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Water Transport Through Nafion 112 Membrane in DMFCs
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Water management has emerged as a significant challenge in portable direct methanol fuel cells, DMFCs. Excessive water
crossover through the membrane causes water loss in the anode and flooding in the cathode. We report a novel DMFC design
based on Nafion 112 and a cathode gas-diffusion layer coated with a microporous layer. This DMFC operated with ambient air
yielded a stable power density of 56 mW/cmt 60°C, while the net water transport coefficient was only 0.64 compared to a
typical value of 3 for Nafion 117 membranes. In addition, the fuel efficiency was about 74-92%.

© 2004 The Electrochemical Society.DOI: 10.1149/1.1825312All rights reserved.

Manuscript submitted June 3, 2004; revised manuscript received August 10, 2004. Available electronically November 10, 2004.

The direct methanol fuel celDMFC) has the advantages of easy (i.e., Nafion 112 to promote water back-flow under this difference
fuel storage, no need for humidification, and simple design. Thus,n hydraulic pressure. Such MEAs exhibit extraordinarily low water
the DMFC is presently considered a leading contender for portablglux through the polymer membrane. The significance of the experi-
and micro powet:” To compete with lithium-ion batteries, the first mental work reported here is the fact that commercially available
and foremost requirement of a portable DMFC system must beNafion membranes and MEA materials were used and the cell oper-
higher energy density in Wh/L. ated with ambient air without pressurization. Low water flux

Constrained by the methanol crossover probfeththe anode  through the membrane is highly desirable for DMFCs, as the anode
fuel solution has been very dilute, requiring a large amount of waterdoes not require an excessive amount of water replenishment. In
to be carried in the system and thereby reducing the energy conter@ddition, the cathode is less susceptible to severe flooding and there
of the fuel mixture. In addition, for each mole of methanol, one is less need for water recovery from the cathode effluent, eliminat-
mole of water is needed for methanol oxidation at the anode, andng or shrinking the condenser in a portable system.
roughly 2.5X 6 mol of water per mole of methanol are dragged
through a thick membrane such as Nafion 117 toward the cathode
assuming that the electro-osmotic drag coefficient of water is equal  Test apparatus—Figure 1 shows a schematic of the experimental
to 2.5 per protort” This then causes 16 water molecules to be lost setup. The effective area of the DMFC test fixture is 5 cndigital
from the anode for every mole of methanol, which corresponds topump (Series | digital pump, LabAlliangewith a 0.01-10 mL/min
only 3 M. Water in the anode therefore must be replenished if fuelrange was used to deliver and control flow rate of aqueous methanol
solutions more concentrated th@ M are ever to be used. In the sojution. A 2 M methanol solution was employed to test cell perfor-
cathode 15 water molecules are transported from the anode anghance in this work. A digital mass flow controllé®@mega Engi-
three additional water molecules are produced by consuming the sixeering, In¢ was used to measure and control flow rate of non-
protons generated from oxidation of one methanol. The presence dheated and nonhumidified air. A digital temperature controller was
a large amount of water floods the cathode and reduces its perfofgsed to control the electric heater on the cell to maintain desired cell
mance. Traditionally, a high cathode gas flow rétigh stoichiom-  temperature. A water moisture trap containing anhydrous calcium
etry) is employed to prevent flooding. An external water cooler to gyifate (W. A. Hammond Drierite Co. LTDwas connected to the
condense the cathode effluent must then be used to recycle watkit of the cathode to collect water in the effluent. An electronic load

back to the anode. This system design not only increases powegystem(BT4, Arbin) in the galvanodynamic polarization mode was

of removing water from the cathode to avoid severe flooding and

supplying water to the anode to make up water loss due to water MEA preparation—A catalyst-coated membran€CCM) was
crossover through the membrane requires innovative water managé*epared by the decal methdUnsupported Pt/Ru blacitiSPEC
ment in a portable DMF3 6000, Pt:Ru= 1:1 atomic ratio, Alfa Aesarand carbon-supported

Most recently, Blumet all® proposed a concept of water-neutral Pt (40% Pt/Vulcan XC72; E-TEKwere used as catalysts for the
condition under which the anode does not need a water supply andnode and cathode, respectively. The catalysts were first wetted with
the cell maintains perfect water balance by losing exactly 2 mol ofa small amount of deionize(Dl) water, followed by addition of
water per mole of methanol consumed. Petcal® further re- isopropanol(IPA), ionomer solution(5 wt % Nafion solution, 1100
ported experimental data with small or even negative water fluxEW, DuPon}, and ethylene glycol. After sufficient magnetic stirring,
from the anode to the cathode at small current densities using #he ink mixture was treated ultrasonically for 1-2 min and then
nanoporous proton-conducting membrane, a compact microporousoated on a Teflon substrate. After being dried for several hours in
layer (MPL) on a gas-diffusion layefGDL) in the cathode, and an oven at 80°C, the coated Teflon film was hot-pressed to a pre-
oxygen at three bars as the oxidant. It was postulated that the hytreated Nafion 112 membrane at 125°C and 100 atm for 3 min. The
draulic permeation induced by a hydraulic pressure differentialloadings of Pt/Ru and Pt/C in the anode and cathode catalyst layers
across the membrane can offset the electro-osmotic drag, leading twere 4.8 and 0.9 mg/cih respectively. The ratio of catalyst to
the net water transport coefficient much smaller than the pureNafion was maintained at 4(dry weigh for both anode and cath-
electro-osmotic drag coefficient of3 at 60°C*? ode.

Based on a recent theory of liquid water transport in polymer 20 wt % wetproofed carbon papéforay 090, E-TEK 0.26 mm
electrolyte fuel celld® we have designed a unique membrane- thick was used as the anode backing layer. A solution containing
electrode assemblfMEA) structure which utilizes a MPL to build  Vulcan XC72R carbon black and 40 wt % Tefl6FFE 30, DuPont
up the hydraulic pressure on the cathode side and a thin membrarias coated on the carbon paper to form a microporous IMEL)

~30pm thick. The gas-diffusion layetGDL) for the cathode is

carbon cloth coated with a microporous layer containing carbon
* Electrochemical Society Active Member. black and Teflon. Figure 2a shows an SEM image of the CCM with
2 E-mail: cxw31@psu.edu the catalyst layer of around 1pm thickness for both anode and
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Mass flow The total rate of water arrival and production in the cathode is
MEA controller thus equal to
- —(O— _ 1)1
Ino=|a+ 3/g (3]
Anode Cathode
co Clearly, the three terms on the right side in Eqg. 1 represent three
vmiing Fxhanst modes of water transport through the membrane. The molecular dif-
fusion is driven by the concentration gradient. The electro-osmotic
A A drag is proportional to the current density, and the permeation flux is
| driven by the hydraulic pressure difference. The net water flux
[ through the membrane can be conveniently quantified by a net water
_@—p—l — transport coefficienty, as defined in Eq. 2. This parameter, a com-
BMER bined result of electro-osmotic drag, diffusion, and hydraulic perme-
Digital ; ation through the membrane, dictates water management strategies
Ii;’zhanol me%hanol Weer feap Allr. 4 in DMFC systems. For thick membranes such as Nafion #17,
t pump cyanecs approaches the pure electro-osmotic drag coefficient as the other
two modes of water transport are weakened with increasing mem-
Figure 1. Schematic of the experimental setup. brane thickness.

From the viewpoint of water management in DMFCs, it is an
ultimate goal to achieve values as low as possible or even nega-
cathode. Figure 2b shows the shape of water droplets on the surfad&/e. This requires increasing the hydraulic pressure in the cathode
of the microporous layer of the carbon cloth GDL, indicative of high by using a hydrophobic GDL, as suggested independently by Peled
hydrophobicity. et al'® and Pasaogullari and Wal§The capillary pressure of the
) ) hydrophobic GDL in the cathode can be expressed as
Results and Discussion
In the cathode, water is produced by oxygen reduction reaction — b - D = 20 Cosf; [4]
as well as transported from the aqueous anode due to diffusion and Pe = Pg — P
electro-osmotic drag. Parameters governing liquid water formation

and distribution in the cathode include the stoichiometmy volu- where, is the contact angle90° for hydrophobic GDL andr

metric flow rate of the inlet air, current density, cell temperature, e pore radius. Thus the hydraulic pressure difference across the
and membrane water transport properties such as the diffusion angembrane for the liquid-feed DMFC is given by

electro-osmotic drag coefficients.

C

The water flux to the cathode by diffusion, electro-osmosis, and cost,
hydraulic permeation can be expressed as Apca= P = Pa= (Pg = Pa) — 20 [5]
Cc
o Ace_, | K p
Im=-D Om R EApC*aMHZO 1] wherep, is the pressure in the anode. For a DMFC operating at the
same pressure in both anode and cathpge; p, = 0. This makes
and the hydraulic pressure differential depend on the contact angle and
pore radius of the cathode GDL, which can be enabled by a MPL
. I design.
Im=«a E (2] Equation 5 indicates that increasing the GDL hydrophobicity will

result in a larger hydraulic pressure difference, leading to a lewer
value. However, excessive Teflon content in the MPL reduces the
electrical conductivity and subsequently lowers cell performance. It
o . o is expected that there is an optimum hydrophobicity in the MPL for
mef_ib'“ty' Ng Fhe e!ectro-osmoth drag cqe_ffluent of water, the propgr water management aﬁd imprO\);ed Berform)a/mce. Equation 5
liquid water viscosityD the diffusion coefficientM o the molecu- 3150 indicates that a smaller pore radius gives rise to a larger hy-
lar weight of waterAc._, and Ap._, the water concentration dif- draulic pressure difference, while a sufficiently reduced pore radius
ference and hydraulic pressure difference across the membrane, reesults in premature mass transport limitation in the cathode. Con-
spectively. sequently, an increased air flow rate may be required to relieve this
mass transport limitation, or pressurized oxygen may even be nec-
essary, as demonstrated by Pedtchl'® Unfortunately, using oxy-
gen is not an option for portable DMFC systems.

Based on the above qualitative understanding of éomecha-
nisms, a trial-and-error method has been carried out to fabricate
low-a MEAs without compromising cell performance. Performance
and water transport data of a representative MEA are presented in
Fig. 3-5. Figure 3 shows the V-l polarization curves and power
density curves at various temperatures. The concentration of the
methanol solution is 2 M with flow rate of 0.08 mL/min, yielding a
stoichiometry of 2 at 150 mA/cfn Nonpressurized and nonhumidi-
fied air was fed into the cathode, with air flow rate of 54 SCCM,
corresponding to a stoichiometry of 4 at 150 mAfciihe low flow

Figure 2. (a) SEM of the cross section of CCM, where the upper layer is the rates of fuel and_ air at amt_)l_ent pressure were intended _to r_educe
anode catalyst layer, the middle is Nafion membrane, and the bottom layer ifOWer consumption by auxiliary pumps for portable applications.
the cathode(b) Optical micrograph of the surface of microporous layer on The polarization curves shown in Fig. 3 clearly display an activation
carbon cloth. region, an ohmic region and a mass transport limited region. Maxi-

wherel is the current densityp the molar water densityy,, the
membrane thickness; the Faraday constan the hydraulic per-
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> " e i transport coefficientp, at various temperatures using a moisture
= 046 4 B ) trap containing anhydrous calcium sulfate. The voltage suffers from
> N A Yy P L 1 an obvious drop at the beginning of each measurement. Subse-
=R A Y ¢! : quently, the voltage experiences a slight decay toward the end of
a2l 9 " h 4 each measurement. By intermittently stopping and restarting the lig-
’ i A Y : e uid pump, cell performance can be restored. At small current densi-
o R B ] ties, e.g, 50 mA/cnt at 23°C and 100 mA/cfat 40°C, cell voltage
remains stable for an extended period of operation as shown in Fig.
0 PN P S PR E P E— 4. At a higher current density of 150 mA/énat 60 and 70°C, cell
0 50 C1UU ' 1_510( " 2%9 250 300 voltage occasionally experiences a sharp fluctuation when a slug of
urrent de nsity (mA/cm

CO, gas produced by the large current density blocks the anode
channels temporarily, causing a short-lived mass transport limitation
on the anode side. Careful attention to gas managefhenthe
design of the anode flow field will likely remove this voltage oscil-
lation. The steady-state power density at ambient pressure reached
16 mwWi/cnt at 23°C, 33.3 mW/cr at 40°C, and 56 mW/cfat
mum power density reached 26.5 mWfcat 0.3 V and room tem-  60°C, respectively.
peraturg23°C), 45 mWicnt at 0.36 V and 40°C, and 70.5 mW/ém Figure 5 displays the net water transport coefficiantmeasured
at 0.36 V and 60°C. at different temperatures. Current density was measured at
Figure 4 shows the evolution of cell voltage under a constant50 mA/cnf at 23°C, 65 mA/crh at 30°C, 100 mA/crh at 40°C,
current load in a series of experiments measuring the net waten25 ma/cnt at 50°C, 150 mA/crh at 60°C, and 150 mA/chat
70°C, respectively. Flow rates of methanol solution and air were
fixed at the values given in Figs. 3 and 4. It is seen from Fig. 5 that

Figure 3. Current and power density curves at various temperatures with
constant flow rates of methanol and ambient air.

06 , , i i the net water transport coefficient, increases nearly exponentially
. with temperature. This is because the water vapor saturation pres-
Methanol: 2M, & =2 @150mAlcn? sure in the cathode increases sharply with temperature, thereby pro-
::’;él -n: @ 150mAfen? moting water removal through the cathode air. It is seen from Fig. 5
05k Scw%e"pressure that« is only 0.05 at room temperature, 0.16 at 40°C, and 0.64 at
Nafion® 112 60°C, respectively. Thia range is significantly lower than the pure

electro-osmotic drag coefficient. According to the experimental
data’? the electro-osmotic drag coefficiemj = 2.08 at 23°C, 2.5 at
40°C, and 3 at 60°C, respectively. Note that our method of measur-
ing « value included the water production from oxidation of cross-
over methanol at the cathode. Thus the tweshould be even
smaller after subtracting water produced from oxidation of methanol
that crosses from anode to cathode as in the Pefled® study.
Compared to the traditional use of a high air flow rate to prevent
flooding and subsequent need for an external condenser to recover
water from the cathode exhaust, this lewfeature enabled by a
. . . . unique MEA design provides a simple way to reduce water loss
0-20 40 80 120 160 from cathode exhaust, resulting in a more compact system by
Time (minutes) shrinkir_wg or eliminating_ the condenser. The anode doe_s not require
excessive water replenishment and allows the use of highly concen-
Figure 4. Evolution of the cell voltage during constant current loading in the trated methanol fuel. Conversely, it is impossible to use concen-
measurement of the net water transport coefficient, trated fuel (e.g, >3 M) even with an ideal membrane of zero
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methanol crossover if tha-value remains highe.g, at 2.5. We
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experimental results are useful for design of compact DMFC sys-

have used commercially available Nafion membranes and MEA matems with high performance for portable application.

terials, and demonstrated that the cell produced reasonable perfor-
mance with ambient air, while keeping the net water transport coef-
ficient, «, quite small.

Finally, methanol crossover is a concern for thin membranes
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simple relation between the crossover currépt,and anode mass-
transport limiting current density, i .= That is

|
l.= |c,oa(1 i )
Alim

wherel ¢ o iS the crossover current density at open circuit, e 2
operating current density. The anode limiting current density is
about 225 mA/crhat 60°C, as can be seen in Fig. 3. The crossover
current density of the cell at open circuit was measured to be 3
157 mA/cnt using a MeOH anodes. humidified N, cathode. Ac-
cording to Eq. 6, the crossover current densities at 150 and4.
200 mA/cnt are 52 and 17.4 mA/ct respectively. Thus, the fuel %
efficiency due to methanol crossover, defined/&s + 1.), is equal 6.
to 74% at 150 mA/crhand 92% at 200 mA/ch

(6]

1.

Conclusions 8.

The hydraulic pressure buildup in the MPL of the cathode result-
ing from the large MPL contact angle and small pore size has been
utilized to create a pressure differential across the membrane an
hence water backflow from the cathode to anode. This approachq
substantially reduces water crossover through the membrane. Using.
a thin Nafion 112 membrane, a DMFC operating with ambient air 12.
has been demonstrated to yield a steady-state power density df:
56 mW/cnt at 3.73 V and 60°C, with the net water transport coef- 14
ficient 5-6 times smaller than the reported electro-osmotic drag co-
efficient and fuel efficiency between 74 and 92%. This l@WMEA 15.
design has the potential to eliminate or miniaturize the external con-
denser in a portable system. The reduced water loss from the ano
also makes it possible to use concentrated methanol fuel. Theses.
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