased
linearly with oxygen mole fraction and then asymptoted to a
value dependent on load resistance. The linear increase of
current with oxygen mole fraction at low mole fraction is
indicative of oxygen mass transport from the cathode gas
flow channel to the catalyst/membrane limiting the current.
When the current plateaued at higher oxygen mole fraction, it
was limited by the load resistance. The transition between
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Figure 4. A comparison of the IV curves for 100% O,
feed (solid diamonds), 50% 0,/50% N, (solid
squares), and the IV curve for 50% 0O,/50%
N, predicted using the oxygen mole fraction
in the cathode channel relative to 100% O, in
the cathode channel (open circles).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Current as a function of oxygen mole fraction
in the cathode gas flow channel in a STR
PEM fuel cell at different load impedances.

These data were extracted from Figure 3. The mole fraction
at the cathode was evaluated using Eq. 2. The resistance of
the membrane in the fuel cell was 0.23 Q, determined from
current interrupt measurements.The solid lines are model
predictions based on Eq. 6. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

mass transport limited current and ohmic limited current
occurred circa oxygen mole fraction 0.1-0.2, suggesting that
the change between pure oxygen and air feed at the cathode
may introduce a change in the rate limiting step in a PEM
fuel cell.

The IV curves at different temperatures shifted upward
with temperature from 25 to 60°C, but then decreased as the
temperature was increased to 80°C. Results for 100% oxygen
feed at the cathode are shown in Figure 6; similar results
were obtained at all O,/N, feed ratios. At every temperature
tested the relative humidity sensors at the outlets showed
that the gases were ~100% RH and current interrupt meas-
urements showed the membrane resistance decreased with
increasing temperature (shown in Figure 7). The decreased
resistance with increasing temperature should shift the IV
curve upward. Gas phase diffusivities also increase with tem-
perature that should also shift the IV curves upward. Coun-
tering the effect of decreased membrane resistance increased
diffusivity is increased transport resistance across the GDL
caused by dilution of hydrogen and oxygen concentrations
with water vapor at higher temperature.

Comparison of oxygen and air feeds to a parallel
flow channel PEM fuel cell

Figure 8 shows the total current from fuel cells with differ-
ent MEA widths operated with constant load resistance with
either pure O, or air feeds. The catalyst under the channel
was fixed while the amount of catalyst available under the
land was varied. The current increased linearly as a function
of MEA width when the fuel cell cathode was fed with pure
O, at a flow rate >2 um/s (corresponding to a current density
of 80 mA/cm?). Decreasing the O, flow to 1 um/s starved the
fuel cell for reactant at MEA widths >8 mm; the current pla-
teaued at a value equivalent to the molar O, feed. When air
was fed to the fuel cell, the currents were reduced compared
to feeding oxygen at the same molar flow rate of oxygen.
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Figure 6. IV curves for the STR PEM fuel cell at a total
pressure of 1 bar at temperatures of 25-80°C.

The anode feed was 8 sccm H,, and the cathode feed was 8
sccm O,. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Even when there is stoichiometric excess O, in the air feed,
the current did not increase with MEAs wider than 8§ mm.
The fuel cell current with O, feed to the cathode is well
approximated by Eq. 5. There is constant current density as
long as the molar O, feed (F(C)‘fh"de exceeds the ohmic-limited
current, iopmic. When the oxygen feed is reduced to less than

the ohmic-limited current it limits the total current.

fohmic = Veffective
ohmic = Pmem | p
Avpa AL

cathode
4F F!

F‘CoazlhOde > iohmic/4F
athod ;
FSZ o e<lohmic/4F

(6))

The effective voltage is approximately the open circuit voltage
less the activation potential, Vegrective = Voc — Naet = 0.85 V
(this can be found by extrapolating the linear ohmic
polarization region back to zero current).
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Figure 7. Internal resistance measurements of the STR
PEM fuel cell operating at different tempera-
tures with different levels of oxygen in the
cathode feed.

The values are the average of the membrane resistance im-
mediately before and after the IV sweep experiments shown
in Figure 3. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 8. Current as a function of the width of the MEA
in a parallel flow channel PEM fuel cell.

The experiments were all done with the same load imped-
ance of 0.5 Q. The gas flow channels are 1.6 mm wide.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The data with an air fed fuel cell show lower currents
than predicted by Eq. 5, even when there is excess O, avail-
able. The decreased current, when replacing O, with air,
may be accounted for by O, mass transport limitations
across the cathode GDL.

According to Eq. 5 the current should decrease with
increasing load resistance. The effect of load resistance on
the oxygen mass transport limitations is demonstrated in
Figure 9, where the current was measured as a function of
Ry for different MEA widths. Greater load resistance results
in reduced current density and the difference in the current
density between an oxygen fed and an air fed fuel cell is
less.

Discussion

At high current density in a PEM fuel cell, mass trans-
port can limit the current.'* Many models have been
developed for gas phase transport in the GDL,>*® but only
a few experimental studies have attempted to quantify the
effects of cathode gas composition on fuel cell perform-
ance.'>*™*! Those studies have observed that changing
from O, to air or O,/He mixtures causes downward shifts
in the IV curves. The previous studies employed serpentine
or sets of straight gas flow channels, where compositional
effects along the length of the flow channel make it difficult
to quantify the results. The results presented here employ
simplified flow fields where the local gas compositions in
the gas flow channels are well defined. The key results pre-
sented here are:

(1) Dilution of oxygen by nitrogen reduces the voltage at
fixed current by a factor of 10 more than predicted by the
Nernst equation.

(2) At low oxygen mole fraction in the cathode gas flow
channel the current density is limited by oxygen mass trans-
port across the GDL. As the oxygen mole fraction is
increased, the limiting resistance changes and the current
density becomes ohmically limited by the load resistance.
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(3) Above 60°C water vapor dilutes the oxygen mole frac-
tion and increases oxygen mass transport resistance across
the cathode GDL.

(4) Oxygen mass transport from the gas flow channel to
the catalyst layer under the land limits catalyst utilization
when the cathode is fed by air.

Good performance of PEM fuel cells with air feeds requires
that the area under the land be designed to permit oxygen to
reach the entire catalyst layer. A number of investigators have
considered how physical factors of the structure of the GDL
and catalyst layers affect transport. Factors such as particle
sizes, catalyst loading, Teflon and Nafion loading all affect
the rates of transport through the GDL and have been consid-
ered by other authors.*>**™* Our focus is to illuminate differ-
ences in PEM fuel cell operation between air and O,.We pres-
ent models of gas transport processes in the GDL of a PEM
fuel cell elucidate differences in operation and design for
PEM fuel cells operated with air as opposed to oxygen.

The transition between ohmic and mass transport
limited current

Figure 5 showed a transition in limiting resistance as a
function of oxygen mole fraction in the cathode gas flow
channel. When xp, > 0.2, the current was almost constant
with increasing oxygen mole fraction; but at xo, < 0.1, the
current increased linearly with oxygen mole fraction. These
two regimes represent (a) the ohmic limited current at high
oxygen mole fraction (the current is limited by the ohmic re-
sistance of the load) and (b) the mass transport limited cur-
rent at low oxygen mole fraction (the current is limited by
oxygen mass transport from the cathode gas flow channel to
the cathode catalyst layer). Figure 10 highlights the two
transport resistances—diffusion of oxygen across the GDL
and the ohmic current across the membrane. For simplicity
the catalyst layer is assumed to be zero thickness where the

0.7 1

0.6

Current (A)

Load resistance (Q)

Figure 9. Comparison of current as a function of load
resistance at different MEA widths with air
and with oxygen as the cathode feed.

All were done with a minimum of 50% excess stoichiometry
for oxygen. All experiments were done with feeds of 6 um
H,/s at the anode and 3 um O,/s or 15 pm air/s at the cath-
ode (a minimum of 50% stoichiometric excess O, in all
cases). Solid lines are O, feed, dashed lines are air feed.
Lines of the same color correspond to equal O, molar flows.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10. Schematic of a PEM fuel cell with transport resistances across the cathode GDL and the polymer elec-

trolyte membrane.

Oxygen is consumed by reaction at the catalyst layer, driving both convective and diffusive flows across the GDL. Convection is driven
by a pressure difference resulting from a reduction in molar concentration associated with oxygen consumption at the catalyst. Diffusion
across the cathode GDL is driven by the concentration difference between the gas flow channel and the catalyst layer. The proton current
is driven by the chemical potential difference between the chemical potential of hydrogen at the anode and cathode catalyst layers.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

electrochemical reactions are fast, and the potential of the
fuel cell can be approximated as the thermodynamic voltage
less the activation potential.

At steady state, the current density across the MEA is
equal to the molar flux of oxygen across the GDL and to the
proton current across the PEM (divided by 4 times Faraday’s
constant) as shown by Eq. 6. The effective oxygen mass
transport coefficient, ko,, is equal to the slope of current vs.
oxygen mole fraction graph (Figure 5) in the mass transport
limited regime (at xo, — 0); 4F ko, = 6.3 A/cm? bar for the
Etek GDL employed in this study. The proton current den-
sity is given by the effective voltage difference between the
anode and cathode catalyst layers divided by the sum of the
areal resistivity of the membrane and the load resistance.
The effective voltage is the thermodynamic potential less the
activation overpotential. At open circuit the compositions at
the catalyst layers are the same as in the gas flow channels;
however, when the fuel cell delivers a current, the oxygen
concentration at the cathode catalyst layer is less than that in
the cathode flow channel (an analogous situation exists for
hydrogen at the anode catalyst layer). The third term in the
numerator in Eq. 6 represents the reduction of the thermody-
namic voltage because of the reduced oxygen concentration
at the catalyst layers.

cathode

cathod
| = 4F k P XChannel _ x;aalai)yj
J= 0,6oLPT | X3) o

anode cathode ) 1/2
catalyst (A_catalyst]
Hy 0,

cathode

catalyst

H,O (6)

Pmembrane + RLAMEA

Voe = Maet + %ln
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When the fuel cell is operated at 100% RH the mole fraction of
water is equal to the saturation pressure of water divided by the
total pressure, xp,0 = szo/PT at both the cathode and anode
flow channels, the catalyst layers and across the GDLs. For a
pure hydrogen feed the mole fraction of hydrogen is essentially
the same in the anode gas flow channel and at the anode

anode
catalyst

catalyst layer, xji:* = xjp™" = 1 — xu,0. Equations 4 and 6 can
be solved for oxygen mole fraction at the cathode catalyst layer
and the current density as a function of oxygen mole fraction in
the cathode feed and the molar feed rate to the cathode. The
mass transport limited current is given by Eq. 6 when

cathode

anode

catalyst

Xo, = 0. Equation 6 was solved using R emprane = 0.46 Q,
determined from current interrupt measurements, and 4F
ko,GpL = 6.3 A/cm? bar. The solid lines in Figure 5 are the
calculated values from Eq. 6 assuming excess hydrogen at the
anode (x'f{”fde =1- (szo /P1)) and water saturated conditions
at the cathode.

Oxygen convection and diffusion across the GDL

Equation 6 described O, transport across the GDL with a
lumped mass transport coefficient. Oxygen is transported
across the cathode GDL by a combination of pressure driven
convection through the porous GDL and concentration driven
diffusion, as summarized in Figure 10. Consider the situation
of 100% RH in the cathode gas flow channel, which is con-
sistent with our experimental results and is also the situation
encountered in most PEM fuel cells. Because the vapor in the
cathode gas flow channel is saturated with water vapor, addi-
tional water produced at the cathode must be immediately
condensed. When oxygen is consumed at the cathode catalyst
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layer, there is a reduction of the total pressure due to the
reduction in the total number of moles in the vapor. The dif-
ferential pressure between the cathode flow channel and cath-
ode catalyst layer drives a convective flow of air with nitro-
gen, oxygen and water vapor through the porous media. At
the catalyst layer oxygen is consumed and nitrogen accumu-
lates. What is the relative importance of convection to diffu-
sion through the GDL? Most models of lateral mass transport
through the GDL with serpentine flow systems have focused
on diffusive transport in the GDL based on the Stefan Max-
well equations." A number of recent models in the literature
have included convective flow in the porous GDL via
Darcy’s law.2*%% Studies with interdigitated flow fields
have shown that pressure driven flows through the cathode
GDL give rise to higher current densities than serpentine of
parallel channel systems. Models with both serpentine and
straight flow channels that have included convective flow in
the GDL find small pressure differences across the GDL, sug-
gesting that convection is negligible, and it is adequate to
assume uniform pressure across the GDL.

It is impossible to have an oxygen concentration gradient
to drive diffusion from the cathode flow channel to the cath-
ode catalyst layer without a nitrogen concentration gradient
that carries nitrogen from the cathode catalyst layer back to
the cathode flow channel. The only way to have a higher
nitrogen concentration at the cathode catalyst layer is for
nitrogen to be convected to the catalyst layer. The convective
molar flow of nitrogen, Fy, across the cathode gas flow chan-
nel to the catalyst layer can be described by Darcy’s law
through a porous medium with permeability x and uniform
pores of radius r,. The molar flux of nitrogen is then given
by Eq. 7, where p is the gas viscosity, P is the local pressure
and z is the distance from the gas channel/GDL interface.

[ Fx, ] K P [ dP] o
= —X - _
AMEA convection e ,LlRT dz

For a uniform porous medium the permeability is given by
Eq. 8 where ¢ is the void fraction and 7 is the tortuosity of the
porous medium.

I”g & 8

K= g; (®)

The diffusive nitrogen flux from the catalyst layer to the gas
flow channel is given by Fick’s law in Eq. 9.

F P e (d.
o) e s ()@
AMEA ) ditfusion RT T\ dz

The diffusion coefficient has been corrected by the void
fraction and tortuosity of the porous medium. At steady state
the (convective) flux of nitrogen to the catalyst layer is equal
to its (diffusive) flux back to the gas flow channel; equating
(7) and (9) gives the relation between the pressure gradient to
the concentration gradient.

dP/dZ - DNZ,“
d)CNZ/dZ [rg/g]

(10)

Substituting in values for the properties of air and the GDL
into Eq. 10 (Dn, = 0.2 cm?/s, nw=72x 10°* glem — s 1, =
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1072 cm) provides an order of magnitude estimate of the
pressure difference across the GDL as a function of
the nitrogen mole fraction difference, (dP/dxy,) = 0.032 bar.
The maximum pressure difference across the GDL would
correspond to pure nitrogen at the catalyst layer Axy, = 1,
giving a maximum pressure drop of 0.03 bar. Typical
operating pressures of PEM fuel cells are 1-3 bar so that for
diffusion calculations it is reasonable to assume the pressure
across the GDL is nearly constant.

However, even though the pressure drop across the GDL
is small, the convective flux of oxygen is non-negligible in
comparison to its diffusive flux. The total oxygen flux is
equal to the sum of the convective flux of oxygen that is car-
ried along with the nitrogen driven by the pressure differ-
ence plus the diffusive flux driven by the oxygen concentra-
tion difference, as shown in Eq. 11.

X0, , . Pt edxo
flux = —= (nit fl —Dg, ——=
oxygen flux . (nitrogen flux) + P

X0, PT & ( d)CN2 ] ] PT & dXoZ

=22 p. 2= “Ips &
XN, (RT N7 dz RT %7 dz
Pre (xo, dxo,

=—- =D D - 11
RT < [xN2 N + 02] dz (1)

When the nitrogen concentration in the cathode gas flow
channel is small, the gradient in the nitrogen concentration
becomes large and the flux of oxygen is primarily by
convection (the first term on the right hand side at the top of
Eq. 11). The last line in Eq. 11 appears to suggest that oxygen is
only transported by diffusion. That is because the convective
flux of nitrogen to the catalyst layer is equal to its reverse
diffusive flux. It takes a very small pressure differential to drive
a convective flow that exceeds the diffusive transport. For pure
oxygen, xy, = 0 Eq. 11 indicates the oxygen flux becomes
infinite and there is no concentration gradient across the GDL.
This is of course impossible and is the result of equating the
nitrogen and oxygen concentration gradients which is becomes
meaningless in the absence of nitrogen. At zero nitrogen
concentration the oxygen transport across the GDL is entirely
convection driven. When the nitrogen concentration is high the
convective flow becomes small relative to the diffusive flow.

The flux of oxygen across the GDL is balanced by the ox-
ygen consumption at the catalyst layer, which is equal to the
current density.

oxygen convection + oxygen diffusion =oxygen consumption

PT & X0, dez j
2 |™p D == 12
RT < [xN2 N, +Po: | =5 4F (12)

Equation 12 can be simplified through a few approximations to
Eq. 13. The diffusivities of oxygen and nitrogen are nearly the
same and can be assumed equal. Assuming the gas is water
saturated everywhere, the mole fraction of nitrogen can be
expressed in terms of the saturation vapor pressure of water
and the mole fraction of oxygen.

diffusive term
SPchannel dxoz ] (]3)

correction term

1— XHZO
(1 —xo0, —xm,0)

“TTRT  dz 4F
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Figure 11. Schematic of oxygen transport from the gas
flow channel to the catalyst layer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Equation 13 looks like the normal diffusion equation with a
correction term that accounts for the relative importance of
convection to diffusion. As the oxygen mole fraction goes to
zero, oxygen is only transported by diffusion; at large oxygen
mole fraction the transport is greatly enhanced by convection.
Equation 13 is significant in showing that the predominant
mode of oxygen transport changes from convective flow to
diffusive flow as the oxygen mole fraction is reduced. In a 2D
flow field with an air fed fuel cell, oxygen will be depleted
along the length of the flow channel the balance between
convective and diffusive transport will change which will
affect catalyst utilization.

We have not included any analysis about the hydrogen
mass transport across the GDL at the anode. However, if
one follows a similar analysis for the anode with a pure
hydrogen feed, hydrogen transport across the anode GDL
will be mainly by convection, and the hydrogen mole frac-
tion at the anode catalyst layer will be nearly equal to the
hydrogen mole fraction in the anode gas flow channel.

Oxygen mass transport under the land

The switch from pure oxygen to air has a large effect on
the utilization of the catalyst under the land in a parallel
flow channel PEM fuel cell. The entire width of the catalyst
under the land was active when pure oxygen was fed to the
PFC fuel cell, but only a limited part of the catalyst layer
was active when air was fed instead. As shown schemati-
cally in Figure 11, oxygen must be transported through the
GDL in both the transverse and lateral directions to the cata-
lyst layer. Because the distance for diffusion under the land
is generally greater than the thickness of the GDL, we antici-
pate significant diffusional limitations for oxygen to reach
the cathode catalyst layer further under the land when the
oxygen is diluted by nitrogen.

Oxygen travels both laterally and transversely from the flow
channel to the catalyst layer. The lateral flux changes as a func-
tion of distance because oxygen is consumed by reaction under
the land. The local current density at the catalyst layer is a
function of the local concentrations. This is a two dimensional
transport equation where flux boundary conditions are known
at the GDL interfaces (GDL/channel, GDL/land and GDL/cat-
alyst interfaces). Because the width of the GDL under the land,
Wiand, 18 generally much greater than the thickness of the GDL
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tGpL, Wiand/tgpL ~ 10) the diffusion may be approximated as
one dimensional laterally through the GDL under the land.

The lateral flux of oxygen through the GDL changes due
to consumption of oxygen at the cathode catalyst layer as
expressed in Eq. 14. Variations in the transverse direction
have been ignored here; these must, of course, be included
for quantitative modeling.

LchanneltGDLA(Flux) = Lchannell‘GDLA

xo P dxN ] P [dxo ] j(2)
- 7De - D e | =L anne! Az——=
. [xN RTeN [ &) PPt Ui channel 324 2

(14)

The two terms in parentheses in (14) represent the convective
flux associated with the nitrogen flow and the diffusive flux
associated with the oxygen concentration gradient; D. are
effective diffusivities that account for porosity and tortuosity,
P is the total (and for our purposes here, effectively constant)
pressure in the GDL and the mole fractions are averaged
values across the GDL (in the y direction) at position z. The
right hand side of Eq. 14 is the oxygen consumption by
reaction at the catalyst layer; the current will depend on the
local oxygen mole fraction at position z. Equation 15 assumes
that the species concentrations across the GDL in the y
direction are uniform, which is not correct. To get the local
current density as a function of the local oxygen mole fraction
we will employ Eq. 6, substituting xo(z) for xf)hfn"d and ko, =
D./RTtgpr.. Equation 14 can be simplified by assuming the
diffusivities of oxygen and nitrogen are the same, the mole
fraction of water vapor is constant everywhere and the
pressure is constant.

tGDLiD d [XOZ (deZJ + (@]} _j(_z)

RT “dz |xx, \ dz dz )|~ 4F
Podf s aey] e
topL 57 De - — | =5
RT dz (1 — XO. — xchannel] dz 4F
0, H,O (15)
B.C.
X0, = xf)hzan"el at z=0
d
0, =0 at  Z = Wpand
dz

Equation 15 was integrated to evaluate the current as a
function of the width of the GDL under the land for humidified
oxygen and humidified air in the cathode flow channel at
different load impedances. Figure 12 presents a comparison of
the integrated current for oxygen vs. air feed to a 6.1 cm long
PFC fuel cell with different widths under the land at two
different load impedances, analogous to the experimental
results shown in Figure 8 and 9. The simplified one-
dimensional model does a remarkable job matching the data
obtained at 0.5 Q (see Figure 8). All the parameters were
determined from independent experiments. The model predicts
that the current increases linearly with GDL width when the
cathode feed is pure oxygen, while it plateaus with an air feed.
The results also show that there is less effect with higher load
resistance; the currents are reduced and the current becomes
ohmic limited, not limited by mass transport.
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Figure 12. Total current as a function of width of the
GDL under the land in a single channel PEM
fuel cell based on the model Eqgs. 6 and 15.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 13 compares the ratio of the current with air feed to
the current with pure oxygen feed at different load resistances
as a function of the width of the GDL under the land. As the
load resistance increases, reducing the current, the effect of
switching between oxygen and air is reduced. It is also clear
that at high load resistances, the width of the GDL under the
land can be increased without having significant mass trans-
port resistances; of course high load resistances result in low
current densities and reduced power output for the fuel cell.
Sun et al. presented a model that showed that with an air fed
cathode mass transport limitations were most important at
large overpotential,13 corresponding to high load resistance.

Implications for fuel cell design and modeling

In designing flow fields for PEM fuel cells, catalyst utiliza-
tion is essential because of the high cost of Pt catalysts. To
effectively utilize the catalyst, the current should not be lim-
ited by oxygen mass transport. Hence the lateral flux through
the GDL should be sufficient to provide reasonably uniform
current density to the area under the land. Equation 16 is an
integrated form of Eq. 15 where dxp /dz has been approxi-
mated by the mole fraction difference between the cathode gas
flow channel and the catalyst layer at a distance wy,,q away
from the gas flow channel divided by the width of the land.

lateral flux across GDL > current
1 channel

yChannel __ XGDL-,W]and
— X0 D.P \**0, O,

1— xﬂlzacr)mel _ x81annel RT Wiand

tepL4F

N Voc — Nact
Ry + pmembrane/Lwland

(16)

Assuming x(G)? Ewint — 0 and R > prmembrane/LWiana Eq. 16 can

be simplified to give a limit on the ratio of the width of the
land to the thickness of the GDL for good catalyst utilization;
the parameters are the composition in the gas flow channel and
the load resistance.
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Equation 17 reveals that the greater the oxygen mole fraction
in the cathode gas flow channel the wider the useful area of the
GDL under the land. Furthermore, Eq. 17 shows that making
the GDL layer thinner requires reduced width of the GDL
under the land for good catalyst utilization, because the gas
flow is more restricted.

Several models presented in the literature have been
solved numerically, showing the same trends in diffusional
limitations indicated by Eq. 17''7'%'>% The models have
suggested similar conclusions to those presented here: larger
effective diffusivity in the GDL and larger channel to land
ratios are important for good catalyst utilization. We have
isolated the roles of convection and diffusion as a function
of gas composition at the cathode with the experiments and
our simplified model. Equation 17 can be thought of as a
useful approximate reduction of the dimensionality from 2 to
1 spatial dimensions. Weber recently published an analytic
solution for an effective GDL thickness to channel length for
the channel and land that is analogous to Eq. 17.°" His goal
was also to achieve reduction in the dimensional order of
PEM fuel cell models.

Most fuel cell manufacturers prefer operation with air as
the source of oxygen at the cathode, since it doesn’t require
a second gas storage tank. Many experimental studies have
compared fuel cell operation with oxygen and air through
the IV curves, and it is always observed that the voltage is
reduced with air feed compared to oxygen feed in both the
ohmic polarization regime and the mass transport limited re-
gime. Rho et al. obtained polarization data at different oxy-
gen mole fractions in the feed (similar to the results pre-
sented here).”*" In fitting their data, they suggested that the
membrane resistance was a function of oxygen mole fraction
and pressure. The membrane resistivity is only dependent on

1.2 5

I(air feed)/I(oxygen feed)

0.2 1

0 0.1 0.2 03 0.4 05 06 0.7
Width of Land (cm)

Figure 13. Ratio of the current with air feed to the current
with oxygen feed for the same load imped-
ance and same width of GDL under the land.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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water activity. As we have shown here, the reduction of the
voltage results from both lateral and transverse oxygen mass
transport resistance across the cathode GDL.

The most significant result reported here is the role of
mass transport laterally from the gas flow channel through
the GDL to the catalyst layer beneath the land. This has a
large impact on the effective utilization of catalyst at the
cathode of the GDL when air is used as the feed to the cath-
ode. Even with large stoichiometric excesses of air, there
were substantial reductions of the current when the land/
channel ratio exceeded 2.

Natarajan and Van Nguyen previously reported a transi-
tion to a mass transported limited current due to oxygen
depletion along the length of a single channel fuel cell with
a segmented electrode.'”? Van N guyen and coworkers have
also shown the diffusional limitations at the cathode can be
reduced by forcing the flow through the GDL with interdigi-
tated flow fields.>***® Our results build upon previously
semiquantitative observations and provide direct measure-
ments of the diffusional limits with well defined composition
measurements.

The results in Figure 5 show that mass transport limita-
tions become significant when the oxygen mole fraction in
the cathode gas flow channel falls below 0.2, which just hap-
pens to correspond to the composition of air. There are sev-
eral approaches that can be applied to the problem of mass
transport limitations at the cathode. The simplest is to
employ thin GDLs with wide gas flow channels and narrow
lands. This solution could create problems with water re-
moval, because the gas velocities would be reduced in the
wide channels and the gas would be less effective at pushing
out liquid water drops.”* An alternative solution would be to
incorporate an air separation membrane as part of the cath-
ode feed to supply oxygen enriched air to the cathode. It is
important to note that high purity oxygen is not essential to
reduce the mass transport limitations—it is sufficient to have
an enriched feed with 40-60% oxygen to greatly reduce the
mass transport limitations! A third approach is to force con-
vective flow through the GDL under the land using interdigi-
tated dead ended flow channels.*>>>=7 This design as origi-
nally developed was conceived to push liquid water that had
condensed in the GDL. Recent studies show that the water
content in the GDL is small, and there is probably no need
to push the gas flow through the GDL to overcome liquid
flooding; but the interdigitated flow fields can be very effec-
tive in alleviating oxygen mass transport resistances through
the GDL under the land.

The analysis presented in this article has emphasized the
mass transport limitations at the cathode. It was pointed out
that, with pure oxygen, the mass transport limitations are
greatly reduced, because the convective transport is domi-
nant and there is little difference in composition between
the flow channel and at the catalyst layer. Because the an-
ode generally employs high purity hydrogen feeds, the sup-
ply of hydrogen to the anode catalyst layer will be primar-
ily convection driven by a small pressure differential
between the anode flow channel and the anode catalyst
layer. If one were to employ H,/CO, mixtures from steam
reformate as the anode feed, the issues of mass transport re-
sistance would become important at the anode as well. The
problem of hydrogen mass transport from reformate streams
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has been examined in more detail for hydrogen purification
using a Polymer Electrolyte Hydrogen Pump reported else-
where.>®

Conclusions

The effect of oxygen dilution at the cathode on PEM fuel
cell performance was examined. Employing air as the source
of oxygen at the cathode of PEM fuel cells significantly
reduces the current (or voltage) of a PEM fuel cell. Lateral
oxygen transport from the cathode gas flow channel to the
cathode catalyst layer under the land greatly reduces the
local current density and fuel cell efficacy.

The key results from this study are:

(1) Oxygen dilution by nitrogen increases mass transport
resistance from the gas flow channel to the cathode catalyst
layer.

(2) At high oxygen mole fraction in the cathode gas chan-
nel, the current is limited by the ohmic resistance of the load
resistance. At low oxygen mole fraction in the cathode gas
flow channel, the current is limited by oxygen mass transport
across the cathode GDL.

(3) Oxygen transport across the GDL is driven by both
convection and diffusion. Convection is dominant at high
oxygen mole fraction and diffusion is dominant at low oxy-
gen mole fraction.

(4) Oxygen transport from the cathode gas flow channel to
the cathode catalyst layer under the lands is limited with air
feeds, reducing the total current. There is a critical width of
the land beyond which the cathode catalyst layer is not uti-
lized.

(5) Proper physical descriptions of transport processes in
the GDL appear to be more important to predictive models
for PEM fuel cells than complex electrochemical kinetics.
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Notation

Amem = area of membrane (cm?)

Dy, = diffusivity of nitrogen (cm?/s)

Do, = diffusivity of oxygen (cm?/s)

D, N, = effective diffusivity of nitrogen in the GDL
© o (ems)

D. o, = effective diffusivity of oxygen in the GDL
© o (ems)

F ﬁfd = molar flow of hydrogen in the anode feed (mol/
s)
F{{°% = molar flow of hydrogen leaving anode (mol/s)
F %fd = molar flow of oxygen in the cathode feed (mol/

s)

Fci‘h_"de = molar flow of oxygen leaving cathode (mol/s)
Ff\?f" = molar flow of nitrogen in the cathode feed
(mol/s)
Fé":"h"de = molar flow of nitrogen leaving cathode (mol/s)
Fy, = molar flux of nitrogen across the GDL (mol/
2
cm” s)
Fﬁ"z?Jde = molar flow of water leaving anode (mol/s)
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cathode
Fro™ =

molar flow of water leaving the cathode (mol/

s)

F = Faraday’s constant (96,485 coulomb/mol)
GDL = gas diffusion layer
i = current (amp)
iohmic = current limited by load resistance (amp)
= current across load resistance (amp)
j = current density (amp/cm?)
Jmax = Maximum current density for a given load
resistance
ko,GpL = effective mass transport coefficient for oxygen
transport across the GDL (mol/bar)
Lchanner = length of flow channel in PFC fuel cell (cm)
szo = vapor pressure of water
Pt = total pressure in the fuel cell
PEM = polymer electrolyte membrane
PFC = parallel flow channel
R membrane = load resistance (ohm)
R; = load resistance (ohm)
Ry = hydraulic radius of gas flow channel
r, = pore radius of GDL pores (cm)
STR = stirred tank reactor
T = temperature (K)
tgpL = thickness of GDL (cm)
V = voltage drop across load resistance (volt)

Vettective = (Voc—Mact)

effective voltage in the ohmic regime of fuel
cell (~0.85V)

Voe = open circuit voltage (~1.2 V)
Wiana = Width of the MEA under the land (cm)
xp1.0 = molar fraction of hydrogen in the feed
‘L"z"de = molar flow of hydrogen leaving anode
anode
Xp™ = mole fraction of hydrogen in anode catalyst
e layer
X" = mole fraction of hydrogen in the anode gas
‘ flow channel
6§ = mole fraction oxygen in the cathode feed
x&thode _ mole fraction oxygen leaving the cathode
cathode
8‘2“'“‘ = mole fraction oxygen at the cathode
cathode
xgm = mole fraction oxygen in the cathode flow
) channel
xﬁjd = mole fraction nitrogen in the cathode feed
x‘f{}‘;h"de = mole fraction nitrogen leaving the cathode
cathode
xf\}'z“‘y" = mole fraction nitrogen in the cathode catalyst
cathode layer
A" = mole fraction nitrogen in the cathode gas flow
g Channel
xif's' = mole fraction water vapor in the cathode gas
wote  HOw channel
Xpa' = mole fraction watervapor in the anode gas flow
channel
¢ = void fraction in the GDL
Kk = Darcy’s law permeability (cm?)
W = gas viscosity in the GDL (g cm?/s)
Pmem = arial resistivity of membrane (ohm cm?)
T = tortuosity of the GDL
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