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Proton exchange membrane (PEM) fuel cells require humidified gases to maintain proper membrane humidification, but this often
results in a problematic accumulation of liquid water. Typically, excessive air flow rates and serpentine channel designs are used
to mitigate flooding at the cost of system efficiency. In this paper, we present an active water management system that decouples
water removal from oxidant delivery. The system uses a porous carbon flow field plate as an integrated wick that can passively
redistribute water within the fuel cell. The system also employs an external electro-osmotic (EOQ) pump that actively removes
excess water from the channels and gas diffusion layer. For a 25 cm? fuel cell with 23 parallel air channels, we demonstrate a 60%
increase in maximum power density over a standard graphite plate with a low air stoichiometry of 1.3. EO pumping represents a
negligible parasitic load, consuming typically less than 0.5% of the fuel cell power. Experimental and modeling results show that
simple passive water transport through the porous carbon alone can prevent flooding at certain operating conditions and flow field
dimensions. However, active water management with EO pumping facilitates robust operation with a high volumetric power

density across all operating conditions.
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Water management is a persistent challenge for polymer electro-
lyte membrane (PEM) fuel cells with perfluorosulfonic acid (PFSA)
type membranes, such as Nafion (DuPont, Wilmington, DE), which
require high water activity for suitable ionic conductivity. Humidi-
fication of reactant gases ensures proper humidification of the mem-
brane. Consequently, much of the water produced by the oxygen
reduction reaction at the cathode is generated in liquid form. Liquid
water invades the pores of the catalyst layer and gas diffusion layer
(GDL) and restricts diffusion of oxygen to the catalyst. The liquid
water emerges from the GDL via capillary action, 15 accumulates in
gas channels, 619 covers the GDL surface, increases the pressure
differentials along flow field channels, 20 and creates flow maldistri-
bution and instability in systems with multiple parallel channels.'>?!

A common strategy to mitigate flooding is to employ serpentine
channels (most commonly a small number of serpentine channels in
parallel) for the cathode and to supply air flow rates large enough to
force liquid water out of the system. These strategies act in concert
as serpentine designs increase flow rate per channel, improving the
advective removal of water droplets. Air is often supplied at a rate
several times greater than that required by the reactlon st01ch10m—
etry, increasing the oxygen partial pressure at the outlet.”?? The use
of high flow rate and high pressure contributes to air delivery being
one of the largest parasitic loads on fuel cells. 2324 Miniaturization of
forced air fuel cells exacerbates this parasitic load issue as the effi-
ciency of miniaturized pumps and blowers is typically much lower
than that of macroscale pumps.”™

Parallel channels can reduce the pressure differential across the
flow field by orders of magnitude compared to serpentine channels.
A parallel channel design also qlrnphﬁeq flow field machining and
can enable novel fabrication methods.””*® However, truly parallel
channel architectures are typically impractical as they are prone to
unacceptable nonunrformrty in air streams and catastrophic flooding.
For example, Nguyen2 demonstrated that parallel channels flood to
a much higher degree than an interdigitated flow field, resulting in a
50% reduction in maximum current density at air stoichiometric
ratios in excess of 4.7. Liu et al.”® also showed significantly lower
performance with their parallel ﬂow field vs their serpentine and
interdigitated designs. Liu et al.”! used an optically accessible fuel
cell with parallel channels and differential pressure measurements to
show that channel flooding is well correlated with pressure differen-
tial across the cathode channels. Typically, air stoichiometries
greater than 4 are necessary to prevent parallel channel flooding. 2

Flooding is often associated with high-current-density operation
because of increased water production and electro-osmotic drag.

* E-mail: juan.santiago@stanford.edu

However, the neutron radiography measurements of Trabold et al’
demonstrate that the greatest accumulation of water in the fuel cell
channels can occur at low current densities (0.1 A/cm?) because of
the low air flow rates. Using neutron imaging, Hickner et al*! dem-
onstrated that flooding at high current densities is also somewhat
mitigated by temperature increases due to internal heating; this in-
creases saturation pressure and evaporation rates. Further, in situ and
ex situ visualizations show that considerable flooding occurs in the
GDL directly under the rib of the flow field irrespective of current
density.l”%’1

Several passive water strategies employ additional components
to mitigate flooding.” * Ge et al.* fabricated a PEMFC with ab-
sorbent 0.32 mm thick strips of wick inserted into the flow field of
their machined (solid) graphite plates. The wicks effectively redis-
tributed water for internal humidification of dry gases. However, this
is not an example of the use of wicks to mitigate flooding as the
system and conditions they explored were apg)arently not prone to
flooding. In this and a subsequent publication,”™ they showed that a
wick-free version of their fuel cell evaluated as a control did not
suffer from cathode flooding. More recently, Sugiura et al.** fabri-
cated a composite flow field plate featuring a thin water-absorbing
layer and waste channels for removing liquid water from the oxidant
channels. Their design, however, did not offer improved power den-
sity due to a significant increase in the ohmic losses introduced by
the new components.

Active water management strategies in which applied pressure
differentials actively transport liquid water out of or 1nt0 a fuel cell
are now emerging. Early work by Watanabe et al? presented a
PEM fuel cell that actively managed the water content of the elec-
trolyte by supplying pressurrzed water to wicks that were integrated
into the membrane. Yi et al.*® presented an active water management
method being developed by UTC Fuel Cells. In the UTC design, the
bipolar plate is porous and has internal water channels for cooling
and water removal. An applied pressure differential between the gas
and water streams drives liquid water from the air channels and into
internal channels dedicated to water transport.

Our group recently published the development of an active water
management system utilizing electro osmotrc (EO) pumps for redis-
tributing and removing liquid water.”” The 1.2 cm? fuel cell featured
a simple, single straight channel. Transient and polarization data
demonstrated that the active removal of water with EO pumping
eliminates flooding with a low parasitic load (~ 10% of the fuel cell
power). EO pumps use the electric double layer (EDL) that forms
between solid surfaces and liquids. In the case of water pumping
using porous glass EO pump structures, silanol groups on the sur-
face of the glass spontaneously deprotonate, creating a negative sur-
face charge and a net-positive layer of mobile ions with a generated
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Figure 1. (Color online) Exploded assembly view of the 25 cm? fuel cell
plate with a porous carbon wick and an external 2 cm? EO pump (a), and a
schematic of the water pathway in an assembled wick and EO pump plate
(b). The large, filled arrows indicate the flow of water.

potential of roughly —60 mV (a typical zeta potential for deionized
water).*® Applying electric potential across a porous glass substrate
induces a Coulombic force on this mobile ion layer. The viscous
interaction between ions and water generates a bulk flow. The work-
ing flow rate through an EO pump is a linear function of pressure
load and the electric field imposed across the pump. A model for
scaling of EO pumps with fuel cells is provided in Ref. 37. In
general, EO pump flow rates scale linearly with area, an appropriate
scaling for fuel cells whose output power and water production rate
also scale with area. As we demonstrate in this paper, EO pumps
also present a negligible parasitic load. References 38-40 provide
further reading on EO pump theory and practical considerations.

In this paper, we present the incorporation of an EO pump into a
larger 25 cm? PEM fuel cell with a new pump integration strategy.
Unlike the cell of Ref. 37, in which EO pumps form the air channel
structure, the current 25 cm” design has a small-area (2 cm?) EO
pump placed outside of the fuel cell hardware. This EO pump is
hydraulically coupled to an internal wick structure. The porous car-
bon wick is an electrically conductive structure that simultaneously
serves as current collector, a flow field/channel structure, and an
actively controlled wick.

Experimental

Water management system.— Figure 1 illustrates our active wa-
ter management system in which a hydrophilic porous flow field
plate is hydraulically coupled to an external, relatively small area
EO pump. Figure la shows an (approximately to scale) exploded
schematic showing a solid graphite base, the porous carbon wick
structure (also the current collector and channel wall substrate), and
the EO pump assembly. The latter consists of a polyvinyl alcohol
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(PVA) filter which mates to a small tab machined into the wick
(which protrudes from the stack structure), a porous borosilicate
glass frit EO pump, platinum mesh electrodes, and a clam-shell
design that holds the pump assembly together and allows water to
escape. The function of these various components is depicted sche-
matically in Fig. 1b. The hydrophilic porous carbon wick absorbs
water droplets from the cathode channels and GDL, including water
that normally accumulates under the rib of the flow field. Upon
saturation with absorbed water, the wick can no longer remove wa-
ter without application of a pressure gradient that pumps water out
of the wick. This pumping action is accomplished by an external EO
pump with only 8% of the area of the fuel cell. The EO pump and
the wick are hydraulically coupled through a PVA filter which serves
as both an easily compressed connector (a “bridge”) between these
components and a filter that keeps particles (e.g., carbon residue)
from clogging the pump. Furthermore, the nonconductive PVA helps
to electrically isolate the pump from the fuel cell. In this design, the
EO pump is in close proximity to the air outlet; this location helps
exploit air pressure gradients within the flow field in removing water
from the wick.

The wick flow field is machined from porous carbon (SGL
SIGRACET-plate PGP material, SGL Carbon AG, Germany). The
1.5 mm thick porous carbon plate is an untreated [e.g., without poly-
tetrafluoroethylene (PTFE) or other materials] and nonwoven fi-
brous substrate similar to nonwoven GDL materials. As received
from the manufacturer, the material does not spontaneously absorb
water. We have experimented with various surface treatments and
found that heat-treating the porous carbon transforms the surface
into a hydrophilic state. For this study, we heat-treated the porous
carbon in air at 300°C for 3 min (temperatures greater than 300°C
result in measurable mass loss). The flow field has 23 channels
which are 1.2 mm wide and 1 mm deep with 1 mm rib width. The
header channel for the parallel flow field is 4.5 mm wide and
1.5 mm deep. A nonporous graphite base holds the porous carbon
and provides gas sealing along most of the perimeter. A 2 cm wide
section of the porous carbon protrudes 1 cm out of the graphite base
as the connection to the EO pump.

The EO pump consists of a 2 cm? borosilicate frit (Robu-Glas,
Germany) which is 1 mm thick and has an estimated mean pore
diameter of 2 wm and 40% porosity (determined from dry/wet
weight measurements). The electrodes are platinum mesh (Goodfel-
low Cambridge Limited, U.K.) with 0.06 mm diameter wires with
center-to-center spacings of 0.25 mm. As received, the PVA material
(PVA Unlimited, Warsaw, IN) has an uncompressed thickness of
2 mm and we sand it down to 1 mm thickness in the area covering
the frit (to maximize electric field through the pump and reduce
hydraulic resistance). As shown in Fig. 1a, the sanded horizontal tab
of the PVA is sandwiched between the pump anode (pump inlet) and
the frit; and the opposite horizontal tab is sandwiched between the
acrylic housing and the porous carbon. The PVA is very
hydrophilic32 and has large pores (100-150 wm from optical mea-
surements) for low hydraulic resistance. The PVA has an uncom-
pressed porosity of 90% (from wet/dry measurements). The acrylic
housing is composed of two laser-machined acrylic plates which
compress both the pump assembly and the wick-to-PVA filter inter-
face. The pump’s anode plate has small ~1 X 1 mm openings to
allow the oxygen generated by electrolysis to escape, and the pump
cathode plate has large openings for the pump’s outlet. We seal the
exposed perimeter of the frit by potting it into the acrylic housing
with 5 Minute Epoxy (ITW Devcon, Danvers, MA).

Fuel cell hardware— The fuel cell hardware is typical of
25 cm? single-layer fuel cells. The end plates are machined alumi-
num stock (McMaster-Carr, Los Angeles, CA) with four bolt-holes
for compression. Both plates feature Kapton embedded heaters
(McMaster-Carr) and K-type, sheathed thermocouples (Omega En-
gineering, Inc., Stamford, CT) in the centers of the plates. A 0.5 mm
thick sheet of silicone rubber (McMaster-Carr) insulates the end
plates from the current collector plates, which are copper plates
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Figure 2. Schematic of the experimental setup. The system controls the air
and hydrogen flow rates, temperature, and humidity. It also controls the fuel
cell temperature and current, and the voltage applied to the EO pump. The
system monitors the fuel cell’s voltage, current, ohmic resistance, tempera-
ture, cathode pressure differential, and the EO pump current.

(McMaster-Carr) with 1 wm thick layer of electroplated gold. A
graphite plate (Fuelcellstore.com, Boulder, CO) with milled chan-
nels forms the anode’s flow field plate. The anode flow field is a
triple-serpentine with a channel width and depth of 0.75 mm and a
rib width of 0.75 mm. As an experimental control and comparative
study, we used a second cathode flow field; this was machined from
nonporous graphite (Fuelcellstore.com) and has flow field dimen-
sions identical to that of the porous carbon version of the cathode.
The membrane electrode assembly (MEA) consists of a catalyst-
coated membrane from Ion Power, Inc., and nonwoven SGL
SIGRACET 10-BB GDLs with microporous layers (Ion Power, Inc.,
Newcastle, DE). The membrane has a nominal thickness of 25 pm,
and the catalyst layers have a total platinum loading of
0.3 mg Pt cm™2. A 350 wm thick PTFE gasket (McMaster-Carr) sur-
rounds the GDL and seals the gases. Bolt torques of 4.0 N m pro-
vide the assembly compression with the porous plate, and 2.8 N m
was used for the assembly with a solid graphite cathode plate.
Where noted, a MEA featuring a Nafion 111 membrane, a
1.0 mg Pt/cm? platinum loading, and carbon cloth GDLs (BCS Fuel
Cells, Inc., Bryan, TX) was used in place of the Ion Power MEA.

Experimental setup.— As shown in Fig. 2, the fuel cell connects
to a four-wire dc load (Agilent N3100A, Palo Alto, CA) in series
with a boost power supply (Acopian W3.3MT635, Easton, PA). A
dew-point control system (Bekktech LLC, Loveland, CO) condi-
tions the gases to the desired dew point and temperature. The system
also controls the temperature of both fuel cell end plates and the
heated lines (Clayborn Labs, Inc., Truckee, CA) between the satu-
rators and fuel cell. Mass flow controllers (Alicat Scientific, Tucson,
AZ) regulate the flow of air and hydrogen from the gas cylinders. A
dc power supply (Agilent 6030A DC Electronic Load) powers the
EO pump at a constant voltage. A pressure transducer (PX139-030,
Omega Engineering Inc.) measures the air pressure differential
across the cathode flow field and manifolds. A PC featuring Lab-
View software, a GPIB card, and IO data acquisition card (National
Instruments, Austin, TX) controls system set points and records
measurements.

To quantify the fuel cell’s ohmic resistance, we developed a cus-
tom current interrupt method*' ™+ employing the Agilent N3100A dc
load and LabView software. During the resistance measurement, the
dc load transiently pulses the fuel cell current between the set point
and zero current. The transient pulse frequency is 120 Hz and the
duty cycle of the zero current condition is 5%, which results in a
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Table I. Experimental parameters.”

Parameter

Value

MEA

Membrane thickness
Platinum loading
GDL

Fuel cell active area
Anode gas

Anode outlet pressure
Anode dew point
Hydrogen stoichiometry
Cathode gas

Cathode outlet pressure
Cathode dew point

Ion Power CCM

25 pm

0.3 mg Pt/cm?

SGL SIGRACET 10-BB
(nonwoven w/ MPL)
25 cm?

H, (>99.995%)

1 atm

55°C

2

Air (extra dry)

1 atm

55°C

Air stoichiometry («) 1.5 unless otherwise noted

Endplate temperatures 55°C
Gas line temperatures 60°C
EO pump area 2 cm?
EO pump voltage 12V

*Where noted, a BCS MEA with a Nafion 111 membrane and carbon
cloth GDLs is used in place of the Ion Power MEA.

zero current duration of 417 ws. During the transient pulsing, the
Agilent load records the fuel cell voltage at a frequency of 100 kHz
(10 ws/sample), the maximum sampling frequency of the load.
LabView detects a single interrupt point and captures the transient
voltage rise. We correct for initial impedance “ringing” by fitting the
20 data points from 100 to 300 ws after the interrupt with a straight
line and extrapolating from this fit the value of the voltage rise
immediately after the interrupt (0 ws).** We validated the interrupt
and sampling methods by simultaneously monitoring the fuel cell
voltage at 2.5 MHz with a digital oscilloscope (Agilent Infinium
oscilloscope).

Table I lists the experimental parameters for the current studies.
In all cases, we operate with gas dew points equal to the endplate
temperatures. We use near-ambient pressure and set the endplate
temperatures to 55°C, as this offers a reasonably efficient operating
condition that is highly prone to flooding in the absence of active
water removal. In preliminary experiments we also found that 55°C
provides the highest power density provided there is no flooding.
This near-optimum temperature condition is consistent with the ex-
periments of Zaffou et al,* who used UTC Fuel Cells’ (South
Windsor, CT) water transport plates and observed optimal perfor-
mance at 60°C when using symmetric endplate temperatures and
near-ambient pressure.

We initially conditioned the MEAs with voltage cycling between
0.3, 0.6, and 0.8 V (each for 20 s) over an 8 h period. Prior to
acquiring measurements, we ran the fuel cell for 90 min using the
same conditioning routine. Before each EO pump experiment, we
removed the pump from the fuel cell and rinsed its components in
deionized (DI) water to ensure repeatability.

Results and Discussion

The following transient and polarization results demonstrate that
an EO pump coupled to a porous carbon flow field can dramatically
enhance the performance of a larger 25 cm?> PEM fuel cell while
imposing a negligible parasitic load. The results include compari-
sons of three system configurations. These are the nonporous flow
field and the porous carbon flow field, the latter with the EO pump
off and on. As part of our study of these cases, we identify a non-
negligible passive water management mechanism wherein at least
some water is pumped through the wick by air pressure gradients
alone. In the final section, we elaborate on this passive water trans-
port mechanism and present a model of the flow in the wick. The
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Figure 3. Transient fuel cell voltage at 0.5 A/cm? with the EO pump on and
off. The applied voltage when the EO pump on is 12 V. The EO pump
consumes 0.3% of the fuel cell power. The air stoichiometry is 1.5.

model and experimental results outline the inherent limitations of
using a wick as a solely passive water management method.

Transient performance.— We first present individual-run, anec-
dotal data typical of the system and then proceed to averaged global
quantification of performance such as polarization curves and aver-
age power. Figure 3 presents typical transient galvanostatic mea-
surements of the fuel cell voltage for two conditions, one with the
EO pump activated with an applied pump potential (V) of 12V
and the second with no applied voltage. We filter the transient data
by convolving the digital time series with a Gaussian kernel that has
a standard deviation of 250 ms, which is the average residence time
of air in the flow field. Prior to each measurement, after the initial
90 min start-up, the fuel cell is run at the specified condition of j
= 0.5 A/cm? and an air stoichiometry () of 1.5 for 10 min. The
channels are then cleared by a gas purge (2000 sccm for 5 s). This
procedure provides consistent initial conditions. When the EO pump
is inactive, the fuel cell rapidly floods and exhibits strong voltage
fluctuation and decay. The mean fuel cell voltage after 40 min, for
four realizations with V,,, = 0 V (to the pump), was 0.58 V. When
the EO pump is activated at V,,, = 12 V, the fuel cell voltage re-
mains stable at the initial post-purge value of 0.64 V. We found the
same result for applied pump potentials ranging from 5 to 40 V.
Thus, after 40 min of operation the EO pump affords an average
10% increase in fuel cell power (23% at ¢ = 25 min), while consum-
ing 0.3% of the fuel cell power (Pgo/Ppc = 0.003). In addition, the
EO pump greatly improves the transient stability of the fuel cell
voltage.

Typical results such as those in Fig. 4 further elaborate the tran-
sient performance of the EO-pumped-wick fuel cell system. Here we
show a case where the EO pump is at first deactivated for 5 min
(resulting in flooding) and then activated. The figure shows typical
time series of (the simultaneously measured) fuel cell voltage and
air pressure differential (Ap) across the cathode flow field and mani-
folds. The fuel cell severely floods during the first 2 min of opera-
tion at 0.5 A/cm? and « = 1.5 and loses approximately 100 mV of
the initial fuel cell voltage. Concurrently, the pressure differential
increases by 50% due to the accumulation of liquid water in the
channels. This is consistent with the work of Ref. 15 and 21. During
this flooding, the voltage drops in sharp increments. As suggested by
the visualization work of Yang et al.,¥ we hypothesize that these
steps in voltage decrease are associated with water completely
blocking air flow in a discrete number channels.

Upon activation of the EO pump at =5 min and V,,, = 12V,
the fuel cell voltage recovers to the initial level within 40 s. The
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Figure 4. Fuel cell voltage (top curve) and air pressure differential (lower
curve) during flooding and the recovery upon activating of the EO pump at
£ =35 min and V,,, = 12 V. The fuel cell current density was 0.5 A/cm? and
o = 1.5. The BCS MEA with carbon cloth GDLs was used to obtain this
result. Upon activation of the EO pump at an applied voltage of 12 V, the
fuel cell recovers from the flooded cell value of 0.51 V to its original value
of 0.62 V.

recovery represents a typical 20% increase in the fuel cell power
relative to the partially flooded state. Similarly, the pressure differ-
ential sharply decreases with activation of the EO pump. Such tran-
sient recovery of the fuel cell voltage and decrease in pressure dif-
ferential shows the ability of the EO pump to remove water from the
cathode channels and recover from flooded conditions. He et al.’s"
simultaneous measurements of current density and pressure drop
demonstrated that doubling air flow rate can also remove liquid
water and recover fuel cell performance. However, their 1.1 cm?
fuel cell with interdigitated channels required more than 10 min at
the higher air flow rate (and an approximately fourfold increase in
air pumping power) for a full recovery.

Polarization curves.— This section presents polarization curves
for three configurations of the 25 cm? fuel cell’s cathode flow field:
(i) a solid graphite plate, (i) a porous carbon plate with no EO
pumping, and (iii) a porous carbon plate with EO pumping (Vyp,
= 12 V). For each configuration, we measure polarization curves for
air stoichiometries (o) ranging from 1.3 to 6. An air stoichiometry
of 1.3 is signiﬁcantlg/ lower than the typical values of 2-3 used for
serpentine channels"*"#"* and 4-5 for parallel channels.”’ Prior to
the current work, a significantly higher air stoichiometry was typi-
cally necessary for fuel cells with parallel channel flow fields be-
cause of multichannel flow instabilities caused by liquid water ac-
cumulation.

We generated polarization curves by incrementing the current
density by 0.1 A/cm?® every 10 min. In this section, each measure-
ment is a 2 min average taken at the end of a 10 min dwell period.
We held open-circuit voltages (j = 0 A/cm?) for 1 min and the mea-
surement is the average of the last 30 s. Prior to acquiring these
polarization curves, we ran the fuel cell at 0.8 A/cm? for 10 min to
achieve consistent hydration and then purged the channels with high
gas flow rates. We terminated the polarization curve measurements
when the (instantaneous) fuel cell voltage fell below 0.2 V.

Figure 5a shows polarization curves for the fuel cell with a solid
graphite flow field plate. We attribute the slight fluctuations in the
high-current-density data to flooding (flooding is corroborated by
noise in the voltage time series). At the lowest air stoichiometry
(a = 1.3), a current density greater than 0.5 A/cm? cannot be
achieved without the fuel cell voltage falling below 0.2 V due to
severe flooding. The effects of flooding are apparent even with the
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Figure 5. Polarization curves for the (a) solid graphite plate (cathode), (b)
porous carbon plate (cathode) with the EO pump off, and (c) porous carbon
plate with the EO pump activated at 12 V. Each set of polarization curves is
shown for o = 1.3-6. The solid graphite plate has the same flow field pattern
and dimensions as the porous carbon plate. Each galvanostatic measurement
is a time average of the last 2 min of a 10 min dwell period. Test conditions:
fuel cell temperature 55°C, saturator temperatures 55/55°C (cathode/anode),
outlet pressures 1/1 atm (cathode/anode).

highest air stoichiometry (o = 6) at current densities greater than
about 0.8 A/cm?. The solid graphite flow field plate therefore re-
quires very high airflow rates (a > 6) to mitigate flooding, an un-
favorable and perhaps restrictive feature from the perspective of
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overall system efficiency. This poor performance due to flooding
motivates the development of water management methods that en-
able parallel flow fields.

Figure 5b shows the polarization curves we obtained when using
the porous carbon flow field with no EO pumping. We assembled the
porous carbon version of the fuel cell with a previously uncom-
pressed wick and a new MEA. The curves show a significant im-
provement in the maximum current density for o« = 2. However,
there is significant flooding at low current densities for a < 2 and
for low air stoichiometry (o = 1.3,1.5). (We terminated the o = 6
polarization curve at 1 A/cm? due to the maximum airflow rate limit
of our test station.) The flooding at low current density is consistent
with the neutron imaging by Trabold et al.,” who found that the
greatest accumulation of water occurs at low current densities, such
as 0.1 A/cm? in their fuel cell (again, presumably due to the limited
effect of air stream convection on water droplets at low air flow
rates).

Figure 5c presents the polarization curves when the EO pump is
operating with an applied voltage of 12 V. This applied voltage
provides robust operation across the entire spectrum of air stoichi-
ometry and current density. The air stoichiometry has significantly
less impact on polarization curves because flooding is no longer a
factor. The most dramatic improvement is observed for o = 1.3, in
which the maximum current density is 2 and 2.5 times greater than
that observed for the solid graphite plate and the porous carbon
plate, respectively. The associated maximum power density at o
= 1.3 is now 0.43 W/cm?2, vs 0.27 and 0.2 W/cm?2, respectively, for
the solid graphite plate and the porous carbon with no EO pumping.

IR-free comparisons.— Use of a porous carbon flow field struc-
ture introduces an additional ohmic resistance to the system that
slightly lowers its performance. To quantify this, we here analyze
ohmic-resistance-free polarization data. For each point in the polar-
ization curves in Fig. 5, we measured the total resistance of the fuel
cell every 10 s using our current interrupt scheme. The first plot in
Fig. 6 shows fuel cell area-specific resistance, Rgc, for each polar-
ization point. All Rgc values are largely independent of current den-
sity, showing proper PEM hydration for all cases. More importantly,
the resistance of the solid graphite plate (denoted by SG) is an
average of 0.10 ) cm?, compared to the 0.17  cm? value for the
porous carbon plate systems (with EO pump on or off). The
~0.07 Q cm? increase in resistance is the sum of the additional
contact resistance and the lower conductivity of the porous material.
The 25 pum thick Nafion membrane accounts for 0.05 {2 cm? of the
resistance when fully humidified,*” so the porous carbon assembly
has ~2.5 times the electrical resistance of the fuel cell with a solid
graphite plate.

With Rpc measurements we can generate polarization curves that
are free of the ohmic voltage loss (IR-free polarization curves).
These polarization curves allow us to directly compare the impact of
flooding (vs ohmic losses) on the three configurations because the
IR-free voltage (Vie"® = Vgc + jRpc) is the sum of the activation
and mass-transfer losses. Figure 6 presents the IR-free polarization
curves for a = 1.3-6 for each of the three configurations. The low-
current-density overlap of the three configurations at o = 6 estab-
lishes that the two Ion Power MEAs used for the porous carbon and
solid graphite assemblies feature very similar kinetics and open-
circuit voltages, as required for valid comparisons.

The IR-free polarization curves in Fig. 6 indicate stable perfor-
mance for all air stoichiometries with the porous carbon plate with
EO pumping. At a = 1.3, the porous plate without EO pumping
presents the most severe flooding. However, at a =3 and 6 the
polarization curves for the porous plate without EO pumping are
consistent with little or no flooding. This suggests that a fully satu-
rated (with water) porous carbon wick can lead to severe flooding if
there is no mechanism for water removal. Porous channel walls that
are saturated with liquid may even increase the probability of chan-
nels being blocked by water (vs a dry wick or hydrophobic solid
plate) as menisci offer numerous nucleation sites. We hypothesize
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that the dramatic performance improvement with increased « is pro-
vided by a passive water removal mechanism through the wick. The
high-air-pressure gradients at large values of o induce water trans-
port through the porous carbon structure. In contrast to this situation,
the IR-free fuel cell voltage of the solid graphite plate does not
respond significantly to the same increases in air stoichiometry. This
difference in response to air stoichiometry of the porous vs the solid
plates supports a passive water removal mechanism via the porous
carbon. We also hypothesize that low performance of the solid
graphite plate at high current densities is partially due to water ac-
cumulation in the GDL under the flow field ribs, a region protected
from flooding in the porous carbon setup.

Fuel cell power— The following section quantifies the EO
pump’s effect on the net power generated by the fuel cell. Figure 7a
presents the percent increase in fuel cell net power when the EO
pump is activated vs the power generated by the fuel cell with the
solid graphite plate
PR - P2

Pr¢
Similar to the work of Buie et al.,*” the percent increase in power
with EO pumping is greater for lower air stoichiometries and higher
current densities. EO pumping increases the fuel cell power by 10—
44% at the maximum current densities achieved with the solid
graphite configuration. At low current densities, the percent increase
in power is slightly negative, as expected due to the increased ohmic
resistance of the porous carbon and the parasitic load of the EO
pump. Overall, the latter seems to us a small price to pay for
strongly enhanced performance across a wide range of conditions.
We also note that we here explore only cases where the EO pump is
activated at full power at all operating conditions. We are currently
exploring other pump control strategies (including feedback con-
trol).

Figure 7b shows the maximum power density of the three fuel
cell configurations vs air stoichiometry. The data shows that EO
pumping significantly increases maximum power density for opera-
tion at low air stoichiometries. At a = 1.3, the maximum power
density with the EO pumping is 1.6 times greater than the case with
the solid graphite plate. The maximum power density at this low
stoichiometry is 2.1 times greater than that of the porous carbon
with no EO pumping. Again, as shown in Fig. 6, the porous carbon
with no EO pumping presents the most severe flooding at o = 1.3
and 1.5. However, for a = 2 the porous carbon without EO pump-
ing affords a higher maximum power density, which we attribute to

X (1]
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o=1.5

Figure 6. Area specific resistance mea-
surements (Rgc) and IR-free polarization
curves for o =1.3-6. The polarization
curves are for the porous carbon plate
with an activated EO pump at V,
=12V (O), the porous carbon with the
EO pump deactivated ([J), and the solid
graphite plate control case (V). At a = 6,
the polarization curves for the porous car-
bon with and without EO pumping have
nearly identical values (data points over-
lap). Overall, implementation of a porous
carbon plate adds an  additional
0.07 Q cm? of area specific resistance.
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Figure 7. Percent increase in fuel cell power, ¥, for the porous carbon plate
with EO pumping vs the solid graphite plate (a), and the maximum fuel cell
power vs air stoichiometry for the solid graphite plate (SG) and the porous
carbon plate with EO pump on or off (PC,EO,, and PC,EO;, respectively)

(b).
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Figure 8. The parasitic load of the EO pump, Pro/Pgc, (a) and the estimated
total parasitic load, (Pggo + Py,)/Prc, (b) as a percentage of the fuel cell
power vs current density. Pgg is relatively independent of fuel cell conditions
(as long as the pump is saturated with water) and so the decrease in Ppq/Prc
at higher current densities is due mostly to increasing fuel cell power. The
parasitic load of air delivery, P,,, is calculated with four assumed values of
air pumping efficiency (v = 5, 10, 40, and 80%) for the polarization study
with a = 2.

passive water removal. The plots also show that operating the solid
graphite plate with a high stoichiometry (a = 6) does not provide
the maximum power density of the EO-pumped porous carbon at a
more efficient stoichiometry of a = 2.

EO pump parasitic power— Figure 8a shows the measured
power consumed by the EO pump for the polarization experiments
of Fig. 5 and 6. We normalize the EO pump power as a fraction of
the total electrical power generated by the fuel cell (Pgg/Pgc). For
current densities greater than a low limit of 0.1 A/cmz, the EO
pump consumes less than 1% of the fuel cell power. The EO pump
consumes less than 0.5% of the fuel cell power at moderate to high
current densities (e.g., including the maximum power density con-
ditions). Because flooding is avoided, there is little or no discernable
effect of air stoichiometry on the relative EO pump power. One
exception to this is for & = 3 and 6 and current densities greater than
about 1 A/cm?, where Ppq/Pgc drops sharply. We attribute this to
the fact that at these high air flow rates, water removal from the
system due to convection out of the cathode outlet becomes on the
order of that pumped by the EO pump (thus, the void spaces be-
tween the EO pump’s Pt mesh electrodes are not completely satu-
rated with water and the pump consumes negligible power).
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Relative to our original system described by Buie et al.,”’ the
Pro/Prc power fraction is now more than an order of magnitude
lower. One important reason for this is the significantly reduced
pump area (relative to the fuel cell) used here (Agg/Apc here is now
0.08 vs 10 in our the previous work). In addition, the conductivity of
the liquid water produced in our 25 cm? cell is significantly lower
than that measured by Buie et al. The power for EO pumping is a
strong function of water conductivity.3 Our typical water conduc-
tivity is in the range of 8—10 wS/cm, vs the 170 wS/cm value for
most of the measurements of Buie et al. They showed that this
reduction of conductivity can be attributed to the elimination of
iron-containing metals from the fuel cell hardware (see footnote 65
of Ref. 37). Iron ions react with the Nafion membrane and increases
the fluoride emission rate, resulting in higher water conductivity.SO

Figure 8b presents the total parasitic load expressed as the EO
pump power plus the parasitic load of a theoretical air compressor or
fan (P, = QAp/v), where m is the thermodynamic efficiency of air
pumping. Although air pumping delivery in macroscale devices can
be quite efficient ( = 0.7 and higher), miniature fluid pumps have
comparatively much lower efficiencies.”” The relative parasitic load
of air delivery, P, /Pgc, for a fixed geometry flow field is highest
near the maximum power condition as the air power scales as Py,
o o%j? (i.e., air power scales as Q’R,, where R, is hydraulic resis-
tance). Because Pgo/Ppc scales as P]}]C, then (Pgo + Pgi)/Prc
shows a strong parabolic minimum.

Note that the parasitic load of air delivery for this fuel cell is
very low because of the 51:I)arallel channel flow field. The modeling
work of Shimpalee et al.”" shows that the pressure differential, and
thus the air delivery power, are roughly proportional to the inverse
of number of channels squared (P, = 1/N?). So the pressure dif-
ferential for a 26-channel design is about 33 times lower than that of
a three-channel serpentine flow field.”!

Flow field design and passive water management.— We have
found that the porous carbon can effectively mitigate flooding in a
passive manner, provided there is a sufficient pressure gradient in
the air channels. As suggested by the data of Fig. 6, increasing air
stoichiometry in the porous carbon plate device can significantly
increase the performance. This is demonstratively not true of the
solid graphite plate which flooded even at high air stoichiometry.

To further study the passive water management mechanism, we
performed four additional polarization curves with a flow field fea-
turing 33 0.75 X 0.75 mm parallel channels and a rib spacing of
0.75 mm. This flow field exhibits a greater hydraulic resistance be-
cause of the smaller hydraulic diameter of the channels. The mea-
sured pressure differential through the 33-parallel-channel flow field
is approximately 5.3 times greater than that of the 23-parallel-
channel design. Figure 9 presents polarization curves for this flow
field with o = 1.5 and 2. Even at a low air stoichiometry of 1.5,
there is no significant change in performance whether the EO pump
was on or off with these channel dimensions.

We have attributed the dramatic performance improvement in the
porous carbon flow field design (with the EO pump off) to air pres-
sure gradients driving liquid water through the porous carbon to-
ward the outlet. This mechanism occurs when channels are small or
for high stoichiometries (because both yield large channel-to-
ambient pressure differences). For simplicity, we here refer to this
air-pressure-pumped flow of water through the wick as “passive”
(although we understand that ultimately this action is provided by a
small fraction of the power output of the air pump). We here propose
a simple model that may in part explain these trends and compare its
predictions to observations. Our model applies to highly hydrophilic
wicks that are saturated with liquid water. For such systems, we
postulate that water will preferentially travel through the hydrophilic
wick in the upstream regions of the channel. Upstream, newly
formed liquid water quickly enters the wick and is driven down-
stream. Further downstream, axial pressure gradients are insufficient
to support all of the water flow through the wick. Beyond this point,
we assume water will flow both in the wick and the channel. Our
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Figure 9. Polarization curves for a porous carbon flow field with 33 0.75
X 0.75 mm channels with and without EO pumping at 12 V. The porous
carbon plate shows no signs of flooding when the EO pump is off for these
wick dimensions. The MEA for this study was supplied by BCS Fuel Cells
(TX) and featured a Nafion 111 membrane, 1.0 mg Pt/cm?, and carbon cloth
GDLs.

postulate is supported by ex situ visualizations of combined water/
air flow through these flow fields. These visualizations confirm that
the majority of the liquid water travels through the porous carbon.
Further, the ex situ experiments clearly show water ejecting from the
porous carbon wick at the outlet end of the channels.”

Our model requires assumptions regarding the relative pressure
fields in the wick and the channel. Throughout much of the surface
of the wick/channel interface, capillary forces may act to decouple
these pressure fields. However, we here assume there are a signifi-
cant number of sites that are actively wicking (or ejecting) water.
These sites are regions of negligible capillary pressure where local
wick pressure is nearly equal to local channel pressure. Thus, the
pressure differential across the length of the air channel need not be
larger than the wick’s capillary pressure for water to leave the wick
near the outlet. With this assumption, liquid water will travel
through the hydrophilic wick according to a pressure field governed
by the pressure gradients in the air stream. The latter is justifiable as
the air volume flow rate is typically several thousand times larger
than the liquid volume flow rate in the system. Figure 10a depicts
the pathways of liquid water into, through, and out of the wick.
Figure 10b shows a schematic of our model system and parameters.
The single-channel model may be interpreted as analyzing the flow
in an array of parallel channels where there is ideal flow uniformity
from channel to channel.

For laminar flow, the air pressure gradient, dp/dx, along the gas
channel is described by

dp, 2Cw,U,

dx D}
where C is the geometry-dependent constant associated with the
friction factor, f = C/Re (C = 14.2 for our aspect ratio rectangle),
U, is the bulk air velocity, w, is the viscosity, and Dy, is the hydrau-
lic diameter. The air velocity in turn depends on channel geometry,
current density, j, and air stoichiometry, a, as follows

(2]

#Ex situ visualizations were performed with the porous carbon plate featuring 33
0.75 X 0.75 mm channels. Fuel cell operation was simulated by introducing a
mixture of vapor-saturated air and liquid water to the inlet of the flow field plate.
The water and air flow rates were commensurate with operation at 1 A/cm? with
an oxygen stoichiometry of 1.5. A video of the visualization is available at
http://microfluidics.stanford.edu/litster-JES-2007.htm
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Figure 10. (Color online) Schematic illustration of the transport of liquid
water through a passive, hybrid channel/wick system (a), and an idealized
geometry for a mathematical model for parallel wick/channel flow driven by
the air pressure gradients in the channel (b).

(3]

wc+wr<

U - PsadT) )( aM, Lj )
: wChC

p - psat(T) 0'21pa 4F

where w, and h, are the width and height of the channel, w, is the
width of the rib, L is the channel length, p and pg,(7) are the static
and saturation pressures, and M, and p, are the air’s molecular mass
and density. The Darcy equation models the maximum water flow
rate in the porous carbon wick that the air pressure gradient can
support

Kpc dp, [4]

QPC max = (WLh + th - Wchc)
’ Ry, dx

where kpc is the hydraulic permeability of the porous carbon wick.
Assuming a gas stream inlet with 100% inlet relative humidity, the
local production of water can be integrated along the channel to
yield the total local flow rate of liquid water

_ My vt w)j
Pw 2F

If the hydraulic resistance of the porous carbon wick is too high, the
Darcy flow alone cannot support the water produced. Beyond the
point where the product water flow rate meets the capacity of the
wick (as determined by the pressure gradient of the air stream),
some portion of product water must travel through the channels. The

0(x) [5]
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Figure 11. The interpolated fuel cell current from measurements at Vic
= 0.6 V with no EO pumping normalized by the current with EO pumping
for the flow field with 1.2 X 1.0 mm channels. Along with these experimen-
tal measurements, the plot shows the curves of xpc/L (from Eq. 6) for 1.2
X 1.0 mm channels and 0.75 X 0.75 mm channels. We assume a wick per-
meability to water, kpc, of 5 X 107! m23*

expression for the point at which water first flows in the air channel,
x = xpc (where Qpc = Opc max)» is found by combining Eq. 2-5

Pea(T) ><wh + wih 1><ﬁ%p_w>
P - psat(T) Wchc Mew Mw Pa

(6]

L D;

Downstream of x = xpc, liquid water begins to flow through the gas
channel and flooding may occur. Equation 6 shows that this critical
location is a function of air stoichiometry, the wick and channel
geometry, and the permeability of the wick. Interestingly, this criti-
cal location is independent of current density, as the air pressure
gradient and water production are both proportional to the current
density.

Figure 11 plots xpc/L vs o for two fuel cell flow field designs
with channel cross sections of 1.2 X 1.0 mm and 0.75 X 0.75 mm,
as determined by Eq. 6. Together with these predictions of xpc/L,
the plot also shows experimental data for the ratio of fuel cell cur-
rent without EO pumping to that with EO pumping, jon/jo%, for the
1.2 X 1.0 mm channels. These measurements are the interpolated
fuel cell current at Ve = 0.6 V. We here use jpe/jor as an approxi-
mate measure of the portion of the fuel cell area not covered by
liquid water. This approach of estimating xpc/L is supported by the
visualization work of Liu et al.,'>*' which showed good agreement
between these parameters. Currently, we must also estimate one
value in using Eq. 6: the permeability of the porous carbon. A per-
meability of kpc = 5 X 107! m? provides a fairly good agreement
between Eq. 6 and our experimental data. This permeability value is
reasonable considering Gostick et al.” and Feser et al.” experimen-
tally determined a value of 5 X 107'! m? as the in-plane permeabil-
ity of uncompressed GDLs. The model qualitatively captures the
observed trends in flooding as a function of stoichiometric ratio and
is consistent with our ex situ visualizations of water transport.”

The model predicts that all of the water travels through the wick
for the 0.75 X 0.75 mm channels (and so xpc/L is equal to unity for
all «), suggesting this geometry develops enough pressure differ-
ence to push water out through the wick and passively mitigate
flooding. In contrast, the 1.2 X 1.0 mm channels, which have
roughly five times less pressure drop, suffer flooding for « less than
about three. These predictions are in good agreement with our po-
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larization experiments. For example, the data of Fig. 9 shows EO
pumping has no significant effect for the smaller channels and o
> 2.

This simple flow model has several implications to active and
passive water management using wicks. First, the efficacy of passive
wick flow decreases at a lower air stoichiometry due to low avail-
able pressure. Second, a large wick cross-sectional area and high
permeability are necessary for sufficient passive water transport
through the wick. However, thick wicks reduce system volumetric
power density and add significant ohmic resistance compared to a
nonporous plate. Clearly, both passive and active wick strategies
have relative advantages and disadvantages. For the design tested
here, we conclude that active EO pumping is preferable for robust
operation over a wider range of operating conditions and with a
suitably high efficiency and volumetric power density.

Conclusion

Achieving proper membrane humidification without liquid water
flooding is a consistent challenge facing PEM fuel cell development.
Air flow maldistribution and instability due to flooding limit perfor-
mance and make parallel channels impractical at high power density.
We have demonstrated both active and passive water management in
a 25 cm? PEM fuel cell with a porous carbon flow field structure
which also serves as a wick. The cathode’s flow field has 23 parallel
air channels. We showed that both passive and active water manage-
ment alleviate flooding and offer increased power density and sta-
bility compared to a nonporous flow field. We presented a simple
model for the passive transport of water through the porous carbon
wick. Our model and experimental data show that passive water
management requires a sufficiently high air pressure gradient in the
channels to drive liquid water though the wick. The necessary air
pressure gradient is achieved with high air stoichiometry (a > 3)
for 1.2 mm wide channels. For 0.75 mm wide cathode channels,
sufficient pressure is achieved at all stoichiometries, but these
smaller channels increase the parasitic load associated with air de-
livery.

We achieve active water management for all flow fields tested
and all operating conditions by integrating an EO pump into the
system. The EO pump provides sufficient pressure gradient within
the wick to remove excess water from the cell. This system effec-
tively decouples oxidant delivery from liquid water removal for ro-
bust, stable operation. The EO pump prevents flooding and provides
rapid recovery from severe flooding. With EO pumping we were
able to operate the 25 cm? fuel cell at an air stoichiometry of 1.3
while maintaining a power density of 0.42 W/cm?. This is 60%
greater than the maximum power density achievable with a nonpo-
rous flow field under the same conditions. By comparison, a nonpo-
rous flow field requires an air stoichiometry of six for similar per-
formance. EO pumps are compact, have no moving parts, and have
a low power requirement that scales appropriately with fuel cell
size. Using a simple control algorithm (i.e., always on), the EO
pump consumes less than 0.5% of the fuel cell power for moderate
to high current densities (j > 0.3 A/cm?). The EO pump consumes
less than 2% of the fuel cell power at all operating conditions. The
parallel channel architecture also greatly reduces the power required
for air delivery (e.g., we need ~0.04 of the air pumping power
required for a typical three-channel serpentine design).

Ongoing research is focused on evaluating the feasibility of
stacking the water management layers of our design, reducing plate
thickness, and system design issues such as active pump control and
integrated power conditioning for the EO pump. The ability of the
wick to improve membrane humidification when supplying dry
gases is also being investigated. In addition, we are studying the
influence of active water management on the spatial distribution of
current density and the flooding and recovery mechanisms using a
segmented anode plate.
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List of Symbols

C friction factor constant
Dy, hydraulic diameter, m
f friction factor
F  Faraday’s constant, 96,487 C/mol
h  height, m
current density, A/cm? or A/m?
kpc  porous carbon permeability, m>
L air channel length, m
M molecular mass, kg/mol
N number of air channels
Ap air pressure differential, kPa
p static pressure, Pa
Psat Saturation pressure, Pa
L air delivery power, W
Pro EO pump power, W
Prc  fuel cell power, W
Q flow rate, m*/s
Re Reynolds number
Rypc  area specific resistance, () cm?
Ry, hydraulic resistance, Pa s/m?
t time, min, s
T temperature, K
U, bulk air velocity, m/s
Vapp EO pump applied voltage, V
Vec  fuel cell voltage, V
w  width, m
x distance, m

air stoichiometry

increase in fuel cell power
thermodynamic efficiency
viscosity, Pa s

density, kg/m?

T EF 3 X R

Subscripts

a air
¢ channel
PC porous carbon
r rib
sat saturated
w  liquid water

Superscripts

SG solid graphite
EO,on porous carbon with EO pumping
EO,off porous carbon with no EO pumping
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