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ABSTRACT

Achieving cost reductiofor polymer electrolyte fuel cellEFC)requires a simultaneous
effort in increasing power density while reducing precious metal loathnBEFCs, the
cathode performance is often limiting due to both the slow oxygdaoction reaction
(ORR), and mass transport limitation caused by limited oxygen diffusion and liquid water
flooding at high current densityhis study is motivated by the achievement of iftigh
current density through the elimination of the channal/ig&C/L) paradigm in PEFC flow

field design An open metallic elemenfOME) flow field capable of operating at
unprecedented ultsaigh current density (3 Alcfp introduces new advantages and
limitations for PEFC operatio The first part of this studgomparesthe OME with a
conventional C/L flow field, through performance and electrochemical diagnostic tools
such as electrochemical impedance spectros@®l8). Theresults indicate thaniqueness

of t h emadMrEndmIrt improvemenio sign ofoperation limitation due to flooding

is noted.The second part specifically examines water management at high current density
using the OME flow field A unique experimental setup developed to measusteady

state and transient net water drag acrossnteenbrang in order tocharacterize the
fundamental aspects of water transport at high current density with the OME. Instead of
flooding, the new limitation is identified to be anode sidealuy of the membrane, caused

by electroosmotic drag. The OME ingwes water removal from the cathode, which
immediately improves oxygen transport and performaHogvever the low water content

in the cathode reduces back diffusion of water to the membrane, and electroosmotic drag

dominatesat high current densityleadng to dryout. The third part employs the OME



flow field as a tool that avoids C/L effects endemic to a typical flow field, in order to study
oxygen transport resistance at the catalyst layer of a PlER§pen literaturea resistance

of unknown origin,was shown to directly or indirectly scale with Pt loading. A lack of
understanding of the mechanism responsible for such resistamo®ei$ and several
possibé theories have been proposddhis lack of fundamental understanding of the
origins of ths resistance addsomplexity tocomputational modelg/hich are designed to
capture performance behavior with wtoav loading electrodesBy employing the OME
flow field as a tool to study this phenomenheg taigins of the transport resistance
appearing aultralow Platinum (Pt) loadings proposedto be an increase in oxygen

dilution resistance through water film
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Chapter 1 Introduction

Background

A fuel cell is a power generating device. It converts the chemical energy of a fuel into
electrical energy through electrochemical reactions with oxygen or another oxidizing
agent. The first fuel cell can be traced to 1842, when Sir William R. Grove foath s
Wales, built a device which generated electrical energy by combing hydrogen and oxygen
[ 2] . During the fAspace raceo of the 1950s,
began development of fuel cells to generate power for satellites and spslesaf heir

first industrial polymer electrolyte fuel cell (PEFC) system was used during Project
Gemini in 1962 [2, 3]. More recently, ggmlitical and socieeconomic distress about
fossil fuel depletion and protecting the environment has encouragestngoental and
private efforts in developing highly efficient and clean technologies such as fuel cells. Fuel
cells are sought to be ideal for various applications, from stationary power generation to
automotive engines, and consumer electronics [4]. Thectdconversion of chemical
energy to electrical energy without combustion means that the operating efficiencies of
PEFC are not limited by Carnot Cycle. They can therefore achieve system efficieney of 50
60%, which is much higher than the internal comiobaséngine efficiency of 235% [5].

Fuel cells are also quiet due to minimal presence of moving parts, and they are free of

harmful emissions. There are several types of fuel cells, each being characterized by the



electrolyte used. The most common types listed in Table 1. The basic operation of a

PEFC and its components are described in the next section.

Table 1-1. Common fuel cell types and their characteristics [4, 5]

Fuel Cell Electrolyte  Operating Fuel Type  System Efficiency
Temperature Qualified Power
(°C)
3555 %
Alkaline FC KOH 60-120 Pure B
10-100 kW
Solid
3545 %
PEFC Polymer 50-100 Pure B
100 W 500 kw
(Nafion®)
Phosphoric  Phosphoric 40 %
150220 Pure b
Acid FC Acid <10 MW
Molten Lithium and
H,, CO, >50%
Carbonate  Potassium 600-650
CH, <100 MW
FC Carbonate
Solid Oxide
Solid Oxide H,, CO, > 50%
Electrolyte 5001100
FC CH, <100 MW

(Zirconia)




PEFC Operation

The basic components and operation of a simple PEFC are shown in Filgussgdrogen

gas is generally supplied to the anode side of the cell while the oxidant, usually oxygen gas
from the air is distributed to the cathode. At the anode, an electrochemical oxidation
reaction occurs. The hydrogen gas splits into hydrogen idnand electrons e The
produced electrons flow through an external circuit, and can power an electric motor or
other device. The hydrogen ions pass from the anode side to the cathode through a semi
permeable polymer membrane. The membrane has high ionuctivity, but is not
conductive to electrons. It therefore prevents a short circuit between the anode and cathode
compartments. At the cathode, the hydrogen ions, electrons and oxygen are combined in
an oxygen reduction reaction that forms water aslypect. The discussed electrochemical

reactions are;:

Anode reaction: ¢OO 1O 1Q (2)
Cathode reaction: 0 1O 1Q © ¢0O0 2
Overall cell reaction: O -0 © 00 3)

A catalyst layer containing narsized (24nm) platinum particles onarbon support are

generally applied on each sides of the cell.



PEFC Components

In the center of the diagram of Figurel lthe ion conductive membrane separates anode
from cathode. Its thickness varies betweeflT5 um. The type most commonly used

PEFC membranes today is polyperfluorosulfonic acid membrane. It normally consists of
polytetrafluoroethylene (PTFE) backbone with sulfonic acid groups attached to the
perfluorinatedvynil-polyether side chains. When hydrated, the highly hydrophiliosial

acid groups will absorb water and ionize. This will enableidt transfer through the

membrane.

Platinum powder nanparticles, roughly 21 nm in size and supported by larger (around

40 nm) carbon particles are applied to each side of the memfhameslectrochemical
reactions occur on those catalyst layers. The thickness of a catalyst layer is typi&ly 10
pum, and can also be referred to as electrode. The combination of membrane and catalyst

layer is usually referred to as membrane electrodenasy (MEA).

The MEA is sandwiched between two backing layers also known as gas diffusion media
(DM). Typical DMs are made of carbon cloth (woven) or carbon paper. Carbon cloth DMs
are made of fibers woven in some pattern, whereas carbon fiber papeatscofdibers
aligned in random direction. The main purpose of the DM is to transport reactant gases
from flow channels to the catalyst layer. In addition, they provide support for the flow
channel, and protect the catalyst layer. DMs need to be conductiveder to allow

electrons to flow from the catalyst layertte external circuit. Another important function



of the DM is its ability to remove product water away from the catalyst sites to the

channel.

Flow channels, also acting as current collecptates, are made of electrically conductive
material, most commonly graphite or metal. There key function is to distribute the
reactants over the assembly. They also provide adequate compression to thelagétrsub
(DM, Catalyst layer and MEA), and tlefore need to be robust. This proposal will use a
novel flow field design and therefore a review of common flow fields is discussed in the

next section.

er ) External Circuit

Fuel Flow | = | [Oxidizer Flow]
' = A:Anode current collector

o — B: Anode flow channels

C: Anode catalyst layer (CL)
D:Close-up of anode CL

_ E:Electrolyte

F:Cathode catalyst layer
/v G:Cathode flow channels
H:Cathode current collector

O
-

Figure 1-1. Schematic of a generic fuel cell [4]



Flow field architecture

Reactant gases in a fuel cell are distributed over the gas diffusion media (DM) through a
flow field, before diffusing to the reaction sites. For functional requirements, the design of
a flow field must achieve adequate reactams glistribution over their respective

electrodes, provide pathways for water evacuation from the cell, translate compression
from the end plates/bipolar plates to the soft materials layered within, and provide

necessary electrical conduction and heat feains

A variety of flow field designs are well developed, including parallel, serpentine, and
interdigitated (e.g [€3]). It is important to note that even though different flow field
layouts have been developed, they are generally based on a convealiemsting
channel/land distribution. Parallel flow fields suffer from uneven gas flow supply and
water droplet accumulation, which can result in poor performance at high current or wet
conditions. Neutron imaging utilized to quantify liquid water acclatmn and distribution

in a PEFC showed that locations under lands have restricted mass transport and are
preferential liquid storage sites, even in dryer operating conditions [14]. FigRins &

typical false colored neutron image showing water tragppimd accumulation under lands.

It was also shown that decreasing the {amdhannel ratio is advantageous in decreasing

the water stored in the cell, but could be a drawback when operating in low humidity
conditions [15]. Another neutron study revealkdttthe liquid storage in the gas diffusion
layer increased with larger lands [16]. Larger lands create increased distance for transport
of products from the electrode, and also add a shadowing effect for reactants diffusing to

the electrode. A serpentinayout suffers from relatively higher pressure drop and



concentration gradients since the flow path is relatively long. Liquid water has also been
shown to accumulate in turns and switchbacks [17, 18], which can harm performance,
stability, and durability.The presence of lands introduces a drawback since reactant gas
must diffuse under the lands to reach the electrode. At high current density, the land width
was found to be the dominant factor for performance. At the same time, large channel
spans cause ddional ohmic resistance [19], and increase DM intrusion in the channel
[20, 21]. The undecompressed DM surface below the channel makes less contact with the
catalyst layer [22]. It is also shown that water in low compression interfaces is prone to ice
lens formation during operation or storage at subfreezing temperatures, which ultimately
causes mechanical damage to the soft materials [23]. Conventional channel/land
configurations have also been developed with porous carbon material that acts as an

integrated passive wick that removes excess water from the channels and 28].[24



Channel!

Figure 1-2. Water buildup in channel and under the lands of a channel/land cell architecture, b)
reaktime neutron image of water buildup, reproduced from [27]



Discussion of Theoretical Aspect

PEFC performance

The performance of a PEFC is characterized by four kinds of losses. Thesacikation
polarization,ii) ohmic polarizationijii) concentration (mass transfer) polarization, and
fuel crossover polarization. The typical performance curve of a PERG the current

density regions, where each loss dominates are as shown in Fgure 1

The activation polarization represents the rate of an electrochemical reaction controlled by
electrode kinetics in the low current density region. Like any chemicaitioa,
electrochemical reactions in a PEFC involve an electronic barrier that must be overcome
prior to current generation. Activation overpotential can be described by the-Bobheer

equation for an electrode:

Q QQOF—- Qo —- 4)

wherei represents the current density (Ajn0Fi s Far adayds constant
(C/moleeq),io is the exchange current density (AJntaqis the activation overpotential,
nis the number of electrons transferredha elementary electrode reaction charge transfer

sites,Un is the anodic transfer coefficient, and findllyis the cathodic transfer coefficient.

Ohmic polarization are a result of limited ionic conductivity of the membrane, the
electrical resistancef the various soft materials, and the inherent contact resistance at the

interface of the many layers. Ohmic losses are a strong function of the hydration level of

w



the membrane, and are therefore affected by various operating conditions such as flow
rates,gas humidity and current density. A high water content in the membrane is essential

to reduce ohmic | oss of the membrane. The

- Y (%)

Where Ryais the total resistance of the fuel cell including contact and ionic resistance, and

i is the current density.

Concentration polarizations are a consequence of mass transport limitations of the reactant
gases to the reaction sites at high current denBiy.increased water generation with low
operating temperature (below £@) leads to increased water saturation in the pores of the
diffusion media. This increases the tortuosity of the pathways in which reactant gases
diffuse to their respective reactigites and results in a concentration different between the
catalyst surface and the diffusion media. Consequently the electrode potential is reduced.

Concentration polarization is expressed according to the Nernst equation:

= —aEp — (6)

Wherei is the limiting current density, indicating the maximum rate at which reactant can

be supplied to an electrode ahds the temperature.

10



Crossover loss is the last type of loss in a PEFC. It is a result of unreacted hydrogen
crossover to the cathode compartment. This leads to a reduction in electrochemical

reaction rate.

Max Theoretical Voltage ~ 1.25V
Max Achievable Voltage ~ 1.18V

Waste Heat |I|

0.8 1

06+

Cell Voltage (V)

(]

0.4+
>Usem| Power I: Fuel Crossover
Il: Activation Kinetics
02— 1ll: Ohmic
IV: Mass Transport
0.0 | » : : : | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Current Density (Alcm?)

Figure 1-3. Typical polarization curve of a PEFC [3, 5]
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Water transport across the membrane

Part of the water introduced in the humidified reactant streams crosses the membrane
electrode assembly (MEA) which contributes to membrane and ionomer hydration. The
oxygen reduction reaction at the cathode is another source of water. At elevated current
densities, it is very common for the byproduct water generation rate to be orders of
magnitude higher than the rate of water introduced with the gas streams. Water is also
moved from the anode to the cathode side of the membrane via electroosmotic drag
induced by proton transport. This is due to water forming a hydration shell around a
proton, or hydrodynamic pumping due to ionic and hydration shell movement.
Electroosmotic drag is increased with thinner membranes and increase membrane water
content. Becauwselectroosmotic drag affects water management in a fuel cell, it has a local
and general contribution to the performance and durability. A locabulryn the anode

side of the membrane can be induced by electroosmotic drag. This affects the conductivity
of the membrane and therefore increases ohmic resistance. Both water generation and
electroosmotic drag contribute to dumping water in the cathode side of the MEA. Even
though high water content in the cathode ionomer improves proton transport, the sligh
excess will result in reduced performance due to flooding and water film resistance over
the electrochemically active area. Also, low water content in the ionomer phase of the
cathode electrode is detrimental to charge transport and therefore perfarniaece
dumping of water at the cathode creates a concentration gradient across the membrane.
When the water concentration on the cathode side is high enough, water can move from the

cathodetoward the anode compartment in what is termed back diffusion ¢érwalhe

12



separate measurement and estimation of electroosmosis and diffusion rates are possible
[28-32]. Pressure gradients between the two gas compartments (across the membrane) also
affect net water transport direction. However, it is the combinedtefteag typical fuel

cell operating conditions that dictates the overall direction of water transport, and is

referred to as the effective or net water drag.

13



Electrochemical Impedance Spectroscopy and circuit modeling for PEFC

Many complex problems electrochemistry, such as corrosion or the kinetics of a given
electrode are studied with electrochemical impedance spectroscopy (EIS). In a fuel cell,
voltage loss at a given current density is a result of a combination of ohmic antiman
contribuions. While the ohmic contributions can readily be studied with DC techniques,
the norohmic contributions, such as adsorption processes at the electrodes, the charge
transfer across the double layer, and the kinetically based concentration polarization,
normally have frequenegiependent response times. Therefore those phenomena are
studied using an AC technique, EIS. EIS is a great tool for fuel cells as the AC signal is
applied without any modifications to the internals of the cell. Also the amplitudieeof
signal is minimal making the technique Aotrusive. A signal (20mV~50mV) is applied

at varying frequencies (100 mHz5 kHz), and the response is recorded in the shape of a
Nyquist or Bode plot. This response to the oscillating signal can be uséidcern
gualitative details of the kinetics and concentration polarization behavior at the electrodes.
Using a first principle based approach or an equivalent electrical circuit, the ohmic, charge
transfer and mass transport resistances can be qualitatiiseerned. A generalized

Nyquist plot from the frequency response is shown in Figuta.1

The commonly employed equivalent circuit for data fitting is shown in Figute, 133,
34]. Cathode charge transfer and mass transport are modeled with a (Bsistcat) and a
finite diffusion Warburg impedance (Ws1l) respectively, in series. The double layer

capacitance for the cathode is represented with a constant phase element (CPE_Cat). The

14



ohmic resistance is Rohmic, which consists of the ionic resist@ihtse membrane in

series with the ohmic resistance of the various layers and their contract resistances.

High Medium Low
frequency frequency frequency
region- region- region-
ohmic charge mass
resistances  transfer transfer
& [ resistances resistances
v
C l l
)
o
o
o
E
[
P (0]
g
"
f
=
Real Impedance
a)
Rohmic CPE_Cat
AN >>
Rct_Cat Ws1 |
5
b)

Figure 1-4. @) Typical Nyquist plot for PEFC,)bEquivalent circuit employed to fit impadce
spectra
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Preface to Chapter 2

This chapter is the preliminary evaluation of performance and mass transport of an open
metallic element architecture fuel cell, in comparison to a conventionallepara
channel/land desigrclectrochemical impedance spectrosgapyygen dilution in helium,

and net water drag measurenseate used to identify the improvements on polarization
curves, as a result of the new architecturbe results provide for the first time a
fundamental comparative between the two cell desigwsw limitations inherentf the

OME designare also highlighted.

The work presented in this chapter psrt of a collaborative project betweethne
Pennsylvania State University and Nuvera Fuel Cells Inc., and funded by.8e

Department of Energy.
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Abstract

Performance and mass transport of a polymer electrolyte fuel cell (PEFC) with an open
metallic element (OME) flow field architecture wesnalyzed in comparison to a
conventional parallel channel/land (C/L) fuel cell, using low humidity at the anode and dry
oxidant at the cathode. Under identical conditions the OME cell was able to operate at a
current density of 3 A cif recording a peagower of 1.2 W crif, compared to 0.9 W ¢m

2 using a parallel cell. Area specific resistance (ASR) was lower for the OME cell as a
result of more uniform compression and reduced contact resistance. Electrochemical
impedance spectroscopy (EIS) revealed graptovement in mass transport compared to

a parallel C/L cell. A heliox mixture at the cathode of both cells revealed improved mass
transport for the parallel cell, but revealed no oxygen gas phase transport limitation at high
current densities. In facit, was shown that with an OME architecture, limitation at ultra

high current density results from dehydration at the anode and not reactant mass transport.
This also indicates that ionomer film resistances at the electrode do not preclude operation

at extemely high currents.
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Introduction

The polymer electrolyte fuel cell (PEFC) is a possible alternative to the internal
combustion engine for many applications. In the context of clean and sustainable energy,
the PEFC is a zero emission technology when gudigdrogen gas produced from
renewable sources. The majority of automotive manufacturers are engaging in PEFC
research and development, and numerous prototype vehicles have already been developed
and demonstrated competent performance and range. Marketseplanned in 2015, but

reduction in cost below the statéthe-art system price of 46 $ kWis still needed [1].

Reactant gases in a fuel cell are distributed over the gas diffusion media (DM) through a
flow field, before diffusing to the reactiontas. For functional requirements, the design of
a flow field must achieve adequate reactant gas distribution over their respective
electrodes, provide pathways for water evacuation from the cell, translate compression
from the end plates/bipolar plates the soft materials layered within, and provide

necessary electrical conduction and heat transfer.

A variety of flow field designs are well developed, including parallel, serpentine, and
interdigitated (e.g [B]). It is important to note that even thoudifferent flow field

layouts have been developed, they are generally based on a conventional alternating
channel/land distribution. Parallel flow fields suffer from uneven gas flow supply and
water droplet accumulation, which can result in poor performanéegh current or wet
conditions. Neutron imaging utilized to quantify liquid water accumulation and distribution

in a PEFC showed that locations under lands have restricted mass transport and are

preferential liquid storage sites, even in dryer opegatonditions [10]. It was also shown
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that decreasing the lastd-channel ratio is advantageous in decreasing the water stored in
the cell, but could be a drawback when operating in low humidity conditions [11]. Another
neutron study revealed that the lidqustorage in the gas diffusion layer increased with
larger lands [12]. Larger lands create increased distance for transport of products from the
electrode, and also add a shadowing effect for reactants diffusing to the electrode. A
serpentine layout sufferfrom relatively higher pressure drop and concentration gradients
since the flow path is relatively long. Liquid water has also been shown to accumulate in
turns and switchbacks [13, 14], which can harm performance, stability, and durability. The
presencef lands introduces a drawback since reactant gas must diffuse under the lands to
reach the electrode. At high current density, the land width was found to be the dominant
factor for performance. At the same time, large channel spans cause additiomral ohmi
resistance [15], and increase DM intrusion in the channel [16, 17]. The-comeressed

DM surface below the channel makes less contact with the catalyst layer [18]. It is also
shown that water in low compression interfaces is prone to ice lens fannwationg
operation or storage at subfreezing temperatures, which ultimately causes mechanical
damage to the soft materials [19]. Conventional channel/land configurations have also been
developed with porous carbon material that acts as an integratecepagsivthat removes

excess water from the channels and DM-220.

The motivation of this study is to understand factors which limit-hikga current density

in fuel cells, so that reduced system cost can ultimately be achieved through higher power
dengty stacks. To help achieve this, a single cell with open metallic element, conceived
and designed by Nuvera Fuel Cells (Billerica, MA), with a flow field capable of

dramatically increasing limiting current density compared to conventional design, was
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tesed. The elimination of lands in the flow field is the unique ohmic and mass transport

behavior of this architecture. A conventional parallel land/channel fuel cell was used as a
comparative reference, in order to better understand the increase in posisr aleserved

with the open metallic element design. A set of operating conditions of particular interest
to the automotive industry were used in order to operate both cells as shown in Table 1.
The results of this study provide a comparison between ctomahparallel C/L design

and an open metallic element for the first time in literature, and show different origins of

performance limitation of the two designs. The experimental work also provides validation

data for simultaneous modeling efforts of tdpeen metallic element design [23].
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Experimental Setup and Procedure

Two single cells were used in this comparative study. The first cell has a conventional C/L
flow field in parallel configuration as shown in Figure 1(a), with an active area of 25 cm

The second cell has an open metallic element acting as flow field and an active area
measuring50cf as seen in Figure 1(b). Both cell
the direction of the flow, making the comparison of two different sized celishpes The

anode and cathode reactant flows were operated in a cdlomearrangement.

Directed Flow

Figure 2-1. a) channel/land, b) open metallic element. (not to scale)
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All experiments were conducted usingmmercial type membrane electrolyte assembly
(MEA) composed of an 18 um (dry) membrane with a catalyst loading of 0.15 mg?Pt.cm
at the anode and 0.4 mg Pt:tmt the cathode. The diffusion media (DM) used on both
electrodes are Sigracet 25BC by SGL @rqWiesbaden, Germany), which have a 5%

PTFE content and micro porous layer (MPL) with 23% PTFE content.

An Arbin Instruments (College Station, TX) fuel cell testing station was used for all
experiments. The gases were humidified using a standaloneraretype humidification
system from Fuel Cell Technologies Inc. (Albuquerque, NM). Gas inlet pressure was

controlled with a backpressure unit from Scribner Associates Inc. (Southern Pine, NC).

Electrochemical impedance spectroscopy (EIS) was perfousiad a Zahner IM6ex with
an external EL300 load, by Zahner Elektrik (Kronach, Germany). The frequency was

swept from 100 mHz to 5 kHz using a 20 mV amplitude signal.

Two dew point temperature sensors by Vaisala Inc (Helsinki, Finland) were used to
measurethe dew point temperatures of the gases exiting the anode and cathode of the

OME cell, in order to compute the net water drag coefficient.

The cells temperatures were maintained &C6@ith high flow rate coolant (DI water)

from a recirculating bath forall experiments. Table 1 summarizes the test protocol
employed in all experiments unless otherwise specified. The anode side was fed with
hydrogen gas at 53% inlet relative humidity (RH), with a constant stoichiometry of 2. The
cathode side was fed witlydair or heliox at a stoichiometry increasing from 1.6 to 2 with
0.1 increments as current is increased from 0.25 to 2 A Time stoichiometry remained 2

for any current density above 2 A @miThe same inlet pressure was set on both sides of
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the cell ty applying backpressure. Inlet pressure was throttled from 118 kPa to 180 kPa
(absolute pressure) with increasing current density up to 2 A éfter 2 A cnmi? inlet
pressure remained constant at 180 kPa. The cell was operated in galvanostatic mode. Each

point on the polarization curves shown corresponds to a 45 minutes operation average.

Anode Cathode
Gas Hydrogen Air or Heliox (21% Q, Bal. He)
Relative Humidity 53% Dry (humidifier bypassed)
Current density (A cm?)  Stoichiometry (E:I,eat, Zijesscjﬂ{g) Stoichiometry (%Zt, ZLessoiﬂ:g)

0.25 2 118 1.6 118

0.5 2 129 1.7 129

1 2 152 1.8 152

15 2 175 1.9 175

2 2 180 2 180

2.5 2 180 2 180

3.0 2 180 2 180

Table 2-1. Fuel cellautomotive operating conditions
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Results and Discussion

Performance Comparison of Open Metallic Element (OME) and Conventional Design

The performances obtained using the parallel C/L flow field architecture with air at the

cathode, are shown in Figure 2, and are well known.

1.0
0.8
> 06
© i
-—
C 4
5 04 ]
O A
o |
0.2 —&— Parallel - Air atmospheric outlets pressure
—m— Parallel - Air automotive pressure conditions
—a— Parallel - Heliox automotive pressure conditions
0_0 | | T T 1 T | BEeT B e | | [ e | | Tra DEE T | | B T S | [ ] T LG L S | L T T Lz |
0.0 0.5 1.0 15 2.0 29 3.0 3.5

Current Density (A/lcm?)

Figure 2-2. Parallel flow field performance at 600C, under difat backpressure and cathode gas
dilution. (No backpressure for air, automotive pressure conditions for air, automotive pressure
conditions for heliox).
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The low pressure (atmospheric pressure at cell outlets) curve represents an ideal for future
automotive conditions where parasitic losses are minimized. However, with the existing
materials and architecture, these conditions cause performance problems due to increased
ionic losses, and high mass transport limitation. The maximum power densigvexthi

does not exceed 0.675 W émand the cell does not operate stably above 1.5 A dine
conditions utilized for this study, with back pressure on both reactant streams, result in
better performance throughout the current density range due to enledexteade kinetics

and mass transport [226]. Concurrently, the cell generates 0.9 WZtHowever, a sharp
decrease in performance is still visible at current densities higher than 1.5,Aacthis
generally a result of the mass transport limitatiombe conventional designs are
inadequate in efficient water removal from the cell components resulting in blockage of
reactant diffusion into the reaction sites and causing flooding losses. This is visible in
Figure 3, taken with neutron imaging from [2V}ater accumulates under the lands and
moves from under the lartdwardthe inner walls of the channel, and therefore retarding

the water removal process [27]. The performance curve with heliox at the cathode clearly
shows the improvement in mass transgmytincreasing diffusivity of oxygen into the
reaction sites. This performance decrease at the high current region is a significant problem
in terms of obtaining high power density, which is a critical parameter in automotive

applications in particular.
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f ]

Channel

Figure 2-3. a) Water buildup in channel and under the lands of a channel/land cell architecture, b)
reaktime neutron image of water buildup, reproduced from [27].

The OME design studied here greatly noyes the cell performance in the mass limited
region while using the same operating conditions. As seen in Figure 4, at the same
conditions (air at the cathode, low humidity, and automotive pressure conditions) the open
flow field architecture yields a 2b increase in the limiting current density, mainly

through better mass transfer.
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Figure 2-4. Performance comparison between OME and parallel flow field ‘&, @0ith dry air
flow at the cathode using autotive conditions shown in Table 1.

To the author ds Krnauelisehd dighest reporeed liBniting cucemt
density in the literature at reasonable operating voltage in air environments. The OME also
results in a reduced ohmic resistance, as seen from thecum@&ht region. The
performance curves for both celleddentical up to 0.5 A ci) which is expected since

they both use the same MEA, and therefore should have the same kinetic behavior. The
most important outcome of the boost in performance is seen by comparing power density
curves, where the use of OMEcsessfully eliminated the diminishing return of power
density at ultréhigh currents. As a result a 33% increase in power density is obtained, from
0.9 W cm? (1.6 W.mg'Pt) with the parallel channel/land architecture to 1.2 W ¢&n2

W.mg'Pt) with theOME. This substantial gain in power density enables higher power
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operation, and therefore greatly decreases the size and cost of stacks for automotive
application through less use of expensive catalyst and smaller auxiliary components. Peak

power values foboth cells are summarized in Table 2.

Table 2-2. Peak power of OME and parallel channel/land cells at cell temperaturé®u6ihg
automotive conditions shown in Table 1.

OME Parallel channel/land
_ 1.2 0.9
Peak power density (W crf)
Peak power per catalyst 29 16

loading (W.mg"Pt)

The performance improvement with the open flow field is further analyzed by means of
area specific resistance (ASR) data for both designs. As seen in FiguréASRHHer the

open flow field is almost 50% lower than that of the conventional design. The ASR value
consists of both the membrane ionic resistance and the contact resistance between the cell
components. The lower ASR strongly suggests that more unifornpression, and
therefore better contact is achieved with the OME. Th&eR curves of Figure 5 almost
overlap in the low and midurrent density regions of both cells (i.e. up to 1.5 A’cas

an indication of vastly similar kinetic and mass transponiab®r between the two cases

in this current region. However, the sharp performance drop observed with the parallel cell
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at current densities higher than 1.5 Atim not apparent with the OME. Since the curves
are compensated for resistive losses, thisaacement clearly is a result of better mass

transport obtained with the OME design.

1.2 100
1 —m— Parallel iR-Free - Air automotive conditions [
: —8— OME iR-Free - Air automotive conditions
] O Parallel HFR i
1.0 <& OME HFR - 90
S ] : -
E 0.8 ! ;80 ?,
[ ] I E
)] J L
S 06 L 70 §
o ] i £
g &
(C ] [

,Cﬁ 04 ] : 60 2
0.2 1 o - 50
1%0 o o © o ¢ [

DD sy e e LA
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Current Density (A/cm?)

Figure 2-5. IR-Free performance comparison between OME, and parallel flow field, with
respective ASR at 600C and air at the cathode, under automotive conditions.

Analysis of mass transport region for OME and parallel flow fields

The considerable gain in performanaéh the use of OME as a flow field is mainly
attributed to the mass transport improvements in the high current density region. In order
to investigate the difference at high current density, a heliox mixture containing the same
mole fraction of oxygen athat of air (21% @ Bal. He) was fed at the cathode of both

cells. At the temperature of 8D and pressure conditions up to 180 kPa, oxygen diffusivity
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in helium gas is 4.1 times higher than in nitrogen, and water vapor diffusivity in helium is
3.8 timeshigher than in nitrogen [28]. As shown in Figure 6(a), there is noticeable increase
in performance when heliox is introduced in the parallel C/L cell. The limiting current
density is increased, and the performance curve is now more linear indicative wiales
transport resistance. When this automotive heliox test on the parallel cell is compared with

the automotive air performance of the OME, as seen in Figure 6(b), a close match is found.
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Complete electrochemical impedance spectroscopy (EIS) data for both c#isnia in
Nyquist plots of Figure .MNote that air is used as the oxidant in both cases for the EIS data,
and Figure 7(d) is only OME data as it is operating at-hliga current densities above 2

A cm’.
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The smaller low frequency diameter of the semicircle with the OME suggests lower
transport resistance compared to conventional parallel design. The Nyquist plots of Figure
7 were fit to the commonly employed equivalent circuit shown in Figure 8(a) [29, 30]. The
medium and lowfrequency response arcs are characteristics of cathodee¢raargfer and
masstransport processes, and are modeled with a resistor (Rct_Cat) and a finite diffusion
Warburg impedance (Ws1) respectively, in series. The double layer capacitance for the
cathode is represented with a constant phase element (CPETCGa®. r e al axi s
intercept corresponds to the ohmic resistance (Rohmic), which consists of the ionic
resistance of the membrane in series with the ohmic resistance of the various layers
(catalyst layer, microporous layer, DM, flow field) and their contesistances. The ohmic
resistance is the same resistance mentioned previously as ASR. Deconvolution of the EIS
data into charge transfer and mass transport resistances are shown in Figure 8(b) and 8(c),
respectively. There is a visible sharp increageainsport resistance with the parallel cell at
current densities above 1 A @nThe sharp increase is not seen with the OME, and the
mass transfer resistance flattens after 1 A2.cAll these results clearly indicate that the

OME design greatly reducesass transport losses and yields in much higher current and

power density.
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Figure 2-8. a) Equivalent circuit employed to fit impedance spectra, b) charge transfer resistance,
€) mass transporesistance; with air flow at the cathode using automotive conditions.
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To understand if further improvement in mass transport can be obtained with the OME,

heliox was introduced in the cathode of the OME cell under the same automotive

conditions. The helioxest on the OME cell resulted in identical performance to the OME

cell operating with air at the cathode, except for the limiting current density, as can be seen

in Figure 9. The fact that the performance of the open flow field with heliox was not better

than air, contrary to what was observed for the parallel cell, means that the transport of

reactants in the open flow field architecture is not restricted by the diffusion of oxygen to

the reaction sites. Also, this indicates that ionomer film resistaidbe electrode do not

prevent operation at extremely high currents.
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However, limiting current density with heliox was only 2 A gntompared to 3 A cin

with air. From this observation we deduce that a phenomena different than transport
limitation is determining the cell performance in OME at high current density with heliox.
As shown in Figure 10, the open flow field cell operating with heliox at a @oinstirrent
density of 2 A crif suffered from gradual voltage drop associated with regular increase in
ASR. Heliox improves the diffusivity of oxygen and water vapor at the cathode side. In
this case, the faster diffusion of water vapor with heliox causethbrane drput by
exacerbating the already enhanced diffusion in OME with air flow. In other words, most of
the water introduced in the anode side is now removed through the cathode flow with the
use of heliox. The results from water balance measurementshown in Figure 11, also
confirm this behavior by showing a significant increase in net water drag coefficient at

high current density with heliox.

Due to the metallic nature of the OME and corrosion reported in previous metallic flow
field studies,we have not observed any sign of corrosion after more than 2000 hours of
operation between various OME cells. This is attributed to the stability of the elements

over our range of operating conditions.
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Conclusion

A performance comparison between the OME architecture fuel cell capable diigtra
current density and conventional parallel channel/land architecture was discussed in this
work. A stable peak power of 1.2 W ¢mat a current density of 3 A ¢frwas generated

using the OME architecture, at a cell operating temperature °af, 6Gth low humidity
hydrogenat the anode and dry air at the cathode, an improvement of 33% compared to the
conventional channel/land design. It was shown that the open flow field architecture
improves overall ohmic resistance of the cell through more uniform compression and
reductionof contact resistance. The nature of performance improvement through the OME
is similar to the boost in performance observed when a heliox mixture is introduced at the
cathode of a parallel cell. Mass transport is greatly improved with the OME as theebse

of land facilitates and homogenizes water removal, and eliminates the neeepfanen
diffusion of the reactants to their specific active electrodes. However, when heliox was
used in the OME cell, the combination of the absence of lands and impnated
diffusivity in helium limited the current density to 2 A éndue to cell dryout. The
limitation at high current density with OME is doyt due to reduced water retention, and

not flooding as commonly observed with conventional C/L flow field. ioeo film
resistances at the electrode do not preclude operation at extremely high currents. Future
work will examine in detail the drgut mechanism at different operating temperatures, and

methods for increased water retention with OME.
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Chapter 3 Ultra-High Current Density Water Management in Polymer
Electrolyte Fuel Cell with Porous Metallic Flow Field
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Density Water Management in lpmer Electrolyte Fuel Cell with Porous Metallic Flow
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Preface to chapter 3

This chapterinvestigateswater management specific to the open metallic architecture
operating at high current densitierformance, net water drag, and electrochemical
impedance spectroscopy measurements are used simultaneously with varying temperature
and RH conditions in ordepo predict hydration states in the cell. The results are used to
determine which fundamental water transport mechanism is limiting cell operdtien

dry-out mechanism is described, acmimpared to the conventional cathode flooding and

shutdown.

The work presented in this chapter part of a collaborative project between the
Pennsylvania State University and Nuvera Fuel Cells Inc., and funded by.ge

Department of Energy.
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Abstract

Efficient operation at ultrhigh current density (3 A cA) with reasonable voltage is
possible in a polymer electrolyte fuel cell (PEFC) with a porous open metallic element
(OME) flow field due to the dramatic improvement of mass transport through elimination
of the conventional channel/land bias. Rather thaoding, improved reactant transport
leads to enhanced water removal from the cell and the typical limitation of performance is
a result of anode drgut. In this work, the fundamental water transport mechanisms in the
OME PEFC were examined in orderdangineer further improved performance and higher
temperature operation required for efficient heat rejection. Specifically, the net water drag
(NWD) was measured over a range of conditions and analyzed with respect to
electrochemical impedance spectroscopgd performance. As the cell operating
temperature was increased, the effect of back diffusion was reduced due to the diminishing
liquid water content in the cathode catalyst layer, and at critical liquid water content, anode
dry-out was triggered primdyi through electreosmotic drag. Addition of cathode
humidity was shown to promote high temperature operation mostly due to improved water
back diffusion. The same mechanism can be achieved by creating a pressure differential
across the membrane, with heghpressure on the cathode side. Stable operation was
demonstrated at 90 using a polymer electrolyte membrane. Real time NWD
measurements were recorded during transient anodicudrgonditions and are consistent

with gradual membrane dehydration. Thadeoff between liquid water overshadowing
cathode catalyst sites and its contribution in promoting back diffusion is identified as a key

factor in systems with anode doyt limited operation.
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Introduction

Growing concerns about preserving the enviment and finding sustainable sources of
energy have brought hydrogen to the forefront of clean energy carriers. Polymer electrolyte
fuel cells (PEFCs) are prominent candidates as power generating devices, converting
energy stored in hydrogen gas into useabectric power. PEFCs operating on renewable
hydrogen are of particular interest to the automotive industry since they are highly
efficient, with zereemissions, and operate at higbwer density. The next decade will

play a major role in commercializinfuel cell vehicles as most major car manufacturers
plan to enter early commercialization by 2015-4]1 Continual improvement in

performance, cost, and durability is required for successful market implementation.

In PEFCs, the cathode performance igofimiting [5, 6]. This is due to both the slower
oxygen reduction reaction (ORR) kinetics at the cathode compared to fast hydrogen
oxidation reaction (HOR) at the anode, and mass transport limitation caused by limited
oxygen diffusion and liquid wateldoding at high current density-. The conventional

bias in the design of fuel cell flow fields using alternating channel/land configuration is a
result of the functional requirements of a flow field {10]. Channels distribute reactants

and remove mducts, while lands are needed to provide adequate support, compression,

and conduction of heat and current.

Various methods for excess water removal have been identified, and can involve
modification of different components. Generally speaking, the neatidn can be in the
flow field design, operating parameters, or in the soft materials such as diffusion media

(DM), microporous layer (MPL) or catalyst layer (CL). Compared to a conventional
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parallel channel/land (C/L) design, a properly designed sengeitdw field at the cathode
removes more residual water due to increased pressure drop and enhanced convective
forces at the same stoichiometry [18, 19], while an interdigitated flow field forces reactant
flow convectively toward the active layer [20].ddification of the C/L flow field material
properties has also been proposed. Hydrophilic treatment of channel walls enhances liquid
suction from locations under the land while polytetrafluoroethylene (PTFE) treatment of
the C/L interface was demonstrated increase water storage in the DM and promote
flooding [21, 22]. A C/L flow field made of porous carbon was devised to distribute gas in

a conventional way and to act as a passive wick for water removal and redistribution of
humidity [23]. Component el modifications have also been proposed to mitigate
flooding. For example, it was shown that DM with relatively lowplane gas
permeability accounts for a greater amount of liquid water retention under the lands. An
increase in PTFE content in the Ddmd MPL was shown to promote removal of water
from the cathode, but an excess amount of PTFE leads to increased electrical contact
resistance and reduction in performance [24, 25]. In recent studies, DMs were altered by
laser perforation to investigate tleect of structural change on water management [26
28]. Results indicated that perforations acted as water reservoir pools and redistributed
water in low humidity conditions. At high current or wet conditions performance was poor.
Even though the aforezntioned strategies differ, they all deal with conventional
architecture fuel cell consisting of alternating channel and lands. As some of them improve
water removal and enhance performance, the main limit in typical operation is still due to
flooding andmass transport at the cathode, an inherent characteristic of the channel land

bias.
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Porous metal and metallic mesh fuel distributors have been suggested for direct methanol
fuel cells [2934], and an improvement in performance is noted compared to camadnt

flow fields caused by improved methanol distribution and @mnoval. In PEFC, Kumar

et al modeled the performance of a mpktrallel flow field and the effect of filling the
rectangular channels with porous metal of different permeability. Théi@dadif porous

metal in the rectangular channels leads to improved performance, and more importantly to
a more uniform local current distribution. The highest simulated current density was 842
mA cni? [35]. Tsai et al examined the effect of the locatiomaiifolds in a porous metal

flow field fuel cell on fuel distribution and concluded that dividing the metal foam into
multiple regions and using multiple inlets effectively increases the gas distribution and

utilization rate [36].

A single cell with an pen metallic element (OME), designed and developed by Nuvera
Fuel Cells Inc (Billerica, MA), was tested at°&0in our previous work, and compared to a
conventional parallel C/L architecture cell {38]. Results showed that mass transport
limitation was dastically reduced in the OME cell. No sign of flooding was visible up to 3

A cm? This was attributed to the elimination of conventional lands that usually
overshadow electrode active area, trap water inside the cell, and block reactant access to
the CL.Unlike an interdigitated flow field, in which through plane convection promotes
water removal under land segments, the mode of through plane transport in the OME
architecture is diffusion [38]. A cross sectional schematic representing gas and liquid

pha® direct flow in an OME architecture cell is presented in Figure la.

Part of the water introduced in the humidified reactant streams crosses the membrane

electrode assembly (MEA), and contributes to electrgiyi@se hydration. The ORR at the
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cathode is amther source of water. Water is also moved from the anode to the cathode side
of the membrane via electroosmotic drag induced by proton transport. This is due to water
forming a hydration shell around a proton, or hydrodynamic pumping due to ionic and
hydration shell movement [39 41]. Because electroosmotic drag affects water
management in a fuel cell, it has a local and general contribution to the performance and
durability. A local dryout on the anode side of the membrane can be induced by
electroosmotic drag. This affects thenductivity of the membrane and therefore increases
ohmic resistance and heat generation. Both water generation and electroosmotic drag
contribute to water accumulation in the cathode side of the MEA. Even though high water
content in the cathode ionomienproves proton transport, the slight excess will result in
reduced performance due to flooding and water film resistance over the electrochemically
active area. Also, low water content in the ionomer phase of the cathode electrode is
detrimental to chargeansport and therefore performance. The multiple directions of water
transport across the membrane are represented in Figure 1b. The transport of water to the
cathode in most cases creates a concentration gradient across the membrane. When the
water cacentration on the cathode side is high enough, water can move from the cathode
toward the anode compartment via back diffusion. The separate measurement and
estimation of electroosmosis and diffusion rates are possibldgdZPressure gradients
betweenthe two gas compartments (across the membrane) also affect net water transport
direction. It has also been demonstrated that temperature gradients across the membrane
contribute to the movement of water via therosmosis [4751]. The combined effect

during typical fuel cell operating conditions dictates the overall direction of water transport

and potential for anode digut, and is referred to as the effective or net water drag

51



(NWD). NWD is positive for a net flux toward the cathode and negative ihéhdlux is

toward the anode.

PEFC stack operation at elevated temperature is desirable to reduce heat exchanger size
and load. The DOE technical target for the year 2017 requires automotive stacks to operate
and reject heat at a specific rate per degiéference between the stack coolant out
temperature and ambi ent°Ct[xmAlbaughprevioes workQ/ T
has shown the OME design can operate at extremely high current at reasonable voltage, it
was demonstrated at only €0 The motivéion of this study is therefore to extend the
operating temperature window to higher temperatures suitable for automotive operation
[53, 54], while using conventional type polymer electrolyte membrane. In this work, we
employ a single cell with open metalelement (OME) designed and built by Nuvera Fuel
Cells (Billerica, MA) and investigate the limits of operation and net water drag at ultra
high current density as a function of temperature, to understand the mechanism that limits
performance at increase@mperature and engineer the system to enable stable high
temperature operation up to @0 Unlike trying to improve water evacuation in
conventional C/L architecture, efforts in improving water retention are addressed for this

specific architecture, arstable operation at ulttaigh current density.
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Figure 3-1. a) cross section of cathode side showing OME and improved mass transport (not to
scale), b) througlplane water transport in a PE and net water drag (NWD), c) schematic
representation of PEFC with-lime dew point temperature sensors and water desiccant bottles for
live and average water measurement, respectively.
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Experimental

Apparatus

The single cell used in this paper hgsoaous open metallic element (OME) flow field and

an active area of 50 émThe aspect ratio and boundary conditions are designed to match
that of a full size stack cell. The anode and cathode reactant flows are operated in a
countefflow arrangement. Alltesting was conducted in galvanostatic mode. The
membrane electrode assemblies (MEA) used were W. L. Gore, 18 pum (dry) membrane
with a catalyst loading of 0.15 mg Pt.érat the anode and 0.4 mg Pt:¢mit the cathode.

The diffusion media (DM) used on bo#lectrodes are Sigracet 25BC by SGL Group
(Wiesbaden, Germany), with a 5%wt PTFE content amgceo porous layer (MPL) with

23%wt PTFE content.

An Arbin Instruments (College Station, TX) fuel cell testing station was used to control
gas flow rates, b&cpressure and other operating parameters. The inlet cell pressure is set
to desired values by controlling the throttle on the back pressure system. Aalstaed
calibrated membrangpe humidification system from Fuel Cell Technologies Inc.
(Albuguergue,NM) was used to humidify reactant gases as needed. Electrochemical
impedance spectroscopy (EIS) was performed using a Zahner IM6ex, by Zahner Elektrik
(Kronach, Germany). The frequency was swept from 100 mHz to 5 kHz using a 50 mV
amplitude signal. A s@matic of the water measurement apparatus and connections is
shown in Figure 1c. Two calibrated dew point temperature sensors by Vaisala Inc
(Helsinki, Finland) were used to measure the dew point temperatures of the gases exiting

the anode and cathode tietOME cell, in order to compute the real time net water drag
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coefficient. Each sensor was followed by a three way valve capable of directing the flow to
a desiccant bottle filled with Dryerftglanhydrous CaS£)W.A. Hammond Drierite Co.)

to condense andrap water. The cell outlet lines, sensors, and lines leading to each
desiccant bottle were overheated in order to avoid any condensation in the lines before
trapping the water. After water was trapped, the three way valves were switched to bypass
the destcant bottle. The bottles were then disconnected and the change in mass was
recorded and attributed to the amount of trapped water. The measurement for each point
with the desiccant bottle lasted between 15 and 20 minutes to maximizetsigonae

ratioand reduce any error resulting from sporadic emissions of water droplets.
Operating conditions
Operating conditions for polarization curve

The baseline set of conditions used to evaluate a complete polarization curve are
summarized in Table 1. The celldmdine operating temperature is°60 with ultra high

purity hydrogen at the anode, and air (breathing grade D) at the cathode. Constant anode
and cathode stoichiometries of 2 were used. The anode inlet relative humidity was 53%
(Dew point temperature sett 47C), and the cathode gas was dry (humidifier bottle
bypassed). Back pressure was applied to both anode and cathode outlets such that their
inlet pressures were both equal to 180 kPa absolute (1.8 bar absolute or 80 kPa gauge

pressure).
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Table 3-1. Baseline operating conditions

Anode Cathode
Cell operating temperature 60°C °60
Gas Hydrogen Air
Gas stoichiometry 2 2
Relative Humidity 53% Dry (humidifier bypassed)
Humidifier dew point 47°C Dry (humidifier bypassed)
temperature
Inlet pressure (kPa, 180 180
absolute)

Operating conditions for high current and increased temperature tests

Experiments to study water management as a functiomcofased operation temperature
were all conducted at 2 A ¢hsince performance at this point is not limited by mass
transport limitations or any cigut phenomena, and efficiency is still high enough for
practical operation. It also satisfies operatibml&ra-high current density which is one of

the main features of the cell design being investigated [37]. Operation was initiated at 2 A
cm? under baseline conditions from Table 1, a@OFour specific test conditions were
utilized as summarized in Tib2. Temperature was increased in steps after one hour of
steady state operation, during which ASR, EIS and water measurement were performed.
Every operation at a specific temperature lasted at least an hour in order to insure a steady
state was achievedl possible. Operation was eventually limited by dryout at a specific
temperature. After that, the cell was reconditioned under humid conditions, Baseline
operation performance was checked and tests were continued. The first modification to the
baseline coditions was the increase of the cathode back pressure, from 180 kPa absolute
to 240 kPa absolute, with all other conditions constant. After reconditioning the second

modification was the addition of 50% RH to the cathode stream at 240 kPa absolute, with
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al other conditions constant. The third modification was the further increase of cathode
humidity to 75% RH at the same inlet pressure of 240 kPa absolute. The specified RH at
each operating condition was kept constant with increasing cell temperatusewd#i

i mportant, in that the humidifierso6 dew poi

to keep a constant relative humidity.
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Table 3-2. Operating conditions for increased temperature experiments

Modification to Baseline Purpose

Condition 1 Baseline condition (Table 1

Condition 2 Increase of cathode inlet A pressure differential is
pressure from 180 kPato created across the membra
240 kPa

Condition 3 Increase of cathode More water is added to the

humidity from dryto 53%  cathode side via cathode
RH, with a cathode inlet stream humidification
pressure of 240 kPa

Condition 4 Increase of cathode An excessively humidhiet
humidity from 53% RH to  cathode stream condition is
75% RH, with a cathode  investigated (75% RH)
inlet pressure of 240 kPa.

Net water drag calculation

Net water drag calculation

The net water drag (NWD) is defined as the net amount of water molecules transferred
across the membrane, from anode to cathode, per protsfetraal:

5 " )

Therefore, a positive NWD implies an overall watemnsport from the anode to the
cathode. This means electvpemotic drag dominates transport in the absence of pressure or
temperature gradient effects. A negative NWD means the net water movement direction is
from the cathode toward the anode, and badfugion dominates, in the absence of

pressure or temperature gradient effects. The NWD directions are labeled in Figure 1b.
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Desiccant method

The average NWD was measured by condensing and collecting the water at the anode
outlet. For repeatability, it isighly recommended to condense and collect the water at the
cathode outlet as well. That way the NWD is measured and the water mass conservation
equation is verified. Therefore for each measurement, the cell outlet streams were
condensed and trapped inpaeate desiccant bottles filled with Dryefitéanhydrous
CaSQ, W.A. Hammond Drierite Co.). The change in bottle mass due to the condensed
water was recorded. For the conservation of mass, the amount of water coming in the cell
with the gas streams anlkletamount of water generated during the experiment should be

eqgual to the amount of water collected at the anode and cathode outlets according to
a " oa g a " g N (2)
Wherethe mass of water generated during the measurement is simply

a Qicod 8po 3)

The galvanostatic operation insures that the rate of water generation is constant and well

known. Using the desiccant thed, the net water drag coefficient is computed from

T 8 & 4)

In all data recorded and presented here ettperimental deviation from the steady state
conservation of mass was less than 5%, indicating a true steady state had been achieved
and storage/depletion terms were insignificant during measurement
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Real time dew point sensors method

With careful heatingf dew point sensors and exit lines, water condensation is prevented
and the dew point sensors can be used to compute an instantaneous or average net water
drag coefficient. Using the dew point temperature reading at the anode outlet the saturation
presswe of the stream can be calculated, and therefore thdimealanode outlet water

flow rate can be shown as:

I - (5)

Similarly, the inlet water vapor flow rate at the anode is calculated, since the anode inlet
dew point is an input defined for the experiment and delivered by the calibrated

humidification system:

g N — - (6)

The net water drag coefficient from the sensor readings is therefore computed by plugging
Eq. 5 and 6 into Eq. 1. The water amoantthe cathode outlet can be computed in a

similar fashion to verify that mass is conserved.

60



Results and Discussion

The performance curve introduced under baseline conditions is at a cell temperature of
60°C. After steady operation at 2 A &mastablisled, the cell temperature was increased in
steps while adjusting the dew point to keep the required RH constant. Operation at each
temperature lasted for more than 45 minutes in order to ensure steady state in performance
and water transport and storage, wearified by performance and water balance
measurements. After steady state operation, water was collected with the desiccant bottles
for around 20 minutes, while the dew point sensors were recording the real time water
measurement. After water collectioB|S was performed. The same was repeated after
each temperature step until cell operation was not possible due -tmtdryhe same

experiments at 2 A cihwere performed under each operating condition shown in Table 2.

Baseline performance curve

Figure 2 shows the baseline condition performance curve with the corresponding area
specific resistance (ASR). The cell temperature is maintained’@t\@bile the hydrogen

gas is humidified to 53%, and the cathode inlet is dry. Both anode and cathode sides are
pressurized to 180 kPa absolute at the inlet, so the pressure gradient across the membrane
is considered negligible. The performance curve at low and medium current densities is
typical, with a kinetic drop at very low current densities and an ohmic repanacterized

by a constant slope at medium current density (15 A cm?). The performance curve

does not have an inflection point at high current densities to represeting@mnmass

transport loss as commonly observed in channel/land cells [3€lurAgnt densities above
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2 A cmi?, the performance curves seems to slightly change slope. This is simultaneous with
the linear increase in ASR recorded after 2A%criThe ASR is almost constant below 2 A
cm? At 2 A cm? it is slightly lower (44 mOhm cf) than other values and this is
attributed to sufficient membrane hydration due to water generation at 2°Awdth the
dominance of back diffusion. The increase in ASR after 2 & ismdue to the dominance

of electreosmotic and thermosmotic [38] dragat such high current densities, which
contribute in partially drying out the membrane. At 3 ATASR is increased to around

50 mOhm crif. A current density of 2 A cihwas chosen for temperature step testing
since the performance at this point is notiled by mass transport limitations or any-dry

out phenomena, and efficiency is still high enough for practical operation.
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Figure 3-2. Performance curve and ASR for baseline conditions at a cell tempesBGIFE.
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Exploring high temperature operationi dry cathode inlet and cathode pressure effect

Two testing conditions have a dry cathode inlet: The baseline condition with a cathode
inlet pressure of 180 kPa, and Condition 2 which varies from the basefidéions by the
increase of cathode inlet pressure to 240 kPa, therefore creating a pressure differential

across the membrane.

Temperature was increased in steps at 2 A, cas shown in Figure 3. Under baseline
Condition 1, the highest achieved stabierating temperature at 2 A énwas 65°C. The

voltage increases from around 570 mV to a little above 590 mV, as the temperature goes
from 60 to 65°C. Looking at the NWD in Figure 4, we observe that C6he NWD has

a negative value. As the temperatus increased, the NWD becomes less negative and a
change in sign of NWD occurs at an intermediate temperature between 62.5 ¥hd 65
This means that as the experiment started %E,6Me overall net direction of water was

back to the anode and domiedtby back diffusion. As the temperature increased, the
direction of net water transport changedardthe cathode. Also, at the temperature of 65

°C it is clear that the net water direction is from the anode toward the cathode. No data are
shown at a teperature higher than 85 because the cell could not operate in steady state

at 67.5°C. As previously discussed, Condition 2 is the same as the baseline condition
except for an increase of cathode pressure from 180 kPa to 240 kPa to create a pressure
differential across the membrane, favoring transport to the anode. The voltage under
Condition 2 is also plotted as a function of temperature on Figure 3. The voltage under
Condition 2 is higher than the voltage of the baseline condition, as expected thee to t
increase of pressure at the cathode. Although the baseline condition did not operate above

65°C, Condition 2 operates stably at the temperature of %2.5voltage increased as
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temperature increased and peaked af@OThen it dropped at 72.%C, yet emained
stable, whereas there was no stable operation ¥€.7Bs seen from Figure 4, the NWD

for Condition 2 is almost a perfect negative offset of the NWD from the baseline condition,
which is expected due to the linear relationship between pressuszenifal and
convective flux [55]. The more negative NWD reveals that the creation of the pressure
differential across the membrane forced more water back from the cathedel the

anode, keeping the membrane hydrated to a higher temperature. Arveffestneability

of use for models can be computed using Eq. (7) in order to describe the negative offset

due to the pressure differential:

~ y
U — —

(7)

Q, A andp represent the flow rate, cresstional area of flow, and viscosity of water
respectivelygP /isLthe pressure gradient across the membrane having thidkniéss
the effective Darcy permeability. The flow rae can directlybe calculated from Eq. (8),

and then converted from mof $o n® s for consistency:
5 om0  0mo - 8)

The computed effective permeability values athemperature are shown in Table 3, and
clearly indicate a linear offset due to the pressure gradient. The effectisiéu in
permeability averages at 3.64 x2@n? which is consistent to the range of values found in

literature (between 1% and 10'® m?) [56, 57].
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Figure 3-3. Cell voltage as a function of temperature with baseline condition 1, and condition 2,
at 2 A cnt.
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Figure 3-4. NWD coefficient evolution as a function of temperature with baseline Condition 1, and
Condition 2, at 2 A ci

Table 3-3. Calculated effective water permeability for a pressure differential of 60 kPa

Temperature CC) Effective hydraulic permeability k (m°)
60 3.46 x 10
62.5 3.42 x 107
65 4.04 x 107

Average: 3.64 x1G°+ 9 %

As temperature increased, the NWD also increased and became less negative, where it
eventually changed sign amecame slightly positive at the cell temperature GfC.0At
this point, the operation was stable and performance was at peak value. Further increase in
temperature elevated the NWD to a more positive value, resulting in -dngalg and

unstable perfornrece.
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Figure 5 represents the transient voltage, ASR and NWD evolution when the temperature
reached 67.5C under the baseline Condition 1. The voltage gradually decreases over a
period of less than 7 minutes until there is no stable operation and trshuatslidown.
Simultaneously, the ASR gradually increased. The initial ASR is 48 mOHramththe

final ASR is 104 mOhm cfnright before cell shutdown. The voltage drop with
simultaneous ASR increase is a clear indication of membrane dry out. Also on %igure
the evolution of real time NWD reveals an increasingly positive NWD with time evolution
concurrent to the voltage drop and ASR increase. This indicates that with time, & 67.5
and baseline Condition 1, less water is exiting from the anode outleifdige cell, since

the anode inlet is a constant value. An increasing anodic dry out is the reason for gradual
voltage drop. The same is true for Condition 2 aP@5 Impedance spectra for baseline
Condition 1 and Condition 2 are plotted in Nyquistmat in Figure 6. The common
electric circuit analogy used to deconvolute charge transfer resistances, ASR and mass
transport is shown in Figure 6¢ [58, 59]. ASR and charge transfer resistance deconvoluted
from the impedance spectra are shown in Figu the different temperatures at 2 Atcm

2. For baseline Condition 1, as temperature increases, there is no change in ASR until 65
°C. The charge transfer resistance gradually decreases as temperature increases. This is
also clearly observed in the redoct of charge transfer arc diameter in Figure 6a. Even
though ASR increased as temperature increased from 62.5 C,6%his did not
significantly reduce the cell voltage. The cell voltage is more likely to have increased due
to the reduction of chargeamnsfer resistance or improved transport, which is already an
indication that even though stable operation was limited by membrane conductivity, the

performance was dominated by another mechanism. The emphasis on the charge transfer
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resistance in the interptation of the resultsomes from the fact that the slight change in
water content in the catalyst layer is usually recorded in the high frequency arc as well.
This is due to water coverage of catalytic sites or dehydration of ionomers in the case
where vater content is low in the cathode catalyst layer. The sensitivity of the cell
operation to the water content in the catalyst layer is a result of the OME design not limited
by mass transport in the flow field or DM. This is due to low water saturatibr2ah the

DM, as previously explored [37, 38] attributed to improved water removal by the OME
design, through elimination of conventional lands. This makes the low frequency arc (mass
transport) less sensitive to changes in water content since watethaitdgdock oxygen

transport are minimal in the GDL and the flow field.
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Figure 3-5. evolution of voltage, NWD and ASR during transient-doy that leads to shut down
of operation at 67.8C with baseline condition, at 2 A ¢
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Figure 3-7. Charge transfer resistance and ASR data from EIS, for Baseline Condition 1, and
condition 2, at 2 A ci

The impedance spectra of Condition 2 are plotted in Figure 6b, and the deconvoluted
charge trasfer resistance and ASR are plotted on Figure 7 along those of baseline
condition previously discussed. The ASR trend as a function of temperature is very similar
to the one observed for the baseline Condition 1. As the cell temperature increased from 60
to 65°C, there was no change in ASR. Then as temperature increased from 65%0, 72.5
ASR gradually increased. Both Conditions 1 and 2 show a flat ASR followed by a gradual
increase. Charge transfer resistance for Condition 2 decreases with increasing cell

temperature and almost reaches a plateau. The decrease is small from 80 tel&fve
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to the decrease in charge transfer resistance from 65 6.7Dhis is also shown in the

slight change in charge transfer arc diameter in Figure 6b from 6040, 66llowed by a

more significant drop in arc dimension between 65 aniC7The ircrease in ASR is also

seen on the Nyquist plot by a shift in the real axis intercept to higher values. We also note
that the peak performance at %0 corresponds to a slightly positive NWD. The same
observation made for the baseline condition can be rfad€ondition 2 in regard of
performance and ASR. There is an increase in performance from 65@ex@n though

ASR indicates that the membrane became dryer with increased temperature. Therefore, it is
not the membrane hydration that dominates perfoceaver this temperature range, but

the state of the catalyst as observed by the behavior of the charge transfer resistance. The
mechanism and physics that describe this change in charge transfer resistance are

investigated and interpreted in the next isect
Exploring high temperature operationi effect of cathode humidity

Condition 3 varies from Condition 2 only in the increased humidification of the cathode
inlet stream to 53% RH. The pressure gradient across the membrane is the same as
Condition 2. Tle voltage evolution with temperature for Condition 3 is plotted in Figure 8.
Voltage increases from 6 to 75°C and peaks at 7%. Voltage decreases after’@5

but stable operation is possible up to a temperature °%f 80e to a combined effect of
cahode flow humidification and favorable pressure gradient toward the anode. The voltage
of Condition 3 is lower when compared to Condition 2, partially due to reduced oxygen
mole fraction, and the effect of added humidity on the catalyst layer. Nevertheless
operation for Condition 3 is possible at a higher temperature. Even though there is a

reduction in gas phase oxygen mole fraction from Condition 2 to Condition 3 due to the
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added humidity, Eq. 9 can be used to evaluate the impact of reduced oxygeractaa fr

on overpotential [60].
@ o =Y 1Wwg oY 1M 9)

Using Eg. 9, the voltage drop calculated, due to the reduced mole fraction of oxygen with
the introduction of imidity at the cathode in Condition 3 is expected to be around 2 mV.

However, the measured voltage drop varies between 8 mV and 16 mV as shown in Figure
8. We attribute the additional loss to increased catalyst layer coverage from water with the

introduction of humidity.
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Figure 3-8. Cell voltage as a function of temperature under all measured conditions, at2 A cm
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The NWD coefficient is shown in Figure 9 and the Nyquist plots from EIS are shown in
Figure 10. The NWD in Figure 9 confirms that the reason for increased maximum
temperature operation is a more negative NWD. This is also shown in the the ASR trend in
Figure 11. ASR as a function of temperature in Condition 3 exhibits the same trend as the
previous conditions, but the ASR remains constant over a broader temperature range
before increasing due to loss of water in the membrane. The charge transfer resaséances
shown in Figure 11. Charge transfer resistances with the humidified cathode are higher
than charge transfer resistances of Condition 2 with a dry cathode. There is also an increase

in mass transport resistance in Condition 3 compared to Conditianshosn in Figure

12.
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Figure 3-9. NWD coefficient as a function of temperature under all measured conditions.
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Figure 3-10. a) Nyquist plot for Condition 3, b) Nyquist plot for Condition 4.
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Figure 3-12. Calculated mass transport resistances for all measured conditions deduced from EIS

data, at 2 A crf.

For Condition 3, we also notice that the peak voltage corresponds to a slightly positive net

water drag coefficient and to an ASR value that is higher than the minimum. This again

shows that at the maximum stable operating temperature limit is deternyimeembrane

hydration but the performance here is limited at the catalyst level.

Condition 4 varies from Condition 3 by the increase of the cathode inlet RH from 53% to

75%. The voltage evolution with respect to increasing temperature is very similaatto wh

was observed in Condition 3. The peak voltage also occurs at the cell temperatde, of 75
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with an overall voltage trend at 2 A/érthat is slightly higher than that of Condition 3.

The voltage in Condition 4 remains lower than that of Condition 2 avithy cathode. The
explanation is the same as the one given in the previous section. A 75% RH cathode inlet
increased water in the catalyst layer compared to the dry cathode in Condition 2. In fact,
the higher the water content at the cathode inlet, thieehithe charge transfer resistance,

as shown in Figure 11. The increased mass transport resistance in Figure 12 is a clear
indication that the increase in charge transfer observed is due to an increase in the water on
the catalyst layer. Interestinglye voltage in Condition 4 is higher than the one observed
with Condition 3, even though we see that more water obstructed catalyst activity. The
reduced oxygen mole fraction with increased humidity in Condition 4 can only contribute
to reduced voltage. Thefore, the increased performance could be partially attributed to
better membrane humidification from increase water availability. The ASR values are
lowest with a 75% RH, as seen in Figure 11. This could explain the improved performance
compared to a 53%H cathode inlet humidity. The peak voltage also occurs at a slightly
positive NWD as seen in Figure 9, with a slightly elevated ASR value compared to the

minimum.

Proposed water mechanism continuum between NWD and performance during dry

out

One can spmulate that the maximum performance at a slightly elevated ASR observed is a
result of the competition between localized flooding and ionomer dehydration in the
catalyst layer (CL). For Conditions 2, 3, and 4, an increase in voltage is visible with
increagng temperature, until a peak is reached. This occurred simultaneously with the

observed monotonic decrease in charge transfer resistance with increasing temperature,
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until a drop in charge transfer resistance to a plateau was observed at the temmerature f
which the highest voltage was recorded at a specific condition. The ASR trend was also
consistent, with a flat ASR as a function of temperature followed by a monotonic increase

in ASR at the temperature with the highest voltage and lowest charge rnaass$tance

for a specific conditions set. This increase in ASR also corresponds to the change in NWD
direction from anode to cathode. The impact of water addition at the cathode on the charge
transfer resistance and mass transport behavior indicatabehaltenomenon observed is

likely water accumulation in the catalyst layer. The addition of more water (75% RH)
increased the charge and mass transport resistances but pushed more water back to the
anode and therefore increased membrane hydration at heghperatures. Figure 13a is a
simplified, not to scale schematic the cathode catalyst layer in agglomerate form next to
the membrane. At low temperatures, the high charge transfer resistance due to an excess of
liquid water content in the catalyst layisrsketched in Figure 13b. Excess liquid water in

the catalyst layer is the cause of the observed reduced electrochemically active area and
increased oxygen diffusion effective resistance. This also provides a negative NWD
through enhanced back diffusioas also shown in Figure 13 by the arrows. The
concentration of liquid water in the cathode catalyst layer is high enough to promote back
diffusion and therefore keep a low ASR value. As the temperature increases, the fraction of
liquid water in the cathodeatalyst layer is reduced as represented in Figure 13c. More
catalyst active area is cleared therefore the charge transfer resistance is reduced, mass
transport is improved for oxygen, and performance has increased. This same reduction in
liquid water cotent results in a lower back diffusion and therefore a less negative NWD,

represented by the smaller arrow. NWD is still negative at this point and provides
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enhanced membrane hydration, as shown by the flat ASR with the initial increase in
temperature undea specific operating condition. As temperature is increased, the liquid
water fraction in the cathode catalyst layer is further reduced to the point where most
catalytic active areas are cleared, and the hydration is optimal. There is a correct amount of
liquid water to keep the ionomer of the cathode catalyst layer hydrated and highly
conductive to ions, with minimal excess water is present to block the active sites and
hinder oxygen permeation. This optimal cathode catalyst hydration is observed avith th
abrupt drop in charge transfer resistance at a specific temperature and a peak in the
performance. The NWD at this condition is slightly positive, and beyond this critical value,

anode dryout is initiated.

As inlet humidity is increased at the cathotles drop in charge transfer resistance (the
transition from Figure 13c to Figure 13d) occurs at a more elevated temperature. This is
another indication that the kinetic activity at the cathode catalyst layer that is being
interpreted through charge transfieconvolution from EIS data. At this critical cathode
catalyst hydration, the liquid water concentration is not high enough to promote back
diffusion of liquid water from the cathode to the membrane. Therefore the net water
movement becomes from the apo the cathode as observed by the measured positive
NWD and indicated by the direction of the arrows in Figure 13d. This triggers the increase
in ASR due to anodic drgut that is now dominated by electmemotic drag due to
reduced back diffusion. Asrtgerature is further increased, eleatsimotic drag leads to
anodic dehydration to a point where operation is not possible, due to the very high electric

resistance induced in the membrane. These results indirectly show a linkage between
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cathode CL ligu water content and maximum operating temperature, through the

mechanism of enhanced back diffusion with liquid availability.

Figure 3-13. Cathode catalyst layer hydration state as interpreted from temperature step
experiments a) membrane and cathode catalyst layer schematic, b) agglomerate with excess water
and back diffusion, c) agglomerate with partially evaporated water film, d) enwatgr for

ionomer hydration only, and limited back diffusion
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