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Abstract

Recent experimental and numerical investigations on proton exchange membrane fuel cells (PEMFCs) emphasize water management as a
critical factor in the design of robust, high efficiency systems. Although various water management strategies have been proposed, water is still
typically removed by pumping air into cathode channels at flow rates significantly higher than required by fuel cell stoichiometry. Such methods are
thermodynamically unfavorable and constrain cathode flow channel design. We have developed proton exchange membrane fuel cells (PEMFCs)
with integrated planar electroosmotic (EO) pumping structures that actively remove liquid water from cathode flow channels. EO pumps can relieve
cathode design barriers and facilitate efficient water management in fuel cells. EO pumps have no moving parts, scale appropriately with fuel
cells, operate across a wide range of conditions, and consume a small fraction of fuel cell power. We demonstrate and quantify the efficacy of EO
water pumping using controlled experiments in a single channel cathode flow structure. Our results show that, under certain operating conditions,
removing water from the cathode using integrated EO pumping structures improves fuel cell performance and stability. The application of EO

pumps for liquid water removal from PEMFC cathodes extends their operational range and reduces air flow rates.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are being
developed for electric power generation for portable hand-held
electronics [1-3] as well as emission-free energy sources for
automobiles and secondary power generation [4-8]. Numer-
ous recent experimental and numerical studies conclude that
water management in PEMFCs is critical to reliable and efficient
operation [5-24]. The majority of PEMFCs use polyperfluoro-
sulfonic acid membranes; e.g., Nafion® membranes manufac-
tured by DuPont, as the electrolyte. lon transport occurs along
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pathways established by anionic (sulfonic acid anion) groups
within the hydrated polymer. The ionic conductivity of typi-
cal electrolyte membranes is therefore dependent upon proper
hydration levels [17,25]. Several mass transport and reaction
mechanisms affect PEM hydration including diffusion, elec-
troosmotic drag, and evaporation and condensation in reactant
gas streams [15,17,19,23,25]. Maintaining adequate hydration
is difficult as such mechanisms are strongly coupled and, in
most cases, not easily predicted. At low current densities, the
cell produces little water and water removal from the cell is rel-
atively easy. At high current densities, more water is produced
and electroosmotic drag of water to the cathode can dry the
anode and flood the cathode. This phenomenon complicates the
overall hydration mechanism of the electrolyte membrane.
Cathode flooding occurs when water production at the oxy-
gen reduction reaction and electroosmotic drag of water to the
cathode exceed the water removal rate resulting from air based
advection, evaporation, and back diffusion. Liquid water that
builds up at a fuel cell cathode decreases performance and
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Nomenclature

a pore radius

Aco pump cross sectional area

Afc fuel cell active area

F Faraday constant

17 EO pump current density

J fuel cell current density

L pump thickness

M molecular weight

Dair air pressure

Ap pressure drop

Pl power consumed by EO pump (per unit area)
P fuel cell power density

0 flowrate

Ra resistance between electrode and EO pump
Ry universal gas constant

t time

T temperature

VEc fuel cell voltage

Ver effective potential drop across pump

Vapp applied potential drop across pump
Videc decomposition potential

VEC fuel cell voltage with the EO pump on
Vgg fuel cell voltage with the EO pump off
z impedance

Greek

o ratio of actual air flow rate to stoichiometric flow
rate

X normalized fuel cell performance increase

K permeability of porous media

AD Debye length

7 dynamic viscosity

o density

Ooo bulk electrolyte conductivity
T tortuosity

'4 porosity

¢ zeta potential

inhibits robust operation [9-11,21,23,26-28]. Flooding in the
cathode reduces oxygen transport to reaction sites and decreases
the effective catalyst area [9—11,23]. Cathode flooding can result
in a catastrophic decrease of performance and has been observed
over a wide range of operating conditions. Recent work has
shown that cathode flooding can be predicted [9,26,29], detected
experimentally [16,27,30], and depends on local current density
[31], operating temperature, GDL properties (e.g., porosity and
hydrophobicity), air flow rate and relative humidity, and fuel cell
design.

Perhaps the most critical aspect of fuel cell water man-
agement is the delicate balance between membrane hydration
(favoring high water content) and avoiding cathode flooding.
Over the last 15 years several different methods of water man-
agement have been proposed. Humidification of the reactant

gases is typically employed to eliminate membrane dry out
[7,18,19,32,33] but humidification alone does not address cath-
ode flooding. One method of removing liquid water is to employ
long, serpentine oxidant channels where the hydraulic resistance
of liquid water is in series with gas transport, and so gas streams
drive out excess liquid water [9,34]. In such designs, the fraction
of water content along the channel length increases steadily in
the direction of the outlet. A second method of cathode flood-
ing control is known as anode water removal, where water
is forced through the permeable PEM using strong cathode-
to-anode pressure differentials [5,8,35]. Cathode streams are
operated at significantly higher pressures than the anode stream
and gas velocity in the anode channels is increased. This method
is effective but requires relatively high pressures (3—5 atm) and
flow rates which draw considerable parasitic power. A third and
very common flooding mitigation strategy is simply increasing
cathode gas flow rate in order to remove liquid water via evapo-
ration and advection [5,9,11,36]. Effective operation is typically
achieved by increasing operating air flow rate well above stoi-
chiometric levels [11] or periodically flushing the cathode with
momentarily high air flow rates [34,36]. In the former, opera-
tional air flow rates are often 2—60 times the rates required by sto-
ichiometry and therefore energetically unfavourable [11,36]. In
the latter, valving structures and control schemes are employed
which add system complexity and may require integrated water
detection.

A few proposed water management schemes have involved
integration of additional or replacement materials into the mem-
brane electrode assembly (MEA) and/or electrodes. A common
form of water management involves optimization of the gas
diffusion layer (GDL). Ideally, the GDL allows reactant gases
access to the reaction zones without inhibitng outflow of gaseous
reaction products. GDL is enlisted in water management by the
integration of polytetrafluoroethylene (PTFE), so that water is
rejected via hydrophobic surface forces [28,37-42]. Another
water management technique involves the incorporation of a
hydrophobic microporous layer between the GDL and catalyst
to prevent liquid water blockage of reaction zones. Microporous
layers are commonly employed and several studies have been
conducted to elucidate their benefits [43—47]. In an effort to
alter electrolyte properties, Watanabe et al. proposed polyper-
flourosulfonic membranes with self-humidifying characteristics
[20]. These use Hy and O; crossover and have integrated plat-
inum electrocatalysts and hygroscopic particles to produce and
store water inside the electrolyte. They found recombination of
crossover Hy and O, was sufficient to hydrate 50 pm thick mem-
branes using minimal external humidification. Lastly, PEMFCs
have been proposed that incorporate special hydrophilic wick-
ing structures into cathode flow channels to redistribute liquid
water [12,22,48]. UTC Fuel Cells has developed an innova-
tive water management technique using porous bipolar plates
[49]. This passive water management method relies on hydraulic
permeation and capillary action to drive liquid water from
flooded regions of the cathode to dryer regions or out of the
stack.

In this work we propose a new water management tech-
nique whereby liquid water in hydrogen-air fuel cell cathodes is
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actively pumped out of the fuel cell using an integrated porous
electroosmotic (EO) pumping layer. EO pumps are compact,
have no moving parts, and scale favorably with fuel cell design.
We show that integrated EO pumps effectively remove liquid
water from the cathode, enabling air flow rates of just two to
three times stoichiometric requirements. Additionally we show
that this active pumping method consumes a small fraction of
the fuel cell power.

2. Theory

In this section we summarize a simple model for the predic-
tion of flow rate, pressure, current, and power consumption of
electroosmotic pumps as a function of the pump geometry and
working electrolyte. We then present a model for estimating the
minimum theoretical fraction of fuel cell power consumed by
an EO pump integrated with a PEMFC.

2.1. Porous electroosmotic pumps

Electroosmosis uses ion drag in micro- and nano-scale flow
channels to advect electrolytes [50]. It has been applied for
sample control in electrokinetic devices for chemical analysis
[51] and stand-alone pumps that serve as flow rate and pressure
sources. Yao and Santiago [52] review electroosmotic pumps
including theory, designs, and applications. Laser and Santiago
[53] present a review of miniature pumps in which electroos-
motic pumps are discussed. EO pumps have no moving parts and
require structures with high surface-to-volume ratio. They have
been fabricated using glass-particle-packed fused silica capillar-
ies [54,55], porous borosilicate glass [56], in situ polymerized
porous monoliths [57], and porous silicon [58]. They have also
been bulk micromachined in soda-lime glass [59] and silicon
substrates [53]. The technology offers the ability to achieve
high pressures (more than 340 atm at 12kV applied potentials
[55]) and high flow rate in a compact form (e.g., 40 ml min~! at
100 V in a pumping structure less than 1 cm? in volume) [56,58].
For integration with PEMFCs, we use porous borosilicate glass
structures available commercially and fabricated by sintering of
glass particles [56].

Electroosmotic flow is the motion of an electrolyte caused
by the interaction of an external electric field with the diffuse
charges of electrical double layers (EDLs), which form at elec-
trolyte/surface interfaces [50]. In glass substrates, EDLs result
from spontaneous deprotonation of surface silanol groups upon
contact with water. Porous glass EO pumps offer large surface-
to-volume ratio and relatively high zeta potential, ¢ defined as the
potential drop associated with the diffuse charges of the EDL.
We model EO flow in porous structures as through many tor-
turous channels acting in parallel as shown in Fig. 1. Depicted
here is a velocity profile in the absence of a significant pressure
gradient.

The EDL contains a region of excess of positive ions that
shield the negative surface charge. The EDL’s characteris-
tic thickness is the Debye length Ap [50]. The externally
applied field acts on mobile charges in the EDL and gener-
ates bulk flow. The flow rate, O, of a porous EO pump can be
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Fig. 1. A porous glass electroosmotic pumping structure. (a) Schematic of
porous glass medium modeled as many cylindrical microchannels in parallel.
The pumping structure is characterized by cross sectional area A, porosity ¢
and tortuosity 7. A small section of a single channel within the porous material
is depicted on the right. An EDL spontaneously forms on the glass/electrolyte
interface. Bulk motion in the channel is generated by a coupling of the applied
electric field E and the mobile region of net charge in the EDL. (b) Image of a
1 cm x 6 cm porous glass frit used in this study (top) and a scanning electron
micrograph of porous structure showing order 1 wm pores (bottom).

expressed as,

0= f _APAeoa2 . 88 Aeo Veft
T 8L uL

Il ey

where ¥ is porosity, T is tortuosity, L is pump thickness, Ao
is (macroscopic) cross-sectional area of the pumping media,
a is pore diameter, Ap is pressure drop across the pump, w
is dynamic viscosity of the fluid, and ¢ is permittivity of the
fluid. ¢ depends on the surface chemistry and electrolyte prop-
erties such as ion concentration and pH. ftakes into account the
effects of finite EDLs and is determined from numerical solu-
tions to the nonlinear Poisson—Boltzmann equation governing
electric potential in the EDL[52]. Vg is the effective potential
drop across the pump substrate and can be approximated as,

Vefr = Vapp — Vdee = 2Raleo. )

Here Vapp is the applied potential, Vgec is the decomposition
potential (including theoretical electrode potentials and overpo-
tential) associated with Faradaic electrode reactions, Ra is the
electrode-to-pump structure electric resistance, and /g, is the
EO pump current. Maximum pump flow rate and pressure can
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Table 1

Typical electoosmotic pump parameters

Parameter Value

A 12 cm?
L 1.1 mm
¢ —48 mV
Ooo 170 pScm™!
a 1 pm

'4 0.45

T 1.45
Vapp 14V
Vett 5.0V

f 0.98

g 0.80

be derived from Eq. (1) by setting pressure and flow rate equal
to zero, respectively.

The total current of an electroosmotic pump is the sum of
ionic advection and electromigration within the pump. The max-
imum current density of a porous EO pump is given as,

I’ = Yooo Veffi
“ L g’

3

where g is a function of the ion distribution in the EDL [52].
The maximum power density consumed by the EO pump can
be expressed as Pl = Vappll,. Typical parameters for porous
glass EO pumps are given in Table 1. The values given here
for ¢, f, and g are consistent with deionized water exposed to
the atmosphere at 25 °C [54]. Note that water exposed to the
atmosphere quickly becomes saturated with carbon dioxide from
the air, and dissolved carbon dioxide reacts with water to create
carbonic acid, which lowers pH and increases conductivity. In
the next section, we present simple relations for fuel cell water
production and we estimate the minimum theoretical fraction of
fuel cell power that is consumed by an EO pump.

2.2. Parasitic power model

The stoichiometric volume flow rate of air required by a fuel
cell can be related simply to fuel cell current density j as,
RuT jArc
AF paies’

Qair,stioch = (4)
where Ry, is the universal gas constant, F' is Faraday’s constant,
s is the volume fraction of oxygen in air, p,i; is channel air
pressure, Agc is the fuel cell area, and T'is local cell temperature.
We define o = Qqir/ Qair stoich as the ratio of air flow rate delivered
to the cell to the air flow rate required by stoichiometry. The
maximum amount of liquid water produced by the fuel cell can
be expressed as,

_ JArcMy

Ow = 2oy &)

where py, and My, are the density and molecular weight of lig-
uid water, respectively. The power output of the fuel cell is the
product of the cell potential and the current produced, and can be
expressed as Pf, = V. j. Here Vi is fuel cell voltage, a function

of the current density and activation, ohmic, and mass transport
losses. For a complete description of the cell performance and
losses see Bernardi and Verbrugge [8]. Combining Eqgs. (1) and
(5) we estimate the theoretical minimum effective pump voltage
required to remove water produced by the fuel cell,
Apa®>  tApcjLM
Vet = — - =, (6)
8elf  2yelpwAco Ff
which can be combined with Egs. (2) and (3) to estimate the
minimum theoretical power consumed by the EO pump,

Pe, _ (Waooveff> (VeffAm)

Prc tg Lj VrcAte

% |:1+ 2RAYO0 fAeo + Vdec:| '
tLg Vett

(N

Eq. (7) assumes that the pump only removes water produced by
the fuel cell (e.g., assumes no water is introduced via humidified
gas streams) and neglects electroosmotic drag from the anode to
the cathode. Further, Eq. (7) assumes water is pumped uniformly
over the pump area, at a steady rate, and across a pressure differ-
ence Ap. The formulation suggests Peo/Prc depends strongly
on the effective EO pump voltage. As expected, higher fuel cell
power, VEcjAfc, requires higher pump power. The decomposi-
tion voltage, Ve, is typically between 2 and 4 V; A¢o/Arc should
be significantly less than one in many designs; ¥/t for porous
structures is typically between 0.14 and 0.31; and minimum L
values are typically limited by fabrication and structural strength
limitations. Electrode-to-pump resistance, Ra, should be mini-
mized (we estimate a total of 50 Q2 in our design). f and g are
determined by the selection of pump pore diameter. Minimum
pore size is dictated either by availability of materials or, as in our
case, a tradeoff between achieving enough pressure, Ap, while
achieving fast, robust removal of water. As we shall discuss in
a latter section, the conductivity of water produced by our fuel
cell, 000, typically has values of about 170 uS cm™~! or greater
due to impurities absorbed from contact with fuel cell materials
and carbonic acid ions from CO, absorption.

Eq. (7) is useful in placing a minimum on the order of mag-
nitude of the theoretical power required by the EO pump, and
assessing the basic feasibility of the concept. However, care
should be taken in applying Eq. (7) to predict accurate design
performance. For example, our experiments suggest that only
a fraction of an integrated EO pump is active at any one time,
as water is generated non-uniformly within fuel cell cathode.
Also, sections of the EO pump, which are wet but exposed to
gas on both sides can consume power while not resulting in
appreciable pumping. (We have confirmed this “power with-
out flow rate” operation in independent experiments with wet
porous glass/electrode assemblies which are exposed to air on
both sides; and we attribute the lack of pumping in such exper-
iments to the finite capillary pressure that must be exceeded
for the pump to “dry” itself via electroosmosis.) We therefore
advocate that Eq. (7) be used to predict pump performance not
using the mimimum voltage predicted by Eq. (6) but using Eq.
(2) with a V,pp, derived from empirical observations of effective
water removal in similar structures.
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As an arbitrary example, consider a 1 cm? fuel cell that can
generate 1 A at 0.5V with a net power output of 500 mW. Using
Eq. (5), we estimate that the fuel cell will generate a maximum of
about 5.6 wL min~! of liquid water. A simple application of Eqgs.
(6) and (7) suggests an absolute minimum EO pump power of
19.2 mW or 3.8% of the PEMFC power. However, as discussed
above, we find Eq. (6) under predicts pump voltage required for
effective water removal. From our experimental observations
in several designs, we have found Vi, values of order 14V
are required (versus the theoretical minimum Vg of 4.1 V). For
these conditions, Egs. (2) and (3) suggest that the parasitic pump
power will be about 13% of fuel cell power. Table 1 summarizes
the critical parameters used in the above calculations. As we
shall discuss in a latter section, this is in agreement with exper-
imentally observed trends.

3. Experimental set-up and methodology

In this section we present the design of a fuel cell integrated
with EO pumping structures and our system-level experimental
set-up.

3.1. PEMFC with integrated EO pump design

We used a linear, single channel fuel cell to more effectively
control experimental parameters and quantitatively describe the
effect of flooding as a function of current density. This single
channel design also simplifies the integration of the EO pump.
Prior fuel cell studies focusing on cathode channel flooding have
been performed using similar designs [11,31,60]. A diagram of
the fuel cell design is shown in Fig. 2. The anode current collec-
tor is a 1 mm thick 316 stainless steel plate with a 2 mm wide,
60 mm long slot that serves as the hydrogen gas flow channel.
The channel is machined using a wire electrical discharge pro-
cess (EDM-Tek, Union City, CA) and then electroplated with a
1 wm thick gold layer to inhibit electrochemical degradation and
reduce contact resistance. The membrane electrode assembly
(MEA) (BCS Fuel Cells Inc. Bryan, TX) comprises a Nafion 112
membrane with 350 wm thick carbon cloth gas diffusion layers
(GDLs) and a 1 mg cm™? platinum catalyst loading. (The GDL
is 6 mm wide by 66 mm in length.) Two 1.1 mm thick porous
glass EO pumps, spaced 2 mm apart, make up the walls of the
cathode channel. The resulting cathode channel is 2 mm wide,
60 mm long, and 1.1 mm high. We roughly estimate the effective

A

EO Pump
MEA
Gasket
Backplate
(a)

Gasket

Aluminum Back
Plate

(b)

<4—— Acrylic Plate

Pt Mesh
Electrodes

Anode Current
Collector

Fig. 2. Schematic of the cross-sectional area (a) and exploded view (b) of our PEMFC design showing integrated electroosmotic pumping structures. In (a) hydrogen
and air flow are into the page. Water formed due to oxygen reduction reaction at the cathode is forced out of the GDL via hydrophobic forces where it coalesces
into droplets. Liquid water droplets are wicked into the hydrophilic porous glass structure of the EO pump. Once the EO pump structure is adequately saturated with
water, EO pumping actively drives water through the porous glass structure and into integrated water reservoirs in the acrylic top plate.
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pumping area and pump length of this design as the edge area of
the pump (1.1 by 60 mm) and the diagonal length between the
channel and the water chamber at the top level (~7 mm).

A pure platinum (Pt) mesh (Goodfellow Cambridge Limited,
UK) (0.06 mm diameter wires on a square grid with center-to-
center spacing of 0.25 mm) serves both as a fuel cell cathode
and an EO pump anode, so that these two electrodes share a
common potential. We use this mesh because preliminary exper-
iments have shown that pump potentials (4-20 V) corrode thin
gold coatings on stainless steel originally used for the fuel cell
cathode. Further evaluation of the material for the fuel cell cath-
ode/EO pump anode electrode is a good area for future study.
For example, we observe that gold coated 316 stainless is not
suitable as an EO pump anode, as it undergoes an oxidation
reaction that fouls the EO pumping structure (perhaps form-
ing mobile Au?* ions that then adsorb to EO pump pores).
We are currently evaluating less expensive substrates, such as
graphite or steel with a sputtered or electroplated platinum
coating.

Two 10 mm wide and 60 mm long porous glass frits (Robu-
Glas, Germany) are potted (i.e., with epoxy) into a laser
machined, 1 mm thick acrylic plate and placed directly on the
fuel cell cathode/EO pump anode. Another Pt mesh serves as
the EO pump cathode. The final layer of the fuel cell is a laser
machined acrylic top plate with recessed channels for water
removal. Each layer of the fuel cell is sealed with 350 um
thick silicon rubber gaskets as shown in the exploded view of
the device in Fig. 2b. The fuel cell’s multi-layer design allows
for fast assembly, repeatable performance across assemblies,
and ease of disassembly (e.g., to visually inspect channels for
flooding).

The operation of the EO pump structure is as follows. When
the EO pump is dry, its low permeability results in negligible
leakage of air. Upon activation of the fuel cell, water which first
forms in the fuel cell cathode channel wicks into the hydrophilic
porous pump substrate until saturation. In this way, the pump is
initially a passive water management device that prevents cath-
ode flooding via capillary action. After about 60 min of operation
at typical conditions, the pump is largely saturated with water
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and the EO pump electrolytic circuit is completed. At this point,
the potential applied to the EO pump causes water to be pumped
out of the cathode air channels (from EO pump anode) and into
the acrylic top plate water reservoirs (to and through EO pump
cathode). The water can be collected here or purged from the
device (e.g., passively by evaporation or dripping water out of
the system).

3.2. Experimental set-up

For all of our experiments (with the exception of the elec-
trochemical impedance spectroscopy measurements), the set-
up consists of a fuel cell, a boost power supply (Acopian
W3.3MT65, Easton, PA) set at 3.3V, and an electronic load
(Agilent N3100A). These and other components are shown in
the schematic of Fig. 3. The power supply is connected in series
with the fuel cell to supplement the voltage provided by the
electronic load. The load is operated in a four-wire mode with
the source wires connected to the series combination of the fuel
cell and the boost power supply, and the sense wires connected
to the fuel cell. The air and hydrogen flow rates are controlled
using two mass flow controllers (Alicat Scientific, Tucson, AZ)
calibrated for air and hydrogen, respectively. The setting of the
active load properties (including cell potential) and mass flow
levels are automated using a PC running LabView, a GPIB card,
and an IO data acquisition card (National Instruments, Austin,
TX). The EO pump electrical potential is supplied by a DC power
supply (Agilent 6030A DC Electronic Load, Palo Alto, CA). Dry
air and hydrogen are supplied to the system from compressed
gas cylinders regulated at 15 kPa. The gases exiting the flow con-
trollers are humidified using a custom water-bath sparging unit
at 60 °C. After leaving the sparging unit, the gases are cooled as
they flow through a 0.5 m long teflon tube and are delivered to
the cell at room temperature and 100% RH. Table 2 summarizes
the essential parameters used in all of the experiments. For the
electrochemical impedance spectroscopy (EIS) experiment, we
used a Solartron (Shildon, UK) 1287A Potentiostat and 1260A
Impedance/Gain-Phase Analyzer in place of the electronic load
and boost power supply.

.
- PEMFC w/EO Pump
Air 520 E=-[I 1
MFC ° 9 r +
’@W = S Electronic Load
AWiE Boost Power Supply
- 1+
H [ J
2 Humidificatiom g0 Pump Power Supply
Breakout Box
PC w/LabView

Fig. 3. Schematic of the experimental set-up. Hydrogen and air are supplied to the system via compressed air cylinders and flow rates are regulated with two mass
flow controllers (MFCs) (Alicat Scientific, Tucson, AZ). In all experiments, the gases are delivered to the fuel cell at 100% RH. The flow rate of hydrogen and air
and the Agilent electronic load are set automatically using a PC running LabView software. The power supply is operated manually and used to apply the driving

potential for the EO pump.
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Table 2

Experimental parameters

Parameter Value

Fuel cell electrolyte Nafion 112

Gas diffusion layer 350 wm E-Tek anode and cathode

Active area 1.2 cm?

Anode and cathode channel 2mm x 60mm x 1.1 mm (W x L x H)
dimensions

Catalyst loading 1 mgcm™2 Pt, anode and cathode

Anode gas H, (>99.995%)

23°C, 100% RH

Stoichiometric equivalent for 4 Acm™
Air (79% N3, 21% O,)

23°C, 100% RH

Anode gas temperature/humidity
Anode flow rate

Cathode gas

Cathode gas temperature/humidity
Cathode flow rate Stoichiometry dependent
Fuel cell temperature 23-26°C

Electroosmotic pump voltage 14V

2

4. Results

In this section we show that removing water from PEMFCs
using electroosmotic pumps can enhance fuel cell performance
and prevent cathode flooding using minimal parasitic power
loads. We have conducted extensive preliminary testing to verify
that our single channel fuel cell floods across a wide range of
operating conditions. This preliminary work included variations
of current density and fuel cell potential, temperature of incom-
ing gas streams, and relative humidity of incoming streams. As
expected, the steady state voltage of the cell depends on the
current density and the air flow rate ratio, «. We can summa-
rize much of these preliminary observations of cathode flooding
by simply noting that (with the EO pump inactive) our cath-
ode flooded routinely within about 20 min of running 1 A cm~2
current densities or greater. The next few sections describe the
effects of flooding quantitatively as a function of current density
and excess air flow rate ratio «. Most importantly, we will com-
pare the cases of inactive and active EO pump to demonstrate the
effectiveness of our water management method. The EO pumps
were able to prevent flooding across the full range of conditions
explored, and accomplished this with minimal parasitic power
consumption.

By initiating our experiments from a flooded condition we are
able to quantify the relative benefit of a PEMFC with an active
EO pump versus the system with an inactive EO pump. In the
following sections we explore first the transient cell potential at
constant current density (galvanostatic) and then the steady state
cell performance over a range of current densities and stoichio-
metric air flow rates (in a series of cell polarization data).

4.1. Galvanostatic measurements

We first present anecdotal results demonstrating the tran-
sient performance of the EO pump water management strategy.
Specifically, we present time histories of galvanostatic fuel cell
measurements under flooding conditions with and without EO
pumping.

The initial condition of these and all of the experiments pre-
sented in this paper are as follows. In all cases, we first purged

0.5

04r

243 mW

03F

Power [W]

02F

0.1fF PEO’ 64 mW

0 20 40 60
t [min]

Fig. 4. Galvanostatic measurements of fuel cell potential with EO pump active
(top trace) and inactive (middle trace). Pump power is approximately 64 mW
(bottom trace). This experiment is performed at a current density of 0.83 A cm—2
and « = 3. The experiment is initiated with a dry MEA. Without activation of the
EO pump, the cell power degrades to 0.27 W over about 60 min; a deterioration
of performance attributed to GDL flooding. Activation of the EO pump prevents
this flooding and maintains a steady state value of about 0.51 W. After 1h of
run time, the EO pump results in a gross fuel cell output 243 mW higher (a net
system power increase of 179 mW).

the anode and cathode channels by running dry air through both
channels for 15 min. We then switched to humidified air and
hydrogen streams, and initiated the fuel cell active load. After
a measured interval of time (to be reported with each data set
below), we then activated the EO pump. This process ensured
repeatable hydration conditions of both the MEA and EO pump
structure at the start of each experiment.

Fig. 4 shows a representative galvanostatic experiment at
a=3 and current density of 0.83 Acm™2 with and without
(immediate) activation of the EO pump. (The state of the EO
pump is indicated by the superscripts “on” and “oft”, while
subscripts are reserved as descriptors of the fuel cell). Also
shown in the figure are measurements of the instantaneous power
consumed by the EO pump (active EO pump operation). The
fuel cell power drops from 0.5W to less than 0.3 W within
about 1h of continuous operation with the EO pump inac-
tive (bottom power trace) and the operation is characterized
by large, unsteady fluctuations in fuel cell power (and current).
We attribute this decrease in power and relatively large fluc-
tuations directly to cathode flooding [11,12,14,61,62]. This and
other conclusions regarding flooding presented here are substan-
tiated by the preliminary experiments including observations
of liquid water exiting flooded cathodes and direct observation
of liquid water upon disassembly of the device. For the acti-
vated EO pump case, the cell power only slightly decreases
until reaching a long-term value of 0.51 W after 30 min. In
the inactive EO pump experiment, the cathode produces more
water than can be removed by evaporation and advection,
resulting in flooding. For the activated EO pump case, excess
liquid water formed at the cathode is removed and observ-
ably pumped into the water reservoirs at the top layer of the
device.
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Fig. 5. Galvanostatic (constant current) measurement versus time. This experi-
ment was conducted after the fuel cell was operated with a deactivated EO pump
for 1 hata constant current density of 1 A cm™~? in order to flood the GDL. For the
first 240 s, the partially flooded fuel cell is run with a deactivated EO pump. The
pump is activated at 240's and the fuel cell voltage quickly (within about 15s)
increases to 560 mV. This result is typical of the performance increases enabled
by the EO pump. Activation of the EO pump clearly benefits the flooded fuel
cell, increasing average fuel cell voltage by 390 mV in this case.

Fig. 4 also shows that the EO pump draws minimal power
while substantially increasing net system power output. We
found that a steady pump potential of 14V was sufficient to
rapidly remove water and prevent flooding across all conditions
explored, and so chose this value for all experiments. In this
case the pump potential results in a 4.5 mA current and a pump
power consumption of about 64 mW. Comparing the two cases,
after 1h of operation at 0.83 A cm™2, the activated EO pump
yields a 66% net increase in the power output of the system
(from 270 mW net output to about 450 mW net output). The EO
pump also greatly decreases fuel cell voltage fluctuations, sug-
gesting a more stable operation is achieved using EO pumping.
For example, the standard deviation of the fuel cell power after
1 h of operation with the EO pump active is 6 mW, compared to
a value of 15 mW for the inactive EO pump case. For inactive
EO pump operation, we observed intermittent ejections of water
droplets from the air stream outlet, and so we attribute these high
power fluctuations to the effects of partial cathode flooding.

Fig. 5 shows the fuel cell potential following 1 h of operation
with the EO pump inactive (#=01is after 1 h of operation) at =3
andj=1 A cm~2. The figure defines VEe as the fuel cell potential
for an activated EO pump run and Vl‘:’g as cell potential with
EO pump deactivated (this notation will be used throughout the
paper). At the start of this experiment, the fuel cell is flooded and
shows a potential of 0.2 V. After an additional run time of 4 min,
the EO pump is activated (r=240s) and the fuel cell potential
increases from 160 to 560 mV in less than 15s. In this case,
activation of the pump results in a 220% net increase in the
power output of the fuel cell. Together, Figs. 4 and 5 indicate
that the EO pump can be used both to prevent flooding (Fig. 4)
and to remove water from a fuel cell that is flooded (Fig. 5).

4.2. Polarization and power density curves

In this section we present characterization of the fuel cell
potential as a function of current density, j, and stoichiometric
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Fig. 6. Polarization curves (a) with o =2-4 without activation of EO pump
(closed symbols) and with activation of EO pump (open symbols) at Vy,p, =14 V.
In all cases the fuel cell is operated at 1 A cm~2 for 1 h prior to obtaining these
polarization measurements. The data shows that fuel cell performance increases
with «, as expected, and with the activation of the EO pump. (b) Shows that
the nondimensional performance increase factor, y, increases for higher current
density and lower values of o.

air flow ratio, «, with and without EO pump activation. Prior
to each polarization data series, the fuel cell is purged with dry
air for 15 min and subsequently operated with the EO pump
deactivated for 60 min at 1 A cm™2. This process is conducted
to ensure repeatable membrane hydration. Fig. 6a shows polar-
ization curves at stoichiometric air flow ratios of 2—4 with and
without EO pump activation. Open symbols indicate an acti-
vated EO pump and closed symbols a deactivated pump. The
data acquisition system was programmed to first obtain data
at low current densities, and then for increasing current densi-
ties until the fuel cell instantaneous output voltage fell below
0V (indicating either flooding or overly inefficient operation at
high current density). Below 0.83 A cm™2, measurements were
obtained after 2 min of operation at each new current density; and
above 0.83 A cm ™2, measurements were obtained after 5 min of
operation. Independent experiments showed this larger time at
high current density ensured near steady operation in the cell’s
mass-transfer-limited regime. The polarization curves exhibit
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behavior typical of PEMFCs with three distinct loss regions,
namely activation, ohmic, and mass transport [63]. The data
also shows that cell performance increases with increasing sto-
ichiometric ratio «, as expected [21,64]. For each «, the cell
potential is significantly increased with EO pump operation. The
rise in cell potential increases with cell current density because
conditions most conducive to flooding benefit most from EO
pump operation. We summarize the benefit of EO pumping in
Fig. 6b. Here we plot a normalized fuel cell potential difference
X, defined as

VEe — Vi
) v
as a function of fuel cell current density, j. Note Vi and Vlé’g
correspond to open and closed symbols shown in Fig. 6a, respec-
tively. The normalized fuel cell potential difference, yx, increases
with increasing current density for all stoichiometric ratios «.
This again supports our conclusion that EO pumps increase fuel
cell performance by preventing flooding as more water is pro-
duced at higher current densities. Further, the slopes and absolute
value of x both increase with decreasing « since water removal
via air stream advection is least effective at low .

Note that activation of the EO pump is beneficial even at
low current densities (e.g., x is already 0.06 at j=0.25 A cm™2
for @ =2). Flooding is generally attributed to operation at high
current densities but several studies have indicated that water
management is an issue in all operating regimes [9,23,26]. The
present polarization curves show that the EO pump structure
improves PEMFC performance even at low current densities
where the cell produces a small amount of liquid water. The EO
pump, of course, provides the most benefit at conditions that
favor flooding, high j and low «.

Next we present measurements of gross (fuel cell output dis-
counting pump) and net (fuel cell output minus pump input)
power for the fuel cell. Fig. 7a—c respectively are power den-
sity curves for o =2—4 obtained from the polarization data of
Fig. 6a. In each case the voltage applied to the EO pump is 14 V
and the power consumed by the pump is approximately uniform
at 56 mW. (This is slightly lower than the 64 mW reported in
an earlier section due to conductivity variations discussed in the
following section). Fig. 7a shows that activation of the EO pump
is most beneficial for the o« =2 case, as expected. Here, the net
power output of the PEMFC/EO pump system increases by 57%
and the maximum current density of the cell increase by about a
factor of 2 when the EO pump is activated. Fig. 7b shows power
density curves at « = 3, for which there is an intermediate benefit
due to EO pumping. Here, the EO pump increases net maximum
power output of the cell by 18% (gross maximum fuel cell power
output is increased by 28%). Fig. 7c shows measurements for
a =4, where net maximum power output is increased by 13%
(gross maximum power increased by 22%). Lastly, note how the
data obtained with an active EO pump (open symbols) extends
to higher current densities; showing how EO pumping extends
operation of the fuel cell to current density values inaccessible
to the fuel cell without EO pumping. Collectively, the data of
Fig. 7 illustrate EO pumping significantly increases the net fuel
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Fig. 7. Power density curves at o = 2—4 with the EO pump on and off. Fig. 7a—
correspond to « of 2—4 respectively. The closed circles (@) denote fuel cell
power output with the EO pump deactivated, the open circles (O) are the gross
power density of the fuel cell with an activated EO pump, and the open triangles
(A) are net (fuel cell output power minus EO pump parasitic power) system
power density with an activated EO pump. At low fuel cell current densities,
there is no danger of flooding and the net fuel cell output power (@) can, in this
regime, be larger than the net fuel cell power with the EO pump activated (A)
For the « =24 cases, activation of the EO pump increases the net maximum
power output of the cell by 57%, 18%, and 13%, respectively.
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cell/pump system power output and significantly extends the
operating range of the PEMFC.

4.3. Parasitic power loads of EO pumping

We have demonstrated that, for the conditions explored
here, EO pumping power varies between about 50 and 65 mW
(approximately 10% of the net power produced by the pump/cell
system). In this section we revisit the simple EO pump power
model presented earlier and apply it specifically to our design.
First, as suggested earlier, we will use an empirical value of
Vapp = 14 V for our design. Second, for the present design, water
is pumped in a direction with a component perpendicular to the
field applied across the pump (see Fig. 3). We model this as an
EO pump with a pumping area equal to the x—y cross-sectional
area of the porous element. We then place a hydraulic load in
series with this pump that includes a change in hydrostatic head
and flow through a porous medium with the x—z cross-sectional
area of the porous structure. This hydrostatic head is determined
by the Az=3 mm change in elevation from the GDL to (the bot-
tom of) the water reservoir. We characterize the y-direction flow
through the porous structure using a Darcy’s Law formulation
[52] with the following permeability, «:

ya?
k= ©)]

Water conductivity is another critical parameter in the power
ratio estimate. As discussed by Zeng et al. [54], typically the
pH of water exposed to atmospheric conditions quickly reaches
about 5.5 (e.g., measured 5 min after its production). Assuming
this pH value is due solely to CO, adsorption and subsequent
production of carbonic acid ions, the conductivity would be
3pS cm~ L. However, in practice we find the conductivity of
water produced by the fuel cell is typically much larger than
this. Direct measurements of the water produced by our cell
after 45 min of operation reveal a conductivity of 170 uS cm™!.
One possible explanation for this is iron contamination due to
the presence of stainless steel in the current collectors [65].
Pozio et al. [66] have shown that Nafion degradation resulting
from iron contamination can increase cathode effluent conduc-
tivity to nearly 200 uS cm™!. We are currently exploring ways to
reduce this water conductivity due to contamination, including
the removal of stainless steel current collectors, careful washing
of materials, and system assembly in a clean environment [65].

Using the parameter estimates presented above, Eq. (7) pre-
dicts parasitic pump powers of roughly 80 mW (~13% of net
system power) with 14 V applied potential for our single channel
PEMEFC. This is comparable to the actual 50-65 mW (~10% of
net system power) observed in our systems [65].

5. Electrochemical impedance spectroscopy

Fuel cells are electrochemical systems often modeled as a
network of linear and nonlinear electronic elements including
resistors, capacitors, and complex impedance [67,68]. Spectro-
scopic impedance measurements can be obtained by imposing
a low-magnitude AC perturbation on the steady performance of
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Fig. 8. Electrochemical impedance spectroscopy (EIS) measurements of the fuel
cell with activated (O) and detactivated (@) EO pump. In both cases the cell
potential is 0.8 V and measurement frequency ranges from 10kHz to 0.1 Hz.
The fuel cell was operated at a constant current density of 1 A cm™~2 for 30 min
prior to the start of these EIS experiments. The second loop in the EIS data for
the deactivated EO pump case is strong indication that the fuel cell suffers from
mass transfer losses without active pumping.

the fuel cell. Such measurements shed insight on the character
of losses within the system as well as the hydration state of the
PEM. In this section we present and briefly discuss preliminary
electrochemical impedance spectroscopy (EIS) measurements
we have performed on our combined PEMFC/EO pump system.
Fig. 8 shows Nyquist plots of fuel cell impedance obtained at a
constant cell potential of 0.8 V. Frequency here was varied from
10kHz to 0.1 Hz and both curves were obtained after a 30 min
run time. The plot shows the cases for the active EO pump (open
symbols) and the inactive EO pump (closed symbols).

Under ideal (e.g., un-flooded) conditions, we model the fuel
cell as aresistor in series with a parallel RC circuit [67]. The left-
most intercept on the x-axis corresponds to the high-frequency-
limit, ohmic losses associated with contact resistance and elec-
trolyte conductivity. The capacitive component of impedance is
dominated by the effect of charged double layers at the cathode.
The real component of the impedance in the parallel RC circuit
is dominated by PEM conductance and reaction kinetics at the
cathode. Double layer interactions and reaction kinetics at the
anode of hydrogen PEMFC are typically negligible [8]. For this
ideal case, we expect the Nyquist plot to be a simple semi-circle
as we observe here for the activated EO pump case.

In contrast to the near-ideal performance with the EO pump
activated, we note the Nyquist plot for the inactivated EO pump
cases. At high frequency, the EIS measurements of both cases
agree, showing that both cases have a well-hydrated PEM.
However, we see a marked difference in performance at low
frequencies. For the EO inactive case, the fuel cell cathode suf-
fers significantly from mass transfer limitations due to cathode
flooding. This flooding introduces additional impedance to the
PEMEFC, which is most apparent in the low frequency Nyquist
plot. The additional mass transfer limitation in the gas dif-
fusion layer results in the second “loop” in the Nyquist plot
[18,31,68,69]. Though only a preliminary effort, this EIS mea-
surement further supports that the EO pump improves fuel cell
performance by mitigating mass transport limitations caused by
liquid water in the cathode.

6. Conclusion

We have designed and tested a single channel PEMFC with
integrated EO pumps for water removal. Galvanostatic, polar-
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ization, and electrochemical impedance measurements demon-
strate that EO pumping is a viable method of cathode water
management. Electrochemical impedance tests suggest that EO
pumps improve fuel cell performance by mitigating mass trans-
fer limitations in fuel cell cathodes. Galvanostatic measurements
show that EO pumps can be used to prevent cathode flooding, and
enhance the performance of partially flooded PEMFCs. Polar-
ization curves indicate that EO pumps are most beneficial in
operating regimes prone to flooding, i.e. lower stoichiometric
ratios and higher current densities. Power density curves show
a net increase in maximum PEMFC system power density and
current density upon activation of the electroosmotic pumps.
The gain in maximum net power density is as high as 57% for
the o =2 case.

Adequate water management is critical to robust and effi-
cient fuel cell performance. Removal of liquid water with a low
power, robust, active method should allow PEMFCs to oper-
ate in regimes otherwise inaccessible due to flooding, such as
lower temperatures and high relative humidity. Water manage-
ment can also reduce parasitic loads associated with air pumping
by enabling operation at low stoichiometric ratios.
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