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Abstract

The direct methanol fuel cell (DMFC) is being developed as a mobile power source for
portable electronic devices, such as laptop computers and cellular telephones. In these
applications, where space is at a premium, DMFCs are seen as a good fit, due in large
part to the high theoretical energy density of DMFCs, directly related to the liquid nature
of methanol fuel. However, DMFCs suffer from a practical energy density far lower than
the theoretical value. A significant factor leading to this discrepancy is the inability of
DMFCs to directly and efficiently use concentrated fuel. Because methanol and water
react on a one-to-one molar basis in the methanol oxidation reaction in the anode, and
because three moles of water are produced by the oxygen reduction reaction in the
cathode for every one mole consumed in the anode, fuel (methanol) and water
management are intricately tied together. In the work presented, a 1D, two-phase
computational model is used to first explain fundamentally this intricate coupling
between fuel and water management, and specifically how it relates to proper membrane
electrode assembly (MEA) design. Next, a theoretical explanation is given as to how the
inclusion of a hydrophobic anode micro-porous layer (MPL) is effective in reducing
water crossover to the cathode, which is a prerequisite for the use of more highly
concentrated fuel. Following this, a novel MEA design is described, incorporating an
anode transport barrier, which in conjunction with the anode MPL facilitates the direct
and efficient use of concentrated methanol fuel. Finally, we show that the membrane
selectivity, the ratio of the membrane's ionic conductivity to methanol permeability,

traditionally used as a membrane figure of merit to predict performance, is not overly



accurate. We demonstrate that a more inclusive figure of merit must also incorporate

water transport characteristics of the membrane.
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Chapter 1. Introduction

In recent years there have been several factors which have lead to an increasing
interest in fuel cell technology. Notably, the continued growing world demand for
energy, the hope of a cleaner energy source to produce less pollution with a smaller
impact on global warming, and the need to become more energy independent (U.S.) have
lead to significant fanfare for fuel cell technology (see e.g. [1,2]). Most of this growing
public attention has been centered on fuel cells designed for stationary and transportation
applications. During this same time, there has also been a rapid, albeit less visible,
development of mini- and micro- fuel cell technology primarily for portable consumer
goods such laptops, cell phones, and PDAs, military equipment, and bio-medical devices
such as pacemakers. In fact many consider mini- and micro-fuel cell technology as a
developing replacement for lithium-ion (Li-on) batteries [3,4,5,6]).

Several types of fuel cells have been researched for use in the mini- and micro-
fuel cell market including direct methanol fuel cells (DMFC), direct ethanol fuel cells
(DEFC), and Ho/air polymer electrolyte fuel cells (PEFC or PEMFC). The major
drawback of PEFCs is that they operate on gaseous hydrogen, which is the least dense
gas in the universe. For portable applications of course this means that in comparison
with methanol (MeOH, CH3OH) or ethanol (which are both liquids under standard
conditions), a much larger storage tank would be necessary leading to a much bulkier
system. The hydrogen can be reformed on site from a hydrocarbon fuel such as methanol
or even gasoline, but of course this process leads to more equipment and a larger parasitic
load on the cell. Due to the liquid nature of the respective fuels, DMFCs and DEFCs

bypass the storage issue encountered by H/air PEFCs. Additionally, in DMFCs and
1



DEFCs, the liquid fuels are used directly, electrochemically in the cell to produce
electricity (no reformation or extra equipment needed). While DEFCs do have certain
advantages over DMFCs such as the use of a non-poisonous fuel, the performance of
DEFCs is currently not as good as the corresponding DMFC technology under similar
conditions, due in large part to its very poor anode reaction kinetics (ethanol has a

carbon-carbon bond which must be broken) [7].

1.1 Fuel cell history

The first concept of the fuel cell was developed in Great Britain by William R.
Grove in 1839. In his original fuel cell Grove used dilute sulfuric acid as an electrolyte,
along with two platinum electrodes, each covered by test tubes; the anode side electrode
used hydrogen as a fuel, while the cathode side electrode used oxygen as an oxidizer [8].
Since Grove’s original concept, many other types of cells have been investigated.
Notable concepts and research include the direct coal fuel cell studied by A. C.
Bacquerel, J. J. Jacques, and others in the mid- to late-1800s, and the H,-O, cells worked
on by W. Nernst in the early 1900s [8]. PEFCs were originally developed by General
Electric and used in the NASA Gemini space missions in the mid-1960s [8,9]. For the
Apollo space missions of the late 1960s and 70s, NASA opted to (very successfully) use
alkaline fuel cells, researched extensively by Francis T. Bacon and others [9]. Starting in
the late 1960s, significant research was performed with phosphoric acid fuel cells by
Toshiba, United Technology Corporation (UTC), and others, but has waned recently.

Currently, most fuel cell research for stationary power generation is focused on
solid oxide, polymer electrolyte, and to a lesser degree molten carbonate fuel cells.

Research for residential and vehicular applications generally concentrates on PEFCs,
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while DMFCs, PEFCs, and to a lesser degree DEFCs are the most widely researched for
mini- and micro-fuel cell applications. In the roughly 170 years since Grove’s first
invention, many improvements and modifications have been made to the fuel cell
concept, but the same basic principle still applies today: harness the electrical energy
produced by flowing electrons generated by two half-cell electrochemical reactions. It
should be noted that a fuel cell is distinguished from a battery in that (a) unlike a battery a
fuel cell does not consume its electrodes, and (b) while a battery is a closed device which
has fixed amount of mass, a fuel cell is inherently an open device for which the reactants

must continuously be replenished and waste products removed.

1.2 DMFC basics

In a direct methanol fuel cell either pure oxygen, or more commonly oxygen in
air, and methanol solution are reacted to generate electrical energy. For this process the

basic half-cell and overall reactions are given by

CH,OH+H,0 »>6H" +6e” +CO, (MOR) (1.1a)
6H " +6e” +(35 )0, - 3H,0 (ORR) (1.1b)
CH,OH +(34)0, -2H,0+CO,  (overall) (1.1c)

Here, the methanol oxidation reaction (MOR) occurs primarily on the anode side of the
cell where the MeOH enters through the flow channel, and the oxygen reduction reaction
(ORR) occurs on the cathode side of the cell, where air or O, is fed through the flow
channel. A basic schematic of a classic DMFC design is given in Figure 1.1. The
product carbon dioxide produced in the anode by the MOR reaction exits the cell via the

anode flow channel, while the excess H,O created in the cathode by the ORR reaction
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exits through the cathode flow channel. The flow channels are machined into the bi-polar
plates (also referred to as separator plates), which conduct the electrical current generated
by the half-cell reactions, and hence are generally made of a graphite or metal (highly
conductive) material. The designs of these bi-polar plates vary greatly, but all have “land
regions” where the solid conducting material comes into direct contact with the porous
media, and “channel regions” where the flowing fluid or ambient air is in direct contact

with the porous media.

Bi-Polar Land

Plate Region
Flow Channel
Channel Region

f—— Anode Side— k— Cathode Side —
Figure 1.1. Generic force feed DMFC schematic.

The porous media on both sides of the cell serve two main purposes. First, they
facilitate a more uniform fuel distribution into and product removal out of the catalyst

layers. Secondly they make possible the lateral current collection from the catalyst layer



to the lands. In order to have a high electrical conductivity, the backing layers (BL), also
referred to as gas diffusion layers (GDL), are generally made of a carbon material such as
carbon paper or carbon cloth [10,11], which are shown in Figure 1.2. Also, as shown
schematically in Figure 1.1, both the anode and cathode sides may also contain micro-
porous layers (MPL). These layers can be tailored to improve certain desirable cell
characteristics dealing with transport of fuel and water; the hydrophobic MPLs used in
this work are typically made of a mixture of carbon black and polytetrafluoroethylene
(PTFE, i.e. Teflon®). Figure 1.3 gives a scanning electron microscopy (SEM) image of a
typical backing layer/micro-porous layer/catalyst layer; note that the typical thickness of
a BL for a DMFC is roughly 200-400um (the image in Figure 1.3 cuts off the backing

layer) and the typical thickness of an MPL is generally 20um and up.

(a) (b)
Figure 1.2. SEM images of (a) carbon paper and (b) carbon cloth diffusion mediums [5].
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As depicted in figure 1.1, the membrane of the DMFC is sandwiched between the
anode and cathode catalyst layers. In any type of fuel cell, the purpose of the membrane
is to conduct the charge-carrying ions (in this case H"), while simultaneously block
electrons, thereby forcing them to travel through the external circuit. For a DMFC it is
also highly desirable that the membrane block MeOH transport from the anode to cathode
and facilitate back-transport of H,O from cathode catalyst layer to anode catalyst layer.
Most DMFC designs make use of a polymer membrane, such as Dupont’s
perfluorosulfonic acid (PFSA) Nafion®. The thickness of a DMFC membrane varies
from design to design, but typically falls in the range between 25um (Nafion® 112) and
175um (Nafion® 117). A more detailed discussion of membranes, and how they are
intricately tied with fuel and water management is given in section 1.9.

The catalyst layers (CL) of the fuel cell are where the actual half-cell reactions
occur. These layers are very thin, generally only 10-20 um. The primary reason for

having a catalyst layer is to bring the ionic phase (H™ ions), electronic phase (electrons,



e), and fuel together in one physical region in space, often referred to as the triple phase
boundary, in order to allow the half-cell reactions (1.1a) and (1.1b) to take place. To this
end, the catalyst layers are physically porous structures made of a complex mix of
ionomer (membrane material), carbon (electronic conductor), and catalyst. An idealized
depiction of a catalyst layer is given in Figure 1.4. The catalysts are necessary to reduce
the activation energy; for a DMFC, Pt-Ru is generally used on the anode side, while Pt is
typically used on the cathode side. Note that it is common for the membrane, CLs,

MPLs, and BLs to be referred to as the membrane electrode assembly (MEA).

micropores MESOpores
{waterfilled)  {gaseous)

carbon grains Ptnanoparticles

10-20 um
Figure 1.4. Idealized catalyst layer structure [12].

A few very important parameters for DMFCs are now defined, the significance of
which will become clear in subsequent sections. The membrane net water transport

coefficient, o, is defined as

NHZO

o= % (1.2)
e
where N/'2° = net H,O flux across the membrane, positive from anode to

Mem

cathode (mol m?s™)



F = Faraday’s constant = 96,485 C mol ch.™

i = cell current density (A m?or C m?s?)
It is evident from this definition that o is the net moles of H,O transferred through the
membrane (from anode to cathode) per mole of H® ions transferred through the
membrane, i/F (see equations (1.1)). The crossover current density, iy, is the equivalent
current density that could be realized electrochemically if the MeOH crossover through
the membrane, from the anode to cathode, were zero. By use of equations (1.1) the

crossover current density is defined as

ix — N MeOH ZMeOH F (13)

Mem

where NM©H = MeOH flux across the membrane (mol m?s™)

Mem

zM®H = moles of electrons or H* transferred per mole of MeOH

reacted

Alternatively, the MeOH crossing the membrane from anode to cathode can be described
in terms of the methanol crossover ratio (MCO); the MCO is physically the fraction of
MeOH fuel which is essentially wasted by crossing the membrane and reacting in the

cathode, thereby not creating useable current.

MCO = 1 (1.4)
i+,

The H,O and MeOH fluxes, along with the current density and crossover current density
are based on the cross-sectional area of the cell. Along with o and MCO, these
parameters are, strictly speaking, local values, dependent upon the location within the
cell. However, it is common simply to use these terms to refer to the average value (e.g.,

using the term “current density” to imply cell-averaged current density, or MCO to refer



to the average MCO). This convention will be adopted in this text; if it becomes
necessary to discuss the local values of there parameters, it will be specifically noted.

The point should be made that the design and components of a DMFC are in
many cases similar to those for an H,/O, PEFC. Figure 1.1 basically holds true for a
PEFC with the MeOH solution replaced by H, gas. While they may be designed in a
slightly different manner, the BLs of a PEFC are generally made of carbon paper or
carbon cloth, and use of MPL are also common. The PFSA membranes used for DMFCs
and PEFCs are often times the same (e.g. Nafion® is commonly used in both DMFCs
and PEFCs). While the PEFC cathode uses Pt as a catalyst (like the DMFC), the anode
side generally uses Pt instead of Pt-Ru. Of course, other differences including auxiliary
equipment external to the cell may exist, but due to the great number of similarities and
extent of research done in the field of H,/O, PEFCs, literature specifically written for

H2/O, PEFCs will be referred to throughout the text, where applicable.

1.3 Thermodynamics

In order to determine the upper limit on voltage from a fuel cell, one must turn to
thermodynamics. A fuel cell can be analyzed utilizing a simple control volume as
depicted in Figure 1.5. Applying the first law of thermodynamics and assuming a steady-
state condition, the following equation can be derived:

W,

out

=-Q,, —AH (1.5)

where W_, = rate of work being done by by the control volume (i.e. the

fuel cell)

Q,, = rate of heat flowing out of control volume



AH =H_, —H, , rate of enthalpy flowing out less rate of enthalpy
flowing into control volume
For our purposes here, a fuel cell can well be approximated as isothermal. Using the
average cell temperature, T, and using the thermodynamic relation G = H — TS, one can
relate the change in enthalpy as
AH = AG+TAS (1.6)

where AG =G, —G,, rate of Gibbs free energy flowing out less rate of

Gibbs free energy flowing into control volume
T = average cell temperature

AS =S, —,, rate of entropy flowing out less rate of entropy

flowing into control volume
Inserting (1.6) into (1.5) yields the following expression:
W,y =—AG—| Q, +TAS | (1.7)

From the definition of entropy (see, e.g. [13]), we know that
2 5Q
SZ B Sl ) _(‘!’?Jrev (18)

where 1 = generic thermodynamic state 1
2 = generic thermodynamic state 2
dQ = heat transferred out of the control volume at given boundary

location

rev = reversible process (internally)

Approximating the cell as isothermal, replacing generic state 2 with the outlet state, and
generic state 1 with the inlet state of the control volume given in Figure 1.5 yields

Qrev =—T AS (19)
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where Qe = heat transferred out of the control volume for an internally

reversible process
Substituting (1.9) into (1.7) yields
Wiy, =—AG [ Q — Qe | (1.10)
We know from the second law of thermodynamics that the minimum possible amount of

heat produced in moving from inlet to outlet states is realized for a reversible process.

Therefore, the maximum amount of work that is possible is given when Q,, =Q,,, . of

W, . =-AG (1.12)

out
max

From this heuristic analysis it should now be evident that the maximum possible amount
of work that can be obtained is equal to the change in the Gibbs free energy between
outlet and inlet flows. Due to the reaction taking place inside the control volume, change
in Gibbs free energy should be given by that of the reaction taking place. This being the

case, dividing (1.11) by the molar flow of the MeOH reacted, we obtain

Wout = _Ag rxn (112)

max

where w_ .= maximum possible work output per mol of MeOH reacted

out
max

Ag,,, = Gibbs free energy change for the reaction per mol of

MeOH

11



out

Control
Volume

______________________________

Fuel Cell ::> Out

Figure 1.5. Control volume analysis of fuel cell for thermodynamic analysis.

The work required to move a charge g through a an electric potential difference E
is given by (see, e.g. [14,15])

W,

elec

_Eq (1.13)

where W,

elec

= electrical work required to move charge

Here, the charge q is measured in coulombs. The work in the external circuit is
performed by electrons, which have a charge number of one (one mole of charge per
mole of electrons). Therefore, the charge can be related to the moles of electrons
carrying the charge, ne., by

q=n_F (1.14)

Substituting (1.14) into (1.13) yields

12



W, =n EF (1.15)

elec — e
This expression can alternatively be written in rate form as
W

elec

=n_EF (1.16)

where n__ = rate of electron flow (mol )

Dividing (1.16) by the molar flow rate of fuel reacted, then equating with (1.12) yields
the final expression which relates the thermodynamic (reversible) cell potential, E, with

the Gibbs free energy of reaction:

E :A (1.17)

n
e /. F
( Myieon j

n
The term e/ stands for the moles of electrons transferred per mole of MeOH
MeOH

MeOH

reacted, which we will define as z From equations (1.1) it is evident that for a

DMFC, zM*°" = 6, yielding

—Ag —Ag
E — rxn — xn 1 . 18
7 MeOH F 6 F ( )

At standard state conditions (STP: P = latm, T = 298K, 1M concentration), the
reversible cell potential for the overall reaction given by (1.1c) is 1.21V [8]. In order to

calculate the reversible cell potential at temperatures other than 298K, the

=-S can be utilized along with (1.18) to give:
p

: . 0G
thermodynamic relation T

o ASan o
E, =E {zMGOHF}(T -T°) (1.19)

where Et = thermodynamic cell potential at a given temperature, T, other
conditions STP (V)
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E° = thermodynamic cell potential at STP (V)

As__ = average entropy change of reaction over (T — T°)

rxn

Table 1.1 gives thermodynamic data for the overall reaction (1.1c). From this data, it can
be shown that the reversible cell potential only decreases by about 10mV between 25°C
(298K) and 100°C (373K). The typical operating range for DMFCs is between 40 and
100°C. Finally, to account for varying concentrations, the Nernst equation can be used

[15]:

RT i| 1_[a'pljiroducts (l 20)

MeOH = a"

reactants

E:ET—{
z

where R = universal gas constant
a = activity of species i
v, = stiochiometric coefficient of species i given by (1.1c)
One can show using (1.20) that over the temperature range in question, a change in
MeOH concentration from 1 to 10M will only result in a change in open circuit potential

of approximately 10mV.

Table 1.1. Thermodynamic data for CH3OH(l) + (3/2)O, -> CO, + 2H,0(l) at STP [8].

Ag’/kImol™  AR°/kImol*  As®/kJImol* K™ z E°/V Nrev

-704 =127 -7 6 1.21 0.97

1.4 Overpotentials

The operating voltage of a DMFC is much lower than the reversible cell potential

due to several irreversibilities, also referred to as losses or overpotentials. These

14



overpotentials can be grouped primarily into four categories: anode overpotential,

cathode overpotential, ohmic overpotential, and contact overpotential.

Vcell =E- Ma —Me — Mo — Meontact (121)

where Vg = operating cell voltage

n, = anode overpotential
1, = cathode overpotential
n, = ohmic overpotential

Nenace = CONtact overpotential

Physically, the anode and cathode overpotentials account for the activation and the mass
transport losses. The activation loss is simply the loss incurred by kinetics, i.e. the
irreversible loss of energy required drive the reaction at the desired rate (current density).
The mass transport loss is the loss incurred when the concentration of one or more
reactant species tends to zero, and essentially starves the cell. The ohmic overpotential
accounts for the resistance to flow of electrons and ions, while the contact resistance
accounts for the resistance caused by non-ideal contact between two adjacent layers (e.g.
the flow channel and the porous media).

Figure 1.6 gives a sketch of a typical vi (voltage—current density) curve given by
Wang and Lu [5] for a DMFC. Note that for fuel cells, the current density is defined as
the current per cross-sectional area of the cell; the current density is often used to
quantify performance, as it allows cells of different cross-sectional areas to easily be
compared. At low current densities, the shape of the vi curve is controlled primarily by

activation overpotential. The qualitative nature of the activation and mass transport
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overpotentials at the anode and cathode can be explained by analyzing a simplified

generic form of the Tafel equation:

77=b|n(_LC—°]
i, C

where n = anode or cathode overpotential
b = generic tafel slope
I, = a reference current density
I = operating current density
¢ = concentration of a reactant species

Co = a reference concentration

(1.22)

The Tafel equation represents a simplified model for electrode kinetics which is sufficient

in many cases.

details of the models used for simulation will be discussed later.

-("' Thermodynamic reversible cell Potential

Voltage (V)

Voltage drop due to fuel crossover

Activation overpotential

A

Ohmic loss

Mass transport loss

/

Current density (mAfem?)

Figure 1.6. Sketch of a generic DMFC vi curve [5].

Here it is used simply to describe the generic nature of the vi curve;
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The reaction rate is directly proportional to the current density via equations (1.1).
At low current densities, there is little change in the reactant concentrations, c, in the
catalyst layer, and so the anode or cathode overpotential essentially have a logarithmic
dependence on current density. Thus, the overpotential increases rapidly with i at low
current densities; this is referred to as the activation overpotential. This behavior is
reflected by the vi curve in Figure 1.6. In contrast to the activation overpotential, the
ohmic overpotential is linearly related to the cell current density. This being the case, the
effect of the ohmic loss on the vi curve is most prevalent at intermediate current density
values. As the current density (i.e. reaction rate) increases, the reactant concentrations
become reduced in the catalyst layers of the cell due to insufficient mass transport
through the porous media. From equation (1.22) it is evident that as the reactant
concentration tends to zero, the overpotential will go infinite. When this occurs, the cell
voltage sharply goes to zero; the current density at which this occurs is referred to as the
cell limiting current density, and is illustrated in Figure 1.6. The last thing to take from
Figure 1.6 is the large voltage drop due to fuel crossover. The cause of this overpotential
is that polymer membrane is unable to completely block the MeOH from moving from
the anode side to the cathode side. When the MeOH reaches the cathode catalyst layer, it
is reacted primarily electrochemically, thereby causing a significant cathode
overpotential, even at open circuit. This issue will be discussed further in section 1.9 and

chapter 3.
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1.5 Efficiencies

The total energy efficiency of a DMFC, n, can be defined as the ratio of the useful
amount of energy produced by the fuel used in the cell to the amount of heat that could be
produced isothermally by the same amount of fuel in a constant-pressure combustion
process (i.e. the chemical energy content of the fuel). For further insight the total energy

efficiency can be broken down as
n= nrevnvoltnfuel (123)

where 1y = reversible (thermodynamic) efficiency
Nvolt = Voltaic efficiency

Nrel = fuel efficiency
The thermodynamic efficiency is the upper limit of the total energy efficiency, obtainable
only in an ideal cell with no irreversibilities. This efficiency can be described as the ratio

of the maximum possible energy that can be produced electrochemically by the reacted

fuel to the chemical energy content of the same fuel.

EFZ MeOH » MeOH

n _ Angn
Ah Yo" AR

rxn

nrev = (l ) 24)

s MeOH

where = flow rate of all MeOH that reacts in the cell

Table 1.1 gives the thermodynamic efficiency for a DMFC as 97% under standard
conditions. The voltaic efficiency can be thought of as the ratio of the energy that can be
produced at the operating cell voltage by the fuel reacted to the maximum possible

energy that can be produced electrochemically by the reacted fuel.

V FZ MeOH n MeOH V

ot = EIII:ZMeOHnMeOH = E“ (1.25)
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Finally, the fuel efficiency can be thought of as the actual amount of energy produced
electrochemically at cell operating voltage to the energy that can be produced at the
operating cell voltage by the fuel reacted.

V.| | i
T = = = (1.26)

e (1+1) (T+1)  (i+i))

where | = cell current

Iy = crossover current

i = current density (average)

One of the primary reasons for such attention for DMFC technology is the
thermodynamic efficiency of 97% (in comparison, an H,/O, PEFC has a thermodynamic
efficiency of only 83% at STP). The voltaic and fuel efficiencies essentially amount to
engineering issues. For example, improved catalyst materials, more efficiently designed
catalyst layer structures, and better engineered diffusion media could all improve the
voltaic efficiency. Likewise, the design of polymer membranes that are highly resistant
to MeOH transport and novel MEA designs would both act to reduce the MeOH

crossover, and hence increase the fuel efficiency.

1.6 Why DMFCs for Mobile Applications?

With the increasing functionality of portable electronics (e.g. smart phones with
internet access, etc. replacing traditional cellular phones), there is an ever-increasing
demand for a more efficient, longer-lasting power source. Due to the energy-dense,
liquid nature of methanol fuel, the DMFC is a promising developing technology as a
replacement for rechargeable Li-ion batteries. Dyer [16] and Pan [17], among others,

present arguments for DMFCs to this extent. The main argument made by Dyer is that
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the use of a DMFC will become more beneficial as the energy density demands become
greater (Wh ). Figure 1.7 shows the theoretical energy densities of several fuel cell and
battery reactant combinations (note that this figure has nothing to do with the design of
the cells, etc., it is simply a statement of the energy densities of the reactants themselves).
It is evident from this figure that the MeOH/air combination used for DMFCs has nearly
a four-fold greater energy density than the Li-ion battery materials. Figure 1.8 shows a
projection of practical DMFC and Li-ion system volumes for a given energy content after
battery/cell packaging is taken into account; it is assumed for both battery and DMFC
that a total system conversion energy efficiency is around 25%. Another key assumption
in this figure is that concentrated MeOH can be used for the DMFC; in order for this to
be realized, innovative water management strategies will be required in order to supply
H,0 to the anode side of the cell (see reaction 1.1a); this topic will be further discussed in
section 1.9. It is evident from this projection that the potential benefits of a DMFC over a

Li-ion battery increase as the energy content carried by the power source increase.

B Fuel Cells
{1 1]1] ;MEOH.’-&IR
TZn/AIR
4000
3000 7 'H,/AIR
Energy
Density 2000 Batieries
(Wh/l)
1Li/C-Co0,
1000 TNiMH
500 1 Pl:l. acid
I Ni/Cd
0

Figure 1.7. Theoretical energy densities of various fuel cell and battery reactants [16].
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Figure 1.8. Practical system volumes for DMFC and 300Wh L™ Li-ion battery [16].

From Figures 1.7 and 1.8, it becomes clear why there is great interest in DMFC
technology from companies producing portable electronics. Some of the notable
companies with extensive DMFC research and development efforts include Toshiba,
Hitachi, Fujitsu, MTI Micro Fuel Cells [18], and Panasonic. Toshiba [19], Hitachi [19],
and Panasonic [20] all have publicly presented DMFC-powered laptop prototypes.
Further, just recently -- in October, 2009 -- Toshiba launched its first direct methanol fuel
cell product, Dynario, which acts a mobile power source for portable electronic devices

[21].

1.7 DMFC Models in the Literature

Wang [4] presents an extensive review of fuel cell models. All models reviewed,
and the model presented later in this work, are termed macrohomogeneous models.
Simply put, a macrohomogeneous model assumes that the domain being modeled (e.g.

porous medium, membrane, etc.) can be thought of as homogeneous in a volume-
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averaged sense, i.e. the material can be considered homogeneous on a scale smaller than
the simulated domain. Wang [4] further notes that at this stage of research, DMFC
modeling, ““...aims to provide a useful tool for the basic understanding of transport and
electrochemical phenomena in DMFC and for the optimization of cell design and
operating conditions.” In other words, at least in the short run, it is envisioned that
largest benefit of DMFC modeling will be realized by providing a window into the basic
physical processes occurring within a cell, and therefore facilitate new design concepts.
Oliveira et al. [22] review DFMC modeling approaches to date, and categorize the
modeling types into three groups: analytical, semi-empirical, and mechanistic. The
analytical models rely on many simplifying assumptions, and only characterize general
cell behavior (e.g. vi curves) for simple cell designs. The benefit of the semi-empirical
models is that they remain simple, and are computationally inexpensive; the down side of
course is that the models are unique to specific design types, and therefore are generally
incapable of being used to come up with new, innovative cell designs. The mechanistic
models are based on fundamental conservation laws and electrochemical theory. For this
reason, the authors [22] argue that improved mechanistic models will be required to
enable better, advanced, innovative cell designs, a sentiment echoed by Wang [4] and
Eikerling et al. [12]. Finally, Oliveira et al. [22] argue that one of the most important
areas of research for current DMFC modeling is in the investigation of two-phase flows
for anode and cathode, ideally to be performed hand-in-hand with experimental two-
phase flow visualization. The understanding and modeling of two-phase flow in DMFCs
are critical factors in being able to properly capture the water transport characteristics of

cells.
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There are many 1D models for DMFCS in the literature, with varying degrees of
complexity. The models presented in Scott et al. [23,24,25], Cruickshank et al. [26],
Sundmacher et al. [27,28], Argyropoulos et al. [29], and Dohle et al. [30] are all based on
assumptions that greatly simplify the species transport in a DMFC (e.g. using a simple
algebraic resistance-type equation to approximate the MeOH concentration in the catalyst
layer). The main goal of these models seems to be to approximate general cell behavior,
such as reproducing a vi curve. The models given by Kulikovsky [31,32] Meyers and
Newman [33,34,35], Schultz and Sundmacher [36] , Dohle [37], and Garcia et al. [38]
use transport equations to model species concentrations in the cell, but with rather
significant simplifying assumptions; in particular, these models essentially neglect the
effects of two-phase flow, and at least in the case of Kulikovsky [31,32], Meyers and
Newman [33,34,35], Schultz and Sundmacher [36], and Garcia et al. [38] do not
rigorously account for the presence of anode CO, gas. The models of Murgia, Shukla, et
al. [39,40] have the most advanced species transport models for all of the 1D models
surveyed. While these models attempt to take into account the effects of liquid saturation
on the gas-phase effective diffusivity, they fail to rigorously account for capillary effects
and liquid flow.

Wang and Wang [41], and Liu and Wang [42,43] developed advanced 3D, two-
phase, steady-state models for force feed DMFCs. In their paper, Wang and Wang [41]
used their model to study the details of MeOH crossover. One of the key findings in the
paper is that the gas-phase transport of MeOH in the anode plays a significant role in
delivering MeOH to the CL due to the high gas-phase diffusivity. In their first paper, Liu

and Wang [42] use their model to reveal more details of the physics behind MeOH
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crossover, and found that the MeOH crossover rate is spatially distributed over the cell
cross-sectional area. Specifically the authors [42] found that the MeOH crossover rate
was higher under the channel than under the land, due to more effective MeOH transport
and corresponding higher MeOH concentration in the anode catalyst layer under the
channel than under the land. In their second paper, Liu and Wang [43] implemented an
interfacial liquid coverage model at the cathode BL/flow channel interface, and found

that its implementation has a significant effect on the prediction of a.

1.8 Technical Challenges for DMFCs

Wang and Lu [5] outline four key technical challenges that must be addressed in
order for DMFC technology to increase its practical energy density and compete with Li-
ion batteries: (1) low rate of MeOH oxidation kinetics on the anode side, (2) MeOH
crossover through the polymer membrane (i.e. fuel management), (3) water management,
and (4) heat management. The authors note that the MeOH crossover, caused primarily
by electro-osmotic drag (EOD) and diffusion, and low rate anode MOR Kinetics are the
prime reasons that the power density (power per cross-sectional area of the cell) of
DMFCs are three to four times lower than that of an H,/O, PEFC. In order reduce the
losses incurred by the MOR, and thereby increase the cell power density, more active
catalysts need to be discovered. Approaches to reduce MeOH crossover have typically
included the development of novel membranes and "upstream MCO mitigation”,
whereby the DMFC system is designed to reduce MeOH concentration before its
entrance into the diffusion media; an additional burgeoning area of research for reducing

MeOH crossover is the development of advanced MEA designs. Water management
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deals with the removal of water from the cathode in order to avoid flooding, while
simultaneously trying to decrease the water flow through the membrane from anode to
cathode (i.e. decrease a) in order to facilitate the use of high concentration MeOH. The
use of highly concentrated MeOH for DMFCs is highly desirable from an energy density
standpoint. The authors argue that the best way to achieve this “low-a* DMFC is by use
of new MEA designs using MPL to tailor the water transport in the cell. Finally, for heat
management, the authors note that for a given current density, heat generation in DMFCs
is higher than for H,/O, PEFC due to the lower DMFC energy efficiency (~20-30% for
DMFC compared with ~50-60% for H,/O, PEFC). The majority of the heat generated is
removed via circulating liquid fuel on the anode side, and water evaporation on the
cathode side.

Kamarudin et al. [6] provide a review of the current micro-DMFC technology.
The authors outline the major challenges that currently need to be overcome in order to
commercialize DMFCs on a wide scale. In addition to the same four major hurdles
discussed by Wang and Lu [5] (MOR reaction kinetics, MeOH membrane crossover,
water management, and thermal management), the authors also discuss the need to
investigate the ageing mechanisms of DMFCs. They claim that while it is known that
operating conditions such as fuel flow rate and operating temperature have an impact on
the cell lifetime, a complete understanding of ageing mechanisms have yet to be fully
determined.

Because they are especially relevant to the work done here, in the next section, we

give a detailed review of fuel management, water management, and membrane design.
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1.9 Fuel Management, H,O Management, and Membrane Design

As touched on previously, the practical energy density of DMFC systems (Wh 1)
suffer greatly when there is an inability to directly and efficiently use highly concentrated
MeOH fuel. If highly concentrated fuel is used with traditionally-designed MEAs, the
end result is an extremely low fuel efficiency and performance (e.g. low cell voltage at
operating current) due to a high rate of MeOH crossover to the cathode. Further, because
H,0 reacts on a 1:1 molar ratio with CH3OH in the anode catalyst layer (see equation
1.1a), if highly concentrated fuel is to be carried in the system fuel tank, one must first
ensure that he or she supplies a sufficient amount of H,O to the anode catalyst layer for
the MOR. Noting from equations (1.1) that three moles of H,O are produced in the
cathode for every one mole of H,O reacted in the anode catalyst layer, ensuring a
sufficient source of H,O in the anode catalyst layer is traditionally achieved by
recovering H,O from the cathode waste stream with external equipment (external water
management), and reintroducing the H,O at some location on the anode side between the
fuel tank and the MEA (e.g. a mixing chamber). However, the additional equipment is
somewhat self-defeating, in that it adds to the system volume and weight (not to mention
cost), thereby reducing the system energy density. Our approach taken in this work -- a
burgeoning area of research -- is to internally manage the fuel and water through proper
MEA design, in effort to eliminate external water recovery devices, thereby increasing
the system energy density. It goes without saying that because the goal of fuel and water
management is to reduce the MeOH and H,O crossover through the membrane, the

membrane design is intrinsically tied to fuel and water management.
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Ideally, CH3OH flows in the anode flow channel and moves through the anode
diffusion media into the anode catalyst layer, where it reacts via the MOR (1.1a). As
mentioned previously, however, some methanol crosses through the membrane into the
cathode catalyst layer, where it reacts with O,. This crossed over methanol has two
detrimental effects: (1) it increases the cathode overpotential due to mixed-potential
effect in the cathode catalyst layer [44,45], thereby reducing the cell voltage, and (2) it
reduces the fuel efficiency (methanol is reacted without producing electrical current).
The fraction of the total CH3OH reacted which is essentially wasted by crossing into the
cathode is given by the MCO, equation (1.4). As noted later in equation (4.3), MCO is
another way to describe the fuel efficiency. At a typical operating current of a DMFC,
MCO is typically in the range of 0.1 to 0.3 (corresponding to the fuel efficiency of 90-
70%) for a relatively well-designed cell, and becomes higher at lower current densities.

Methanol is transported across the membrane from anode to cathode primarily by
two mechanisms: electro-osmotic drag (EOD), and molecular diffusion. Because
methanol transport to the cathode increases with methanol concentration for both of these
mechanisms, in most traditional DMFC designs, the circulation of low concentration
MeOH fuel in the anode flow channel is required to operate the cell at reasonable voltage
and efficiency. This, of course, lowers the energy density of the system, as it effectively
means that we are carrying extra liquid water in the fuel tank or system. Currently there
is significant research ongoing in effort to mitigate the methanol crossover in DMFCs,
thereby facilitating the use of high concentration methanol fuel. Two conventional
approaches for accomplishing this task are altering the membrane [46,47] and altering the

anode fuel delivery system [48,49,50,51,52,53,54].
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A membrane's selectivity, the ratio of its proton conductivity to methanol
permeability, has been a widely used figure-of-merit when developing and evaluating
different membranes for DMFCs. Unfortunately membranes with reduced methanol
permeability typically also have lower proton conductivity, and it has been exceedingly
difficult to maximize this figure-of-merit. Neburchilov et al. [46] give a comprehensive
review of membranes designed for DMFCs, and categorize the membranes into four
groups: Nafion® membranes, non-Nafion® fluorinated membranes (e.g. Dow XUS®,
Asahi Glass Flemion®, and membranes from Gore & Associates), composite fluorinated
membranes (e.g. zirconium-based and silica-based membranes), and non-fluorinated
membranes (e.g. polybenzimidazole (PBI)-based membranes, and PolyFuel polycarbon
membranes). Out of the extensive types of membranes reviewed, hydrocarbon (non-
fluorinated) membranes and composite fluorinated membranes are expected to have the
highest ratio of proton conductivity to methanol permeability, while simultaneously
attaining low cost. An alternative approach to membrane methanol crossover mitigation
is the design of pore-filled electrolyte membranes, as described by Yamaguchi et al. [47].
In this approach the pores of a porous substrate are filled with polymer electrolyte; the
substrate matrix is impermeable to water and methanol, and therefore resists swelling.
The polymer electrolyte in the pores can take in water, giving it sufficient proton
conductivity, while the lack of electrolyte swelling due to the presence of the matrix
reduces the methanol crossover. A largely overlooked factor in the DMFC membrane
development is the requirement for facilitated water transport through the membrane for
internal water management. Generally speaking, nearly two-decade membrane

development has been futile in terms of raising the methanol concentration in DMFCs.
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There have been a variety of methods developed for altering the anode fuel
delivery system to reduce MCO [48,49,50,51,52,53,54]. These methods include
incorporating fuel and water mixing champers, using a dual-pump system for methanol
and water balance along with an MEA with low or negative water crossover as described
by Wang et al. [49], and using a porous plate between fuel solution and membrane
electrode assembly (MEA), as explained by Abdelkareem and Nakagawa [50]. In a
somewhat different approach, Kim et al. [51] have developed fuel cartridges that utilize
hydrogels; while the details are different, the basic concept of increasing the resistance to
transport of methanol into the anode remains the same. Several other approaches of
altering the anode fuel delivery system have also been developed, including those
utilizing a graphite-based anode plate and a self-regulated passive fuel feed system, as
described by Zhang et al. [52], and Chan et al. [53], respectively.

Solely focusing on methanol transport and crossover in effort to use highly
concentrated methanol fuel only paints part of the picture. Recall that water reacts
stoichiometrically 1:1 with methanol in the MOR, equation (1.1a), and is produced in the
ORR, equation (1.1b). A point that is often overlooked is that a great deal of water is lost
to the cathode side of the cell through the membrane using typical DMFC MEA designs.
With the notable exception of three patents [49,54,55], techniques altering the anode fuel
delivery system generally violate water balance in the anode, and thus cannot work in
steady state without adding some sort of external water management to the system. A
fundamental key is to address water balance in the anode by considering water crossover

through the membrane from anode to cathode.
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Using the net water transport coefficient, a, given in equation (1.2), we can
characterize the water crossover of different MEAs. Blum et al. [56] proposed a water-
neutral state for a DMFC where there is a back flux of one H,O molecule for every six
protons that transport across the membrane from anode to cathode, i.e. o = -1/6. The
idea, of course, is that with this water-neutral state, no excess water must be supplied to
the anode side of the cell for reaction; all of the water necessary for the MOR comes from
the production of the ORR on the cathode side, i.e. pure methanol fuel can theoretically
be used. MEAs designed to reduce or reverse the net transport of water into the cathode
are commonly referred to as “low-o MEA technology” [57], for which much of the
pioneering work was performed by Wang and coworkers [57,58,59,60,61,62]; table 1.2
lists a few milestones and important experimental confirmations for low-o MEA

development.
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Table 1.2. Milestones in low-o. MEA technology.

Stoichiometry a/c @

i
Reference aMPL/cMPL Membrane 0 MeOH (\p . . Notes/Significance
¢ (mA cm™®) T(C) (M) irer (MA cm?®) g
First published desi flow-o MEA; 210 and 105 mW
C. Lim and C.Y. Wang [59] n/a aMPL & cMPL Nafion® 112 60, 90 2 1St publishiec design o fow=a ¥ Jnaihm
Both 40 wt% PTFE cm™ max power @ 90°C and 60°C.
No aMPL L f <125 mWcm™®); d
A. Blum et al. [56] ~-05-0.7  Similar to cMPL with NP-PCM* 1-6 ow perfomance ( .5 mW cm™); proposed water-
neutral state.
PTFE
G.Q. Luetal.[58] 0.6 aMPL & cMPL Nafion® 112 150 60 2 2/4 @ 150 Maxi density of ~ 55-60 mW cm
Q. . . Both 40 W% PTEE aximum power density of ~ 55-60 mW cm™.
aMPL & cMPL . . . . .
~08 Nafion® 112 ~ 150 60 3 2/3 @ 150 First to quantatively show effect of thin membrane in low-
. Both 40 wt% PTFE 5 i
F. Liuetal. [57] MPL & GMPL a MEA; ~50-60mW cm™* max. power; first to fully
~1.0 a ¢ Nafion® 1135 ~ 150 60 3 2/3 @ 150 elucidate H,O management importance for HC-MFC.
Both 40 wt% PTFE
~06 Bi":ig \;‘R\/‘[:/MPPTLFE Nafion® 112 ~ 150 60 10 1.2/3 @ 150
C.Y. Wang and F. Liu [60] 0 VPL& l:\/IPL Low o with high concentration methanol fuel.
~00 2 ¢ Nafion®112  ~ 150 60 20 1.3/3 @ 150
Both 40 wt% PTFE
~12 CMPL only Nafion® 112 ~ 150 60 2 2/3 @ 150 _ , )
. 40 wt% PTFE First to experimentally show hydrophobic aMPL effect on
F.Q. Liu [61,62] VPL & cMPL o
~03 2 ¢ Nafion® 112 ~ 150 60 2 213 @ 150 :
Both 40 wt% PTFE
~10-25 aMPL & cMPL Nafion® 1135 ~ 120 60 3 2/Air Breathing
Both 23 wt% PTFE . . .
aMPL only 1.0 - 2.5 variance due to different cathode BL properties;
K.Y. Song et al. [64] ~2.7 Nafion® 1135 ~120 60 3 2/Air Breathing confirms cMPL effect on a; further confirms membrane
23 wt. % PTFE .
aMPL & cMPL thickness effect on a.
~2.7 Nafion® 115 ~120 60 3 2/Air Breathing
Both 23 wt% PTFE
~35 cMPL only Nafion® 1135 ~ 160 70 Confirms aMPL effect on a; max. power density of
23 wt. % PTFE 2
J.Y. Park et al. [65] aMPL & cMPL ~90mW cm™, but a ~ 2-4x greater than reported by Lu et
~11 Nafion® 1135 ~ 160 70 al., Liu et al., and Liu with Nafion 112 and two MPLs.

Both 23 wt% PTFE

*NP-PCM - Nano-Porous Proton Conducting Membrane.
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Lu et al. [58], Liu et al. [57], and Wang and Liu [60] illustrated quantitatively
how in order to use highly concentrated methanol fuel, the water crossover to the cathode
must first be reduced. For example, Liu et al. [57] showed that in order to use even 3 M
methanol fuel, we must have a maximum of o ~ 3; a higher value indicates that the cell
will run short of water before methanol. Considering that 3 M methanol fuel is only
roughly 10% methanol by volume, and that traditional DMFCs not using low-a MEAs
generally have o ~ 3, this finding is rather astonishing. Extending the species balance
analysis of Liu et al. [57], we obtain the following equation, which gives the methanol
fuel concentration required for full use of CH3OH and H,O carried by the DMFC system

as a function of o and MCO, assuming there is no external water management:

-1

et = {LCCiOH ]+ [Cleo ](1+ 6a J1- MCO)} (1.27)
I, pure I, pure

where ¢,“"3°" = Methanol fuel concentration required for CHsOH/H,0

balance, i.e. full use of CH3OH and H»O carried in the

system (mol m™ or M)

Crpure” 2" = Concentration of pure liquid CHzOH (mol m™ or M)

Cipure 20 = Concentration of pure liquid H,O (mol m™ or M)

Figure 1.9 gives a visual representation of equation (1.27) for MCO = 0.0, 0.1, 0.2, 0.3,
and 0.4 If an actual fuel concentration is greater than that given in figure 1.9, the cell will
run short on water before it runs short on methanol. This figure clearly illustrates the
point that if we want to use high concentration methanol fuel, we must first limit o to a
very low level; this further shows how clearly low-o MEA technology is a critical
prerequisite for designing high concentration methanol fuel cells (HC-MFCs). For

example, assuming that MCO = 0, if we desire to use 10 M methanol fuel, we must be
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able to design an MEA that has o as low as 0.39. Further note from figure 1.9 that
because the slope of the curve is steeper as o becomes lower, as we reduce o we get a
greater return on being able to increase the maximum methanol concentration, i.e. the
same reduction in o becomes more effective at low o values. This simple example
underscores the absolute importance of reducing the water crossover from anode to

cathode for successful use of high concentration methanol fuel.
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Figure 1.9. Methanol fuel concentration required for CH3;OH and H,O balance, i.e for full
use of CH3OH and HO carried in system at steady-state operation; assumes no external
water management; T = 60°C in this plot.

Lu et al. [58], Liu et al. [57], Wang and Liu [60,62], and Liu [61] demonstrated
that by using a thin Nafion® 112 membrane along with hydrophobic micro-porous layers
(MPLs), they could reduce water crossover to o~ 0.3 - 0.8 at 60°C while still maintaining
a high fuel efficiency (~ 80%), cell voltage (~ 0.4 V), and power density (~ 60 mW cm™).
The hydrophobic cathode MPL/thin membrane combination in the low-a MEA was

believed to be the primary reason for low water crossover, due to a buildup of liquid in
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the cathode CL, and corresponding back diffusion and back-flow of water due to
hydraulic permeation [5,55,63]. Liu et al. [57] and later Song et al. [64] experimentally
found that a thin membrane reduces a. Liu et al. [57] showed that o jumped from ~ 0.8
to ~ 1.0 simply by removing a Nafion® 112 membrane and replacing it with a thicker
Nafion® 1135 membrane, and Song et al. [64] reported a values of ~ 1.0 and ~ 2.7 for
Nafion® 1135 and thicker Nafion® 115, respectively (see table 1.2 for more details).
Several researchers have also experimentally confirmed that a hydrophobic cathode MPL
acts to reduce a. For example, Song et al. [64] have reported a values of ~ 2.7 and ~ 1.0
- 2.5 for an MEA without and with hydrophobic cathode MPL respectively (see table 1.2
for more details).

More recently it was surprisingly discovered that the incorporation of a
hydrophobic anode MPL can greatly reduce the water crossover from anode to cathode,
playing even a more significant role than the hydrophobic cathode MPL [61,62].
Utilizing a Nafion® 112 membrane, Liu [61] first demonstrated experimentally that o
dropped from ~ 1.2 to ~ 0.3 in his MEA by simply incorporating a hydrophobic anode
MPL. Later Park et al. [65] confirmed the dramatic effect of the hydrophobic anode
MPL, reporting a values of ~ 3.5 and 1.1 without and with hydrophobic anode MPL,
respectively. The nearly four-fold larger o value reported by Park et al. [65] for MEAS
with hydrophobic anode MPL (1.1 vs. 0.3) may be due to the fact that they used a thicker
Nafion® 1135 membrane. Xu et al. [66] further give credence to the concept of a
hydrophobic anode MPL reducing a, as the authors achieved no lower than o ~ 2.4 with a

Nafion® 112-based MEA with only hydrophobic cathode MPL.
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1.10 Contribution of this Work

The overall and common goal of all the work presented in this dissertation is to
increase the practical energy density of direct methanol fuel cells. In chapter 4, we
explain fundamentally how fuel and water management are intricately tied together. In
addition to the standpoint of overall species balance, as illustrated in figure 1.9, in chapter
4, we further explain how fuel and water management are tied together in regards to
MEA design, and how MEAs designed specifically for methanol crossover reduction
must also attain a low rate of water crossover in order to be effective. We mentioned in
the previous section that it has recently been demonstrated that the inclusion of a
hydrophobic anode MPL significantly reduces water crossover. In chapter 5 we present a
theoretical explanation of why a hydrophobic anode MPL is effective in reducing water
crossover, and further perform case studies that indicate anode MPL properties that make
a more effective anode MPL.

Chapter 6 presents a new MEA design with hydrophobic anode MPL and anode
transport barrier in effort reduce methanol crossover while directly using concentrated
MeOH fuel. The explanation of why this design is effective picks up on some of the
fundamental principles developed in chapter 4, and we further elaborate via case studies
what properties of the anode transport barrier make it more effective in reducing MeOH
crossover. Finally, in chapter 7 we systematically analyze the validity of using the
membrane selectivity as the traditional figure of merit for evaluating DMFC membranes.
In this chapter, we further demonstrate the importance of considering water transport
characteristics of the membrane, in addition to the traditionally considered proton

conductivity and methanol permeability, for reasons of cell performance.
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All of the work that we present in the forthcoming chapters, either directly (e.g.
proposed MEA design with anode transport barrier) or indirectly (e.g. fundamental
explanation of fuel and water management coupling within an MEA) enhances our
knowledge of advanced MEA designs for the more efficient and direct use of highly
concentrated methanol fuel. Naturally, this work contributes significantly to the overall

goal of increasing the practical energy density of DMFCs.
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Chapter 2. Background on Membrane Transport and
Liquid Transport in Porous Media

Before jumping directly to an in depth description of our model, it is first
pertinent to discuss, in general terms, mechanisms of fuel and water transport in the
membrane, and liquid flow in porous media brought on by capillary action. These two
items are discussed here because a reader with general knowledge in the thermal fluid
sciences may not be overly familiar with these two topics, which are vitally important in

the findings presented later.

2.1 Membrane MeOH and H,O transport

The net water flux across the membrane can be broken into three parts: electro-

osmotic drag (EOD), diffusion, and hydraulic permeation (HP):

i
H,0 _ njH;0 H,0 HO
Nuin = Nyémeoo T Nuemair + Nuimue = aE (2-1)

where NP =H,0 EOD membrane flux

Mem,EOD

N2 o = H20 diffusion membrane flux

NH2 =H,0 hydraulic permeation membrane flux

Mem,HP

Physically, EOD occurs as H,O gets dragged along with H* ions as they move
across the membrane. The number of H,O molecules per H* ion that get dragged across
the membrane varies based on how well hydrated the ionomer is, the type of ionomer

material, and the temperature, and is characterized by the EOD coefficient:

N0 o (;j 2.2)

37



where n''=° = H,0 electro-osmotic drag coefficient (mol H,O/mol H")

The H,O EOD coefficient for Nafion® is approximately unity when exposed to H,O
vapor [67,68], and is about 2.5-3.0 when exposed to liquid H,O for temperatures between
30-60°C [5,69]; the model equation used in this work is given in Appendix A, table A.5.
Equation (2.2) shows that the EOD of H,O across the membrane is always positive for
any operating current density.

The diffusion of H,O across the ionomer membrane is caused by a concentration
difference of H,O in the ionomer phase between anode and cathode. The concentration
of H,O in the ionomer phase is generally given in terms of the water content, defined by

the moles of H,O per mole of SO, in the membrane, A. For a 1D flux across the

membrane
H,0 pMem H,O d//i
© = FMem [HO T2 (2.3)
Mem, diff EW Mem dX

where A = membrane water content (mol H,O/mol SO3’)
EWwnem = equivalent weight of membrane (kg/mol SO3)
pvem = Membrane density (kg m™)

Dwem' 2 = membrane H,O diffusivity (m?s™)

From (2.3) it is evident that the diffusion of H,O across the membrane can be either
positive or negative, depending on the gradient in water content. The model equation for
water content as a function of liquid saturation is given in Appendix A, table A.5, along
with the H,O membrane diffusivity, which is a function of temperature.

Finally, the hydraulic permeation of H,O across the membrane is caused by the

gradient in liquid pressure:
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NGeﬁ,HP :_pIKMem dp (2.4)

M g dx

where Kyem = membrane permeability (m?)

p, = liquid pressure (Pa)
p, = liquid density (kg m*)

4 = liquid viscosity
The hydraulic permeation across the membrane is essentially a bulk flow across the
membrane, due to a pressure differential. The physics behind liquid flow in porous

media are discussed in more detail in the next section.

For MeOH, the membrane transport is driven primarily by EOD and diffusion:

N MeOH _ \j MeOH MeOH  __ ix (2.5)

+N L=
Mem Mem,EOD Mem, diff
6F

where NVyeot = MeOH diffusion membrane. flux

NMeoH = MeOH EOD membrane flux

Mem,EOD

Similar to H,O, the EOD of MeOH can also be characterized using an EOD coefficient:

Mem,EOD
F

N MeOH — r‘clj\/IeOH [Ij (26)

where n}*°" = MeOH electro-osmotic drag coefficient
(mol MeOH/mol H")
It is known that the MeOH EOD coefficient is proportional to the MeOH concentration in

the anode CL; the model equation we use in this work can once again be found in table

AbL.
Similar to H,O, the MeOH diffusion across the membrane is driven by a

concentration gradient of MeOH in the membrane phase. The MeOH concentration in
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MeOH

the membrane phase can be characterized by the membrane MeOH content, y , which

physically is the moles of MeOH per mole of SO3™ in the membrane phase.

MeOH

d
N ey =—oben pet = 2.7)

Mem

where yM¢°" = membrane methanol content (mol MeOH/mol SO3)

MeOH

Dem” 2" = membrane MeOH diffusivity (m?s™)

If we integrate (2.7) over the thickness of the membrane, we obtain the following

expression

MeOH
M P 4
eOH Mem D MeOH

_,,MeOH
aCL

o

cCL (28)

Mem,diff — Mem
EW

Mem Mem

Note here that ;"< o and ,Veor| _ are the membrane phase MeOH contents at the

anode and cathode catalyst layer interfaces, respectively. There is an equilibrium
condition which relates the MeOH content in the membrane phase to the MeOH
concentration in the adjacent porous media. For MeOH and a Nafion membrane, Gates
and Newman [70], for example, have shown that this relationship is, to a very good

approximation, is linear:

}/MEOH interface = AiCMeOH interface (29)
Substituting (2.9) into (2.8) yields the following:
¢ MeOH _ ¢ MeoH
merglgm _ Puien A D[\l\/:lergH acL cCL (2.10)
o EWMem ) 5Mem

The bracketed term in equation (2.10) is the membrane MeOH permeability, as defined in
the chemical engineering literature. In order to distinguish between hydraulic
permeability and permeability, which is physically a molecular diffusion process, Liu
[75] referred to the bracketed term as the effective membrane diffusivity for MeOH.

40



Pl =it = | QmA gl 1)

Mem

where PY¢%" = membrane methanol permeability (m? s™)
DMeOH = effective membrane MeOH diffusivity (m?s™)
Just like the H,O membrane diffusivity, the permeability, or effective membrane MeOH
diffusivity, is a function of temperature, as given in table A.5.

Before closing this section, we should mention why transport of H,O by hydraulic
permeability is considered, while it is not considered for MeOH. Physically, the
hydraulic permeation is a bulk flow across the membrane, driven by a pressure
differential across the membrane. As we will see later, at any realistic operating current
density, the MeOH concentration in the anode catalyst layer must be low (< 1M) in order
to mitigate methanol crossover. This means that the mole fraction of MeOH is XM¢°" <
0.02, and the mole fraction of H,0 is X,"?° > 0.98. Hence, to a very good approximation,
we can ignore the MeOH transport across the membrane via hydraulic permeation, and
approximate the water mole fraction coefficient to be unity (X;"?° ~ 1), which should

technically appear in equation (2.4).

2.2 Liquid flow in porous media

Nam and Kaviany [71], and Pasaogullari and Wang [63] present the underlying
theory of liquid flow in fuel cell porous media due to capillary action, and the theory
developed in these papers is the basis of the liquid flow model used in this work.
Characterizing the liquid flow in porous media is a critical part of DMFC modeling for
several reasons. The first and most obvious reason is that water and MeOH in the liquid

phase are transported by the liquid flow. Another very important reason is that the liquid
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flow and saturation level in large part determine the membrane water flux. A final reason
is that the liquid saturation level plays a major role in the gas- and liquid-phase effective
diffusivities. All three of these points should become clearer with subsequent discussions
in forthcoming chapters.

The liquid flow in porous media is driven by the liquid pressure gradient via the

two-phase Darcy’s law:

(2.12)

N =AY __A Kk vp
M, M,z

where N, = liquid-phase superficial molar flux (mol m?s™)
I = superficial liquid velocity (m s™)
M, = molecular weight of liquid phase (g mol™)

K = permeability of the porous media (m?)

ki = relative permeability of the liquid phase

pi = liquid pressure (Pa)
The relative permeability is due to the fact that the entire pore space is not occupied by
liquid, and is a function of the liquid saturation. The dependence of the relative
permeability on the liquid saturation is a hotly debated issue, but is generally assumed to
depend on the third or fourth order (see, e.g. [71] or [72]) of liquid saturation:
k., =s1 (2.13)

where g = order of dependence, generally assumed to be 3 or 4

Because both liquid and gas phases are present, it is convenient to define a

capillary pressure, p, as the difference between the gas and liquid phase pressures:

P. =Py — B (2.14)
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In a fuel cell environment, the gas-phase pressure drop across the porous media can, to a
good approximation, be neglected. Therefore, substituting (2.14) into (2.12) yields the

liquid flux in terms of the capillary pressure gradient:

N, =AM gy (215)
M, 4

Physically, the capillary pressure is determined by the curvature of the liquid/gas
interface within the void space (pores) of the porous media. For hydrophobic porous
media (contact angle, 6 > 90°) the gas-phase is the wetting phase; for hydrophilic (6 <
90°), the wetting phase is the liquid phase. Sketches of the generic liquid/gas interfaces
for hydrophobic and hydrophilic porous media are given in figure 2.1. In real porous
media (see e.g. figure 1.2), the geometry of the solid phase is rather complicated, and so
the curvature of the liquid/gas interface generally cannot be determined directly.
However, in any real porous media, macroscopically the liquid saturation (physically, the
volume fraction of the pore space occupied by the liquid phase) of the porous media can
be used to approximate the average curvature, and hence the capillary pressure.
Physically this can be explained in the following way. In real porous media, there is a
distribution of pore sizes (void spaces). As liquid moves into hydrophobic porous media,
it will first move into regions with the largest pores, where the local radius of curvature is
largest, and the local capillary pressure is lowest. As more liquid moves into the
hydrophobic porous layer (higher s), it must occupy smaller pores with corresponding
smaller gas-liquid interface radii, and greater local capillary pressure. If the porous
material can be considered macro-homogeneous, we can therefore predict the capillary
pressure (volume-averaged) based on the liquid saturation (volume-averaged). For

hydrophilic porous media, consider a fully saturated (s = 1) porous layer. If we force
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liquid out of the layer by applying a gas pressure, the liquid will first leave the macro
pores, where the curvature is largest, and local capillary pressure is smallest. To remove
liquid from smaller pores (further reduce s) with greater local capillary pressure, a greater
gas pressure must be applied. Once again, if the porous layer can be considered macro-
homogeneous, then we can predict the capillary pressure in the porous media, based on
the liquid saturation in a volume-averaged sense.

Generally, the Leverett function J(s) is used to model the relationship between

capillary pressure and liquid saturation [73]:

Pe = =2 J(s) (2.16)
(K/e)?
Y, :
where s =—— = liquid saturation
pore
o = surface tension (N m™)
6 = contact angle of the porous material (degrees)
1.417s-2.120s” +1.263s° 0 >90°
J (S) = 2 3 o (217)
1.417(1-s)-2.120(1-s)" +1.263(1-s)” 6<90

Equation (2.16) is an empirical constitutive relationship between the liquid saturation and
the capillary pressure [73]. However, by rewriting equation (2.16) as follows, we can

further physically explain this relationship.

p. = ZO'COSH_ (218)
2(K/e)?
I J(s) l

In a horizontal capillary tube, where the diameter of the tube, R, is small enough such

that the effects of gravity are negligible, the capillary pressure across the liquid-gas

20cos6

1
interface is given by p, = — Note that the length scale (K/g)2 is proportional to,
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yet typically smaller than, the pore dimension for the given porous media [73]. This
being the case, the bracketed denominator in equation (2.18) can be thought of as the
average pore radius for the fraction of the pores with liquid present. For example, for
hydrophobic porous media, as s — 0, J — 0, and the bracketed term becomes extremely
large. This indicates that for low s, the average pore radius of the pores occupied by

liquid is large. Again for a hydrophobic porous layer, as s —» 1, J — 0.56, its largest

1
value, and the bracketed term goes to ~ 3.6(X/;)?, i.e. its smallest value. This indicates

that for high s, the average pore radius of the pores occupied by liquid is small. Note that
this description of the capillary pressure by the empirical equation (2.18) is consistent

with the physical explanation given in the previous paragraph.

) (b)

g
g
S
S
Figure 2.1. Generic depiction of liquid/gas interfaces for (a) hydrophobic, and (b)
hydrophilic porous media. Here s = solid, | = liquid, g = gas.

Qualitative sketches of the liquid pressure versus liquid saturation are given in
figure 2.2, using equations (2.14) and (2.16). A few things are of note here. First, for
both hydrophobic and hydrophilic materials the liquid pressure decreases with decreasing
liquid saturation. Therefore, in both hydrophobic and hydrophilic porous media, liquid
will flow from a region with high s to a region with low s, as per equation (2.12), which

is consistent with our physical description with respect to macro and micro pores.
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Second, as the pore size decreases the capillary pressure increases (in magnitude) for a

given value of s. Physically, this is due to the fact that the average radius of the gas-

liquid interface decreases with pore size. Finally, the further the contact angle is from

90° (larger © for hydrophobic, smaller © for hydrophilic), the greater the capillary

pressure. Again, this can be attributed to a smaller radius of curvature at the gas-liquid

interface.

Liquid Pressure, P,

o - vt
Hydrophobic
(6 >90°

E T T T T E

Smaller ave. pore size

Larger 6

Smaller ave. pore size

Hydrophilic
Smaller 6 (6 < 90°)
3 3 3 3 3 3 c 3 3 3 3 c c £ c c c c
0 0.2 0.4 0.6 0.8 1
S

Figure 2.2. Qualitative sketches of the liquid pressure vs. s; here it is assumed that the
gas-phase pressure is approximately constant.

Substituting equation (2.16) into (2.15) and assuming uniform properties leads to

the following expression:

N;Z'OIKk

L %Vs

Mz ds

(2.19)
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It is evident from (2.19) that as the relative permeability decreases (i.e. as s decreases),
the gradient in liquid saturation must be larger in order to maintain the same liquid flux.
Additionally, a larger permeability leads to a smaller liquid saturation gradient for the
same flux.

Finally, at the interface between two porous layers A and B, the capillary pressure
remains continuous. Pasaogullari and Wang [74] and Nam and Kaviany [71] describe
that the liquid and gas phase pressures (and therefore the capillary pressure) remain

continuous at the boundary between two different porous layers.

pc,A = pc,B (Zzoa)
acosHA/z ]( Aznt) _ ‘7”5951/2 ]( Bmt) (2.20b)
( /EA) ( B/EB)

Physically, this continuous capillary pressure condition leads to a saturation jump at the
interface. This can be further illustrated by looking at figure 2.2. Taking two
hydrophobic curves to represent two porous layers placed together at an interface, it
becomes evident that for a continuous capillary pressure from one layer to the other, there

must be a saturation jump.
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Chapter 3. Model

The model presented in the following sections is an extension of a 1D model
previously presented by Liu [75]. Major expansions beyond the work [75] include: (1)
incorporation of a saturation jump model; (2) incorporation of a cathode mixed potential
electrochemistry model; (3) explicit treatment of CLs as zones of finite thickness rather
than infinitely thin interfaces; (4) incorporation of an MPL model; and (5) the ability to
model the transition between a single- and a two-phase region. The addition of the
saturation jump model and explicit treatment of the MPLs and CLs are critically
important in allowing us to explain the hydrophobic aMPL effect on water crossover, as

will be discussed in the sections that follow.

3.1 Basic model setup and assumptions

Figure 3.1 gives the geometry of the 1D DMFC model used in this study, showing
the distinct regions of the model: anode backing layer (aBL), anode micro-porous layer
(aMPL), anode catalyst layer (aCL), membrane (Mem), cathode catalyst layer (cCL),
cathode micro-porous layer (cMPL), and cathode backing layer (cBL). The model has
the following assumptions:

e Steady-state

e Isothermal

¢ In all two-phase regions, there exists thermodynamic equilibrium between the

liquid and gas phases

e (Gas-phase pressure assumed uniform over the entire anode and cathode

48



le—— Anode —»] |e—— Cathode —]

aBL cBL

)

a C
C C
L L

ro o
—ruu o

| > X
0
Figure 3.1. Geometry of 1D DMFC model.

3.2 Species fluxes

The anode side species transport in a DMFC generally occurs in two-phases
within the porous media. The liquid phase is a binary solution of methanol and water,
and the gas phase consists of methanol vapor, water vapor, and carbon dioxide gas. In

these two-phase regions, the superficial flux of a given species, v, is equal to the sum of

superficial fluxes of y in the liquid and gas phases:
N"(x) =N/ (x) + Ny (x) (3.1)

where N¥ = superficial flux of species y (mol m?s™; based on physical

cross-sectional area occupied by all solid, liquid, and gas
phases present)

I = liquid phase

g = gas phase
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In the two-phase region of the anode, there is methanol flux in both the liquid and gas

phases:

N (x) = NP (x) + NJ*" (X)  (two-phase region) (3.2)

Due to the assumptions that the cell is isothermal and that there is an equilibrium

condition in all two-phase regions, we assume that there is negligible H,O flux in the gas

phase. The validity of this assumption is addressed further in Appendix C.

N2 (x) = N,"*° (x) (two-phase region) (3.3

In a single-phase gas region, the H,O and MeOH fluxes are, of course carried entirely in

the gas phase:

N MO (x) = N"*" (x) (one-phase region) (3.4)

N2 (x) = N4 (x) (one-phase region) (3.5)

Because CO, only exits in the gas phase, it is obvious that for any anode region

N (x) = Ng (x) (3.6)
From a simple species conservation at steady-state conditions, the gradient of the

superficial flux of species y can be related to the source of y:

N

- = (3.7)

where S¥" = source of y (mol m3s™)

For example, for methanol in the anode catalyst layer, it follows from equation (1.1a) that

+ MOR

S'MeOH " Janode 3.8
6F (38)

where jM°® =volumetric reaction rate of MOR in the anode CL

anode

(C m3s™), assumed positive as written in equation (1.1a)
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It is assumed that the MOR rate is uniform throughout the anode catalyst layer, i.e. jM®

Janode

is constant. Applying the boundary condition that the MeOH flux is equal to the
membrane MeOH flux at the membrane/CL interface, and that there is no source of

MeOH outside of the CL, the following expression is obtained via integration of equation

(3.7):
Ve 1 (aBL,aMPL)
MeOH 6F
N P () = o ) (3.9)
N viem +(Lj —ecLen (aBL,aMPL)
6F |\ 6.

where o, = anode CL thickness

XacLmem = X lOCation of anode CL, membrane interface

Here, the following relationship, which comes from the conservation of H* in the anode

catalyst layer, has been utilized to relate the cell current density to the volumetric MOR

reaction rate in the anode CL:
i = _[ Janoe X = jonomOact (3.10)
CL

The H,0 and CO; species fluxes on the anode side are derived in the exact same manner,

and are listed in table 3.1.
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Table 3.1. Species fluxes for 1D DMFC model*.

Region Species Fluxes
aBL, aMPL MeOH MeOH i i i
: N MO (x) = N ¥ N9 (x) = N2 — N (x) = ——
( ) Mem 6F ’ ( ) Mem 6F 1 ( ) 6F
aCL N MeOH (X) N’\l\/IA:n?H ( I j( XaCL/Mem _ X] N H,0 (X) Nl\';lieznoq ( I J( XaCL/Mem _ XJ
6F Ol : 6F OacL
N °: (x) :(_i) Xactivem —X
6F Ol
cCL .
MeOH JcM ir (X _x ) (X MeOH v XMeOH )
N MeOH (X) _ Mem 6F chem Mem/cCL cCL/Mem
0 (Xg/l M <x< Xc’\éel.oll_c'MPL)
N l\l;:ezr? jc - JCMOR + 2rt:hem (X - XMemIcCL) (Xr?él:el_olklillem <X< XMEOH )
y 0( ) 2F 6F
N2 (x)=
N H:0 +|:J?RR Je :|(X_XMeOH) (XMeOH < x < xMeoH )
MeOH o (¢] cCL/cMPL
X 2F
JORR
4C_F +1 5rchem ( XMem/cCL) (Xt!.\(/‘?iolmem <X< XMEOH )
N (x)=
N ©: li cORR_Jc :|(X_XMeOH) (XMeOH < x < x MeoH )
X)r(vleOH 4F (o] o cCL/cMPL
cMPL, cBL [ MeoH (X)ZO . NHZO(X)z N H° - N© (x) = N ©2
’ X=XeCL/eMPL ’ X=XeCL/cMPL

MeOH MeOH

*Note that X < X, is the region of the cCL where MeOH is present, and X > X, is the region where MeOH is not present.



On the cathode side of the cell, the generic superficial flux equations (3.2) and
(3.3) hold for MeOH (where it is present in the cathode CL) and H,O. The derivation of
the superficial species fluxes on the cathode side are slightly more complicated due to the
simultaneous occurrence of MOR, ORR, and chemical reaction, which is modeled with a
detailed electrochemistry model. The final results are presented in table 3.1, but the

further discussion of these terms will be given in section 3.6.

3.3 Membrane Model

To couple the anode and cathode sides of the cell, a resistance-type model is used
to simulate the MeOH and H,0O diffusion across the membrane. The membrane methanol
flux is given by equation (2.5); the EOD is modeled directly by using equation (2.6), and

the molecular diffusion equation (2.10) can be written as follows:

CMeOH | _CMQOH |
NMeOH ] — bMeOH aCl
Mem dif f Mem S Mem

cCL (3.11)
where dpem = Mmembrane thickness

The membrane H,O flux is given by equation (2.1); the H,O EOD flux is modeled
directly by equation (2.2), and the diffusion and hydraulic permeation terms given by

equations (2.3) and (2.4) can be written as follows:

Al =4
Nl\l;:;n?,diff = EI?A'/\Aem D&'gﬁ |acg |CCL (3.12)

Mem Mem

NHO 21K e p||aCL B p||cCL
Mem,HP
M, 4, 5

(3.13)

Mem

As alluded to previously, in our model, the aCL and cCL are of finite thickness. Because

physically water enters and exits the ionomer phase throughout the thickness of the CLs,
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we approximate A and p; in our algebraic membrane model -- equations (3.12) and (3.13)
-- as their average values in the appropriate aCL and cCL. Also, we assume that the EOD
coefficients are determined by the water content and MeOH concentration conditions in

the aCL (see table A.5).

3.4 Species transport

To model multi-species transport in the porous media, the Stefan-Maxwell (SM)

equation can be used (see, e.g. [76]):

h
£ L/ (3.14)
B

where X' =mole fraction of species y in the phase 8
N;’ = superficial flux of species v in the phase (3
Dg;f'f‘ﬁ = effective diffusivity of the species combination w, h, in
phase
Note here that the effective diffusivity accounts for the presence of the porous media and
two phases [77]; when the superficial fluxes are used, they must be used in conjunction

with the effective diffusivity. In this study, the effective diffusivity is calculated using

the classic Bruggeman correlation to account for the tortuosity of the porous media:

D" =[e(l-s)'DY" (3.153)
D4\ =[es]' D" (3.15h)

where & = porosity

DZ'“ = molecular diffusivity of components y and h in phase 3
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n = exponent for correlation; generally n ~ 1.5-3.0, in this work we

assume 2.1

The exact nature of the diffusivity Dg*“ depends on the conditions for which the transport

takes place.
On the anode side of the cell where two-phase conditions prevail, the liquid phase
is a binary mixture consisting of methanol and water. Applying the SM equation (3.14)

to this 1D case for MeOH leads to

MeOH MeOH Ny H,0 v/ H,0 \j MeOH
dX " XN - XON,

MeoH ,H,0
dX Ct,l Deff,l ’

(3.16)

Because the liquid phase is a binary solution of MeOH and H,0, the diffusivity used is
simply the liquid binary diffusivity between MeOH and H;O. Assuming an ideal
solution, the following relationship between total liquid concentration and liquid MeOH

concentration can be derived:

MeOH M MeOH

H,0
MeOH ppure ( N C|

C,=C " + Vi PmerSH ) (3.17)

where c,, = total liquid molar concentration (mol/m?®)

¢ = liquid MeOH molar concentration (mol/m?)
,oipure = density of pure species i in the liquid phase (g/m°)

M’ = molecular weight of species i (g/mol)

Figure 3.2 displays methanol and water concentrations versus methanol concentration for

ideal and actual solutions. The mole fraction is related to the liquid concentration by

MeOH

X MeoH G (3.18)

Ct,I
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Using figure 3.2, it can be shown that up to about 10M MeOH concentration, the

derivative of (3.18) can be sufficiently approximated as

dleeOH ~idCIMeOH
dx c, dx

(3.19)

The validity of this approximation is further addressed in Appendix C. Substituting

(3.18) and (3.19) into (3.16) yields the following relationship:

MeOH p H,0 MeOH ) pj MeOH
dgMf  ¢N _(Ct,l —G ) N,
d - DMeoH H;0 (3.20)
X Ct,l eff ||

In this simplification, the liquid phase concentration relationship ¢,, =¢"**" +¢™° has

been used. Equation (3.20) can be rewritten for the liquid MeOH flux:

dCMeOH
- CIMeOH N HO C | De'\f{lfﬁ(l)H ,H,0 ljx
NMeOH = — (3.21)
(Ct,l -G )

Note here that equation (3.3) has been used to change the nomenclature for H,O flux.

60 »
L — v = CH,_OH
50 \”% ——y = HZO (Real) |
S ey = H,0 (Ideal)
%, |
X |
40 RN )
RN <1:1 Molar Ratio
s R CH,OH:H,0
;_ 30 .. .:\\\ /
) NN
20 e
10 RN
=N
0
0 5 10 15 20 25
CCH3OH M

|
Figure 3.2. Liquid methanol and water concentrations for ideal and real binary liquid

solution. Real solution data adopted from [78]; T = 25°C in this plot.
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In the vapor-phase, MeOH, H,O and CO, are all present, and equation (3.14) can

be used for MeOH as

MeOH MeOH pj H,0 H,0 \| MeOH MeOH §j CO CO, | MeOH
o) Qi XN = XN XN = X 2N e
g _ g g 9 9 " g g g

MeOH ,H,0 MeOH ,CO,
dx ct’gDeﬁ’g ct,gDeﬁ’g

(3.22)

In the fuel cell environment, the pressure remains close enough to ambient to treat all
gases and vapors as ideal (i.e. the operating pressure remains far below the critical point

pressures of all species present). This being the case, the binary diffusivity values can be
used for the gas phase species. Using the relationship Xé = cig /Ct,g and the fact that for a
constant temperature and pressure ¢, remains constant, equation (3.22) can be re-

written in terms of the MeOH gas-phase molar concentration:

MeOH MeOH H,O H,O MeOH MeOH Cco. CO. MeOH
dc*® c TN 2P — MY N C NN P2 —c 2N e
9 — ) [¢] [¢] 9 + [¢] 9 g [¢]

MeOH ,H,0 MeOH ,CO,
dx Ci.q Detf 4 Ce.g Detr g

(3.23)

A form of Henry’s law suitable for this application which relates the equilibrium gas and

liquid phase concentrations of MeOH, is given by

MeOH
CI

kH = CMW (324)
g

The Henry constant, ky, can be calculated via the following Arrhenius-type relationship:

S
k, =koRTel "\ ™ (3.25)

where R = universal gas constant = 8.314 J mol™ K™*
Tret = 298.15 K = reference temperature
AsoilH = -35,000 J mol™
ke® = 1.5791 mol J*
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Figure 3.3 compares c,""*°"

as predicted by equations (3.24) and (3.25) with experimental
data given by McGlashan, et al. [78]. This figure shows that using (3.25) to relate the gas
and liquid phase methanol concentrations yields no appreciable error until we reach
cM*" > 20 M. Further, because we have a two-species liquid solution in the DMFC
anode (CH3;OH and H,0), the gas-phase saturated H,O concentration is also a function of
the liquid-phase CH3OH concentration, ¢,"*°". Physically, this is because the gas-phase
H,0 equilibrium concentration (saturated concentration) depends on the concentration of
the CH3OH/H,0 liquid mixture, just as the gas-phase equilibrium CH3OH concentration
does. In this work we simply use an empirical correlation cg*°" = f(¢,"**°", T), given by

equation (3.26), which we fit to the data given by McGlashan, et al. [78]; a plot of this

correlation is given in figure 3.4.

cho — g, (CIMeOH )4 +a, (CIMeOH )3 +a, (CIMeOH )2 +a, (3.26)

sat
where ¢,**°" has units of M

Here, the a4, as, etc. coefficients are a function of temperature:

a, =b,T?+b, T +b, (3.27)

by, = -3.320x10°8
by = 1.941x10°
byo = -2.842 x107°
a, :bssz +b31T +Qo (3-28)

bs, = 1.060x10°®
bs; = -6.105 x10™
bso = 8.791 X107

=b,,T? +b,T +b (3.29)
az 22 21 20
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by, = -1.194x107°
b,; = 6.739x107
by = -9.493x10!

ay =C00 elT) (3.30)
where ¢"?9; ure = saturated water concentration for pure H,O liquid
As mentioned previously, the gas-phase H,O flux is assumed to be negligible.
Eliminating the NgHzo term in (3.22), substituting in (3.24), and rearranging for NgMeOH

yields the following:

dC MeOH
MeOH ,CO, |

g,eff

dx (3.31)
. Dg/leOH,co2 w“
Ky | Cat preor o |1C

g

Note here that the equilibrium gas-phase H,O molar concentration has been explicitly

CIMEOH N Cco, Ct]g D

MeOH __
N, =

inserted into the equation for Cg'zo, and that equation (3.6) has been used to change the

CO;, flux nomenclature. Also, the “effective” part of the diffusivities has been dropped in
the ratio of diffusivities in the denominator: as per equation (3.15a), the “effective” part

of the diffusivities cancel, yielding the ratio of the binary diffusivities.
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Figure 3.3. Equilibrium cg VS. Ci relationship, as given by equations (3.24) and
(3.25) (solid lines) and experimental data (symbols) [78].
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Figure 3.4. Equilibrium ce2° vs. ¢ relationship, as given by equation (3.26) (solid
lines) and experimental data (symbols) [78].
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Inserting equations (3.21) and (3.31) into (3.2) yields an expression for the total

flux of MeOH:
dcMeoH deMeoH
MeOH Ny H,0 MeoH ,H,0 0C MeOH | CO MeoH co, UG
G N _Ct,l Deff,l ’ dx G N-= _Ct,ng,eff ’ dx MeOH
MeOH + MeOH ,CO, =N () (332)
(Ctv' —G ) k. |cHo D, Co,
i G | gueor o |1 Cq
g

The total MeOH flux on the right-hand side is known for the given current density via the
equation given in table 3.1, and the total H,O and CO, fluxes on the left-hand side are
likewise given in table 3.1. In the two-phase region of the anode, equation (3.32) is
solved for the liquid MeOH concentration. The corresponding total liquid and gas-phase
MeOH concentrations are calculated via equations (3.17) and (3.24), respectively. The
gas-phase H,O concentration is determined by equation (3.26). The total gas-phase

concentration is known from the ideal gas law:

P
C,=— 3.33
o=t (3.33)
where pg = gas-phase pressure
R = universal gas constant
T = temperature
Finally, the CO, gas concentration is calculated by
Cco, _ H,0 MeOH
C, *=Cg—Cy~ —Cy (3.34)

where ¢;*° =c.° in the two-phase region

sat

If there is a single-phase region present on the anode side of the cell, equation
(3.22) holds, but we can no longer approximate NgHZO as negligible; the entire H,O

species flux must occur in the gas phase, as given by equation (3.5). Inserting (3.4),
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(3.5), and (3.6) into (3.22) and rearranging for N the following expression is

derived:

DMeOH ,CO, dCMeOH

MeOH p CO. g MeOH p | H,0 MeOH ,CO, g

Cg N2 + MeOH ,H,0 Cg N™ _Ct,g Dg,eff ’

Dg dX =N MeOH (X) 3 35

[ MeOH €O, - (3.35)
cH0 g + %0
[s} DMeOH ,H,0 g
9

The total MeOH flux on the right-hand is still given by the expression in table 3.1 for a
given current density, and the total H,O and CO; fluxes on the left-hand side are also

given in table 3.1. Equation (3.35) is solved in a single-phase region on the anode side

MeOH

for c, Because the gas-phase H,O concentration is unknown in the single-phase

anode region, a SM transport equation must be used to solve for ngo. The same

approach as for equation (3.35) is used, and the resulting equation is given by

H,0,co H.0
CHZO I:N Co, +[[)922J N MeOH :|_C DHZO,CO2 ng 2
t.0

9 H,0,MeOH g.eff
D, dx

DH:0.Co;
MeOH g + ¢S

g D;ZO,MeOH g

= N"0(x) (3.36)

The fluxes here are once again given in table 3.1, and equation (3.36) is solved in the
single-phase region in the anode for ¢;*°. With ¢*™ and ¢;*° known, ¢;> is then

determined via equation (3.34).
On the cathode side of the cell, two-phase conditions are present, and the H,O
gas-phase concentration is assumed to be at its saturated value. For the O, transport on

the cathode side, we use Fick’s Law:

O,

dc
D - =N%() (3.37)
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Note that Wang and Wang [79] showed that in the cathode, the Peclet number is less than
~ 0.1, meaning that the convective transport in the gas phase is small compared to the
diffusion transport. Thus, to a good approximation, the total flux of O, can be equated to
the diffusion flux. Further, as described by references [80] and [76], even though we
have multi-component diffusion on the cathode side (primarily O,, N, and H,0), because

we are dealing with ideal gases, and because Dy°*N? ~ Dy0>™2° ~ D,2ON

, to a good
approximation, we can use Fick's Law to model the O, diffusion.

Due to the methanol cross-over from the anode side of the cell, the methanol
transport must be solved in the cathode catalyst layer. Equation (3.21), derived for the
anode side liquid-phase MeOH flux, can also directly be used in the cathode catalyst
layer, where MeOH and H,O are simultaneously present. Noting the MeOH is only

present in trace amounts in the cathode catalyst layer, like the O, transport, using Fick’s

Law, the gas-phase MeOH flux can be written as

DMeOH dC;\AeOH =N MeOH (3 38)
T Hg.eff dx g .

Summing the gas and liquid fluxes (3.21) and (3.38) via equation (3.2) for the two-phase

cathode catalyst layer, the following equation is obtained:

dCMeOH
MeOH | H,0 MeOH ,H,0
G N —¢ D T ———

et dx . DMeOH ﬂ =N MeOH (X) (339)
c, _CIMeOH g.eff dx

Once again making use of Henry’s Law (3.24), equation (3.39) can be rewritten as

dCMeOH
MeOH pj H,0 MeOH ,H,0
¢ UNTP —c, D T

| eff — DMeoH d MeOH
dx geff Gy MeOH
- =N X 3.40
¢, —c" K, dx 9 (3.40)
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Here, the MeOH and H,O fluxes are those for the cathode side, as given in table 3.1.

Equation (3.40) is solved in the cathode catalyst layer for liqguid MeOH concentration.

MeOH

Just as on the anode side, after ¢ is calculated, ¢, and C,, are found via equations

(3.24) and (3.17) respectively.

3.5 Liquid flow

As described in the previous chapter, the liquid flow in the porous media is

modeled using equation (2.19). On the anode side where both H,O and MeOH liquid

exist, the liquid phase molar flux, N—I is due to both species. In this two-phase region,

the H,O flux is assumed to be entirely in the liquid phase, as given by equation (3.3), and
the liquid MeOH flux must be calculated via (3.21). This leads to the 1D form of

equation (2.19) as

oKk, dp, ds H,0 MeOH
e TN N =N 3.41
Mz ds dx (X)"‘ | (X) |(X) (3.41)

Equation (3.41) is also valid on the cathode side of the cell, but as given in table 3.1, the
liquid MeOH flux is zero outside of the cathode catalyst layer region with MeOH present.
We solve equation (3.41) numerically for the liquid saturation in x; as described in
appendix B, we first transform this equation to enhance numerical efficiency and
robustness. Note that at the interface between two porous layers, the capillary pressure is
continuous, and the saturation jump is calculated via equation (2.20b), as discussed in the

previous chapter.
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3.6 Electrochemistry model

The average cell current density is an input to our model, and the cell voltage is
calculated by subtracting the anode, cathode, ohmic, and contact resistance overpotentials
from the open circuit potential, as given in equation (1.21). The anode overpotential, 1,
is calculated based on tafel kinetics, as given in equation (3.42). We assume a uniform
reaction rate for the methanol oxidation reaction (MOR) across the anode catalyst layer,
and therefore the anode electrochemistry model is not coupled with the species transport

equations in the anode catalyst layer.

RT i
UR :a—Fln{iMORJ (342)

0

where i,V'°R = superficial exchange current density for MOR (A m™)

a, = anodic charge transfer coefficient

The average superficial exchange current density in the anode catalyst layer, i,"°%, is

calculated with the following expression:

CH,oH \"
. ) - c® E 1 1
iy = ;Am .[ Io,'\r/le?R[_CCHpH] eXpH ;J(T'V'W?J]dx (3.43)
aCL

aCL thresh ref

where m, = anode catalyst loading (mg cm™)
Am.a = mass specific reaction area (m® kg™)

’i~ MOR
o,ref

= intrinsic (per reaction surface area) reference exchange

current density (A m?)

coeott = threshold concentration for changing order of MOR
kinetics (M)

E.. = activation energy of MOR (J mol™)
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It is clear from equation (3.43) that the effects of the changing methanol concentration
over the thickness of the anode catalyst layer on the MOR Kinetics is accounted for in this
model. Approximating the volumetric MOR current density (i.e. methanol oxidation
reaction rate) across the anode catalyst layer as uniform for our species transport
equations while calculating our average superficial exchange current density via (3.43)
allows us to capture the effects of low methanol concentration on cell voltage, while
keeping our species transport and anode electrochemistry models decoupled. The MOR

CH30H

has zeroth-order dependence (n = 0) on CH3OH concentration for ¢ greater than the

threshold concentration of ¢c¢™3°H

thresh = 0.1 M and first-order dependence (n = 1) for
CCHSOH < CCHgochresh [81]

The ohmic overpotential is calculated by breaking it into four regions: anode
catalyst layer, anode half of the membrane, cathode half of the membrane, and cathode
catalyst layer. The idea behind this approach is twofold: one, by breaking the calculation
up into four regions, we can more accurately capture the local moisture condition on the
ionomer conductivity, and two, we can capture the effects of the effective ionic

conductivity in the anode and cathode catalyst layers, due to the porous nature of the

electrodes. The expression used to calculate the ohmic overpotential is given by equation

(3.44):
- 5Mem 5Mem -
§CL I 4 H 4 H 5CL I
Mg =\—F—r—%7r=+ - i+ i+ —fCL — (3.44)
B A 2 ol N o O B L W G- e

aCL

where k" = inoic conductivity (S m™ or Q' m™)

It is evident from eq. (3.44) that the portions of the ohmic overpotential in the anode

catalyst layer and anode half of the membrane are based on the water content calculated
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from the conditions on the anode side of the membrane. Similarly, the ohmic
overpotential in the cathode half of the membrane and in the cathode catalyst layer are
based on the conditions on the cathode side of the membrane. A discussion of how we
calculate AycL and Acci can be found in section 3.3. In the electrodes we assume the
average current carried by the H” ions in the electrodes to be half of the entire current.
The ionic conductivity is calculated with the following equation, which is a combination

of the Sone correlation [82] for RH < 1 and the Springer correlation [83] for RH > 1.

+ + 1 1
= exp| 1268 —— — = 3.45
T e Xp{ [303 Tﬂ (3.45)

where «"*303x= inoic conductivity at T =303 K (Sm™ or @* m™)

(11.8)RH® - (11.6)RH* +(6.72)RH —0.801 (%) for RH <1 (3.46)

=7 (0.5139)1 - 0.326 (/) forrH >1

In expressions (3.45) and (3.46) that the temperature, T, is in Kelvin and the RH is a
fraction (RH = 0 - 1) rather than a percentage. It should be noted that later in chapter 7,
where we show results for various (k" */x"*y), we are using the same correlations (3.45)
and (3.46) (and hence the same functional dependence on wetness and temperature), and
simply dividing or multiplying by the given proportionality constant.

In reference to equation (1.21), the contact overpotential is calculated by

77cont = iRcont (347)

where R¢ont = contact resistance (Q m2)

In this work we assume a contact resistance, Reont, Of 3.0x10° Q@ m? Al other pertinent

parameters and constants used in the cell voltage sub-model are listed in table 3.2.
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Table 3.2. Parameters and constants used in cell voltage sub-model.

Parameter Value
wa/ Mg cm™ 4.0
w¢/ mg cm™ 2.0
Ua 0.701 °

e [ AmM? 3.55x10% °

TR /K 353 °
Easl I Mol™ 60x10° °
Anal m? kg™ 60x10°

®Taken or calculated from the data given in
ref. [84].

Due to the crossover of methanol from anode to cathode, in the cathode catalyst
layer, there are simultaneous methanol oxidation, oxygen reduction, and chemical
reactions which occur. The MOR effectively leads to an additional ORR current, due to
the H* and e produced,; this leads to a mixed potential in the cathode catalyst layer, and
ultimately a lower cell voltage. In order to model this cathode mixed potential, we
implement the model developed by Liu and Wang [44].

As presented by Liu and Wang [44], the oxygen reduction Kinetics in the cathode

(corresponding to the ORR (1.1b)) is modeled using a tafel equation:

O,

. . c aF
195 I (5 -SJew) el 249)

where jS = ORR volumetric current density (A m™)

joi¥ = reference volumetric ORR current density (A m™)

0, _

o ret = reference O, gas-phase concentration (mol m™)

C

a, = cathodic transfer coefficient for the ORR

The MOR is assumed to follow the following multi-step reaction mechanism, initially

proposed in references [85] and [45]:
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Ki N\
CH,OH === CH,OH (3.492)

CH,OH_, —%>CO,, +4H_, (3.49Db)
ks N

HZO NSk OHads+ Hads (3.49(;)

CO,, +OH_,,—“—>CO, +H_,, (3.49d)

H,—S>H" +e (3.49%)

The species rate equations can be written at steady-state to obtain the following:

15, —Garik,exp) EL0 e g g, (350)
where a = specific reaction area (m™); reaction surface area divided by
physical volume in the CL
Oco = surface coverage of CO,q4s ON catalyst surface
Bon = surface coverage of OHggs on catalyst surface

Vath = cathode potential

RT

G0 =b
k4 exp[(l_ﬂ4)|:vcath}

(3.51)

RT

k CMeOH 1_9
Oon = L0, (352)

. FV
b{kl + k2 exp {a?RTcath} + kl ¢ MeOH }_'_ k1 ¢ MeoH

og]-5en]
RT
b= (3.53)
kl + k2 exp % k3 exp %
RT RT +k, e %
kcheOH 2 Xp RT
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Note in equations (3.50) through (3.53) (and also in equation (3.54)), k, B, etc. are kinetic
rate parameters, and their values are listed in table A.6. The key assumptions in
obtaining equations (3.50) through (3.53) are that (a) Hags produced by (3.49b), (3.49c)
and (3.49d) is immediately oxidized by (3.49¢) for V¢ > 0.3V (which is the case under
any realistic operating DMFC conditions), so the surface coverage of Hggs is assumed to
be zero, and (b) the rate determining step is (3.49d), which explains the appearance of
Oon and Oco in equation (3.50). Liu and Wang [44] further made the assumption that
reaction rates of MOR and ORR determined by (3.50) and (3.48) are unaffected by the
fact that both MOR and ORR occur simultaneously in the same electrode; we also use
this assumption in our implementation of this model. Finally, reference [44] also
describes a purely chemical reaction of CH3;OH with Og; this purely chemical reaction,
represented by equation (1.1c), gives crossed-over CH3OH an alternative reaction path,

which has no affect on the cathode potential. The rate for this chemical reaction is given

by

Fom =K, [cg"eo'* ]ﬂ[cgz ]y (3.54)
where rchem = Volumetric chemical reaction rate in cCL (mol m? s'l)

It is important to note that because the MOR and ORR are electrochemical
reactions, the cathode potential, Vcan, plays a strong role in determining the ORR and
MOR reaction rates (see equations (3.50) and (3.48)). In electrochemistry, the cathode
potential is defined as the electrode phase potential minus the electrolyte phase potential
within the given electrode (in this case the cathode catalyst layer) [86]. The ORR

cathode overpotential is related to the cathode potential in the following manner:

1. = Vcath - U(?RR (355)
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where U *® = standard ORR equilibrium potential (1.23 V)

Note here that the negative sign on the left hand side essentially defines n¢ as positive,
and is therefore consistent with the use of 1 in equaion (1.21), and a positive value of
jORR athode fOr a cathodic current, as given in reaciton (1.1b).

Figure 3.5 shows the CO and OH surface coverages and figure 3.6 shows the
product of 6cobon and corresponding MOR reaction rate, all versus cathode potential, for
MeOH concentrations of 0.25, 0.5, 0.75, and 1M. It is evident from figures 3.5 and 3.6
that a changing cathode potential, Vcan, Will strongly effect the rate at which the crossed-
over methanol is oxidized, i.e. the value of MR 4o in equation (3.50).

The total ORR rate depends on both the H* crossing the membrane from the
anode and H" produced by MOR in the cathode, by crossed-over CH;OH:

= ORR __ +MOR - ORR,H*,Mem
Jcathode - Jcathode+ Jcathode (356)

where jORH MM = ORR current in cCL due to H* crossing membrane

from anode (A m™)

We assume in this work that the H” that crosses the membrane reacts uniformly in the
cathode catalyst layer. Based on this assumption, from the conservation of H" in the

cathode catalyst layer, we get

o i
Johode = (3.57)
thod 50CL

Substituting this expression into (3.56), gives the following relationship:

. . i

ORR MOR

.Icathode = Jcathode + 5_ (358)
cCL

Note further, that the average cell current density, i, is an input to our DMFC model.
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Figure 3.5. Surface coverages of (a) CO,qgs and (b) OH,gs for the mixed potential model at
MeOH concentrations 0.25, 0.5, 0.75, and 1M; note in (b) all concentrations essentially
give the same curve.
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Because jo™ canode and jVReatnoge both depend on Vean, ultimately what happens is
the cathode potential (and corresponding 1) is determined by an equilibrium value that
satisfies equation (3.58). This equilibrium cathode potential is given schematically in
figure 3.7 for three cases. Case I is an ideal open circuit (i = 0), where MCO = 0, ¢ = 0,
Vean = UoRR, jMOR = 0, and jOFR = 0. Case Il is a depiction of real open circuit
condition (i = 0), with MCO > 0, 1¢ > 0, Veath < U2RR, jcVOR > 0, and j°"F > 0. Case Il
depicts real conditions at operating current (i > 0), with MCO > 0, n¢ > 0, Vean < Uo"RT,
iR > 0, and jOORR > 0. We should further point out that in case I, j° R catode =
jMOR athode because i = 0 (open circuit), and in case 1, j2RR atode > 7 cathoge DECAUSE i > 0
(operating current). Physically, we see from figure 3.6b that when Vi ~ 0.65 - 0.8V,
the kinetics for MOR are better than at other cathode potentials. Therefore, in this range
of Veatn, the introduction of any further MeOH significantly increases jM R aoge, increases
jORR athoge Via equation (3.58), and ultimately leads to a higher nc when the new
equilibrium Va is reached.

The point should be made that we could simply make the approximation that all

crossed-over MeOH reacts uniformly in the cathode catalyst layer, leading to

H MeOH
jMOR _ Ix _ NMem 6F
cathode — -
5CCL 5CCL

(3.59)

In fact, this is a common assumption in the literature. However, in using the mixed
potential model just described, we calculate MR amode and j cathode based on the actual
Vath and species concentrations in the cathode catalyst layer. Using our approach yields
jMOR thode Which is potentially significantly greater than given by equation (3.59), and
allows us to more accurately predict the cell voltage. However, because our approach
leads to MOR reaction rates which are higher than required to react all crossed-over
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MeOH uniformly in the cathode catalyst layer, this also means that there will be a region

MeOH

of the cathode catalyst layer with MeOH present (Xmem/ccL < X < Xo ) and a region

MeOH

without MeOH present (X, < X < XcCL/eMPL)-

Vcath(v)
A
n.=0 ne>0 n. >0
uorr L by by e
T
f
f
I I 1
0
UMOR======q------f------f------
\ 4

Figure 3.7. Depiction of cathode mixed potential due to MeOH crossover. I: ideal open
circuit (i = 0), with MCO = 0, 1i¢ = 0, Vean = U2, jMOR = 0, 0% = 0; II: real open
circuit (i = 0), with MCO > 0, 1)c > 0, Vean < UORR, jMOR > 0, jORR > 0; 111: real
c%régitions at operating current (i > 0), with MCO > 0, ¢ > 0, V¢an < UOORR, jcMOR >0,
joo " >0.

The species flux terms in the cathode catalyst layer follow directly from the

species conservation given by equation (3.7), and the results are given in table 3.1. In our

implementation, jM® and jo*  and r, . are defined as their average values in the

J cathode chem

region of the cathode catalyst layer where MeOH exists (Xmemicc < X < xo'\"eOH).

MeOH

Therefore, based on these definitions, in the region (X, < X < XccuiempL) Where there is
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no MOR or chemical reaction, the actual ORR current is equal to jO° jMOR  which

Jcathode — Jcathode *
is physically the rate of H" reacting in the cCL which have crossed the membrane. As

given in table 3.1, the methanol flux in the cCL is straightforward: in the region x <

Xo "M methanol is consumed by both MOR and the purely chemical reaction, and for x

> X, there is no methanol, so NMe°" = 0. Also in table 3.1, for the flux of H,O in the

MeOH

region X < Xo , water is consumed by MOR and produced by ORR and the chemical

MeOH

reaction. For the H,O flux in the region x > X, , water is produced only by ORR.

MeOH
, Oz

Finally, in the region x < X, is consumed by both purely chemical reaction and

MeOH
, O2

ORR, and in the region x > X, is consumed by ORR.

MeOH . MmoORrR

= ORR
’ Jcathode and and r

Jcathode ! chem !

Our average reaction rates in the region x < X,

are based on the average species concentrations in this region, as calculated by equations
(3.48), (3.50), and (3.54). The reason that we take the approach of average reaction rates
and two regions within the cCL is simple: by doing this we avoid having to solve an
additional differential equation for proton transport in the membrane and catalyst layers.
Our approach is certainly suitable for our level of modeling, and this approach reduces
the complexity and improves the speed of our code. With the implementation of the
mixed potential model, the transport equations and electrochemistry become coupled: the
reaction rates depend on the species concentrations, and the source terms (species fluxes)
for transport listed in table 3.1 depend on the reaction rates. The way we handle this

coupling is described in section 3.8.
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3.7 Boundary conditions

The MeOH and O, concentration boundary conditions (at the backing layer and
flow channel interfaces) are estimated based on a simple 1D mass balance analysis of the
flow channel:

CIMeOH — CIMeOH 1 _ ; (360)

x=0 0

MeOH

where ¢y = liquid MeOH concentration at the inlet of the anode flow

channel

MeOH

" liqguid MeOH concentration at the anode BL/flow

channel interface
&, = anode stoichiometry at iref,a

i = current density (A m?)

irefa = reference current density anode stoichiometry (A m?)

0O,
Cg

(3.61)

(o)
— ngo I
X=XeBL / cFC '

where c;zo = gas O, concentration at the inlet of the cathode flow channel

0,

Cq

= gas O, concentration at the cathode BL and flow

X=XegL / cFC

channel interface
&, = cathode stoichiometry at iref

i = current density (A m?)

Iref ¢ = reference current density cathode stoichiometry (A m)
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The stoichiometry is used frequently in fuel cell terminology, and is a way of describing
the flow rate of the fuel supplied to the cell. The stoichiometry is defined as the ratio of
the flow rate of fuel supplied (in this case MeOH and O,) to the stoichiometric amount
required at a specified reference current density. It is evident from (3.60) and (3.61) that
as the stoichiometry is increased, the boundary MeOH concentration increases, and as the
current density is increased, the MeOH concentration decreases.

The anode and cathode liquid saturation boundary conditions are assumed to be

s| =08 (3.62)

x=0

0.1 I <l
(3.63)

1.5
| _ = i o .
X=Xl jcre o‘{—J I > 1., maximum of 0.95
i

ref

where iy = 1000 A m™

For the MeOH transport in the cathode catalyst layer, the concentration is
assumed to be zero at X = XccrempL (interface between cathode catalyst layer and cathode
MPL). This is a physically reasonable assumption, as it has been shown experimentally
that all MeOH that crosses through the membrane is completely reacted into CO, (see,
e.g. [87]). However, with the implementation of the cathode detailed electrochemistry
model, the reaction rates of MeOH in the cathode catalyst layer are determined
dynamically by the saturation levels, MeOH concentration, cathode potential, etc. In
other words, we cannot assume arbitrarily that the MOR and chemical reaction rates are
such that the MeOH concentration goes to zero exactly at X = XccrempL. The code has

been written to account for this phenomenon in the following manner. Based on the

current iteration value for jYo? jorR ., and r the MeOH flux in the cathode

cathode ! Jcathode ' chem ?
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catalyst layer is determined using the equation given in table 3.1. At the first node where

the MeOH flux is calculated as a zero value, the code sets the location of x,M°",

MeOH MeOH

=0 can

X=XcCL / eMPL

Because the MeOH flux is zero for x > X, , the condition that c,

be used directly, as the MeOH concentration will remain zero at all x > x,"*°". This
treatment is necessary in order to have a Dirichlet boundary condition for the MeOH
concentration on the cathode side, and hence a well-posed problem.

It should also be noted that when a single(vapor)-phase region is encountered on
the anode side of the cell, the boundary conditions for the water and methanol
concentrations are taken from their values at the two-phase/single-phase interface.
Concentrations of these species are solved for in the two-phase region, so no extra

assumptions are needed.

3.8 Numerical implementation

Figure 3.8 gives the basic flow chart of the 1D simulation code. The MeOH
membrane flux, H,O membrane flux, chemical reaction rate in the cathode CL, and ORR
reaction in the cathode CL all act essentially as nonlinear source terms in the species
transport and liquid flow equations. In order to create a robust, well-behaved code, these

terms have been decoupled from the main loop that solves the field variables (e.g. ¢"*°",

s). Based on the current iteration value of o . r. ", Nyem -2, and Nyem" ", the

cathode ! "cl

inner-most loop solves iteratively for all of the field variables from the differential
equations. Based on this solution, the value of the source term variables are calculated
and compared with the guessed value from the previous iteration. As illustrated in figure

3.8, the source term variables each have their own iteration loop, leading to a nested set
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of loops. A hybrid secant, bi-section method is utilized to iterate the values of the source
term variables, while first-order difference methods are used for the differential equations
solved for species concentrations and liquid saturation. More details can be found in

Appendix B.

Read input.

v

| Calculate properties, etc. based on input. |

| Set initial guesses. |
<

Is the algebraic eq. for
the membrane MeOH
flux converged?

Yes

Calculate new guess
for mem. MeOH flux.

A

Is the algebraic eq. for
the membrane H,0
flux converged?

Yes

Calculate new guess
for mem. H,O flux.

A

Is the algebraic eq. for
I ehem CONVerged?

Calculate new guess
for renem-
A

Is the algebraic eq. for
jORR converged?

» I No Calculate new guess
for jORrR,
Are transport equations
converged?

No

Solve differential equations for
field variables CMeoH, Gftei,
Cquo’ cﬂcoz’ CCOZ, and s.

v

| Calculate cell voltage, etc. |

v

Write solution data.

Figure 3.8. Flow chart for 1D code.

In order to ensure a converged solution, the maximum absolute relative error of

each variable is compared with an error tolerance of at most 10, Additionally, for the
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source term variables the residuals of the algebraic equations are compared with the
converged value to ensure that the residual is at least three orders of magnitude smaller

(see Appendix B). Finally, we have carried out graphical grid independence to verify a

sufficient grid size.
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Chapter 4. Understanding the Importance of Fuel and
Water Balance

As discussed in section 1.9, from a system standpoint, in order for us to directly
use concentrated methanol fuel, proper water management -- achieving a low a -- is a
critical prerequisite. This concept, based on overall CH3;OH and H,O species balance,
was nicely summarized by figure 1.9, which gives the CH3;OH fuel concentration
required for complete use of CH3OH and H,O carried in the DMFC system, as a function
of o and MCO. Our goal in this chapter is to go through a series of examples which
emphasize this point in a heuristic manner, and further reveal the interplay between fuel
and water management, particularly as it relates to MEA design and the physics which
occur in the MEA.

On the anode side of the cell, the capillary action acts to transport the methanol-
water mixture from the flow channel to the catalyst layer. The flux of a given species, 3,
in the liquid phase can be represented by a convective flux plus a diffusion flux:

N/ =X/N, +j/ (4.1)

where N;” = mole flux of species P in the liquid phase (mol m?s™)
X# = mole fraction of species B in the liquid phase
N, = total mole flux of the liquid phase (mol m?s™)
ji = mole diffusion flux of species P in the liquid phase (mol m?s™)
The liquid phase is a binary mixture of methanol and water, and therefore the
concentration gradients must be in opposite directions of one another.
Utilizing the 1D model described in chapter 3, which fully accounts for the

capillary-induced liquid flow in the porous media, figure 4.1 illustrates the liquid
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methanol and H,O concentration profiles across the anode diffusion media for MCO =0
(the ideal situation) and o = 3.0, 2.0, and 1.0, for the cell properties given in table A.1. It
IS important to note in these plots that a perfectly horizontal line signifies an equivalent
molar ratio of methanol to H,O at the backing layer (BL), flow channel interface and in
the anode catalyst layer (CL). These horizontal lines indicate the following equivalent

ratio (under steady-state conditions):

CH,OH reacted +
(CH ,OH crossed overj
H,O reacted +
( H,O crossed overJ

_(CH,0H )
(Hzo) ‘molar

fuel feed

(4.2)

molar

A smaller o decreases the denominator on the left-hand side of equation (4.2), and the
ratio on the right-hand side increases; a larger ratio on the right-hand side indicates a
higher fuel concentration. Correspondingly, in figure 4.1 we see that as o decreases, the
methanol concentration to maintain this equivalency (horizontal line) increases: roughly 2
—3M,4M, and 7 M for a = 3.0, 2.0, and 1.0, respectively. Note that a methanol
concentration with positive slope indicates a cell with a less than sufficient source of H,0O
from the cathode (i.e. losing too much water to the cathode through the membrane),
which will run short of water before methanol over time. These plots are very useful in
demonstrating that even for an ideal membrane that blocks all methanol transport from
the anode to cathode, developing an MEA with low (even negative) water crossover is
critically important in designing a DMFC with high energy density operating on highly

concentrated methanol fuel.
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Figure 4.1. Liquid CH30H and H,O concentration profiles for MCO =0, i = 150 mA
cm?, and: (a) a=3.0; (b) a=2.0, and (c) a = 1.0. Curves (1), (2), etc. stand for the
corresponding profiles for the various boundary methanol concentrations at x = 0. Note x
= 0 is at the anode BL and channel interface; x = 0.295 mm is at the anode CL and
membrane interface. Cell properties given in table A.1.

It is important to note in figure 4.1 that an increasing methanol concentration
towards the anode CL (positive x-direction) only implies a diffusion flux in the binary
liquid phase away from anode CL (negative Xx-direction). This does not imply a net
transport of methanol away from the anode CL, a fact which is illustrated by looking at
equation (4.1). Here we see that the capillary-induced liquid flow can facilitate a net flux
of methanol towards the anode CL (positive x-direction), against a concentration

gradient, when methanol concentration becomes high (large value of X,“"3°"). This is
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exactly what we see in figure 4.1, and the exact same concept holds for H,O transport
through the porous media.

In any realistic membrane, there is some degree of methanol crossover. The
methanol flux across the membrane is driven by EOD and diffusion, as given by
equations (2.5), (2.6), and (3.11). The methanol diffusion flux across the membrane is
obviously a function of the methanol concentration in the anode CL, and so too is the
EOD flux due to the EOD coefficient dependence on methanol concentration. Therefore,
for reasons of reducing the MCO, it is important to reduce the methanol concentration in
the anode CL. As shown in figure 4.2 (as well as figure 4.1), one effective way of
accomplishing this is by reducing a for a given methanol concentration. Physically, the
less water lost to the cathode side of the cell, the lower the methanol concentration in the
anode CL. Note that in figure 4.2, we set MCO = 0.1 to highlight this point; in reality,

the MCO is dynamically a function of the methanol concentration.
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Figure 4.2. Liquid methanol concentration profiles for MCO = 0.1, i = 200 mA cm™, and
a=3.0,2.0, 1.0, 0.0, and -1/6, for: (a) 10 M, (b) 5 M, and (c) 1.5 M boundary methanol
concentrations. Note x = 0 is at the anode BL and channel interface; x = 0.295 mm is at
the anode CL and membrane interface. Cell properties given in table A.1.

As an additional example of the importance of water management on using high
concentration methanol fuel, we give a hypothetical cell design with the MCO
determined dynamically, and membrane water crossover set to zero (a = 0.0). Figure 4.3
illustrates the liquid methanol and water concentration profiles in the anode under 10 M
MeOH boundary concentration. This cell has an additional porous barrier between BL

and CL with £ = 0.25, 6 = 120°, & = 250 um and all other properties the same as given in
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table A.1 for a BL. The methanol crossover ratio is simulated to be MCO = 0.13 at i =
250 mA cm which is due in large part to the reduction of methanol concentration in the
anode CL, as seen in figure 4.3. The point to take here is that if we can design an MEA
that reduces o ~ 0 while simultaneously adding a barrier to methanol and water transport
in the anode, we can operate the cell at a high fuel efficiency (MCO = 0.13) while using
concentrated fuel (10 M), all without external means of water recovery. Here, the barrier
between the anode BL and CL provides not only a high resistance to methanol transport,

but also prevents water from diffusing back from the anode CL into the fuel channel.
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Figure 4.3. Liquid CH30H and H,0 anode concentration profiles for o = 0.0, and i = 250
mA cm™. The extra layer between BL and CL has all BL properties given in table A.1
except € = 0.25, 0 = 120°, and & = 250 um. Note that x = 0 is at the anode BL and channel
interface.

One further example of the importance of water crossover on high concentration

DMFC performance is given in figure 4.4. Here we show fuel efficiency curves for o = -
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1/6, 0, 1, and 2 for (a) 5 M and (b) 3 M methanol fuel concentrations. Note that the fuel

efficiency is defined as

7, = ﬁ —1-MCO (4.3)

It is evident from figure 4.4 that the fuel efficiency increases with lower a as should be
expected from the previous discussions on reducing MCO via lower methanol
concentration in the anode CL. It should now be unambiguous how water management
plays a critical role for the use of concentrated methanol fuel in DMFCs, particularly

from an MEA design and performance standpoint.
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Figure 4.4. Fuel efficiency versus current density for: (a) 5 M and (b) 3 M methanol fuel
concentrations; note anode and cathode stoichiometries of 1.75 @ 150 mA cm. Cell
properties given in table A.1.

We would be remiss to end this chapter without a brief discussion of the role of
the membrane in water and fuel management. After all, the primary goal of fuel
management is to reduce the MeOH crossing from anode catalyst layer to cathode

catalyst layer, through the membrane, and the primary goal of water management is to
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reduce the transport of water from the anode catalyst layer to the cathode catalyst layer,
through the membrane. Tables 4.1 and 4.2 give the simulated membrane thickness and
H,O membrane diffusivity effects on o for an MEA design with hydrophobic anode and
cathode MPLs. It is seen that a thinner membrane and membrane with greater H,O
diffusivity actually reduce water loss to the cathode. Table 4.1 shows that o = 0.293 for a
membrane thickness of 50 um (roughly Nafion® 112) and o = 0.695 for a thickness of
175 pm (roughly Nafion® 117) from simulated results; table 4.2 illustrates that a
membrane H,O diffusivity of one order of magnitude greater reduces a to 0.05, while an
order of magnitude lower increases o to 0.878. Note that a lower water crossover to the
cathode with thinner membrane is in good qualitative agreement with the experimental
findings for low-a MEAs (see table 1.2), but goes against classic thinking developed for
traditional MEA designs. Therefore, an ideal membrane, as a component in a low-a
MEA, will have low methanol permeability, low methanol EOD, and high proton
conductivity, but high water diffusivity. Further, we should note that a thin membrane,
low-ao MEA can be designed to ensure low MCO (~ 0.1 — 0.2) at a given operating

current density.

Table 4.1. o versus membrane thickness at 200 mA cm™ with anode and cathode MPLs;
anode and cathode stoichiometries of 1.75 @ 150 mA cm™ with 3 M fuel. Cell properties
given in table A.1.

Omem/ pm o
50 0.293
100 0.527
150 0.654
175 0.695
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Table 4.2. o versus membrane H,O diffusivity at 200 mA cm™ with anode and cathode
MPLs; anode and cathode stoichiometries of 1.75 @ 150 mA c¢m™ with 3 M fuel; D,"%°
is the baseline value as given in table A.5. Cell properties given in table A.1.

DMemHZO a
Do %°x10 0.878
Do % 0293
Do 29x10* 0.050
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Chapter 5. Role of Hydrophobic Anode MPL in Reducing

Water Crossover

The traditional MEA for DMFCs has a BL and CL on each side of the membrane.
However, with the advent of low-a MEA technology, it has become common to use a
hydrophobic MPL between the cathode BL and CL, in effort to reduce the water
crossover [55,56,57, 58,59,63,64,66]. As mentioned in Chapter 1, Liu [61,62] and Park
et al. [65] have recently further demonstrated experimentally that the inclusion of a
hydrophobic anode MPL further significantly lowers a.

Our primary goal in this chapter is to develop a theoretical explanation of the
observed water crossover reduction with the inclusion of a hydrophobic anode MPL.
Further, based on the developed theory, we will determine parametrically the properties
which make a more effective hydrophobic anode MPL, in terms of water crossover
reduction. Finally, we briefly discuss the effects of the hydrophobic cathode MPL, why
an MEA with both hydrophobic anode and cathode MPLs is most effective, and
specifically, how the anode and cathode MPLs work together in an MEA to reduce water

Crossover.

5.1 Theoretical explanation of water crossover reduction with

hydrophobic anode MPL

Table A.2 gives the baseline DMFC parameters used for the results presented in
figures 5.1 through 5.10. Figure 5.1(a) illustrates the net water transport coefficient

versus cell current density, and figure 5.1(b) gives the EOD, diffusion, and hydraulic-
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permeation components of a both for the baseline cell with and without the aMPL. Note
that the o components are simply the HoO membrane flux components given in eq. (2.1)

H20

times (F/i) (e.9. azop =Ny -~ ). The effectiveness of the hydrophobic aMPL in reducing a

is clear from these plots; without the aMPL present, a is ~ 2.0 - 2.2, but is reduced to 0.25
— 0.4 with the aMPL in the operating current density range of 150 — 200 mA cm™. Figure
5.1(b) clearly shows that the MEA with aMPL has significantly lower EOD and
significantly greater back diffusion from cathode to anode. The near-zero value of ayp IS
in part due to the fact that we are simulating a cell with the same CL and MPL properties
on each side of the membrane, thereby making it difficult to generate a large gradient of
liquid pressure across the membrane. The liquid saturation profiles given in figure 5.2
for various current densities help to explain physically how the hydrophobic aMPL
causes this considerable reduction in a. At each of the three current densities, the liquid
saturation level in the aCL is lower with the hydrophobic aMPL present than without.
This reduction in aCL saturation acts to both reduce the EOD coefficient and increase the
difference in water content across the membrane, thereby increasing back diffusion from
cathode to anode.

The lower liquid saturation level in the aCL is caused by the hydrophobic nature
of the aMPL in the following manner. The saturation level in the aMPL is far lower than
in the aBL due to the continuous capillary saturation condition at their interface, and
subsequent saturation jump. At a lower saturation level, the liquid-phase relative
permeability is much lower. As evidenced by equation (3.41), for a given liquid flux, a
significantly lower k; leads to a greater gradient in liquid saturation, ds/dx, and a

significantly larger drop in saturation over the aMPL thickness, when compared with an

92



equivalent length aBL section. This large drop in liquid saturation over the thickness of

the aMPL ultimately leads to a significantly different capillary pressure, p., at the aCL

interface, as compared with only aBL present. As per equations (2.20a) and (2.20b), this

different capillary pressure leads to a reduced saturation level in the aCL. It is therefore

the saturation jump at the aBL/aMPL interface coupled with the low liquid-phase

permeability at low saturation (in the aMPL) that lead to the low aCL saturation, and the

reduction in o as described. Put simply, the hydrophobic nature of the anode MPL acts as

an inhibitor to the liquid flow from anode flow channel to anode CL, and this ultimately

leads to a dryer aCL. This dryer aCL effectively acts to increase back diffusion of H,O

from the cCL, reduce the EOD of H,O, ultimately leading to a lower a.
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Figure 5.1. (2) Net water transport coefficient (o) and (b) electro-osmotic drag (EOD),
diffusion (diff), and hydraulic pressure (HP) a components vs. cell current density with

and without hydrophobic anode micro-porous layer (aMPL). Cell properties and

simulation parameters given in table A.2.
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Figure 5.2. Saturation profiles with and without hydrophobic anode micro-porous layer
(aMPL); () i = 50 mA cm™, (b) i = 100 mA cm, (c) i = 150 mA cm™. Cell properties
and simulation parameters given in table A.2.

From figure 5.3 we see that in addition to reducing the water crossover, a
hydrophobic aMPL also slightly reduces the methanol crossover to the cathode. At any
given current density, it is evident from figure 5.3 that the MCO is lower with
hydrophobic aMPL present, i.e. the fuel efficiency is higher. This is a direct consequence
of the dilution effect a lower o has on the methanol concentration in the aCL as discussed
in chapter 4. Figure 5.4 further illustrates this point, showing the methanol and H,O

liquid concentration profiles in the anode with and without hydrophobic aMPL at i = 150
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mA cm? Here we see that with the hydrophobic aMPL present, the methanol
concentration is less than, and the H,O concentration is greater than their corresponding
values without the aMPL. From equations (2.6) and (3.11) we see that the EOD and
diffusion components of MeOH crossover are both increasing functions of the methanol

concentration in the aCL, and hence it is clear that the dilution effect causes a lower

MCO.
1r
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Figure 5.3. Methanol crossover ratio (MCO) vs. cell current density with and without

anode micro-porous layer (aMPL). Cell properties and simulation parameters given in
table A.2.

95



_ a 3
-~ =p[C
15K L - 55
s 1 54 2
5 Q
s T _
O
©05 53
Solid: w/aMPL
Dashed: w/o aMPL 1
. . ]
OO 0.1 0.2 0.352

x/mm
Figure 5.4. Liquid CH3OH and H,0 anode concentration profiles with and without
hydrophobic anode micro-porous layer (aMPL) at i = 150 mA cm. Cell properties and
simulation parameters given in table A.2.

5.2 Parametric study — effect of anode MPL properties

Contact angle

Figure 5.5 shows the a versus current density curves for a cell with the baseline
parameters given in table A.2, except with varying aMPL contact angle. It is evident that
a higher contact angle (i.e. more hydrophobic to methanol-water solutions) yields a lower
water crossover, with o ranging from ~ 1.3 - 1.6 for O,yp. = 110° to ~ 0.1 — 0.2 for OavpL
= 125° in the current density range of i = 150 — 200 mA cm™. Figure 5.6 illustrates that
the greater hydrophobicity acts to increase the saturation jump at the aBL/aMPL
interface, thereby reducing the saturation level in the aMPL. As described in section 5.1,
this lower aMPL saturation level ultimately acts to reduce the liquid saturation level in

the aCL, thereby reducing o. Summarized physically, a greater anode MPL
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hydrophobicity creates a greater resistance to liquid flow, a drier anode catalyst layer, and
ultimately a lower a, by pulling in more water from the cathode catalyst layer via back
diffusion, and reducing the EOD of water. With regards to figure 5.6, it is worth
mentioning that the changing saturation profile on the cathode side of the membrane,
caused by changing anode MPL contact angle, occurs simply due to a new equilibrium
membrane water flux being reached with different anode MPL properties. Obviously,
different anode MPL properties have no direct influence on anything that happens on the

cathode side of the membrane.
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Figure 5.5. Net water transport coefficient (o) vs. cell current density for anode micro-
porous layer (aMPL) contact angles 0,vp. = 110°, 115° 120°, and 125°. Cell properties
and simulation parameters given in table A.2.
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Figure 5.6. Liquid saturation profiles for anode micro-porous layer (aMPL) contact
angles Oavp = 110°, 115°, 120°, and 125°% i = 150 mA cm™. Cell properties and
simulation parameters given in table A.2.

Permeability

Figure 5.7 shows the a versus current density profile for baseline cell parameters,
given in table A.2, except for variable aMPL permeability. This plot shows that a lower
anode MPL permeability leads to a reduction in o, which is seen to be ~ 1 - 1.25 for a
permeability 50% greater than the baseline value, and 0.025 - 0.04 for a permeability
25% below the baseline value in the range i = 150 — 200 mA cm™. Figure 5.8 shows that
a lower aMPL permeability increases the saturation jump at the anode MPL and backing
layer interface, thereby reducing the saturation level in the aMPL, leading to a greater

resistance to liquid flow. A lower aMPL permeability also directly leads to a greater
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resistance to liquid flow, giving a greater saturation gradient in the aMPL. Both of these
effects lead to a lower saturation in the aMPL at the aCL interface, and ultimately a

reduction in the aCL saturation and lower a, as described in section 5.1.
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Figure 5.7. Net water transport coefficient (o) vs. cell current density for normalized
anode micro-porous layer (aMPL) permeabilities of 0.75, 1.0, 1.25, and 1.5 with respect
to the baseline value of 2.0x10™ m?. Cell properties and simulation parameters given in
table A.2.
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Figure 5.8. Liquid saturation profiles for normalized anode micro-porous layer (aMPL)
permeabilities of 0.75, 1.0, 1.25, and 1.5 with respect to the baseline value of 2.0x10™"
m?; i = 150 mA cm. Cell properties and simulation parameters given in table A.2.

Thickness

Finally, figures 5.9 and 5.10 show the a versus current density and saturation
profile plots for MEAs with baseline parameters given in table A.2, but with different
aMPL thicknesses. From figure 5.9 we see that a thicker aMPL acts to reduce a, being ~
0.4 - 0.52 for an aMPL thickness of 25% below the baseline value, and ~ 0.12 - 0.2 for an
aMPL thickness 50% above the baseline value, again for i = 150 — 200 mA cm™. As
shown in figure 5.10, the aMPL thickness obviously does not affect the saturation jump at
the aBL/aMPL interface, but it does reduce the saturation level in the aCL simply due to
the fact that it creates a longer distance over which the liquid must be transported, i.e. a

greater resistance to liquid flow.
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Figure 5.9. Net water transport coefficient (a) vs. cell current density for normalized
anode micro-porous layer (aMPL) thicknesses of 0.75, 1.0, 1.25, and 1.5 with respect to a
baseline thickness of davpL = 20um. Cell properties and simulation parameters given in
table A.2.
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Figure 5.10. Liquid saturation profiles for normalized anode micro-porous layer (aMPL)
thicknesses of 0.75, 1.0, 1.25, and 1.5 with respect to a baseline thickness of daupL =
20pm; i = 150 mA cm; note that curves for 1.0, 1.25, and 1.5 have been shifted to align
the membrane for all thicknesses. Cell properties and simulation parameters given in
table A.2.

101



5.3 Anode and cathode MPL combination

Before concluding this chapter, we should briefly discuss how hydrophobic
anode and cathode MPLs work together to most effectively reduce o. Note that all results
presented thus far in this chapter are for MEAs with both anode and cathode MPLs.

Table 5.1 shows the simulated o and MCO values for four different MPL
combinations at a typical operating current density of 200 mA cm™ for the cell given in
table A.1: no MPLs, cathode MPL only, anode MPL only, and anode and cathode MPLs.
It is seen that the incorporation of a hydrophobic cathode MPL slightly reduces o (1.97
without MPLs to 1.52 with cathode MPL at 200 mA cm), but the use of a hydrophobic
anode MPL reduces o more drastically (1.97 without MPLs to 0.544 with anode MPL at
200 mA Cm'z). The use of both anode and cathode hydrophobic MPLs lowers o the
greatest (1.97 without MPLs to 0.293 with both MPLs at 200 mA cm™). Further, note
that the incorporation of hydrophobic anode and cathode MPLs also slightly reduces the
MCO (on the order of 10%). These simulated results for MPL effects on both a and
MCO are in qualitative agreement with experimental observations and the theory

presented by several researchers [57,58,61,62,63,64,65].

Table 5.1. a and MCO values for four MPL combinations at 200 mA c¢m’2; anode and
cathode stoichiometries of 1.75 @ 150 mA cm™ with 3 M fuel. Cell properties given in
table A.1.

o MCO

No MPLs 1.97 0.345
Cathode MPL 1.52 0.327
Anode MPL 0.544 0.305
Two MPLs 0.293 0.294
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The theory of how hydrophobic anode and cathode MPLs act together to reduce
water crossover is elucidated by analyzing the liquid saturation profiles given in figure
5.11. In figure 5.11a, we see that the cathode MPL acts to increase the liquid saturation
level in the cathode CL, thereby increasing the back diffusion of H,O into the aCL. The
hydrophobic cathode MPL leads to a higher liquid pressure at the cathode MPL/CL
interface, and because the liquid pressure is uniform across the interface, a corresponding
higher liquid saturation level in the cathode CL. Physically, there is a source of H,O in
the cathode CL, and this product water is trying to move to the cathode flow channel
(positive x-direction). The hydrophobic nature of the cathode MPL helps to inhibit the
flow of liquid water out of the cathode CL, which leads to the higher saturation in the
cathode CL.

The effects of a hydrophobic aMPL alone on saturation profile are given in figure
5.11b; the combined effects of aMPL and cMPL on saturation profile are given in figure
5.11c. The physical explanation of why an aMPL is effective in reducing water crossover
was already given in section 5.1. As noted in table 5.1, the inclusion of both aMPL and
c¢MPL reduces a the most. This should come as no great surprise, due to the fact that an
anode MPL and cathode MPL individually reduce a, and as illustrated in figure 5.11c,
inclusion of two MPLs creates simultaneously a drier anode CL and a wetter cathode CL,
leading to the greatest back-diffusion of H,O, a reduced EOD of H,0, and lowest a. We
should mention that the presence of back diffusion of H,O from cathode to anode - which
is most significant with both anode and cathode MPLs present - is precisely the reason
that a thin membrane is generally a necessity in low-a MEAs; the thinner the membrane,

the greater the flux of H,O back diffusion.
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Figure 5.11. Liquid saturation profiles at i = 200 mA cm™ for: (a) cathode MPL, (b)
anode MPL, and (c) anode and cahtode MPLs. Note all hydrophobic MPLs with assumed
properties given in Table A.1; anode and cathode stoichiometries of 1.75 @ 150 mA cm™
with 3 M fuel; x = 0 is at the anode BL and channel interface.
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Chapter 6. MEA Design and Theory for High

Concentration Methanol Fuel Cells

In the previous chapter, we used fairly low concentration fuel and centered our
efforts on reducing water crossover by the incorporation of a hydrophobic anode MPL.
Because achieving a low o value is a critical prerequisite for using highly concentrated
fuel, to date, the low-a literature has likewise generally centered on ways to first reduce
a, while only using methanol fuel of about 2-3 M concentration. This is typically done in
order to avoid additional complications associated with the use of highly concentrated
fuel -- namely a high rate of methanol crossover and poor performance. In this chapter
we extend the low-o MEA concept and present a novel MEA design with hydrophobic
aMPL and additional anode transport barrier (aTB) between anode backing layer and
aMPL. The primary role of the aMPL in this design is to minimize the amount of water
that crosses through the membrane to the cathode; the primary role of the aTB is to act as
an obstruction to methanol and water diffusion between the flow channel and the aCL.
As such, the aMPL and aTB work in concert with one another to yield an MEA that
realizes low a and low MCO while using concentrated methanol fuel.

In this chapter, our novel MEA design is described in detail, but more
importantly, the physics of how such a design is successful is elucidated. Further, we
perform a parametric study to investigate what aTB properties make a more effective
aTB. Finally, to tie this work in with our overall goal of increasing the DMFC system
energy density, we introduce a design method for determining the most efficient fuel
concentration to carry in the system fuel tank for a high concentration methanol fuel cell
(HC-MFC), based on the MEA to be used.
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6.1 Roles of aTB and aMPL

Figure 6.1 illustrates the liquid methanol and H,O concentration profiles at 175
mA cm for the baseline cell given in table A.3, and the same cell without the aTB
present. Here we see that in the anode transport barrier (0.26 mm < x < 0.52 mm) there is
a large gradient in both liquid CH3;OH and H,O concentrations. This implies that the
anode transport barrier poses an obstruction to methanol diffusion from the flow channel
towards the aCL and H,O back-diffusion in the opposite direction. Thus, the aTB
facilitates a water-rich aCL, thereby allowing us to use concentrated methanol fuel while
still realizing a low MCO (i.e. high fuel efficiency). This point is illustrated in Figure
6.2, which shows the simulated MCO versus current density for the baseline cell and the
same cell without the aTB; here, using 10 M fuel, we see that, roughly, MCO < 0.3 for i
> 150 mA cm™ with aTB present. Noting that the methanol EOD coefficient, ng"*°", is
an increasing function of methanol concentration, we see from equating equations (2.5),
(2.6), and (3.11) that a lower aCL methanol concentration reduces both diffusion and
EOD components of the methanol crossover.

As pointed out in chapter 4, due to the capillary-induced liquid flow in the porous
media, there is a net transport of liquid from the anode flow channel towards the aCL;
therefore the concentration gradients, as observed in figure 6.1, only imply the effect of
the aTB on diffusive transport. Further, as illustrated in Figure 3.2, due to the binary
nature of the CH3;OH/H,O mixture, if the concentration of CH3OH goes down, the
concentration of H,O must necessarily go up. This, of course means that any layer that

acts as a barrier to methanol diffusion towards the aCL necessarily also acts as a barrier

to H,O diffusion towards the channel.
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Figure 6.1. Liquid CH3OH and H,O concentration profiles with and without aTB; aMPL
present. Note that without aTB present, the aMPL is at (0.26 mm < x <0.28 mm) and the
aCL is at (0.28 mm < x < 0.295 mm); i = 175 mA cm™; cell properties and simulation
parameters given in table A.3.
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Figure 6.2. MCO vs. current density with and without aTB; aMPL present; cell properties
and simulation parameters given in table A.3.

The liquid saturation profile for the baseline cell given in table A.3, at an
operating current density of 175 mA cm™, is shown in figure 6.3. Note the high liquid

saturation of s ~ 0.85 in the aTB region, as compared with s ~ 0.8 in the aBL. As we will
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elucidate further in the next section, properties that create this high liquid saturation level
coupled with a low porosity (¢ = 0.25, as listed in table A.3) are what make the aTB an
effective obstruction to diffusion. As illustrated by equations (3.15a) and (3.15b), a low
porosity directly reduces the effective diffusivity in both the liquid and gas phases. A
higher liquid saturation level increases the liquid phase effective diffusivity and decreases
the gas phase effective diffusivity. Because species transport can take place in either the
liquid or gas phases, this shift in effective diffusivities essentially increases the resistance
to diffusion transport in the gas phase and reduces it in the liquid phase. Seeing how the
molecular diffusivity in the liquid phase is ~ 10° m?s™ compared with ~ 10° m?s™ in the
gas phase, the ultimate effect of the greater liquid saturation is a greater overall resistance

to transport via diffusion.
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Figure 6.3. Anode and cathode liquid saturation profiles for baseline cell; i = 175

mA cm™; cell properties and simulation parameters given in table A.3.

While the aTB facilitates the use of high concentration methanol fuel by hindering
CH30H and H,O diffusion between the flow channel and the aCL, it does not directly
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address the critical issue of membrane water transport and steady-state source of water
supply into the aCL. As shown in figure 6.4, the inclusion of the aTB actually slightly
increases a. This is most likely due to the corresponding drastic increase in MCO
without the aTB, which leads greater H,O production in the cCL and hence more back-
diffusion of H,O leading to slightly lower a. However, as we should expect from the
physics revealed in the last chapter for an MEA without aTB, from figure 6.4, we see that
the hydrophobic aMPL is clearly the primary reason for low a in the baseline cell with

aTB (a ~ 0.35 with aMPL; o ~ 2.0 without aMPL at 175 mA cm™).

i Baseline
- === == w/o aTB
i ,f—"'--»-,\ - —=—- - w/oaMPL
- [‘ l\'\,
~
2 1 TS
|/ \\~~
3

! | ! ! | !
OO 100 200 300
i/ mA cm?
Figure 6.4. a vs. current density for baseline cell, baseline cell without aTB, and baseline
cell without aMPL; cell properties and simulation parameters given in table A.3.

Analyzing figures 6.5 and 6.6, we see that in addition to simply reducing a, the
aMPL also makes the aTB more effective. Figure 6.5 shows that the lower o realized by
using an aMPL makes the aCL more water-rich, as the liquid H,O concentration is
higher, and the liquid methanol concentration is lower in the aCL with aMPL present.

Note that without the aMPL present, the concentration profiles, particularly in the anode
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transport barrier, have greater curvature. This is directly attributable to the greater a
without aMPL, which physically means a greater capillary-induced liquid flow, and
hence a greater transport of MeOH via convection (see equation (4.1)). Ultimately this
greater convective transport of MeOH without anode MPL leads to a higher MeOH
concentration in the anode CL, and as discussed previously, a higher rate of MeOH
transport across the membrane by both EOD and diffusion. Figure 6.6 further highlights
this point by showing that a significantly lower MCO is realized over the entire current
density range with aMPL present (e.g. at i ~ 175 mA cm?, MCO ~ 0.15 with aMPL;

MCO ~ 0.57 without aMPL).

8,_ aBL— e aTB— > |

Solid: w/aMPL

~ Dashed: w/o aMPL

L L L L I L L L L I L L L L I L L L L I L L L L I
O0 0.1 02 03 04 05
x/ mm
Figure 6.5. Liguid CH3OH and H,O concentration profiles with and without hydrophobic
aMPL; aTB present; i = 175 mA cm; cell properties and simulation parameters given in
table A.3.
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Figure 6.6. MCO vs. current density with and without hydrophobic aMPL; aTB present;
cell properties and simulation parameters given in table A.3.

The underpinning concept to be take from figures 6.1 through 6.6 with regards to

the direct use of concentrated methanol fuel is that the aTB and aMPL work in

conjunction with one another. This is best summed up by the sketch given in figure 6.7,

which highlights the aTB acting as a hindrance to diffusion of CH3;OH and H,O between

flow channel and aCL, while the aMPL essentially creates a source of water flowing into

the aCL by reducing the amount of water crossing the membrane (low a). These two

effects lead to a more water-rich aCL, and corresponding lower MCO.
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Figure 6.7. Schematic of how the aTB and aMPL work together to create water-rich aCL.

6.2 Effect of aTB properties on a and MCO

The effect of variable aTB contact angle is shown in figure 6.8. As illustrated in
figure 6.8 (a), the main effect of an increasing aTB contact angle is to reduce the liquid
saturation level within the aTB. However, as shown in figure 6.8 (b), this increasing
hydrophobicity has a very minimal effect on o, as there is no discernable difference for
various aTB contact angles at operating current density (~ 175 mA cm?). We have
discussed at great length the fact that a hydrophobic aMPL reduces a. This naturally
begs the question, “Why does an increasing aMPL contact angle significantly reduce o,
while an increasing aTB contact angle has such little effect on a?” The answer has to do
with the relatively high liquid saturation level of s ~ 0.5 in the aTB even with 0415 = 130°
(figure 6.8 (a)); when compared with an aMPL with the same contact angle, the aTB has
higher liquid saturation level primarily due to differences in other assumed properties.
With reference to equation (3.41), because the relative liquid-phase permeability, ky, is a

strong increasing function of the liquid saturation, for the same flux in the liquid phase,
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N, at lower values of s the gradient in liquid saturation will be much greater. Physically,
the fact that s ~ 0.5 in the aTB with 0,7g = 130° means that there is only small resistance
to liquid flow when compared with an MPL; hence, there is little drop in liquid saturation

level over the aTB, correspondingly little effect on the saturation level in the aCL, and

ultimately little effect on a.
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Figure 6.8. Effect of aTB contact angle: (a) anode liquid saturation profiles at i = 175 mA
cm?, (b) a vs. current density, (c) MCO vs. current density, (d) liquid CH3;OH and H,O
concentration profiles at i = 175 mA cm; cell properties and simulation parameters
given in table A.3.
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Figure 6.8 (c) illustrates that a higher aTB contact angle leads to a higher MCO.
We see in figure 6.8(d) that this higher MCO with increasing contact angle is due to the
aTB becoming a less effective barrier to methanol and H,O diffusion. These results
should come as no surprise in light of the contact angle effect on liquid saturation given
in figure 6.8(a), and the physical explanation given previously of what makes an effective
aTB. These results further imply that the most effective aTB may actually be
hydrophilic, which would yield a layer with nearly 100% liquid saturation. Liu and
Wang [62] noted that a hydrophilic aMPL (in an MEA without aTB), while causing a
larger a, also reduced the limiting current density. This implies that the hydrophilic
aMPL was a greater barrier to methanol diffusion toward the aCL and H,O back-
diffusion, which is exactly the goal of the aTB. The authors [62] attributed this increased
transport resistance to the porosity of a hydrophilic aMPL being lower than that of a
similar PTFE-treated hydrophobic aMPL as a result of the former’s swelling as a
consequence of its Nafion® treatment. We theorize from the results of this work, that the
effectiveness of a hydrophilic anode layer (aMPL or aTB) in being a barrier to CH3OH
forward and H,O back-diffusion is due not only to a lower porosity, but also simply to its
hydrophilic nature, and corresponding high liquid saturation level.

The effect of variable aTB permeability is shown in figure 6.9. In figure 6.9 (a),
we see that a larger aTB permeability leads to a higher liquid saturation level. Using the
same logic as with the variable aTB contact angle, we see in figure 6.9 (b) that this
greater liquid saturation level leads to a more effective barrier to methanol and H,0O
diffusion, highlighted by the larger methanol and H,O gradients in the aTB. The greater

resistance of course yields the lower MCO with greater aTB permeability, as shown in
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figure 6.9 (c). Finally, figure 6.9 (d) shows that a variable aTB permeability - at least in

the range tested here - has little effect on a. By analyzing figure 6.9 (a) and thinking

once again with reference to equation (3.41), this minimal effect on o can be attributed to

the liquid saturation level remaining relatively high in the aTB.
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Figure 6.9. Effect of aTB permeability: (a) anode liquid saturation profiles at i = 175 mA

current density, (d) a vs. current density; all permeability values normalized by the
baseline value of 1.0x10™“m?; cell properties and simulation parameters given in table
A3.

cm, (b) liquid CH3OH and H,O concentration profiles at i = 175 mA cm, () MCO vs.

Variable aTB thickness effect is illustrated in figure 6.10. It should come as no

great surprise that a thicker aTB acts as a more effective barrier to methanol and H,O

diffusion, as highlighted in figure 6.10 (a). Naturally, this leads to a lower MCO with
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thicker aTB, as highlighted in figure 6.10 (b). Finally, figure 6.10 (c) shows that the
varying aTB thickness has no discernable effect on a. This again should be expected by
analyzing the saturation level given in figure 6.3, which shows that for the aTB properties
modeled (figure 6.10 has baseline cell properties, but with variable aTB thickness), the

liquid saturation remains at the relatively high level of s ~ 0.85.
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Figure 6.10. Effect of aTB thickness: (a) liquid CH30OH and H,O concentration profiles at
i =175 mA cm, (b) MCO vs. current density, (c) a vs. current density; all thicknesses
normalized by the baseline value of 260 um; cell properties and simulation parameters
given in table A.3.
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6.3 Effect of aMPL properties on a and MCO

The parametric effect of aMPL contact angle, permeability, and thickness on o
and MCO are summarized in figures 6.11 and 6.12, respectively. In figure 6.11 we see
that an aMPL with greater contact angle. (i.e. more hydrophobic), smaller permeability,
and greater thickness reduces a. It is further evident from figure 6.12 that these same
parameters that reduce a also result in a slight reduction of MCO. As we expected, these
parametric effects for the anode MPL properties are exactly as we saw in the previous
chapter for an MEA without an aTB; we include figures 6.11 and 6.12 here simply to
verify that the anode MPL properties have the same effects in an MEA that also includes

an aTB.

117



-(a)

0, = 115°, 120°, 1250

- (b)

Ko Kot = 0.5,1.0,1.5

07 L I IR TTTTT I I I I - et |
0 50 100 150 200 0 50 100 150 200
il mA cm i/ mA cm?
3r(©
2 -

dampL/BampLpl = 0.5,1.0,1.5

100 150
i/ mA cm™

Figure 6.11. a vs. current density for various (a) aMPL contact angles, (b) aMPL
permeabilities, and (c) aMPL thicknesses; cell properties and simulation parameters
given in table A.3 (including baseline values used for normalization).
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Figure 6.12.MCO vs. current density for various (a) aMPL contact angles, (b) aMPL
permeabilities, and (c) aMPL thicknesses; cell properties and simulation parameters
given in table A.3 (including baseline values used for normalization).

6.4 Determining most efficient fuel concentration for HC-MFC

With our aTB MEA designed for a HC-MFC, in this section we turn our attention
to determining the most efficient fuel concentration to carry in the fuel tank as part of a
DMFC system design; this type of procedure could be carried out by a design engineer.
By “most efficient” here, we mean the most efficient use of system volume, weight, etc.,
as the goal is to minimize or eliminate the need to carry excess H,O or CH3OH in the

system, all while utilizing only internal water management. We will assume that our
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MEA is designed with baseline aTB, and baseline aMPL properties as given in table A.3,
but with a thickness of 30 um in effort to reduce a. A typical operating condition for a
DMFC is at a current density of ~ 80-90% of the limiting current density (i.e. just before
the mass transport limiting region); this operating point typically yields a reasonable
tradeoff between good performance (voltage or power), and high fuel efficiency (low
MCO). At this operating point, MCO is typically ~ 0.2 for a well-designed MEA, so we
will use MCO = 0.2 in this example as our design point criteria.

The MCO = 0.2 curve in figure 1.9 will serve as the guide for choosing a fuel
concentration which yields optimal use of our system volume, for a DMFC utilizing the
prescribed MEA. This process is iterative, as we do not know what o value the simulated
MEA will yield a priori, and because a is also a function of the fuel concentration used.
However, as o is primarily determined by aMPL properties, from figure 6.11, we can
hypothesize that this MEA will yield o ~ 0.2. Looking at the MCO = 0.2 curve at o ~ 0.2
in figure 1.9, we find a corresponding fuel concentration of ~ 14 M, which is the value
that we will choose for our first simulation. Table 6.1 shows the results of this simulation
at MCO = 0.2, listed as iteration 1. We see from this data that the actual o value
corresponding to 14 M fuel is a = 0.137, meaning that our initial guess was fairly
accurate. Turning our attention once again to figure 1.9, we see that o = 0.137, the
optimal fuel concentration is actually closer to 14.5 M, and we therefore make a second
simulation at this value. Table 6.1 illustrates that for c,™°" = 14.5 M, a = 0.131 for
MCO = 0.2; for our purposes, this is clearly accurate enough, as the ¢,*™*°" = 14.5 M, «
= 0.131 point essentially lies on the MCO = 0.2 curve in figure 1.9. This means that the

proposed MEA design will allow us to directly use ~ 14.5 M fuel in an energy dense
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DMFC system, while operating at a fuel efficiency of ~ 80%, without any external means

of water recovery.

Table 6.1. Iterations for determining the most efficient fuel concentration for MEA with
baseline aTB and baseline aMPL in table A.3 but with 30 pm thickness.

Iteration Fuel Concentration, Simulated i @ Simulated o @
Co- O M MCO = 0.2/ mA cm™ MCO =0.2
1 14 201.75 0.137
2 145 206.75 0.131
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Chapter 7. Performance-Based Figure-of-Merit for DMFC
Membranes

In the membrane community, a commonly used figure of merit (FOM) for
evaluating DMFC membranes is the membrane's selectivity, defined as the ratio of H*
conductivity to methanol permeability [46,47,88,89,90,91]. The idea behind this FOM is
clear: qualitatively we would like to have lower methanol permeability to reduce
methanol crossover from the anode to cathode, and we would like to keep the H*
conductivity as high as possible so as not to induce a large ohmic loss from the
membrane. However, a key question remains: how appropriate is the membrane
selectivity, defined by a linear relation between proton conductivity and methanol
permeability, in accurately depicting overall membrane performance in a DMFC at
common operating conditions?

In the traditional DMFC membrane electrode assembly [46,47,88,89,90,91], the
membrane plays the critical role in methanol crossover reduction, as high concentration
fuel is ideally introduced directly into the anode flow channel. However, as described in
chapters 4 through 6, a burgeoning area of research pertaining to DMFCs is advanced
MEA designs developed for simultaneous water and fuel management. Again, these
advanced MEA designs have two goals: facile water transport from the cathode to anode,
and reduction of methanol concentration in the anode catalyst layer at operating
conditions in effort to reduce MCO due to both diffusion and electro-osmotic drag
[48,56,57,58,59,61,62,64,65,81]. Additionally, as discussed in chapter 1, there have been

many designs developed with the intent of reducing the methanol concentration prior to

122



its entrance into the anode diffusion media ("upstream MCO mitigation™),
[49,50,51,52,53] such as fuel circulation loops and fuel/water mixing chambers. For both
the advanced MEA and upstream MCO mitigation concepts, the membrane plays a less
critical role in reducing MCO.

In this chapter our primary goal is to systematically study the performance of a
DMFC with traditional MEA under common operating conditions and determine whether
or not the traditionally used selectivity is the best indicator of performance. Our second
goal is to study the performance of two nontraditional DMFCs. The first nontraditional
DMFC incorporates the low-o MEA described in chapter 5, and the operating conditions
specified mimic a DMFC system design with upstream MCO mitigation. The second
nontraditional DMFC uses the advanced low-a MEA design described in chapter 6,
which incorporates an anode transport barrier in order to help mitigate MCO. Once
again, with these two nontraditional designs we determine a proper performance-based
FOM and compare this FOM with the one determined for the traditional DMFC design.

In effort to develop a quantitative performance-based FOM for the membrane, we

define the following generic relationship:

+
xcH /
HT
Kpi

MeOH
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em /M OH
e
Prem bt

q

FOM = (7.1)

where k" = baseline ionic conductivity (S m™)

PHe0H, | = baseline membrane MeOH permeability (m*s™)

The idea here is simple. First, note here that g = 1 gives the FOM as a non-dimensional

form of selectivity. We know parametrically that greater membrane ionic conductivity
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and lower membrane methanol permeability are advantageous; the goal here is to
determine the proper proportionality of these two membrane properties, i.e. the value of g

in equation (7.1). Note a greater value of g indicates that, relative to one another, kK" is

more important, and P}/¢%H is less important in predicting DMFC performance.

If we plot the cell potential versus the FOM for different values of g, the value of
g which yields the most accurate FOM for membrane performance will best reduce the
data onto a clearly-defined trend line. This is precisely the approach that we take in the
next three sub-sections for the three MEAs mentioned. For each MEA we plot the cell

potential versus FOM for 30 data points generated with our DMFC model for varying

HY MeOH
values of [K /KH+ and Phem /[P)MQOH . As it is physically difficult to alter a
bl

Mem ,bl

membrane's methanol permeability without simultaneously affecting its water diffusivity,
we simulate two cases for each MEA type: first we change P}¢9% while keeping
Dmem' 2° constant, and second we change PMe%7 while keeping the ratio PYH IDyem ' 2°

constant.

7.1 Traditional MEA

The relevant properties of the traditional MEA are listed in table A.4. The thick
membrane (175 pm) and no MPLs are both common characteristics of a traditional MEA.
Note in table A.4 that we introduce 10 M fuel into the anode flow channel. Figures 7.1
and 7.2 give plots of the cell voltage at an operating current density of 150 mA cm™

versus figure of merit for (a) g =1, (b) g=2, (¢) q=3,and (d) g =4. In figure 7.1 we
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assume a constant Dyien 2 while changing PY¢0H for different FOM, and in figure 7.2

we keep the ratio P}/¢%H IDyem 2° constant over all values of P}i¢9H

The deviation from trend lines at high FOM values are for the data points with the
highest value of k"'* and the lowest value of P}¢% in our data set. This deviation can be
explained by a diminishing rate of return after increasing ™" and/or decreasing P}coH
past a certain level. As illustrated by equations (1.21) and (3.44), increasing membrane
conductivity past the point where the ohmic overpotential is no longer a significant
portion of the overall voltage loss, has very little effect on the cell voltage. Likewise,
decreasing P}¢9H past the point where methanol diffusion across the membrane has
essentially been eliminated, has very little consequence on the cell voltage. Based on this
physical explanation, we assume that these three data points fall outside the range of
applicability for our FOM, denote them with an open diamond in figures 7.1 and 7.2, and
do not include them in our data correlation (i.e. calculation of our coefficient of
determination, R?).

We should mention that even if methanol permeation across the membrane is
eliminated, there is still transport via electro-osmotic drag, and corresponding cathode
performance loss. This point is emphasized by looking at equations (2.5), (2.6), and
(3.11) for membrane MeOH crossover. Note in these simulations that we have assumed
the methanol EOD coefficient is proportional to the methanol concentration in the anode

catalyst layer, and that the EOD coefficient is unaffected by the various values of P}¢9H

assumed for changing FOM.
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constant; hollow diamonds are considered outliers; cell properties and simulation

parameters given in table A.4.
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Figure 7.2. Traditional MEA; a) g=1,b) q=2,¢) q =3, ) q = 4; (PY%" IDyjem ) is

held constant; hollow diamonds are considered outliers; cell properties and simulation
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parameters given in table A.4.
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The most accurate performance-based FOM is given by the value of the exponent
g, for which the cell potential most readily reduces along a clearly-defined trend line.
This being the case, we can plot the coefficients of determination, R?, from the cell
potential versus FOM plots (figures 7.1 and 7.2) versus the value of g, and the value of q
which vyields the highest R? value will indicate the most accurate performance-based
figure of merit. This is exactly the plot given in figure 7.3 for the traditional MEA, for
both Dyiem 2° held constant and P}¢%H /Dyem 2 held constant. We see from figure 7.3,

that for both of these cases, an exponent of q ~ 2.75 yields the most accurate FOM.

0.95

0.9
(o]
o4
0.85
0.8
0.75
1 1.5 2 2.5 3 3.5 4
q

Figure 7.3. Coefficient of determination for different exponents of membrane
conductivity, as per equation (7.1); traditional MEA; solid line with square is for

Duem' 2° = constant, diamond with dashed line is for (PX¢%# /Dyem'°) = constant.

For the traditional MEA, it is not surprising that optimal value of q is essentially
the same for Dyiem' 2° held constant and P}¢%H /Dyem2° held constant. As we discussed

in section 5.3, and as specifically illustrated in figure 5.11, without hydrophobic anode
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and cathode micro-porous layers, there is very little back-diffusion of water from cathode
to anode. Additionally, the thick membrane in the traditional MEA even further makes it

difficult to create a back diffusion of water from cathode to anode. This being the case,

H20 MeOH H20

whether we keep Dwem constant while changing Pys," or change Dmem

proportionally with P}7¢9% js somewhat irrelevant, because the net water flux across the

membrane is nearly unaffected. This point is further highlighted by looking at table 7.1,
where we show the diffusion component of a, a, and the membrane water diffusion flux

as a fraction of the sum of the absolute value of the membrane water flux components,

+ MeOH H20

for the baseline k", and three values of PM¢%" and Dyen 2° (because in table 7.1

PYE%H Dy 2° is held constant). Here we see that for the traditional MEA, the diffusion
component of the water crossover is on the order of only 5% of the total H,O crossover
by all three mechanisms (diffusion, hydraulic permeation, and EOD); hence, the value of

Duem 2° has a minimal impact on membrane water crossover, and cell performance.

Table 7.1. Water crossover data for three data points for the traditional MEA with
%gg{’ IDyem' 2 held constant; i = 150 mAcm?; cell properties and simulation parameters
glven in table A.4.

. 0
] IPMeOH giff a |NZ}f
Kbl %gr?sz INsdo | + |N(Z;? + N’
-0.059 2.136 1.34x107
1.0 1.0 -0.1083 2.150 4.57x10%
1.0 15 -0.1505 2.154 6.12x1072

7.2 Low-a MEA with upstream MCO mitigation

The details of the low-o MEA are given in table A.2. Note that hydrophobic
anode and cathode MPLs, along with the thin 50 pum membrane are typical low-o MEA

characteristics, and are necessary particularly to obtain proper water balance. Further
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note that in this simulation, we use only 2 M methanol fuel at the entrance of the anode
flow channel, which mimics a DMFC design with upstream MCO mitigation.

Figures 7.4 and 7.5 show the plots of cell potential at i = 150 mA cm™ versus

FOM for the low-oa MEA with upstream MCO mitigation for q=1, 2, 3,and 4,and q = 1,

3, 5, and 7, respectively. Figure 7.4 is for Dyen 2° held constant for different values of

PYeOH and figure 7.5 is for PY¢OH IDyem 2° held constant for different values of P}eCH .

Note that -- just as was the case with the traditional MEA -- the outliers at high FOM can
MeOH

be attributed to a diminishing rate of return for very high «"* and low P}¢%# and we do

not include these points, denoted with hollow diamonds, in our data correlation.
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In figure 7.6, we once again plot the coefficient of determination versus the
exponent g. From this figure, we see that the optimal value of q is ~ 3 for Dyem 2° held
constant, and ~ 5.5 for P}¢9H IDyem 2° held constant. This difference in optimal q values
indicates that for the low-o MEA with upstream MCO mitigation, the most accurate
performance-based FOM depends on not only the membrane methanol permeability, but
also the membrane H,O diffusivity. Physically, the higher value of q for Dyem 2°

changed proportionally with P39 implies that, with regards to cell performance, a

lower PMe%H s critically important only if Dyenm 2° remains high, to facilitate a back-
diffusion of H,O from cCL to aCL. The importance of low water crossover on
performance can be attributed to the dilution effect of the MeOH fuel in the anode
catalyst layer by lower o, as described, for example in chapter 4; essentially a lower

methanol crossover yields less mixed potential in the cathode, and a corresponding higher

cell voltage.

0.95

0.9

RZ

0.85

0.8

0.75

Figure 7.6. Coefficient of determination for different exponents of membrane
conductivity, as per equation g.l); low-o MEA with upstream MCO mitigation; solid
line with square is for DMemH2 = constant, diamond with dashed line is for

(PYE%H IDpiem ') = constant.

133



To put this in another light, for the low-a MEA with upstream MCO mitigation
design, if we achieve a lower PY¢0H at the expense of simultaneously lowering Dyem' 22,
the reduced PH¢%" may not be advantageous, from an overall system design point of
view. With g ~ 5.5, a lower methanol permeability will still act to increase the
performance (cell potential) of the DMFC, as per equation (7.1). However, the effects of

a lower MeOH permeability are relatively small, and when the importance of overall

water balance is also considered from a system energy density perspective, the lower

]P)MeOH H20

vem at the expense of lower Dyem <~ (and higher o) may not be advantageous.

7.3 Advanced low-a MEA with anode transport barrier

The last MEA that we investigate is an advanced low-a MEA with anode
transport barrier, as described in chapter 6. The details of the aTB MEA are listed in
table A.3. Plots of cell potential at i = 150 mA cm™ versus FOM for this design are
shown in figures 7.7 and 7.8 for (a) g =3, (b) g =5, (c) q =7, and (d) g = 9; figure 7.7 is
for Dmen 2° held constant for different values of PM¢%¥ and figure 7.8 is for
PYe%H IDpem 2 held constant for different values of P}e9H . We see here that while the
data still reduces to a logarithmic trend line, there is somewhat more scatter of the data,
for this range of . The outliers at high FOM are once again for the data points with the

highest «"* and lowest PY/¢9H in the data set; these outliers are not included in our data

correlation, as discussed in section 7.1.
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Figure 7.9 shows the plot of R? versus q for the advanced low-a MEA with anode
transport barrier. Here we see that for this type of MEA, q ~ 7.25 is the optimal value for
Duem' 2° held constant, and for P}¢%# /Dyen 2 held constant, q is much greater than 9.
Just as with the low-a MEA with upstream MCO mitigation, the difference in optimal g
for the two assumptions of Dyen'2° indicates that the most accurate performance-based
FOM advanced low-o MEA with anode transport barrier depends on not only the
membrane methanol permeability, but also the membrane H,O diffusivity. This should
come as no surprise, in light of the conclusions reached in chapter 6 (specifically with
reference to figures 6.5 and 6.6), where we showed that the aTB is far more effective in
reducing MeOH crossover when a is low. In other words, the effectiveness of the anode
transport barrier in reducing methanol crossover is directly tied to the success of the low-

a MEA in creating a back-diffusion of water from cathode to anode.

Figure 7.9. Coefficient of determination for different exponents of membrane
conductivity, as per equation (7.1); advanced low-o MEA with anode transport barrier;
solid line with square is for DMemHZO = constant, diamond with dashed line is for
(PYE%H IDpiem ') = constant.
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7.4 Comparing traditional, low-a, and aTB MEAs

Table 7.2 gives a summary of the determined exponent values, g, that yield the
most accurate performance-based FOM for each MEA design, and for both assumptions
of Dem' 2° held constant and P}¢%" Dyen ?° held constant. It is not surprising that the
two advanced MEAs have a higher value of g when compared with the traditional MEA.
Recall from equation (7.1) that a higher value of q indicates that relative to one another,
the membrane conductivity plays a greater role and the membrane MeOH permeability
plays a lesser role in the figure of merit, i.e. in predicting the cell performance. As
discussed before, in a traditional MEA, the membrane plays a critical role in reducing the
MCO. In the low-a MEA with upstream MCO mitigation, obviously, the MCO is
mitigated "upstream™. As we mentioned in the introduction to this chapter, the operating
conditions -- namely the 2M fuel concentration entering the anode flow channel -- mimic
this type of design (for example a mixing chamber which dilutes the fuel prior to its
entrance to the anode flow channel); because there is a low fuel concentration at the
anode backing layer and flow channel interface, the membrane plays a less critical role in
reducing methanol crossover. As we saw in chapter 6, for the aTB MEA, the aTB is
designed to play the critical role of reducing the methanol crossover, and hence the value

of PY€9H is much less important when compared with the traditional MEA.
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Table 7.2. Exponents, g, for the most accurate performance-based FOM, for the three

types of MEASs and for Dyiem' 2° = constant, and (PY/¢%H /Dyem’2°) = constant.
Traditional Low- MEA with Advanced low-a
MEA upstream MCO MEA with anode
mitigation transport barrier
D20 constant 2.75 3.0 7.25
(PiedH [pliz0 2.75 5.5 >9
constant

As seen in table 7.2, the aTB MEA has a more than two-fold greater value of q
than the low-a MEA with upstream MCO mitigation. This indicates that for the aTB
MEA, the aTB is essentially totally responsible for reducing the methanol crossover to
the cathode, while the value of the membrane permeability is nearly negligible. The
lower value of q for the low-a MEA with upstream MCO mitigation indicates that the
membrane still plays a role in reducing methanol crossover, particularly if Dyen 2° does
not decrease proportional to PY€%" " and the back-flux of H,O via diffusion remains
large.

In figure 7.10 we plot the vi curves for the three designs analyzed in this chapter.
The low-a MEA with upstream MCO mitigation and advanced low-a MEA with anode
transport barrier designs are anode-limited (i.e. the MeOH concentration going to zero in
the aCL is what causes the limiting current density), while the traditional MEA is cathode
limited (the O, concentration goes to zero in the cCL, causing the limiting current
density). Note that it would be fairly easy to increase the limiting current density,
particularly of the traditional MEA, simply by increasing the stoichiometry; note in table
A.4 that we only use a cathode stoichiometry of 1.5, based on a reference current density

of 150 mA cm™.
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cells have baseline P}¢%H and k. The vertical dashed line corresponds with our

operating current density of i, = 150 mA cm?.

o

In contrast to PEFC when used in automotive applications, the power and current
draw for DMFCs for mobile applications are typically fairly steady, i.e. the window of
operating current density is fairly small. As discussed in references [92] and [93], this
fact, combined with zeroth order MOR Kkinetics for a methanol concentration above
0.1M, allows us to design the cell whereby we operate near an anode limiting current
density (igp/lim ~ 0.75 - 0.9), so as to minimize the MCO and the deleterious effects of
cathode mixed potential. This is precisely why we have chosen to compare the three
types of cells at an operating current density of 150 mA cm™, and this is highlighted in

figure 7.11, which shows the methanol crossover ratio versus the current density for all
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three cell designs. Note that for the traditional MEA, we could increase the limiting
current density by using a higher stoichiometry, and then use a corresponding higher
operating current density, in effort to reduce MCO. However, it is highly undesirable to
operate below V¢ ~ 0.4 V because the voltaic efficiency becomes exceedingly small (a

cell potential of 0.4 V corresponds to a voltaic efficiency of ~ 33%).
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Figure 7.11. MCO curves for the traditional MEA, low-o. MEA with upstream MCO

mitigation, and advanced low-a MEA with anode transport barrier; curves for all three

. + . . .
cells have baseline PY¢9" and k. The vertical dashed line corresponds with our

operating current density of i, = 150 mA cm?.

We mention all of this for two reasons. First, we want to explain and justify why
it is reasonable to compare the three cell design at the chosen current density of 150 mA
cm. Second, we should point out that an additional reason that the optimal q value for
the aTB is more than twice that of the low-o MEA with upstream MCO mitigation, could
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be that for the aTB MEA our operating current density is closer to the limiting current
density. At this greater iop/iim, the MeOH concentration in the aCL and corresponding
MCO are already exceedingly low. Hence, the minimal importance of PY¢9" on
performance, and the very high value of q. Again, while it is certainly reasonable to
assume this operating current density, we hypothesize that if we compared the low-a
MEA with upstream MCO mitigation and advanced low-o. MEA with aTB at the same
value of iqp/liim, (Or engineered the aTB to yield a limiting current density the same as the

low-o MEA with upstream MCO mitigation), the optimal values of g for the two cells

would not be as far apart.

7.5 General conclusions

Our primary goal in this chapter was to determine whether or not the traditionally
used selectivity (FOM with g = 1) is the best indicator of performance for a DMFC
membrane. As summarized in table 7.2, we have shown that in fact for all three designs
studied, selectivity is not the best indicator of performance. Even for the traditional
MEA, for which we should expect to see the lowest value of g, the best FOM was shown
to have the exponent g ~ 2.75. This indicates that for even the traditional MEA, the
membrane conductivity plays a greater role, and the MeOH permeability plays a lesser
role in predicting the DMFC performance, than as indicated by the selectivity. For the
two advanced MEA designs, the value of g is even larger, indicating an even lesser
importance of the membrane MeOH permeability in predicting performance. Therefore,
we can conclude that the best performance-based figure of merit depends strongly on the

type of MEA.
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20

We also showed in this chapter that whether Dyem 2 remains constant for

20 MeOH

changing methanol permeability, or Dyem 2 changes proportionally with P}

significantly effects the figure of merit for both the low-o MEA with upstream MCO
mitigation and the advanced low-a MEA with aTB. This should come as no surprise, due
to the role of the membrane in achieving low water crossover via back-diffusion of H,O
in any type of low- o MEA. This finding indicates that in future work, an inclusive FOM

should also incorporate the effects of Dem 2°.

From the perspective of proper
membrane design and selection, this finding further means that in addition to proton
conductivity and MeOH permeability, the membrane's water diffusivity must also be
considered as an important parameter, especially if the membrane is incorporated in a

low- a MEA.
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Chapter 8. Summary, Conclusions, and Future Work

8.1 Summary

In chapter 4, we described the fundamental coupling between water and fuel
management, especially as it pertains to proper MEA design for high concentration
methanol fuel cells. Specifically, we described how an MEA designed to reduce
methanol crossover must also reduce water in order to be effective. These concepts
expanded nicely on the discussions of fuel and water management given in chapter 1
(particularly with reference to figure 1.9), which dealt with the importance of fuel and
water management from the standpoint of overall species balance, without specific regard
to MEA design.

Chapter 5 gave a theoretical explanation of the recently observed water crossover
reduction in an MEA with hydrophobic anode MPL. To put simply, a hydrophobic anode
MPL acts as a greater barrier to capillary-induced liquid flow from the anode flow
channel into the anode catalyst layer. This creates a drier anode catalyst layer, and
ultimately a lower rate of water crossover to the cathode. In chapter 6, we used a
hydrophobic anode MPL in conjunction with the newly proposed anode transport barrier
to create a novel MEA structure that facilitates the direct and efficient use of concentrated
methanol fuel. Further, in this chapter we discussed physically what makes the anode
MPL and transport barrier an effective combination in simultaneously reducing water and
methanol crossover. Finally, in chapter 7 we evaluated the use of the membrane
selectivity as the traditional figure of merit used for evaluating DMFC membranes. Our

findings show that the selectivity over-predicts the importance of methanol permeability,
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and under-predicts the importance of the membrane proton conductivity, on DMFC
performance (cell potential). We further showed that an inclusive membrane figure of
merit must include consideration of not only membrane permeability and proton

conductivity, but also the membrane water diffusivity.

8.2 Conclusions

As noted in chapter 1, all of the ideas, concepts, designs, theory, etc. presented in
this dissertation have the overall and common goal of increasing the practical system
energy density of DMFCs. Increasing the practical energy density is critically important
in order for DMFCs to become a viable option as a mobile power source. As described at
length in chapter 1, the efficient use of more highly concentrated methanol fuel by means
of internal fuel and water management (essentially MEA design), greatly increases the
DMFC system energy density by (1) allowing the DMFC system to carry more
concentrated fuel in the fuel tank, and (2) greatly reducing or eliminating the need for
extra equipment required for external fuel and water management.

As fuel and water management was the primary topic of chapters 4 through 6, the
work in these chapters directly addresses increasing the practical energy density of
DMFCs. As shown in chapter 7, because the membrane methanol permeability and water
diffusivity play a key role in the performance of DMFC, the work therein also addresses
the practical energy density of DMFCs via fuel and water management. Further, because
the membrane conductivity directly affects the DMFC performance (cell voltage), the
work in chapter 7 also directly addresses the practical energy density of DMFCs by
simply helping us choose membranes which will yield better performance, i.e. be more

efficient in converting the fuel in our system into useable energy.
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The lasting impact of this work is first of all the theory and fundamentals
developed in regards to fuel and water management within the MEA. This includes the
more general theory as to the inherent coupling between fuel and water management, as
presented in chapter 4, and the more specific theory given in chapter 5 as to how a
hydrophobic anode MPL is effective in reducing water crossover. The concepts
developed in chapters 4 and 5 were further developed in chapter 6, and have been
presented for the first time in the open literature. An understanding of this theory is
critically important in the development of advanced MEAs designed for proper fuel and
water management, and will act as a guide for future researchers and MEA designers. In
fact, in chapter 6, we directly used the theory developed, and proposed a novel MEA
design with hydrophobic anode MPL and anode transport barrier. This specific MEA
design also has a lasting impact, in that it directly addresses proper fuel and water
balance, leading to a more energy dense DMFC. Finally, our work in chapter 7 is
important because the membrane selectivity, as the traditional figure of merit for DMFC
membranes, is widely used to quickly compare different membranes, and predict how
effective they will be in an operating DMFC. What we have shown in chapter 7 is that
using the membrane selectivity as a rule of thumb is not a very good figure of merit for
indicating performance, and could lead to false conclusions when comparing different
membranes. Even more importantly, we showed conclusively that in addition to
membrane MeOH permeability and proton conductivity, the membrane designer must

also consider the membrane water diffusivity as a vitally important membrane property.
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8.3 Future work

The MEA described in chapter 6 with hydrophobic anode MPL and anode
transport barrier was developed using the 1D, two phase model described in chapter 3.
This MEA certainly fit well the concepts we developed in chapters 4 through 6, and, as
mentioned in chapter 6, there is some superficial experimental evidence that suggests our
MEA design will be effective in its stated goals [62]. However, further rigorous
experimental testing of this concept is needed. The next step would naturally be to
perform such experiments.

Also, as mentioned in chapter 7, an inclusive membrane figure of merit must
incorporate the property effects of the membrane water diffusivity. To this point in time,
we have yet to develop such an inclusive membrane figure of merit, and doing so is
another item of future work.

Finally, an interesting study in the future would be to investigate the effects of
ageing on modeling efforts, and our prediction capabilities. For example, if the
membrane properties and characteristics change over time, how will this influence our
results, and the conclusions we have drawn from these results? Or, if the individual
layers in our MEA degrade over time, how will this alter the fuel and water balance in

our MEA?

147



References

[1] T. Friedman, "The World is Flat," Farrar, Straus and Giroux (2006)
[2] J.R. Healey, “Test Drive: Honda’s FCX fuel-cell car ready for its close-up,” USA Today, May 18, 2007

[3] S. Gottesfeld, ‘Polymer Electrolyte and Direct Methanol Fuel Cells’ in “Encyclopedia of
Electrochemistry, 5, A.J. Bard and M. Stratmann (eds.), Wiley, Weinheim, Chapter 8.3, pp. 544-661
(2007)

[4] C.Y. Wang, Chem. Rev., 104, 4727 (2004)

[5] G. Lu and C.Y. Wang, ‘Two-phase Microfluidics, Heat and Mass Transport in Direct Methanol Fuel
Cells’ in “Transport Phenomena in Fuel Cells”, B. Sunden and M. Faghri (eds.), WIT Press, Boston,
Chapter 9, pp. 318-358 (2004)

[6] S.K. Kamarudin, W.R.W. Daud, S.L. Ho, and U.A. Hasran, J. Power Sources, 163, 743 (2007)
[7] S. Song, and P. Tsiakaras, Appl. Catal., B, 63, 187 (2006)

[8] L.J.Blomen and M.N. Mugerwa, "Fuel Cell Systems,” Plenum Press (1993)

[9] J. Larminie and A. Dicks, "Fuel Cell Systems Explained, 2nd ed.,” Wiley (2003)

[10] J. Ge, A. Higier, and H. Liu, J. Power Sources, 159, 922 (2006)

[11] M.F. Mathias, J. Diffusion media materials and characterization,', in "Handbook of Fuel Cells, 3," W.
Vielstich, A. Lamm, and H.A. Gasteiger (eds.), Wiley, Chichester, West Sussex, England, Chapter 42, pp.
517-537 (2003)

[12] M. Eikerling, A. Kornyshev, and A. Kulikovsky, ‘Can theory help to improve fuel cells?," in "The Fuel
Cell Review", December 2004/January 2005

[13] M.J. Moran and H.N. Shapiro, "Fundamentals of Engineering Thermodynamics, 5th ed.," Wiley
(2004)

[14] R.A. Serway and R.J. Beichner, "Physics for Scientists and Engineers, 5th ed.,” Saunders College
Publishing (2000)

[15] R. O’Hayre, S.W. Cha, W. Colella, and F.B. Prinz, "Fuel Cell Fundamentals,” Wiley (2006)
[16] C.K. Dyer, J. Power Sources, 106, 31 (2002)
[17] Y.H. Pan, Electrochem. Solid-State Lett., 9, A349 (2006)

[18] S. Davis, 'Portables Eye Micro Fuel Cells to Replace Batteries' in "Electronic Design," January 12,
2006

[19] P. Kallender, 'Hitachi, Toshiba show portable fuel cells," in "PC World", October 6, 2004
[20] M. Williams, 'Panasonic shows laptop fuel cell," in "PC World," January 6, 2006

[21] Toshiba press release, "Toshiba Launches Direct Methanol Fuel Cell in Japan as External Power for
Mobile Electronic Devices", http://www.toshiba.com/taec/news/press_releases/2009/dmfc_09_580.jsp,
October 22, 2009

[22] V.B. Oliveira, D.S. Falcao, C.M. Rangel, and A.M.F.R. Pinto, Int J Hydrogen Energ, 32, 415 (2007)
[23] K. Scott, W. Taama, and J. Cruickshank, J. Power Sources,65, 159 (1997)

[24] K. Scott, W. Tamma, and J. Cruickshank, J. Appl. Electrochem., 28, 289 (1998)

[25] K. Scott, K., P. Argyropoulos, and K. Sundmacher, J. Electroanal. Chem., 79, 169 (1999)

[26] J. Cruickshank and K. Scott, J. Power Sources, 70, 40 (1998)

148



[27] K. Sundmacher and K. Scott, Chem. Eng. Sci., 54, 2927 (1999)

[28] K. Sundmacher, T. Schultz, S. Zhou, K. Scott, M. Ginkel, and E.D. Gilles, Chem. Eng. Sci., 56, 333
(2001)

[29] P. Argyropoulos, K. Scott, A.K. Shukla, and C. Jackson, J. Power Sources, 123, 190 (2003)
[30] H. Dohle and K. Wippermann, J. Power Sources, 135, 152 (2004)

[31] A.A. Kulikovsky, Electrochem. Commun., 4, 939-946 (2002)

[32] A.A. Kulikovsky, Electrochem. Commun., 5, 1030 (2003)

[33] J.P. Meyers and J. Newman, J. Electrochem. Soc., 149, A710 (2002)

[34] J.P. Meyers and J. Newman, J. Electrochem. Soc., 149, A718 (2002)

[35] J.P. Meyers and J. Newman, J. Electrochem. Soc., 149, A729 (2002)

[36] T. Schultz and K. Sundmacher, J. Power Sources, 145, 435 (2005)

[37] H. Dohle, J. Divisek, and R. Jung, J. Power Sources, 86, 469 (2000)

[38] B.L. Garcia, V.A. Sethuraman, J.W. Weidner, R.E. White, and R. Dougal, J. Fuel Cell Sci. Technol.,
1, 43 (2004)

[39] G. Murgia, L. Pisani, A.K. Shukla, and K. Scott, J. Electrochem. Soc., 150, A1231 (2003)
[40] A.K. Shukla, C.L. Jackson, K. Scott, and G. Murgia, J. Power Sources, 111, 43 (2002)
[41] Z.H. Wang and C.Y. Wang, J. Electrochem. Soc., 150, A508 (2003)

[42] W. Liu, C.Y. Wang, J. Electrochem. Soc., 154, B352 (2007)

[43] W. Liu and C.Y. Wang, J. Power Sources, 164, 189 (2007)

[44] F. Liu and C.Y. Wang, J. Electrochem. Soc., 154, B514 (2007)

[45] P.S. Kauranen and E. Skou, J. Electroanal. Chem., 408, 189 (1996)

[46] V. Neburchilov, J. Martin, H. Wang, and J. Zhang, J. Power Sources, 169, 221 (2007)
[47] T. Yamaguchi, F. Miyata, and S. Nakao, J. Membr. Sci., 214, 283 (2003)

[48] G.Q. Lu, C.Y. Wang, T.J. Yen, and X. Zhang, Electrochim. Acta, 49, 821 (2004)

[49] C.Y. Wang, F. Liu, Y. Sato, and E. Sakaue, “Dual-pump Anode System with Circulating Liquid for
Direct Oxidation Fuel Cells”, U.S. Patent Pub. No. US 2007/0087234 A1 (2007)

[50] M.A. Abdelkareem and N. Nakagawa, J. Power Sources, 162, 114 (2006)

[51] W.J. Kim, H.G. Choi, Y.K. Lee, J.D. Nam, S. M. Cho, and C.H. Chung, J. Power Sources, 157, 193
(2006)

[52] H.F. Zhang, and I.M. Hsing, J. Power Sources, 167, 450 (2007)
[53] Y.H. Chan, T.S. Zhao, R. Chen, and C. Xu, J. Power Sources, 176, 183 (2008)

[54] C.Y. Wang, G. Lu, W. Liu, F. Liu, Y. Sato, E. Sakaue, and K. Matsuoka, “Methods to Control Water
Flow and Distribution in Direct Methanol Fuel Cells”, U.S. Patent Pub. No. US 2006/0134487 A1 (2006)

[55] X. Ren, F.W. Kovacs, K.J. Shufon, and S. Gottesfeld, “Passive Water Management Techniques in
Direct Methanol Fuel Cells”, U.S. Patent Pub. No. US 2004/0209154 A1 (2004)

[56] A. Blum, T. Duvdevani, M. Philosoph, N. Rudoy, and E. Peled, J. Power Sources, 117, 22 (2003)
[57] F. Liu, G. Lu, and C.Y. Wang, J. Electrochem. Soc., 153, A543 (2006)

[58] G.Q. Lu, F.Q. Liu, and C.Y. Wang, Electrochem. Solid-State Lett., 8, Al (2005)

[59] C. Lim, and C.Y. Wang, J. Power Sources, 113, 145 (2003)

149



[60] C.Y. Wang and F. Liu, ‘A Paradigm Sift in Direct Methanol Fuel Cell Design for Portable Power’,
Chapter 10, Proceedings from the 8th Small Fuel Cell Symposium, Washington DC, April, 2006

[61] F.Q. Liu, "Optimizing Membrane Electrode Assembly of Direct Methanol Fuel Cells for Portable
Power," Ph.D. Dissertation, The Pennsylvania State University, University Park, PA (2006)

[62] F.Q. Liu and C.Y. Wang, Electrochim. Acta, 53, 5517 (2008)

[63] U. Pasaogullari, and C.Y. Wang, J. Electrochem. Soc., 151, A399 (2004)

[64] K.Y. Song, H.K. Lee, and H.T. Kim, Electrochim. Acta, 53, 637 (2007)

[65] J.Y. Park, J.H. Lee, S.K. Kang, J.H. Sauk, and I. Song, J. Power Sources, 178, 181 (2008)
[66] C. Xu, T.S. Zhao, and Y.L. He, J. Power Sources, 171, 268 (2007)

[67] T.A. Zawodzinski, J. Davey, J. Valerio, S. Gottesfeld, Electrochim. Acta, 40, 297 (1995)

[68] T.A. Zawodzinski, C. Derouin, S. Radzinski, R.J. Sherman, V.T. Smith, T.E. Springer, S. Gottesfeld,
J. Electrochem. Soc., 140, 1041 (1993)

[69] X. Ren, W. Henderson, S. Gottesfeld, J. Electrochem. Soc., 144, L267 (1997)
[70] C.M. Gates, J. Newman, AIChE J., 46, 2076 (2000)
[71] J.H. Nam and M. Kaviany, Int. J. Heat Mass Transfer, 46, 4595 (2003)

[72] R.H. Brooks and A.T. Corey, 'Hydraulic properties of porous media," in "Hydrology papers at
Colorado State University," March, 1964

[73] M. Kaviany, "Principles of Heat Transfer in Porous Media, 2™ ed.,” Springer, (1995)
[74] U. Pasaogullari and C.Y. Wang, Electrochim. Acta, 49, 4359 (2004)

[75] W. Liu, "Methanol, Water, and Heat Transport in Direct Methanol Fuel Cells for Portable Power,"
Ph.D. Thesis, The Pennsylvania State University, University Park, PA, August 2005

[76] R.A. Bird, W.E. Stewart, and E.N. Lightfoot, "Transport Phenomena, 2" ed.," Wiley, (2002)
[77] X. Ye, and C.Y. Wang J. Electrochem. Soc., 154, B683 (2007)

[78] M.L. McGlashan, A.G. Williamson, J. Chem. Eng. Data, 21, 196 (1976)

[79] Y. Wang and C.Y. Wang, J. Electrochem. Soc., 153, A1193 (2006)

[80] E.L. Knuth, Phys. Fluids, 2, 339 (1959)

[81] X. Ren, P. Zelenay, S. Thomas, J. Davey, S. Gottesfeld, J. Power Sources, 86, 111 (2000)

[82] Y. Sone, P. Ekdunge, D. Simonsson, J. Electrochem. Soc., 143, 1254 (1996)

[83] T.E. Springer, T.A. Zawodzinski, and S. Gottesfeld, J. Electrochem. Soc., 138, pp. 2334 (1991)

[84] H.A. Gasteiger, J. Garche, 'Fuel Cells," in "Handbook of Heterogeneous Catalysis, 2nd ed.," C. Ertl, H.
Knozinger, F. Schuth, J. Weitkamp (eds.), John Wiley & Sons Ltd., Chichester, UK, Chapter 13.20.2, pp.
3081-3121 (2008)

[85] J. NordlundJ. Electrochem. Soc., 149, A1107 (2002)

[86] J. Newman and K. Thomas-Alyea, "Electrochemical Systems,” Wiley (2004)

[87] J.T. Wang, S. Wasmum, and R.F. Savinell, J. Electrochem. Soc., 143, 1233 (1996)
[88] N.W. Deluca, Y.A. Elabd, J. Polym. Sci., Part B: Polym. Phys., 44, 2201 (2006)
[89] V. Tricoli, J. Electrochem.Soc., 145 3798 (1998)

[90] V. Tricoli, N. Carretta, M. Bartolozzi, J. Electrochem.Soc., 147 1286 (2000)

[91] C.W. Lin, K.C. Fan, R. Thangamuthu, J. Membrane Sci., 278, 437 (2006)

150



[92] S. Gottesfeld, C. Minas, ‘Optimization of Direct Methanol Fuel Cell Systems and Their Mode of
Operation’ in “Mini-Micro Fuel Cells, Fundamentals and Applications”, S. Kakac, A. Pramuanjaroenkij,
and L. Vasiliev (eds.), Springer, Dordrecht, The Netherlands, pp. 257-268 (2008)

[93] S. Gottesfeld, Presentation at Penn State Electrochemical Engine Center, Fall, 2007
[94] R.B. Mrazek, C.E. Wicks, K.N.S. Prabhu, J. Chem. Eng. Data, 13, 508 (1968)

[95] B.E. Poling, J.M. Prausnitz, J.P. O’Connell, "The Properties of Gases and Liquids, 5" ed.”, McGraw-
Hill (2001)

[96] Z.J. Derlacki, AJ. Easteal, VV.J. Edge, L.A. Woolf, Z. Roksandic, J. Phys. Chem., 89, 5318 (1985)

151



Appendix A Properties and Parameters

Table A.1. Cell properties and simulation parameters used in chapter 4.

Parameter Value Notes
*dpL/ um 260 w/ MPL Anode and Cathode
280 w/o MPL
OmpL/ um 20 Anode and Cathode, if present
dcL /um 15 Anode and Cathode
OMem / pm 50 Nafion® 112
€BL, ECL 0.6 Anode and Cathode
EMPL 0.4 Anode and Cathode
KgL/ m? 1.0x10™ Anode and Cathode
KweL / m? 2.0x10% Anode and Cathode
Kco/ m? 3.6x107° Anode and Cathode
Ktem / M? 4.0x10%
OgL/° 110 Anode and Cathode
OmpL/ ° 120 Anode and Cathode
OcL/® 96 Anode and Cathode
Temperature / °C 60

*Note that the different BL thicknesses with and without MPL are to ensure equivalent
thickness of the diffusion media and study the effects of the MPL properties on the water
and methanol crossover.
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Table A.2. Baseline DMFC parameters for low-o MEA used in chapters 5 and 7.

Parameter Value Notes
oL/ um 260 Anode and Cathode
OmpL/ um 20 Anode and Cathode
dcL /um 15 Anode and Cathode
OMem/ um 50 Nafion® 112
€BL, ECL 0.6 Anode and Cathode
EMPL 0.4 Anode and Cathode
KgL/ m? 1.0x10™ Anode and Cathode
KweL / m? 2.0x10™ Anode and Cathode
KeL/ m? 3.6x10% Anode and Cathode
Ktem / M 4.0x10%
OsL/° 110 Anode and Cathode
OmpL/ ° 120 Anode and Cathode
OcL/® 96 Anode and Cathode
Temperature / K 333
Pressure / Pa 101325
Fuel Concentration, 2.0
CII\'/(I)eOH / M
Anode Stoichiometry, 2.0 Used in chapter 5
Ea @ irer = 150 MA cm™?
1.5 Used in chapter 7
Cathode Stoichiometry, 2.0 Used in chapter 5
£ @ irer = 150 mA cm?
1.5 Used in chapter 7
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Table A.3. Baseline cell properties and simulation parameters for MEA with aTB used in

chapters 6 and 7.

Parameter Value Notes
O/ um 260 Anode and Cathode
SaTB/ pum 260
OmpL/ um 20 Anode and Cathode
dcL/ pm 15 Anode and Cathode
OMem/ UM 50 Nafion® 112
€BL, ECL 0.6 Anode and Cathode
EaTB 0.25
EMPL 0.4 Anode and Cathode
KgL/ m? 1.0x10™ Anode and Cathode
Kare/ m? 1.0x10™
KL/ m? 2.0x10™ Anode and Cathode
Kc/ m? 3.6x107° Anode and Cathode
Kem/ M 4.0x10%°
0gL/ ° 110 Anode and Cathode
0.1/ ° 120
OmpL/ ° 120 Anode and Cathode
Oc/ 96 Anode and Cathode
Temperature / K 333
Pressure / Pa 101325
Fuel Concentration, 10.0
oM I M
éj‘g)?zfszti'gg'r?&ezmz 2.0 Used in chapter 6
1.5 Used in chapter 7
é:cagc;if :Stlos'ghrfg]itrgyz’ 2.0 Used in chapter 6
1.5 Used in chapter 7
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Table A.4. Cell properties and simulation parameters for traditional MEA used in

chapter 7.
Parameter Value Notes
oL/ um 260 Anode and Cathode
dcL /um 15 Anode and Cathode
OMem/ pm 175 Nafion® 117
€BL, ECL 0.6 Anode and Cathode
Kg / m? 1.0x10 Anode and Cathode
K/ m? 3.6x1076 Anode and Cathode
Kwem/ M? 4.0x10%
0 /° 110 Anode and Cathode
OcL/® 96 Anode and Cathode
Temperature / K 333
Pressure / Pa 101325
Fuel Concentration, 10.0
Cll\'/cl)eOH / M
Anode Stoichiometry, 1.5
Ea @ iref = 150 mA cm™
Cathode Stoichiometry, 1.5

£ @ iref = 150 mA cm™
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Table A.5. Model properties and correlations.

Correlation or Value Description Comment
k,=s* Liquid-phase relative Reference [72].
permeability.
DMeOHH0 _ MeOH.Co, _1 9p510S[ T 231 013x10° Pa 2t Gas MeOH, H,0 and Chapman Enskog theory for p, T
9 e o 328.15K D MeOH, CO; dependence; reference value from [94]
diffusivity. for air-MeOH, approximated same for
MeOH, H,0 and MeOH, CO,.
D00 _ 5 015105 T %21 013x10°Pa _, Gas H,0, CO, Chapman-Enskog theory for p, T
¢ - 307K ms diffusivity. dependence; reference diffusivity from

P

[95].

1.823 5
D% ~357 xlos( T j L01340°Pa ,

352K p

Gas O, diffusivity.

Chapman-Enskog theory forp, T
dependence; reference diffusivity from
[95] for 0,, H-0.

peoH 0 :1.4X10_9[647.3K —298.15|<Tmzs_1

Liquid MeOH
diffusivity.

T dependence from [95]; reference
value from [96] for dilute MeOH
solution.

Nafion® membrane
water content.

Liquid assumed interpolation, upper
and lower values from [68]; vapor from
[83].

647.3K —-T
22 (s>0.3)
A=314+8s/0.3 (s<0.3)
0.043+17.81RH —39.85RH* +36.0RH®  (vapor)
DMeOH — pMeOH — 1 5310 0exp [2416 (L - 1)] m2s~!
Mem Mem " 303K T

Nafion® membrane
effective MeOH
diffusivity or MeOH
permeability.

T dependence taken from [83] for H,O
transport in Nafion® with reference
value experimentally calibrated at
ECEC.
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Nafion® membrane
1 1 2.1
Mem 303K T

D = 4.80x10* exp{2416[— _= H,0 diffusivity.

T dependence taken from [83] with
reference value calibrated at ECEC.

1-14 i H,O EOD coefficient.  Interpolation assumed; upper and lower

0o — |:Ti|(nc|l4rgf —1)+1 for 1>14 values from [5] and [67].

1 for 1 <14
ni'2> =1.6767 +0.0155(T —273) H.0 reference EOD From reference [5].

e coefficient for
+8.9074x107°(T —273)? membrane in
equilibrium with liquid
H,0.
¢ MeOH MeOH drag coefficient. Assumed similar to reference [42].
nMeOH _ 1H:0 ™
d — 4 c
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Table A.6. Kinetic parameters for cathode electrochemistry model.

Parameter/Value Description
K, =5.7x10* Reaction coefficient for purely chemical reaction
ky =0.2x10%° / m s Mixed potential kinetic parameter
ki =1.54x10"°/ mol m?s* Mixed potential kinetic parameter
ko = 3.6x10™° / mol m?s™ Mixed potential kinetic parameter
ks = 1.2x107% / mol m?s™ Mixed potential kinetic parameter
ks = 1.4/ mol m?s™ Mixed potential kinetic parameter
ks = 2.0x10% / mol m?s™ Mixed potential kinetic parameter
o, =0.8 Mixed potential kinetic parameter
B3=0.5 Mixed potential kinetic parameter
£i=05 Mixed potential kinetic parameter
p£=19 Concentration exponent for MeOH in chemical reaction
y=0.01 Concentration exponent for O, in chemical reaction
K = 1x10’ MOR reaction proportionality constant
a=10"/ m Specific reactive area for cathode, reaction area per
volume
jore R I Am® ORR reference current density
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Appendix B Details on Numerical Implementation

B.1 Discretization methods

On the anode side of the cell, the boundary conditions for liquid MeOH
concentration and liquid saturation are given at the flow channel/BL interface, and
therefore, a backward differencing scheme is utilized for the MeOH transport equation
(3.32). Figure B.1 gives a schematic of the nodes on the anode side. Equation (3.32) is

discretized in the following manner:

dCMeOH
¢ | [al+a2]+ L —| [b1+b2]=c1 (B.1)
CIMeOH‘ _ IMeOH‘
¢"*"| [al+a2]+ ! p1+b2]=cl (B.2)
H,0
where al= on
(A
Co,
az2= N
o D MeOH €O, o
kH Coat Di/IeOH,HZO +Cg ’
9
L

MeOH
Ci =G

c. DMeoH co;

b2: t,g — g,eff
D MeOH €O,
H,O g (e(0)
Ki | Coat DYoo [FC
[¢]

Cl — N MeOH (X)

I = node location as per figure B.1

Further solving for the liquid MeOH concentration at node i yields

159



a-quer][222]
CIMEOH i — bl ;(2 (B3)
[a1+az]_[ : }
X
Flow Channel
Boundary
+ o o o @ @ @ o e —» X
i-1 i i+1

Figure B.1. Node numbering scheme for anode side of the cell.

In the single-phase regions of the anode where equations (3.35) and (3.36) are

solved instead of (3.32), similar discretizations are performed yielding the following:

MeOH el
ey = e Ll{AX} (B.4)
i el '

[d1+d 2]—[AX}

N CO,
where di= DMeOH ,CO,
( J+Ccoz

CHZO 9
DME‘OH,HZO g
g

g
MeOH,CO,
Dg N H,0
D MeOH ,H,0
g

D MeOH .CO,
cH0 g +cCo

DMeOHvHZO g
g

MeOH ,CO,
Ct g Deff .9

[)MeOH €O,
cH0 g + S0

g D MeOH, H;0 g
g

el=

f].: N MeOH (X)
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k1—cH°

9

H
HO| _ T LAX (B.5)

o [g1+ gZ]{Z)ﬂ

Co,
where gl= 100,
t,g — g,eff
92 ~ N MeOH
- H,0,MeOH
Ct g Dg,éﬁ
hi=1
DHzo,co2
MeOH g co H,0
Cg DHZO,MeOH +Cg L (X)
g
kl=
H,0,CO.
Ct,g Dg,ezaff ’

It should be noted that in equations (B.1) through (B.5), all of the terms al, f1, etc. are

evaluated at the i node.

On the cathode side of the cell, the O, and liquid saturation boundary conditions
are known at the BL/flow channel interface, as depicted in Figure B.2. For this reason,
on the cathode side a forward differencing scheme is used for the O, and MeOH transport

equations (3.37) and (3.40), and this leads to the following difference equations:

{”‘1

=11 AX

m 0
AX

where ml=Dg

0,
pl+c,

pLl=N(x)
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ul—l—CMeOH‘ |:t1+t2:|
! i-1]  AX
MeOH | __
G L = fat] - tl+12 (B7)
AX
H,0
where gql= —ieoH
t,l |
4 CuDl
Ct,|_C|MeOH
MeOH
(2= Dol

|(H

u1: N MeOH (X)

Flow Channel
Boundary

[ ® ® ® ® ® ® ® + — X
i+1 i i-1
Figure B.2. Node numbering scheme for cathode side of the cell.
For the two phase Darcy Law on both the anode and cathode sides of the cell, we
take the following approach. Substituting in equation (2.13) for liquid-phase relative
permeability into equation (3.41) and rearranging these equations for ds/dx yields the

following expression:

ds _ My

E - P qu (dpc /dS) Nl (x) (B'8)

As the saturation tends to zero, the right-hand side of (B.8) goes to infinity. For a
numerical solution, this becomes a problem. In order to avoid this singularity, both sides

are multiplied by (g+1)s", which after rearranging yields the following:

d r.gq+1y1 _ (g+DM; p
dx [S ] - p; K(dp. /ds) Nl (x) (Bg)
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On the anode side, we use a backwards difference to approximate the left hand side of
equation (B.9), and on the cathode side of the cell we use a forward difference. Then,
equation (B.9) is solved for s" numerically using the second-order Runge Kutta method.
With s%, s is directly calculated to determine the liquid saturation within a given porous
layer.

On the anode side of the cell, equations (B.3), (B.8), and if necessary (B.4) and
(B.5) are solved by marching from the anode flow channel/BL interface to the last node
at the CL/membrane interface. On the cathode side, equations (B.6), (B.7), and (B.8) are
solved by starting at the cathode flow channel/BL interface, and marching towards the
membrane (in the negative x-direction). All of this occurs within the iteration loop for

field variables as depicted in figure 3.8.

B.2 Iteration method for source term variables

In order to solve the algebraic equations governing j°f® N™°, and NMeOH

' Tpem
a hybrid secant/bi-section method is adopted in an effort to optimize the convergence
speed, while at the same time making the code robust. In using either the secant or bi-
section methods individually, the first step is to move all terms in the algebraic equation
to the left-hand side so that the right-hand side equals zero:

F(x)=0 (B.10)

where x = generic variable for jO* N or N Mo

! rchem !

For example, for the membrane H,O flux, equation (2.1) is rearranged in the following

manner:

F(N,©)=N© = NpS, =Nz —No2 =0 (B.11)

m, pl
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Note here that Nr':fE%D, Nr:',g?ﬁ, and Nr;'f, are all function of N/'=° as alluded to earlier

via the coupling between the differential equations and the membrane flux. In the

numerical scheme, the value of N'™=° is fixed for the solution loops for the field

variables, j°f*, and r

chem ?

after these inner-loop variables converge for the given value of

N2, the components N;5,, Nj'%, and N are then calculated based on the

converged solution of all loops within, based on equations (2.2), (3.12), and (3.13). If the

previous value of N''-° matches with the newly calculated component values to within
suitable error tolerance, then the correct value of N}'2° has been found.

To project a next guess for joFR, NH°, and NM©°" in the iteration scheme,

chem?

the secant method is used in conjunction with the function F(x). In the case that the
secant method fails to find the root (if F(X) becomes too steep near the root), the
bracketed bi-section method is used. As mentioned previously, to ensure that the roots of

F(x) have been reached (i.e. the correct values of j°F%, r

chem !

N™°, and NM©°" have

been found), the residuals of F(x) are compared with the value of the variable x to ensure
that they are at least three orders of magnitude smaller. Directly comparing these two

values makes sense here because for jof%, N™©, and N, the function F(x) is

chem !

essentially just F(X) = X — Xcaic, Where X is the guessed value and Xcqc is the calculated

value based on the solution from the inner loops.
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Appendix C Further Assessment of Model Assumptions

In chapter 3 we noted that we would further evaluate the validity of two
assumptions, and particularly their effect on the results presented in this thesis. These
assumptions were:

1) Negligible gas-phase H20O flux in a two-phase region of the anode, as per

equation (3.3),

2) Approximation of 9X™*" _ 1 dg™™ a5 given in equation (3.19).

dx ¢, dx

In an updated version of our model, we have removed these two assumptions, and our
aim in this section is to compare results from the original model (used to produce the
results within the body of this thesis) with the results from the updated model. As will be
demonstrated, these assumptions have a minimal effect on our simulated results, and the
corresponding conclusion drawn from these results.

In our updated model, dX;"***"/dx is determined by the more exact

MeOH MeOH
Xm dCl

_ (L _ yMeOH _dct
dx - (Q,l) [1 Xl dCZMeOH] dx (Cl)

Here, dc;/dc,™*°" is given by equation (3.17). Further, in our updated model, we do not

H,0 H,0

make the approximation N"?~ ~ N,"*", as given by equation (3.3). In other words, we
explicitly account for the gas-phase H,O flux in our transport equation. This being the
case, in the two-phase anode we must write one further equation for gas-phase H,O
transport. In the updated model, we still utilize the two-phase equilibrium assumption,

and ultimately we follow a similar process as we did to obtain equation (3.32), with the

final equation given by
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E.N H0 _ N MeOH + Fez (C80A76 + A80)7 (E7GABO + A76) dl + (Em Deo + D76)7 Fez (Cao D76 + DBO) N co,
dCIMEOH _ 62" “tot tot 1_ E76C30 dX 1_ E-,Gcao tot
dx E76Bgo + B?G)_ Fez(ceo B + Bao)

o]

In equation (C.2), we have

Fez =

Ago

MeOH
X
H,0
X,
B aCMeOH
8T g, eff

sat,mix D MeOH ,H,0

1- E76C80

H,0 H,0 v/ CO,
Xg +Acozxg

aCMeOH

sat,mix
MeOH g,eff
ac|

MeOH ,H,0

H,0 H,0 y/ CO,
Xy +Ach, X,

H,0 v/ MeOH
ACO2 X ;

H,0 H,0 v CO,
P A |

MeOH
X g

- H,0 H,0 y/ CO,
_Xg +Ach, X |

aCHZO
or o

satmix_~ MeOH, H0

B 8CH20

sat,mix
MeOH g,eff
oc,

MeOH MeOH
X 0 + ACOZ X o

co,

MeOH ,H,0

co,

H,0
Xg

MeoH MeOH s CO,
Xy +A X,

co,

- MeOH MeOH v/ CO
Xge + AT Xy

|

(C.2)
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AMEOH 3 H,0
Dso = { = .

MeOH MeOH y/ CO,
Xy +Ac, X,

V.o

Aa — Dg,eff
BT B
Dg,eff

In the updated model, we also account for the heat pipe effect on MeOH and H,0O

transport, which explains the appearance of dT/dx in equation (C.2). We approximate

dT/dx by

dT _ (1/2)(Eh_Vcell)

o = e (C3)
The greatest drop in ¢, ', and correspondingly, the greatest value of Ny"'°, will

be realized for a large drop in MeOH concentration across the anode diffusion media (see
figure 3.4). Likewise, the approximation given by equation (3.19) will be poorest for
more concentrated fuel. This being the case, out of all of the cases simulated in this
thesis, the aTB MEA and operating conditions given in table A.3 should yield the greatest
error due to the two assumptions in question. We therefore choose this case (given by
table A.3) to compare results from the original model with those from our updated model.

Figure C.1 gives the MeOH concentration profiles across the anode diffusion
media at i = 175 mA cm for the original code and the updated code. From this plot we
see that the maximum difference between the profiles is ~ 1%, as a fraction of total
change in MeOH concentration over the anode diffusion media. Figure C.2 gives the plot
of MCO versus current density. Here we see a maximum difference between the two
curves of ~ 3% over the entire range of MCO (0-1). Finally, Figure C.3 shows the plot of
a versus current density. Again, here we see a maximum difference between the two

curves of ~ 6%, based on the total change in a.
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The discrepancies between the results from the original and updated models are
"small™ with respect to the nature of our model. These results prove that the assumptions
made in equations (3.3) and (3.19) do not induce an appreciable amount of error for the

cases simulated.

Original
- = = = Updated

PRI RN RIS SR
1'7%.38 0.4 0.42 0.44 0.46

x/ mm

0 0.1 0.2 0.3 04 0.5
x/ mm
Figure C.1. MeOH concentration profiles on the anode side of the cell for the original and
updated models; i = 175 mA cm?; cell properties and simulation parameters given in
table A.3.
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Figure C.2. Methanol crossover ratio (MCO) versus current density for the original and
updated models; cell properties and simulation parameters given in table A.3.

Original
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0o 50 100 _ 150 200
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Figure C.3. Net water transport coefficient (o) versus current density for the original and
updated models; cell properties and simulation parameters given in table A.3.
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