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Various anode diffusion media have been experimentally studied to reduce water crossover in a direct
methanol fuel cell (DMFC). A two-phase water transport model was also employed to theoretically study
their effects on water transport and saturation level in a DMFC anode. It is found that wettability of the
anode microporous layer (MPL) has a dramatic effect on water crossover or the water transport coefficient
(ov) through the membrane. Under different current densities, the MEA with a hydrophobic anode MPL
has consistently low ¢, several times smaller than those with a hydrophilic MPL or without an anode MPL.
Methanol transport in the anode is found to be not influenced by a hydrophobic anode MPL but inhibited by
a hydrophilic one. Constant-current discharge shows that the MEA with hydrophobic anode MPL displays
much smaller voltage fluctuation than that with the hydrophilic one. A modeling study of anode water
transport reveals that the liquid saturation in the anode is lowered significantly with the increase of anode
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MPL contact angle, which is thus identified as a key parameter to minimize water crossover in a DMFC.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are attractive power sources
for portable electronics, in part because of their high energy den-
sity and easy storage of liquid fuel [1]. Work in our laboratory
has demonstrated the paramount importance of water crossover
through the membrane in the development of high concentration
methanol fuel cells with high performance [2,3]. We first revealed
the direct link between the water transport coefficient («) through
the membrane and maximum methanol concentration possibly
used in the anode feed and thus proposed the development of low-
o membrane-electrode assembly (MEA) [2,3]. Here « is defined as
the ratio of the net water flux through a membrane to the pro-
tonic flux. The « value for conventional DMFCs based on Nafion 117
is roughly 2.5 [4], which corresponds to a theoretical maximum
methanol concentration of ~3 M, thus dramatically limiting the
energy density of a DMFC system. On the other hand, 10 M methanol
operation requires an MEA to have « equal to or smaller than 0.6.
To enable direct use of pure methanol, « must be reduced to below
zero [3]. High power direct methanol fuel cells running on 15M to
neat methanol have been successfully demonstrated by Wang et al.
[5,6], attributed to a minimized or even negative water crossover.
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In our prior publications [2,3] we have experimentally achieved
o~ 0.6 at 60°C, using dry air at atmospheric pressure, and under
typical cathode flow conditions. Since then, there has been exten-
sive follow-up work and the importance of water crossover has
become a consensus in the DMFC community for portable power
applications [7-9]. However, all subsequent work cannot reach the
same low level of « as originally demonstrated in [2,3]. The present
paper will explain why there exists such a gap. We shall also
reveal, for the first time, that the anode microporous layer (MPL)
is a more influential factor in reducing water crossover through
the membrane in DMFCs than the cathode MPL. Previously, all
the literature has emphasized exclusively the important role of a
cathode MPL in returning water from the cathode to anode thus
leading to low « [2,3,7-13], following the capillary flow theory of
Pasaogullari and Wang [14].

In this work we report on experimental data and theoretical
analysis showing that the anode MPL is a more important factor
than the cathode MPL for minimizing water crossover through the
membrane in DMFCs. A more expanded version of the present paper
can be found in the Ph.D. thesis of Liu [6].

2. Experimental

Both MEA fabrication and experimental hardware have been
detailed in previous publications [2,3] and thus are not repeated
here. The cathode gas diffusion layer (GDL) is carbon cloth with
a pre-coated hydrophobic MPL containing carbon black and PTFE.
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Carbon papers with 10% wet-proofing (Toray TGPH 090) were used
as the anode diffusion medium (DM) substrate. A mixture of Vulcan
XC72R carbon black and 40 wt% PTFE (TFE 30, Dupont) or Nafion
was coated on the carbon paper using a gap-adjustable blade to
fabricate either a hydrophobic or a hydrophilic MPL with the same
loading of 2 mg/cm? (carbon and binder). In this work, the anode
DM is generally referred to as the carbon paper substrate either
with or without a MPL. MEAs of 12 cm? based on Nafion 112 mem-
branes were prepared by the decal method. The catalyst loadings
in the anode and cathode catalyst layer (CL) were 5.3 mg PtRu/cm?
and 1.2 mg Pt/cm?, respectively.

To investigate the surface morphologies of different diffusion
media, scanning electron microscopy (SEM, Philips XL20) was used.
Fresh samples of different anode diffusion media were examined at
relatively small magnification to reveal porosity and surface struc-
ture.

The MEAs were mounted between two identical graphite flow
plates with two-pass serpentine channels. The cell was oper-
ated at 60°C and ambient pressure on both sides. 2M methanol
solution (0.19 mL/min) and dry air (97.3 mL/min) were fed to the
anode and cathode, corresponding to stoichiometries of 2 and 3
at 150mA/cm?, respectively. The total water collected from the
cathode exit at constant-current discharge, after correcting for the
water produced from oxidation of the crossover methanol, was used
to calculate the net water transport coefficient, c.

3. Liquid water transport in the DMFC anode

The multiphase mixture (M2) model is used to simulate two-
phase water transport in the anode. Considering 1D water transport
along the thickness, the governing equation in both carbon paper
and MPL is written as [14]

d 1-— CMeOHMMeOH/p CH (6] )
Tv L H,0 l - Sa% h| = 0 (1)
dx MH2 Og

d
a(VCUCHZO) +

The two terms at the left-hand side describe water transport by con-
vection and capillary transport, respectively. Here, CMeOH MMeCH / 5,
is the mass fraction of methanol in the liquid, assuming a uniform
methanol concentration everywhere in the diffusion media, and y.
is the advection factor. The advection factor is expressed as

_ o (M CR°
Ye = A0 (MHZO +Ag D¢

where p, A; and Ag are the two-phase mixture density, relative
mobility of liquid and gas phases, respectively

A= ki /v
(ke /v1) + (keg/vg) ’

where kyg and k; are the relative permeabilities of individual
phases, which are equal to the cube of phase saturations. The total
water concentration is expressed in terms of liquid saturation, s, as

(4)

(2)
Ag=1-A

(3)
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InEq.(1),jj is the liquid flux driven by capillary pressure gradient
[15-17]

. MoK d 12
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where J(S) is the Leverett function and is given for both hydrophilic
and hydrophobic media as [14]

(5)

Js)= 4 14171 —5) - 2.120(1 - s +1.263(1 —s)®, iff. < 90°
=\ 1.417s — 2.120s2 + 1.263s3, ifo. > 90°
(6)

where 6. is the contact angle.
Integration of Eq. (1) over the diffusion medium thickness yields
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Superficial velocities in the above equation at the two interfaces are
calculated as
Jm _ 171 H0 . 1 pymeon 1 51co

u=?=5[§(1+6a)M2 +§M —ﬁM 2}
where j, is the total mass flux through the interface in both phases.
Expression of other parameters can be found in Table 2 and refs.
[14,18]. Now Eq.(7) can be rewritten using s as the primary variable.
The liquid saturation profiles in the anode DM and MPL can thus be
obtained using a fourth-order Runge-Kutta method.

At small anode stoichiometry, water saturation at the anode
GDL/channel interface is expected to be less than 100%, since CO,
bubbles cannot be removed completely from the surface of the
anode diffusion medium. We assume the liquid saturation at the
anode DM/channel interface arbitrarily to be 65%. The liquid sat-
uration at the DM/MPL interface in the MPL can be calculated by
assuming continuous gas and liquid pressures across that interface
[19],i.e,

(8)

_ . MPL
= Pc ’GDL—MPL» (9)
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The different properties of the two layers cause a discontinuity in
liquid saturation across the interface.

While the above-described model is simplified, it is intended to
qualitatively explain the dramatic effect of anode diffusion media.
A more sophisticated two-phase model aimed at the quantitative
prediction of cell performance and water/methanol transport in a
DMEC is available in refs. [20,21].

4. Results and discussion

We are interested primarily in how the structure and wettabil-
ity of anode diffusion media yield low «. To ascertain the effect of
anode MPL, three anode diffusion media are investigated in this
study, with details listed in Table 1. Carbon paper, carbon paper
with a hydrophilic MPL and with a hydrophobic MPL are employed
in MEA-1, MEA-2, and MEA-3, respectively. SEM images of their

Table 1

Electrochemical performance parameters of MEAs using different anode diffusion media

Sample Anode diffusion medium HEFR (€2 cm?) MeOH crossover at open Average cell voltage o value at
circuit, Icoc (MA/cm?) at 150 mA/cm? (V) 150 mA/cm?

MEA-1 C paper w/anode MPL (aMPL) 0.190 257 0.379 1153

MEA-2 C paper w/hydrophilic aMPL 0.183 223 0.328 1.743

MEA-3 C paper w/hydrophobic aMPL 0.212 242 0.398 0.335

MEA-4 C paper w/two-layer MPL 0.218 240 0.387 0.312

MEA-5 Carbon paper w/higher PTFE fraction (60%) in aMPL 0.191 237 0.379 0.302
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Fig. 1. Surface morphologies of various anode diffusion media: (a) 10% wet-proofing
Toray carbon paper (TGPH-090), (b) hydrophilic MPL (40% Nafion), and (c) hydropho-
bic MPL (40% PTFE).

surfaces are shown in Fig. 1. Carbon paper is a microscopically com-
plex fibrous structure with the pore size distribution ranging from
a few microns to tens of microns. MPLs have much smaller pore
sizes (~100 nm), with uniform cracks (mud cracking), induced by
volume shrinkage of carbon/PTFE (or carbon/Nafion) slurry during
annealing. Although it is difficult to find any noticeable structural
difference in the two MPLs from the SEM images, it is assumed that
the pore size and porosity in the hydrophilic MPL would decrease
due to swelling and expansion of ionomer upon full hydration;
while those of hydrophobic MPL remain the same. Differences in
porosity, permeability, pore size distribution, surface wettability,
and liquid retention of the three diffusion media would result

Table 2

Parameters used in analysis

Parameters Value

Liquid surface tension (60 °C), o (N/m) 0.07
Density of 2 M liquid methanol solution, p; (kg/m3) 988.2

Liquid kinematic viscosity, vy (m?/s) 7.10 x 10-6
Gas kinematic viscosity, vg (m?/s) 3.06 x 10~4
Density of saturated vapor, pg ( kg/m3) 0.977
Saturated water vapor molar concentration, ngo (mol/m?3) 7.20
Methanol concentration in GDL, CIMeOH (mol/mg) 2000

GDL permeability, Kgpy (m?) 1.0x10-13
GDL thickness, AXgp (Jom) 260

Contact angle of GDL, f¢py (°) 100

Porosity of the GDL, egp 0.45

MPL permeability, Kgpp (m?2) 7.0x 1015
MPL thickness, AXgpL (pum) 30

Contact angle of hydrophobic MPL, Opy. (°) 100

Porosity of hydrophobic MPL, egpp. 0.2
Contact angle of hydrophilic MPL, Ogpy (°) 30

Porosity of hydrophilic MPL, egpp 0.2

in different two-phase flow and water transport characteristics
[22].

The quick-scan DMFC polarization curves of the three MEAs
are shown in Fig. 2. The limiting current densities of MEA-1 and
MEA-3 are almost identical, approximately 50 mA/cm? larger than
that of MEA-2. At 150 mA/cm?, the two MEAs have cell voltages
about 25 mV higher than that of MEA-2. The performance curves
of the three MEAs are consistent with their anode polarizations as
shown in Fig. 3. MEA-2 has the smallest anode limiting current den-
sity, around 300 mA/cm?, which is roughly 50 mA/cm? smaller than
those of MEA-1 and MEA-3. This indicates that methanol transport
inthe anode is barely influenced by a hydrophobic MPL, but is inhib-
ited by a hydrophilic MPL, due to the reduced porosity by ionomer
hydration and expansion. This is probably the reason why MEA-1
and MEA-3 show smaller methanol oxidation overpotential than
that of MEA-2 when the current density is beyond ~100 mA/cm?.

The high-frequency resistance (HFR) and methanol crossover
at open circuit are also shown in Table 1 for the three MEAs.
HFR is taken as the value where AC impedance spectra intercept
with the real axis. The hydrophilic MPL has the smallest HFR and
methanol crossover, i.e. 0.183 2 cm? and 223 mA/cm?, respectively.

Cell Voltage, V

0 50 100 150 200 250 300
Current Density, mA.cm™

Fig. 2. Quick-scan DMFC polarization curves of MEAs with different anode diffu-
sion media. Carbon cloth with MPL as the cathode diffusion medium and Nafion 112
were employed. The cell is operated at 60 °C, with flow rates of 2 M methanol solu-
tion and dry air at 0.19 and 97.3 mL/min, corresponding to 2 and 3 at 150 mA/cmz2,
respectively.
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Fig. 3. Quick-scan anode polarization curves of MEAs with different anode diffusion
media.

This probably originates from good contact between the carbon
paper backing and anode catalyst layer via a compact hydrophilic
MPL using Nafion ionomer as the binder. It also gives the lowest
methanol crossover rate, consistent with its smallest anode lim-
iting current density. MEA-3 with a hydrophobic MPL has slightly
higher HFR and methanol crossover, and MEA-1 without anode MPL
has the largest methanol crossover.

Constant-current discharge of these MEAs at various current
densities was performed at 60°C and ambient pressure on both
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Fig. 4. DMFC voltage variations with time at constant-current discharge
(150 mA/cm?) for different MEAs with different anode diffusion media.

sides. DMFC voltage variations over discharge time at 150 mA/cm?
are recorded in Fig. 4. The average cell voltage during constant-
current discharge is 0.398 V for MEA-3, much higher than 0.328 V of
MEA-2 and 0.379V of MEA-1. It is interesting to note from Fig. 4 that
MEA-1 and MEA-3 operate more stably than MEA-2, which shows
large voltage fluctuations during constant-current discharge. These
fluctuations are believed to be caused by liquid water accumu-
lation and subsequent removal in the cathode GDL and channels
[23], corresponding to slow voltage decay and sudden recovery,
as confirmed by experiments with increased cathode stoichiom-
etry (results not shown here). During constant-current discharge
at 150 mA/cm?, the water collected from the cathode outlet stream
was used to calculate « values, which are listed in Table 1. The anode
MPL wettability has a dramatic effect on water transport in DMFCs.
The o values of the MEAs with hydrophobic and hydrophilic MPLs
are 0.335 and 1.743, respectively; MEA-1 without anode MPL has
o value right between these two cases. Recall the definition of ¢,
higher value means larger amount of water transported from the
anode through the membrane to the cathode; thus, the transported
water plus the product water from oxygen reduction would easily
flood the cathode. This is the reason why MEA-2 displays so large
cell voltage fluctuation during constant-current discharge.

The large disparity in o between the cases with and without an
anode MPL as shown in Table 1 explains why the later works of
[7-9], without using the anode MPL, were not able to reproduce
the low level of water crossover as reported in the original work of
[2,3].

To investigate more clearly the effect of anode diffusion medium
properties on water transport in DMFCs, « values are measured for
arange of current densities and plotted in Fig. 5. For all MEAs, « val-
ues initially decrease dramatically with current densities and then
diminish gradually when current densities are beyond 100 mA/cm?.
This clearly indicates that the driving force for water back flow is
current-dependant and increases dramatically with the current as
the cathode accumulates more water and the anode becomes more
gaseous. Another significant feature is that the hydrophobic anode
MPL has consistently lower « than the hydrophilic one over the
whole spectrum of current density. For example, at 150 mA/cm?,
« value for the hydrophobic MPL is about 1/5 of the hydrophilic
one! This surprising result offers a new way to reduce « using a
hydrophobic anode MPL.

The hydrophobic and hydrophilic MPLs studied in the present
work create dramatically different situations of liquid water

o value

0:...\..‘|.‘.|..‘|.‘.|‘..\...|...\.,|.‘.'
20 40 60 80 100 120 140 160 180 200 220

Current Density, mA.cnmi?

Fig.5. Net water transport coefficients () across the membrane for different MEAs.
« values shown in the figure exclude the water produced by oxidation of crossover
methanol on the cathode.



E Liu, C.-Y. Wang / Electrochimica Acta 53 (2008) 5517-5522 5521

N <
_ o
L \\@‘0
r _____CamonPBDer’
er s Il
3 — Continuous pressure
a /’,’ I
o -
o e e — e — —-. (S PIESSUrE —- —- — —-— o —— -]
z i
g_ I - o
= 2 Py
& & s
L § : §
i R 3
0
S
B ©
3
- . =1
12
0.0 0.2 0.4 0.6 0.8 1.0

Liquid saturation

Fig. 6. Schematic illustration of liquid-phase pressure profiles in different diffusion
media. The dotted line is a hypothesized line, indicating a continuous pressure at
the interface between different diffusion media. The three points I, I, and III indi-
cate the liquid saturations in carbon paper, hydrophobic MPL, and hydrophilic MPL,
respectively.

transport and thus water saturation in the porous anode. The
liquid-phase transport in porous media is governed by a gradi-
ent in capillary pressure (wicking action), which is defined as
the difference between gas-phase and liquid-phase pressures. In
hydrophobic diffusion media, the capillary pressure is negative,
hence the liquid pressure is larger than the gas-phase pressure,
whereas in hydrophilic media, the gas-phase pressure is higher
than that of the liquid phase [15]. When two diffusion media with
differing wettability are in contact with each other, the liquid pres-
sure difference between the hydrophobic and hydrophilic media
always pushes liquid water from the former into the latter, render-
ing the latter fully saturated and the former largely unsaturated, as
schematically shown in Fig. 6. For all diffusion media, the capillary
pressure increases with the liquid saturation. At the MPL/DM inter-
face, if a continuous liquid pressure is assumed (shown as a dotted
line in the figure), the capillary pressure would push liquid water
into the hydrophilic MPL. Eventually, no more gas phase will be
displaced by the liquid phase, even with further increases in capil-
lary pressure (as indicated by an arrow in the figure); therefore, a
residual or irreducible gas saturation [14], s?r (=0.1),is assumed. The
three points I, II, and III in Fig. 6 denotes the liquid saturations in
hydrophobic MPL, carbon paper, and hydrophilic MPL, respectively,
under that continuous pressure. Clearly, the hydrophobic MPL
exhibits much lower anode water saturation than the hydrophilic
MPL or carbon paper without MPL.

Fig. 7 shows the calculated water saturation profiles in the three
anode diffusion media. The thickness of carbon paper is 260 wm,
and both hydrophilic and hydrophobic MPLs have the same thick-
ness of 30 wm. There are three important interfaces in the DMFC
anode: (1) DM/channel interface, where the liquid saturation is
assumed to be 0.65, which is a reasonable assumption because
of the gaseous nature of DMFC anode due to CO, evolution; (2)
DM/MPL interface, where a saturation jump is expected due to a
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0.4 3
— hydrophilic MPL
03F hydrophobic MPL E
E -—=-wfo MPL E

Water saturation,s

01E ic

00k . : . : ‘ ]
0 50 100 180 200 250 290

Thickness,um

Fig. 7. Calculated liquid water saturation profiles in three different anode diffusion
media. A, B, and C in the figure indicate water saturation levels at the anode catalyst
layer interface for hydrophilic MPL, w/o MPL, and hydrophobic MPL, respectively. «
values used in these calculations are obtained from experimental measurements.

continuous liquid pressure; and (3) MPL/anode CL interface, where
the water saturation determines the water back-transport and
hence « value. In Fig. 7A-C correspond to liquid saturations at the
anode CL surface for the three anode diffusion media: hydrophilic
MPL, carbon paper without MPL, and hydrophobic MPL, respec-
tively. In the carbon paper DM, the saturation decreases almost
linearly, from 0.65 at the DM/channel interface to 0.58 at DM/MPL
interface (point B). At this point, it rises to (1 — s?r) (i.e. the max-
imum liquid saturation possible) in the hydrophilic MPL and it
reduces to around 0.13 in the hydrophobic MPL. The water satu-
ration decreases in both MPLs, and eventually reaches 0.76 (point
A) and 0.1 (point C) at the anode CL surface for the hydrophilic and
hydrophobic MPLs, respectively.

The reason that MEA-3 with hydrophobic anode MPL shows the
lowest « is related to its ability to depress the anode liquid water
saturation and enhance the water content gradient across the mem-
brane. The water back transport under this gradient yields the very
low o of MEA-3. On the contrary, the MEAs with hydrophilic or
without anode MPL have relatively smaller water content gradient
across the membrane, thus higher o.

MPL Contact Angle?
0 693 94 95 96 97 98 99 100

SMPUCL

D‘.Oéll"l‘"‘I""I‘"'I""I""I""é
5 10 15 20 25 30 35 40

MPL thickness,um

Fig. 8. Influence of hydrophobic MPL thickness and contact angle on water satura-
tion at the interface of anode catalyst layer/MPL.



5522 E Liu, C.-Y. Wang / Electrochimica Acta 53 (2008) 5517-5522

The hydrophobicity (contact angle) and thickness of the
hydrophobic MPL are numerically explored to further reduce the
water crossover in DMFCs. Variations of liquid water saturation at
the hydrophobic MPL/anode CL interface with MPL contact angle
and thickness are shown in Fig. 8. MPL thickness has a marginal
effect on liquid saturation at the anode CL surface. The water
saturation is almost independent of the thickness until 35 pm,
beyond which saturation slowly decreases with the thickness. Con-
tact angle of anode MPL, however, seems to have a dramatic effect
on liquid saturation, which decreases steeply from ~0.6 at 93° to
~0.1 at 100°.

Increasing the MPL contact angle or making the MPL more
hydrophobic appears more effective to reduce « than using a thicker
MPL. To evaluate the calculated results, two additional MEAs, MEA-
4 with double-layer MPL and MEA-5 with higher PTFE fraction
(60wt%) in the MPL, were fabricated and tested. The purpose of
using higher PTFE fraction is to increase the MPL contact angle.
From Table 1, the two MEAs seem to have no significant influence
on cell resistance and methanol crossover, which are all compara-
ble to that of MEA-3 with a single-layer MPL. However, the limiting
current densities of the two MEAs are 20-30 mA/cm? smaller than
that of MEA-3, as indicated in the anode polarizations in Fig. 3. This
can be easily explained by increased methanol transport resistance
due to either additional diffusion length of thicker MPL or reduced
porosity by higher PTFE fraction in the MPL. This also explains why
these two MEAs show slightly lower DMFC performance than MEA-
3 in both quick-scan polarization and steady-current discharge as
shown in Figs. 2 and 4, respectively. There is an average 10-20 mV
voltage drop at 150 mA/cm? when MPL thickness doubles or PTFE
loading increases, as shown in Table 1.

The « values of the two MEAs were measured at different cur-
rent densities and displayed in Fig. 5. For MEAs with single MPL,
double MPL, and higher PTFE content, there is no significant dif-
ference in « at each current density and in fact, some of the data
points overlap. At 150 mA/cm? « values of MEA-4 and MEA-5 are
0.312 and 0.302, respectively, compared to 0.335 of MEA-3 as shown
in Table 1. The MEAs with thicker MPL and higher PTFE content in
the MPLs show almost the same « value, and the « value differ-
ence between the two cases is only 0.01, within the experimental
errors. Enhancement of MPL surface hydrophobicity by increasing
PTFE loading would be limited, since 60 wt.% PTFE is probably suf-
ficient to coat surfaces of carbon particles constituting the MPL.
Further increase of PTFE content would only thicken the coat-
ing layer without changing the surface hydrophobicity appreciably
[24]. Furthermore, 2 M methanol solution more easily wets a sub-
strate than pure water at 60 °C because of its lower surface energy.
Therefore, reducing « by using higher PTFE content in MPL has lim-
ited potential. It would be challenging to find more hydrophobic
materials than PTFE for a methanol-water solution.

5. Conclusions

Effect of anode MPL on water transport in DMFCs has been stud-
ied experimentally and theoretically. Both single cell and anode

polarization tests indicate that methanol transport in the anode
is negligibly influenced by a hydrophobic MPL, but is inhibited by
a hydrophilic MPL, due to reduced porosity by ionomer hydration
and swelling. Constant-current discharge reveals that the MEA with
hydrophobic MPL displays much smaller voltage fluctuation than
the hydrophilic one, probably due to the diminished cathode flood-
ing resulting from its higher water back-transport to the anode.
MEA-3 with a hydrophobic MPL is verified to have « values several
times smaller than those without MPL or with hydrophilic MPL
at various current densities. Theoretical calculations indicated that
hydrophobic MPL has a high entry liquid pressure, and thus renders
the anode more gaseous with a very small liquid saturation. The
present study clearly suggests that hydrophobic anode MPL is criti-
cal toreducing @ while achieving high performance. The calculation
also shows that improving MPL hydrophobicity is more effective for
«a-reduction than increasing the MPL thickness, although experi-
ments have not shown effective reduction of « value. Future work
is needed to understand and control water transport between the
anode and cathode and to develop highly hydrophobic diffusion
media.
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