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1 INTRODUCTION

The direct methanol fuel cell (DMFC) has become a lead-
ing contender to replace the lithium-ion (Li-ion) battery
as the power source of choice for mobile devices!'"" (see
DMFC system design for portable applications, Vol-
ume 4). Primary reasons for the large amount of attention
being given to DMFC technology include the potential for
higher energy density than Li-ion battery technology (the
theoretical energy density of liquid methanol (CH;OH) fuel
is 4800 Wh1~!, whereas the theoretical energy density of
Li-ion batteries is roughly 1000—1500 Wh1~!5"), no need
for fuel reforming or cell humidification, and simple cell
design.>* However, the overall energy-conversion effi-
ciency of current DMFC designs is low; hence, to become
a viable contender with Li-ion battery technology, DMFC
technology must first increase its practical energy density
in watt hours per liter.”> 3 A critical component in accom-
plishing this task is the use of highly concentrated methanol
fuel. 7
The basic reactions for a DMFC are given by

CH,OH + H,0 — 6H" + 6e~ + CO, (anode) (la)
6H" + 6e~ + (3/2)0, — 3H,0 (cathode) (1b)
CH,OH + (3/2)0, — 2H,0 + CO, (overall) (lc)

The methanol oxidation reaction (MOR) given by equa-
tion (la) occurs primarily on the anode side of the cell,
while the oxygen reduction reaction (ORR) given by equa-
tion (1b) occurs on the cathode. In DMFCs, however, some

methanol crosses over the membrane to the cathode side of
the cell where it reacts. This crossed-over methanol has
two detrimental effects: (i) it increases the cathode overpo-
tential due to mixed-potential effect in the cathode catalyst
layer (CL)® ' (see Methanol effects on the O, reduc-
tion reaction, Volume 2), thereby reducing the cell voltage,
and (ii) it reduces the fuel efficiency (methanol is reacted
without producing electrical current). We can conveniently
characterize the crossed-over methanol using the methanol
crossover ratio (MCO):

i
MCO = —= 2
i+, )

As noted later in equation (11), MCO is another way to
describe fuel efficiency. At a typical operating current of
a DMFC, MCO is typically in the range of 0.1-0.3 (cor-
responding to a fuel efficiency of 90-70%), 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 concen-
tration for both of these mechanisms, in most traditional
DMEFC designs, low concentration methanol fuel is required
to operate the cell at reasonable voltage and efficiency. This,
of course, lowers the energy density of the system. Cur-
rently, there is significant research ongoing in an effort to
mitigate the methanol crossover in DMFCs, thereby facil-
itating the use of high concentration methanol fuel. The
two conventional approaches for accomplishing this task
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are altering the membrane!'® ' and altering the anode fuel
delivery system.[!2-18)

The ratio of proton conductivity to methanol permeabil-
ity has been a widely used figure of merit when devel-
oping and evaluating different membranes for DMFCs.
Unfortunately, membranes with reduced methanol perme-
ability also have lower proton conductivity, and it has
been exceedingly difficult to maximize this figure of merit
(see Conductivity, permeability, and ohmic shorting of
ionomeric membranes, Volume 5). Neburchilov et al.'%
give a comprehensive review of membranes designed for
DMEFCs, 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 mem-
branes (e.g., zirconium-based and silica-based membranes),
and nonfluorinated membranes (e.g., polybenzimidazole
(PBI)-based membranes, and PolyFuel polycarbon mem-
branes). Out of the extensive types of membranes reviewed,
hydrocarbon (nonfluorinated) membranes (see Hydrocar-
bon membranes, Volume 3) and composite fluorinated
membranes (see Composite perfluorinate membranes,
Volume 3) are expected to have the highest ratio of pro-
ton conductivity to methanol permeability, while simul-
taneously attaining low cost. An alternative approach to
membrane methanol crossover mitigation is the design of
pore-filled electrolyte membranes, as described by Yam-
aguchi et al." In this approach, the pores of a porous
substrate are filled with a polymer electrolyte; the substrate
matrix is impermeable to water and methanol, and there-
fore 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. Further discussion of membrane materials
is outside the scope of this chapter, but, generally speak-
ing, nearly two-decade membrane development has been
futile in terms of raising the methanol concentration in
DMFCs.

There have been a variety of methods developed for alter-
ing the anode fuel delivery system to reduce MCOQO.!!>~18
These methods include proper design of the anode micro-
porous layer (MPL),!"?! using a water barrier to maintain
an inundated anode CL,"® and incorporating a dual-pump
system for methanol and water balance along with a mem-
brane electrode assembly (MEA) with low or negative water
crossover, as described by Wang er al '™ and using a
porous plate between fuel solution and MEA, as explained
by Abdelkareem and Nakagawa.!'¥ In a somewhat different
approach, Kim et al."'>! have developed fuel cartridges that
use hydrogels; while the details are different, the basic con-
cept of controlling the transport rate of methanol into the

anode remains the same. Several other approaches of alter-
ing the anode fuel delivery system have also been devel-
oped, including those utilizing a graphite-based anode plate
and a self-regulated passive fuel feed system, as described
by Zhang and Hsing,"®! and Chan er al.,'"" respectively.

Solely focusing on methanol transport and crossover in
an effort to use highly concentrated methanol fuel only
paints part of the picture. Note that water reacts stoichio-
metrically 1:1 with methanol in the MOR (equation 1a) and
is produced in the ORR (equation 1b). A point that is often
overlooked is that a great deal of water is lost to the cath-
ode side of the cell through the membrane using typical
DMFC MEA designs. With the notable exception of three
patents,'> 18 19 techniques altering the anode fuel delivery
system generally violate water balance in the anode, and
thus cannot work in steady state. A fundamental key is to
address water balance in the anode by considering water
crossover through the membrane from anode to cathode.

Defining the net water transport coefficient, o, as the net
water flux across the membrane normalized by the protonic
flux, we can characterize the water crossover of different
MEAs:

NH:0
o= —mn 3)
i/F
Blum et al.?™ 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 nec-
essary for the MOR comes from the production of the ORR
on the cathode side, i.e., pure methanol fuel can theoreti-
cally be used. MEAs designed to reduce or reverse the net
transport of water into the cathode are commonly referred to
as low-a MEA technology,! for which much of the pioneer-
ing work was performed by Wang and coworkers;® 7 21-24
Table 1 lists a few milestones and important experimental
confirmations for low-a MEA development.

Lu et al. ¥ Liu et al.,'”" and Wang and Liu? illustrated
quantitatively how, in order to use highly concentrated
methanol fuel, the water crossover to the cathode must
first be reduced. For example, Liu ef al showed that,
in order to use even 3M 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 3M methanol fuel is only roughly 10% methanol
by volume, and that DMFCs not using low-o MEAs
generally have o ~ 3, this finding is rather astonishing. Lu
et al.,'” Liu et al.,”" Wang and Liu,® and Liu® ¥ further
demonstrated that, by using a thin Nafion 112 membrane
along with hydrophobic anode and cathode MPLs, they
could reduce water crossover to o~ 0.3-0.8 at 60°C
while still maintaining a high fuel efficiency (~80%), cell
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voltage (~0.4 V), and power density (~60 mW cm~2). The
hydrophobic cathode MPL/thin membrane combination in
the low-a MEA was believed to be the primary reason for
low water crossover, owing to a buildup of liquid pressure
in the cathode CL, and corresponding back diffusion and
backflow of water due to hydraulic permeation (HP).[> 127

Liu ef al.”" and later Song et al.”® experimentally found
that a thin membrane reduces a. Liu ef al.””’ showed that
jumped from ~0.8 to ~1.0 simply by removing a Nafion®
112 membrane and replacing it with a Nafion® 1135
membrane, and Song et al.”® reported a values of ~1.0 and
~2.7 for Nafion® 1135 and Nafion® 115, respectively (see
Table 1 for more details). Subsequently, several researchers
have also experimentally confirmed that a hydrophobic
cathode MPL acts to reduce a. For example, Song et al.!*
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 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
an even more significant role than the hydrophobic cathode
MPL.?* 24 Utilizing a Nafion® 112 membrane, Liu!?* ¥
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.”®®! confirmed the dramatic
effect of the hydrophobic anode MPL, reporting o values
of ~3.5 and 1.1 without and with hydrophobic anode MPL,
respectively. The nearly fourfold larger o value reported by
Park et al.'*®! 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.”?® further give credence
to the concept of a hydrophobic anode MPL reducing «,
as the authors achieved no lower than a ~ 2.4 with a
Nafion® 112 based MEA with only hydrophobic cathode
MPL. Most recently, Shaffer and Wang®! have physically
described how the hydrophobic anode MPL acts to reduce
water crossover to the cathode by utilizing a two-phase
transport model that fully accounts for capillary-induced
flow in porous media.

2 WATER TRANSPORT

Following the mass balance analysis of Liu et al.,”
Figure 1 gives the maximum allowable methanol fuel con-
centration as a function of «, assuming 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, the cell runs short on water
before it runs short on methanol. This figure clearly illus-
trates 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-a MEA technology
is a critical prerequisite for designing high concentration
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Figure 1. Maximum methanol concentration to maintain metha-
nol and water balance in the anode as a function of o for
MCO = 0.0, 0.1, 0.2, 0.3, and 0.4.

methanol fuel cells (HC-MFCs). For example, assuming
that MCO = 0, if we desire to use 10 M methanol fuel,
we must be able to design an MEA that has a as low as
0.39. Further note from Figure 1 that, because the slope
of the curve is steeper as a 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.

Pasaogullari and Wang? 3 outline the theory of liquid
flow in fuel cell diffusion media caused by capillary action
(see Two-phase flow and transport, Volume 3). The total
liquid flux through a porous medium is given by Darcy’s
law

——1vp, 4)

Here, the capillary pressure is defined as the gas-phase
pressure less the liquid-phase pressure, and, assuming
that the gas-phase pressure changes negligibly over the
thickness of the porous media, the gradient in capillary
pressure is equal to the negative of the gradient in liquid
pressure, yielding

——1yp, Q)

The capillary pressure can be related to the liquid saturation
(i.e., the liquid volume fraction of the pore space) via the
Leverett function:

12
p. = 6cos(6) (%) 7(s) 6)
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This results in the following expression:

N o Kk 12 dJ
Ny =——(Ke)/“(ccos0)—Vs 7
My, ds

The details may be found in Pasaogullari and Wang,?” but
the end result is that, within a given porous layer, there
is always liquid flow from high liquid saturation region to
low liquid saturation region. In addition, note that, across
an interface between two inhomogeneous porous layers, the
capillary pressure must remain continuous, thereby yielding
a saturation jump.P” This physics is critical in describing
how MPLs are effective in reducing o, as discussed later.

On the anode side of the cell, the capillary action acts
to transport the methanol-water mixture from the flow
channel to the CL. The flux of a given species, §, in the
liquid phase can be represented by a convective flux (here
Xlﬁ is the liquid-phase mole fraction of species §) plus a
diffusion flux:

N, = XN, + j, (8)

The liquid phase is a binary mixture of methanol and water
(negligible dissolved CO, concentration), and therefore the
concentration gradients must be in opposite directions of
one another.

Utilizing the 1D (through-plane), two-phase model, as
described in Ref. [29] (which fully accounts for the lig-
uid flow driven by capillary action as described by equa-
tion (8)), Figure 2 illustrates the liquid methanol and H,O
profiles across the anode diffusion media for MCO = 0 (the
ideal situation) and a = 3.0, 2.0, and 1.0. Unless otherwise
noted, the properties of all cells simulated in this article
are given in Table 2. 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 CL. These horizontal
lines indicate the following equivalent ratio (under steady
state conditions):

CH;OH reacted +
CH,OH crossed over (CH,O0H)

) - (H0)

)

molar

fuel feed

H,O reacted +
H,O crossed over
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Figure 2. Liquid CH30H and H,O concentration profiles for MCO =0, i = 150mAcm~2, and (a) a = 3.0, (b) o =2.0, and
(¢) a = 1.0. Curves 1, 2, 3, and 4 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.
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Table 2. Cell properties and simulation parameters used in this
study unless otherwise noted.

Parameter Value Notes
dpL (um)? 260 w/ MPL Anode and cathode
280 w/o MPL
dnprL (Jum) 20 Anode and cathode, if
present
dcr(pwm) 15 Anode and cathode
S mem (M) 50 Nafion® 112
£BL, ECL 0.6 Anode and cathode
EMPL 04 Anode and cathode
Kgr, (m?) 1.0x 107 Anode and cathode
Kypr, (m?) 2.0x 10713 Anode and cathode
Ke (m?) 3.6 x 10716 Anode and cathode
Kmem (m?) 4.0 x 10720
OgL () 110 Anode and cathode
Ompr () 120 Anode and cathode
OcL () 96 Anode and cathode
Temperature 60
(°O)

?Note that the different BL thicknesses with and without MPL are to
ensure equivalent thickness of the diffusion media and to study the effects
of the MPL properties on the water and methanol crossover

Therefore, from Figure 2 we see that, as o decreases,
the methanol concentration, to maintain this equivalency,
increases: roughly 2-3M, 4M, and 7M for a = 3.0, 2.0,
and 1.0 respectively. These plots are very useful in demon-
strating that, even for an ideal membrane that blocks all
methanol transport from the anode to cathode, develop-
ing 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.

It is important to note in Figure 2 that an increasing
methanol concentration toward the anode CL (positive x
direction) only implies a diffusion flux in the binary liquid
phase away from anode CL (negative x direction). This
does not imply a net transport of methanol away from
the anode CL, a fact which is illustrated by looking at
equation (8). Here, we see that the capillary-induced liquid
flow can facilitate a net flux of methanol toward the
anode CL (positive x direction), against a concentration
gradient, when methanol concentration becomes high. This
is exactly what we see in Figure 2, and exactly the same
concept that holds for H,O transport through the porous
media.

Any realistic membrane, however, has some degree
of methanol crossover. The methanol flux across the
membrane is driven by EOD and diffusion, and can be
written as

; (CH:OH _ CH;OH
CH;OH __  CH;OH cH;0H | €LaCL 1,cCL
N, =ny —|+D Akt et

mem mem
F Bmem

(10)

Here, the first term is the EOD flux term and the sec-
ond term signifies the diffusion flux term. 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 concen-
tration in the anode CL. As shown in Figure 3 (as well as
Figure 2), one effective way of accomplishing this is by
reducing o 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 3, we set MCO = 0.1 to highlight this point; in real-
ity, the MCO is dynamically a function of the methanol
concentration.

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
(oo = 0.0). Figure 4 illustrates the liquid methanol concen-
tration profile in the anode under 10 M feed concentration.
This cell has an additional porous barrier between BL and
CL with ¢ = 0.25, 6 = 120°, and 8 = 250 um and all other
properties are the same as given in Table 2 for a BL. The
MCO is simulated to be MCO = 0.13 at i = 250 mA cm 2,
which is due in large part to the reduction of methanol con-
centration in the anode CL, as seen in Figure 4. The point
to take here is that, if we can design an MEA that reduces
a~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 high con-
centration 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 flow channel.

As a final example of the importance of water crossover
on high concentration DMFC performance, Figure 5 shows
fuel efficiency curves for a = 0.0, 1.0, and 2.0 for (a) 5SM
and (b) 3 M methanol fuel concentrations. Note that the fuel
efficiency is defined as

i
= =1-MCO 11
N¢ it (11)

It is evident from Figure 5 that the fuel efficiency increases
with lower o as should be expected from the previous
discussions on reducing MCO via lower methanol con-
centration in the anode CL. It should now be unam-
biguous how water management plays a critical role
for the use of highly concentrated methanol fuel in
DMFCs.
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Figure 3. Liquid methanol concentration profiles for MCO = 0.1, i = 200mA cm™
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2 and a = 3.0, 2.0, 1.0, 0.0, and —1/6 for (a) 10M,

(b) 5M, and (c) 1.5M 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.

10:\:\ /jﬁ—:ss
C ! Extra i}
8C E 150
Fe Thin '
= '_ BL ! - —
= 6f | 1445 S
3 C : 19
] C i ] _
2(.)_ 4__ ! i—_40 o
2F : 1435
O-' L1 i T T T I T T S B |'_30
0 0.1 0.2 0.3

Figure 4. Liquid CH30OH and H,O anode concentration profiles
for o = 0.0, and i = 250 mA cm~2. The extra layer between BL
and CL has all BL properties given in Table 2 except ¢ = 0.25,
6 = 120°, and 8 = 250 wm. Note that x = 0 is at the anode BL
and channel interface.

3 NOVEL MEA DESIGNS FOR LOW
CROSSOVER OF METHANOL AND
WATER

Now that it is clear how and why water management plays
such a vital role in using highly concentrated methanol

fuel, we next review novel MEA designs for low crossover
of water. The traditional MEA for DMFCs has a BL and
CL on each side of the membrane. The BLs are usually
made of either carbon paper or carbon cloth. With the
advent of lowa MEA technology, it has become common
to use a hydrophobic MPL between the cathode BL and CL
in an effort to reduce the water crossover,!® 7 19-21.25.27. 28]
Most recently Liu**?* and Park et al.® have further
demonstrated experimentally the need of a hydrophobic
anode MPL to significantly lower a.

Figure 6 shows a values and their EOD, diffusion,
and HP components versus current density, as defined
by

pmem

i) (52) (F)
() (52 ()

Ugop = 1520 (13a)

mem

o= ngzo + D0 <

(12)

P — N F
= piho (_—mem 13b
it = Fimem (EWmem) < mem ) < ) ( )
K F
OLHP — (pl mem) (pla plc) (_) (]30)
Ml“‘l 8mem !
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Figure 6. Net water transport coefficient and its EOD, diffusion, and hydraulic permeation components for (a) no MPLs, (b) cathode
MPL, (c) anode MPL, and (d) anode and cathode MPLs. Note all hydrophobic MPLs with assumed properties given in Table 2; anode

and cathode stoichiometries of 1.75 @ 150 mA cm~2 with 3 M fuel.

These simulation results are shown with four different
hydrophobic MPL combinations: (a) no MPLs, (b) cathode
MPL only, (c) anode MPL only, and (d) anode and
cathode MPLs. Table 3 also shows the simulated o and
MCO values for the four different MPL combinations
at 200mA cm~2. 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™2), but

the use of a hydrophobic anode MPL reduces o more
drastically (1.97 without MPLs to 0.544 with anode MPL
at 200mA cm~2). The use of both anode and cathode
hydrophobic MPLs lowers « the most (1.97 without
MPLs to 0.293 with both MPLs at 200 mA cm—2). Fur-
ther, 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
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on both a and MCO are in qualitative agreement with
experimental observations and the theory presented by sev-
eral researchers.® 7 23-27]

The theory of how hydrophobic anode and cathode MPLs
act together to reduce water crossover is elucidated for the
first time by Shaffer and Wang.* The liquid saturation
profiles given in Figure 7 help in explaining physically how
the MPLs cause this significant reduction in «. In Figure 7
(a), we see that the cathode MPL acts to increase the liquid
saturation level in the cathode CL, thereby increasing both
the back diffusion and potentially backflow of H,O due to
HP (see equations 12 and 13). This fact is also depicted by
comparing Figure 6(a) and (b), where it is evident that the

Table 3. o and MCO values for four MPL
combinations at 200 mA cm~2. Note all param-
eters given in Table 2; anode and cathode stoi-
chiometries of 1.75 @ 150 mA cm™? with 3M

fuel.

MPL Combination 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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incorporation of the cathode MPL significantly reduces
the diffusion component of water crossover. Physically,
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 (see,
e.g., Ref. [30]), a corresponding higher liquid saturation
level is reached in the cathode CL.

The effects of a hydrophobic anode MPL are evident
from Figure 7(b). We see here that a hydrophobic anode
MPL greatly reduces the liquid saturation level in the
anode MPL, and ultimately reduces the liquid saturation
level in the anode CL; in fact, under these conditions, the
anode CL is predicted to become gas-phase only. This CL
condition leads to a lower water crossover from anode to
cathode, primarily by reducing the EOD (note that the EOD
coefficient is a function of membrane water content), and
by an increase in back diffusion, as depicted further in
Figure 6(c) and equations 12 and 13. The lower anode CL
saturation in the presence of anode MPL can be explained
once again by the lower liquid saturation level in the anode
MPL, owing to its hydrophobic nature.

Finally, Figure 7(c) shows the liquid saturation profile for
both hydrophobic anode and cathode MPLs. The reduction
in a with the two MPL design is explained simply by the
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Figure 7. Liquid saturation profiles at i = 200 mA cm~2 for (a) cathode MPL, (b) anode MPL, and (c) anode and cathode MPLs. Note
all hydrophobic MPLs with assumed properties given in Table 2; anode and cathode stoichiometries of 1.75 @ 150 mA cm~2 with 3 M

fuel; x = 0O is at the anode BL and channel interface.
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combination of anode and cathode MPL discussions. 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 necessitated in low-a
MEAs; the thinner the membrane, the greater the flux of
H,O back diffusion, as evident in equation 13(b).

4 ADVANCED DESIGNS

As alluded to earlier, and further illustrated in Table 1, one
of the most important developments in reducing the water
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Figure 8. o vs. cell current density for various anode MPL contact
angles; anode and cathode stoichiometries of 2.0 @ 150 mA cm™2,
and inlet methanol concentration of 2M; hydrophobic cathode

MPL present.
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Figure 9. o vs. cell current density for various anode MPL
permeabilities; anode and cathode stoichiometries of 2.0 @
150 mA cm™2, and inlet methanol concentration of 2 M; hydropho-
bic cathode MPL present.
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Figure 10. o vs. cell current density for various anode MPL
thicknesses; anode and cathode stoichiometries of 2.0 @ 150
mA cm—2, and inlet methanol concentration of 2 M; hydrophobic
cathode MPL present.

crossover in DMFCs is the incorporation of a hydrophobic
anode MPL.[?2426.2) Here, we briefly summarize the
effects of anode MPL properties on water crossover, as
described in more detail in Ref. [29]. Figures 8—10 give
the simulated o versus current density curves for various
values of anode MPL contact angle, permeability, and
thickness; note that the operating conditions of 2.0 anode
and cathode stoichiometries (at 150 mA cm—2), and inlet
methanol concentration of 2.0 M are different from the 1.75
and 3.0M values for Figures 6 and 7. Further note that,
for the simulations given in Figures 8—10, a hydrophobic
cathode MPL is present.”” From these results, we find
that a larger contact angle (more hydrophobic), smaller
permeability, and thicker anode MPL all act to reduce
the water crossover. For all except the thickness effect,
the primary reason for lowering a stems from the effect
of these properties on the saturation jump at the anode
BL/MPL interface; all properties that reduce o reduce the
saturation level in the anode MPL. The thicker anode MPL
acts to mitigate water crossover simply by forcing the liquid
to transport a longer distance, resulting in a lower liquid
saturation level at the anode CL—anode MPL interface.
Finally, Tables 4 and 5 give the simulated membrane
thickness and H,O membrane diffusivity effects on net
water transport coefficient for an MEA design with hydro-
phobic anode and cathode MPLs. It is seen that a thinner
membrane and membrane with greater H,O diffusivity actu-
ally reduce water loss to the cathode. Table 4 shows that
o = 0.293 for a membrane thickness of 50 pm (roughly
Nafion® 112) and a = 0.695 for a thickness of 175 um
(roughly Nafion® 117) from simulated results; Table 5 illus-
trates that a membrane H, O diffusivity of 1 order of magni-
tude greater reduces a to 0.05, while an order of magnitude
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Table 4. o versus membrane thick-
ness at 200 mA cm~2 with anode and
cathode MPLs. Note all parameters
given in Table 2; anode and cathode
stoichiometries of 1.75 @ 150 mA
cm~? with 3M fuel.

6mem (Mm) [¢3

50 0.293
100 0.527
150 0.654
175 0.695

Table 5. o versus membrane H,O
diffusivity at 200mAcm~2 with
anode and cathode MPLs. Note all
parameters given in Table 2; anode
and cathode stoichiometries of 1.75
@ 150 mA cm~2 with 3M fuel, and
D,™© as given in Ref. [29].2

DmemHZO a

DoM20 5 107! 0.878
D, 0 0.293
Do20 x 10! 0.050

?Reproduced from Ref. [29]. © Else-
vier, 2008

lower increases o to 0.878 (our baseline water diffusivity
in the membrane is based on the Springer correlation,?! as
described in Ref. [29]). Note that a lower water crossover to
the cathode with a thinner membrane is in good qualitative
agreement with the experimental findings for low- o MEAs
(see Table 1). Aside from low methanol permeability, low
methanol EOD, and high proton conductivity, DMFC mem-
branes must also exhibit high water diffusivity. It should be
noted that a thin membrane, low- o« MEA can be designed
to ensure low MCO (~0.1-0.2) at a given operating cur-
rent density. However, a thin membrane may yield higher
methanol crossover if the current density decreases toward
open circuit.

S SUMMARY AND OUTLOOK

To become more competitive with, and ultimately replace,
Li-ion batteries in mobile applications, DMFC systems
must be designed to have a higher energy density. To this
end, one of the most important goals for DMFC technology
is to be able to operate a cell directly on highly concentrated
methanol fuel without sacrificing power density. To date,
much effort has been expended on reducing methanol
crossover, both by means of new membrane development
and via various anode fuel delivery designs. However,
in this article, we have summarized that, to effectively
operate HC-MFCs, the MEA must be designed to not only

reduce methanol crossover but also reduce water crossover.
Fortunately, developing novel MEA designs that reduce
water crossover has emerged as an active area of research
and development.

Further, in this article, we have summarized the current
state-of-the-art MEA designs by which the water crossover
is reduced. Previously, the water crossover reduction was
believed to be accomplished primarily by use of hydropho-
bic cathode MPL.[6- 7 19-21.25.27. 281 Vost recently, the addi-
tion of a hydrophobic anode MPL has been proven effective
in reducing water crossover, and has also been shown to
slightly reduce MCOQ.!?* 2426291 We have used a 1-D, two-
phase transport model to elucidate how water crossover is
reduced by incorporation of both hydrophobic anode and
cathode MPLs. Additionally, we have used this model to
demonstrate how to design the anode MPL to greatly reduce
water crossover. In particular, we have shown that a thicker
anode MPL with more hydrophobicity and lower permeabil-
ity is expected to reduce net water transport from anode to
cathode. Finally, we showed that a thinner membrane and
higher water diffusivity through the membrane, in conjunc-
tion with a low- o« MEA design, are beneficial in reducing
the net water transport into the cathode, possibly even caus-
ing net water backflow from the cathode to anode.

As low-a MEA innovation continues and enables the
use of higher concentration methanol fuel, there will be an
increasing premium on water, as 1 mole of water reacts
with 1 mole of methanol in the anode CL. In light of
the fact that a 17M solution has a molar ratio of 1 for
methanol to water, this means that, if neat methanol is
to be used in a completely passive cell design (i.e., no
external water recovery equipment), there must be a back
flux of water from the cathode side of the cell to the
anode side. It is therefore envisioned that future membrane
materials will be developed, which have greater resistance
to methanol crossover while simultaneously allowing facile
transport of water. Because this dichotomous requirement is
difficult to be met by any membrane, there may be a need
to design a DMFC with a membrane that facilitates the
transport of water, while mitigating the methanol crossover
via a combination of novel MPL and CL design and
proper operating conditions. Of course, as demonstrated
throughout the body of this article, this concept hinges on
proper MEA design in order to cause the back flux of water
from cathode to anode.
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LIST OF SYMBOLS

diff diffusion
CH;0H  methanol
co, carbon dioxide
o net water transport coefficient
B generic species
c concentration
D e membrane diffusivity
d thickness
EW equivalent weight
€ porosity
F Faraday’s constant
Mg fuel efficiency
ky liquid-phase relative permeability
i current density (cell average)
j diffusion flux
J Leverett function
K permeability
A water content
iy methanol crossover current density
M, liquid-phase molecular weight
My liquid-phase viscosity
ny electroosmotic drag coefficient
N, liquid flux
Npem membrane flux
De capillary pressure
D liquid pressure
0 liquid density
0 contact angle
s liquid saturation (i.e., liquid volume fraction of
pore space)
o surface tension
XlB liquid-phase mole fraction of species p
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