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Introduction

The Direct Methanol Fuel Cell (DMFC) is a promising energy

source for portable and automotive applications, mainly due

to the direct use of a liquid fuel, quick recharging and low

operating temperature [1e3]. However the widely use of the

DMFC technology is still hindered by some technological is-

sues, among which one of themost important is related to the

regulation of mass transport of different species through the

anode Diffusion Layer (DL) and themembrane. Mass transport

not only affects the performance, but also influences the

operating stability of the system [4,5].

DMFCs are fed at the anode with a liquid mixture

composed by water and methanol; both species flow through
t, zago.matte@gmail.com
the membrane from anode to cathode. Water crossover

through the membrane may cause two problems: cathode

flooding and excessive anodic water consumption [6e9]. The

former decreases oxygen diffusivity at cathode, lowering the

cell voltage, the latter enhances methanol crossover through

the membrane, increasing fuel waste.

During the last years, both water and methanol crossover

in DMFCs have been extensively studied [10e22]. It has been

found that the design of anode DL plays an important role in

controlling water and methanol crossover. The former is due

to three transport mechanisms: electro-osmotic drag by pro-

ton transport, diffusion by water concentration gradient and

convection by hydraulic pressure gradient [23,24]. The latter,

instead, mainly depends on diffusion across the membrane

and it can beminimized reducing themethanol concentration
(M. Zago).
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Table 1 e Investigated operating conditions (MEA MM:
MPL on both anode and cathode).

MEA T
[K]

XCH3OH

[%wt]
mair

[g/min]
pcin

[kPa]
pcout
[kPa]

MM 333 3.25 0.62 112 108

MM 333 3.25 1.14 122 115

MM 333 6.5 0.62 112 108

MM 333 6.5 1.14 122 115

MM 353 3.25 0.62 112 108

MM 353 3.25 1.14 122 115

MM 353 6.5 0.62 112 108

MM 353 6.5 1.14 122 115

1.5
x 10−5

−2
]

in the anode electrode. For these reasons anode Gas Diffusion

Layer (GDL) can be coated with an additional highly hydro-

phobicMicro Porous Layer (MPL), that acts as a liquid barrier to

the Catalyst Layer (CL), reducing both water and methanol

crossover through the membrane.

On the other hand a too low methanol concentration in

the anode CL can result in a large mass transport loss,

worsening the cell voltage. Hence, maintaining an adequate

methanol concentration in the anode CL is critical to mini-

mize both the rate of methanol crossover and the mass

transport loss.

Therefore a detailed and consolidated comprehension of

the phenomena regulating methanol and water transport

through anode DL is fundamental, permitting to further

optimize components and operation strategies. For this

reason also modeling analysis deals with DMFC [25e35].

However the most of developed models are validated on few

experimental results, strongly limiting the model effective-

ness in fuel cell design and optimization. Moreover the most

of the DMFC models analyze the effect of cathode DL prop-

erties on DMFC operation [28e33], while the anode is less

investigated [14,34,35]. C.Y. Wang et al. [14,35] presented a

1D two-phase transport model to study the effects of anode

MPL transport properties on water crossover; however the

models are not integrated along channel length. X.Y. Li et al.

[34] developed a two-dimensional two-phase model to

analyze the effect of anode MPL on both methanol and water

crossover, but no attempts to fit experimental data have

been done.

This work aims to improve and consolidate the under-

standing of water and methanol transport phenomena

through the anode DMFC components and to suggest im-

provements of anode DL. A previously developed 1D þ 1D

DMFC isothermal model [36,37] is integrated with a detailed

description of methanol and water transport through anode

DL and validated over a wide range of operating conditions

with respect to three typologies of measures: performance,

water transport and methanol crossover.

The work is organized as follows: in Section 2 the

experimental results regarding water and methanol trans-

port are reported; in Section 3, the model improvement is

described; in Section 4, the main model results are analyzed

and discussed and finally some conclusions are given in

Section 5.
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Fig. 1 e Influence of operating conditions on water flux

(MEA MM: MPL on both anode and cathode).
Experimental analysis

Experimental setup

The experimental analyses of DMFC water transport and

methanol crossover are carried out in the same equipment

previously developed in Ref. [38]. The MEA was purchased

already assembled by BalticFuelCells GmbH with an active

area of 22.1 cm2, consisting of PteRu anode (4 mg cm�2,

Pt:Ru ¼ 2), a Nafion� 117 membrane and Pt cathode (4 mg

cm�2). Both anode and cathode DL are coated with MPL

(Sigracet� SGL10CC): for this reason this MEA is named MEA

MM, as in previous publication [38].
Water transport analysis

The tested operating conditions are reported in Table 1: in all

of them the anode flow rate is set at 1 g min�1 and the anode

mean pressure at 105 kPa.

In Fig. 1 the water flow at cathode outlet, in function of

current density, is reported for different operating conditions.

The water flow of MEA MM is nearly constant as the current

density changes, a sort of plateau is evident: this implies that

water transport through cathode GDL is mainly governed by

gas diffusion, as already proposed in Ref. [37]. This behavior is

coherent with the following considerations regarding Fig. 1:

� an increase of airflow rate induces a decrease of water

concentration in cathode channel, as a consequence the

water concentration difference across the GDL and the

relative diffusive flow grow; therefore the water flow at

cathode outlet, i.e. the plateau value, increases;

� an increase of temperature determines a general incre-

ment of both GDL diffusivity and water concentration at

cathode electrode, related to saturation concentration;

thus the water flow at cathode outlet increases;

� at highermethanol concentration thewater flux at cathode

outlet does not vary, the water flux is slightly affected by

methanol feeding concentration.
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Fig. 2 reports a comparison between the water flow at

cathode outlet of MEA MM and MEA GM (GDL without MPL at

anode and GDL with MPL at cathode, already analyzed in

Ref. [37]) in two extremely different operating conditions.

In MEA GM the water transport presents a plateau, due to

vapor diffusion, and a linear trend, caused by liquid perme-

ation, as demonstrated in Ref. [37]. Considering MEA MM a

reduction of water transport is evident: this feature is

coherent with a lower water crossover through the mem-

brane, due to the presence of a liquid water barrier to the

anode (i.e., the MPL). Moreover the plateau value decreases:

the reduced water crossover lowers cathode water concen-

tration. The absence of an evident linear trend in MEA MM

implies that most probably liquid permeation through cath-

ode DL does not occur and therefore there is no effect of bulk

pore obstruction [37] on the performance.

Methanol transport analysis

Water management could affect not only performance, but

also methanol crossover. Methanol crossover values reported

in Fig. 3 are consistent with the water transport results of

Fig. 2: an enhanced water flux at cathode outlet causes an

increase of the anode average methanol concentration.

Coherently with this dilution mechanism, MEA GM exhibits a

higher methanol crossover than MEA MM. However the

magnitude of dilution effect is not sufficient to cause such a

marked reduction of methanol crossover: the presence of

anode MPL increases mass transfer resistance entailing a

further reduction of average methanol concentration in the

electrode.
Modeling analysis

The proposed experimental analysis evidences the impor-

tance of anode DL configuration in controlling both water and

methanol crossover. In the literature, the mechanisms regu-

lating mass transport phenomena through anode DL are not
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Fig. 2 e Influence of anode MPL on water flux, airflow

1.14 g minL1, (D and B are taken from Ref. [37]).
fully consolidated and a detailed comprehension of such

phenomena is required to further optimize components and

operation strategies. In order to analyze the mass transport

phenomena through anode DL a specific modeling analysis is

reported in the followings.
Model development

A previously developed 1D þ 1D DMFC model [36,37] is inte-

grated with a detailed description of methanol and water

transport phenomena through anode DL, composed by GDL

and MPL.

Anode DL model
In the 1D þ 1D DMFC isothermal models presented in Refs.

[36,37], due to the high water availability at the anode, the

phenomena governing water transport through anode DL was

omitted; thewater transport through theMEAwas assumed in

the investigated conditions to be regulated by water transport

through the membrane and the cathode DL. Moreover in such

model, themethanol flux through the anode DL is governed by

gas and liquid diffusion, assuming that liquid saturation is

constant across DL thickness (Eq. (18) in Ref. [36]).

In this work the following improvements have been

introduced:

� the water is transported through the anode DL by liquid

convection: however the water transport through the MEA

is still regulated by water transport through themembrane

and cathode DL, coherently with the previously proposed

interpretations on water transport phenomena [37];

� the contribution of methanol liquid convection through

anode DL is considered;

� liquid saturation is no longer constant across the anode DL

thickness due to the liquid convective fluxes.

The equations that describe methanol and water transport

phenomena through anode DL are the following:

http://dx.doi.org/10.1016/j.ijhydene.2014.03.147


�DL
DL;CH3OH$sDL$
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vsDL
vx
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$

MH2O$nH2O

sH2O$cos qc$ðεDL$KDLÞ0:5
$NH2O

DL (2)
where the subscript/superscript DL refers to the considered

layer (i.e. GDL or MPL) and the effective diffusion coefficients

are corrected accounting for the porosity and the tortuosity of

the DL, as reported in Ref. [39].

Eq. (1) is the Fick’s law of diffusion for two-phasemethanol,

in which the second term in the right hand side of the equa-

tion is the contribution of methanol liquid convection. The

liquid concentration gradient is proportional to the liquid

saturation, while the gas phase one is proportional to the void

fraction. As proposed in Ref. [36], themethanol concentrations

in gas and liquid phases are considered in equilibrium,

described by Henry’s law:

CDL;L
CH3OH ¼ KH;CH3OH$C

DL;G
CH3OH$R$T (3)

Eq. (2) is the governing equation of water transport, that is

described by the Leverett function [31]. At the interface of two

distinct porous layers (e.g. GDL and MPL), the capillary pres-

sure remains uniform across the interface, as widely accepted

in the literature [35,40].

pc

��
Int� ¼ pc

��
Intþ (4)

According to Ref. [31], the capillary pressure can be

expressed as:

pc ¼ sH2O$cos qc$ðε=KÞ0:5$JðsÞ (5)

where J(s) is the Leverett function and for a hydrophobic me-

dium is given by the following relation:

JðsÞ ¼ 1:417$s� 2:120$s2 þ 1:263$s3 (6)

As a result, a saturation jump model is implemented at

those interfaces.

Membrane model
As already discussed in section 2, the presence of a highly

hydrophobic liquid barrier reduces water crossover through

the membrane. As a consequence at the anode interface with

the membrane it is no longer possible to assume a fully hy-

drated membrane (Eq. (8) in Ref. [37]).

As reported in Ref. [41], under the condition of phase

equilibrium between the water dissolved in the CL ionomer

and the liquid water in the CL pores, the water content in the

ionomer of the anode catalyst layer can be related to the

anode void fraction by:
lt;a ¼ st;a$lLeq þ ð1� st;aÞ$lGeq (7)

where lLeq and lGeq denote the equilibrium water concentration

in the ionomer when the ionomer is in phase equilibriumwith

the liquid water [42,43] and water vapor saturated gas [30],

respectively. According to Refs. [44,45], due to the presence of

liquid water at both the anode and the cathode, the water
transfer resistance at membrane-DL interfaces is neglected.

Therefore the dissolved water concentration in the ion-

omer of the anode CL is equal to:

Ct;a;L
H2O

¼ rdry$l
t;a

EW
(8)

where rdry and EW denote respectively the density of a dry

membrane and the equivalent weight of ionomer in the

membrane.

The methanol and water diffusivities through the mem-

brane are respectively equal to [41]:

Dm;CH3OH ¼ W1$4:17$10
�4$l$

�
161$exp

��l
�þ 1

�
$expð�2436=TÞ

(9)

Dm;H2O ¼ W2$4:17$10
�4$l$

�
161$exp

��l
�þ 1

�
$expð�2436=TÞ

(10)

where W1 and W2 have been calibrated over experimental

data; l is the average water content of the membrane, given

by:

l ¼ �
lt;a � lt;c

��
2 (11)

As reported in Refs. [30,46], the water content profile in the

membrane is almost liner and therefore the dependence of

water and methanol diffusivities on l is a reasonable

assumption. For the evaluation of membrane proton con-

ductivity the correlation reported in Ref. [47] have been

adopted.

sm ¼ �
0:46$l� 0:25

�
$exp½ � 1190$ð1=T� 1=298:15Þ� (12)

DMFC model
The equations characterizing mass transport phenomena

through anode DL andmembrane have been introduced in the

DMFC model previously developed in Ref. [37]. The DL equa-

tions, Eqs. (1)e(2), are solved applying the appropriate

boundary conditions regarding methanol concentration and

saturation at the channel-GDL interface, sch-GDL. The complex

two-phase hydrodynamics in the channel makes the liquid

saturation at this interface difficult to be determined theo-

retically. In the literature, the most of the works [14,35] sup-

pose its value: in Ref. [35] it is equal to 0.8, while in Ref. [14] it is

equal 0.65, despite the lower hydrophobicity of the considered

diffusionmedia. According to Refs. [48,49], also in this work an

empirical approach is adopted. The saturation is assumed to



Table 2 e Fitted and assumed modeling parameters.

Dm,CH3OH 1.4 � 4.17 � 10�4 � 22 � (161exp(�22)þ1) � exp(�2436/T) cm2 s�1 Calibrated

Dm,H2O (MEA MM) 4.17 � 10�4 � 22 � (161exp(�22)þ1) � exp(�2436/T) cm2 s�1 Calibrated

Dm,H2O (MEA GM) 0.55 � 4.17 � 10�4 � 22 � (161exp(�22)þ1) � exp(�2436/T) cm2 s�1 Calibrated

ga 0.35 e Calibrated

aa 0.58 e Calibrated

ia� 1.2 � 10�4 � exp(126000/R � (1/353�1/T)) A cm�2 Calibrated

ac 0.54 e Calibrated

ic� 2.17 � exp(11135/R � (1/353�1/T)) A cm�2 Calibrated

nd 2.9 � exp(1029 � (1/333�1/T)) e Calibrated

ndx 0.87 � exp(410 � (1/333�1/T)) e Calibrated

S1 0.85 e Calibrated

S2 0.15 e Calibrated

Km 2 � 10�18 m2 Assumed

laGDL 0.02 cm Assumed

KGDL 1 � 10�12 m2 Assumed

qGDL 110 � Assumed

εGDL 0.6 e Assumed

laMPL 0.003 cm Assumed

KMPL 2 � 10�13 m2 Assumed

qMPL 122 � Assumed

εMPL 0.3 e Assumed

KMPL 7 � 10�14 m2 Assumed

qMPL 99 � Assumed

εMPL 0.3 e Assumed
be dependent on the saturation in the channel; the following

correlation is proposed:

sch�GDL ¼ S1$sch þ S2 (13)

where sch is the saturation in the channel and the parameters

S1 and S2 are calibrated over experimental data.
Model validation

The considered experimental data set for model validation is

composed of 88 measurement points, coming from 8 polari-

zation curves of MEA MM, Table 1. The model is calibrated

with respect to three different typologies of measure at the

same time: performance, water transport and methanol

crossover.

Table 2 reports the assumed and fitted parameters. Due to

the more detailed description of mass transport phenomena

through anode DL and the membrane, that affect the whole

DMFC operation, the kinetic and mass transport parameters

are different from those reported in Ref. [37]. The resulting

values are coherent with those reported in the literature,

Table 2. In particular the electro-osmotic drag coefficient can

increase considerably when methanol is present [50]: the

resulting value of 2.9 [51], lower than that reported in Ref. [37]

for MEA GM, is coherent with the reduced methanol concen-

tration in the electrode of MEA MM [50].

A comparison between simulated and experimental results

of performance, water transport and methanol crossover in

two extremely different operating conditions is reported in

Fig. 4(aec), respectively.

Generally model simulations reproduce experiments with

good accuracy. Model simulations of Fig. 4(b) suggest that

liquid permeation in MEA MM does not occur and water

transport through cathode GDL is mainly governed by gas

diffusion mechanism. Moreover gas diffusion slightly
increases with the current density: this implies an increase of

water concentration in the electrode, that is not close to the

saturation value at low current density.

Also methanol crossover simulations are in full agreement

with experimental data. The developed model confirms, as

widely accepted in the literature [10,52], that themagnitude of

methanol liquid diffusion is more relevant than the electro-

osmotic one in determining methanol crossover.

Moreover Fig. 4 reports model predictions without the

presence of anode MPL (MEA GM); just eliminating the pres-

ence of anode MPL the model is once again able to reproduce

the experimental data. In these simulations only the value of

methanol diffusivity through the membrane is re-calibrated,

while the water drag coefficient is assumed equal to that re-

ported in Ref. [37]. This result confirms that the developed

model is sufficiently accurate also as a predictive tool and the

neglected phenomena have minor effects; therefore it can be

used to provide a further insight into the understanding of the

basic principles regulating DMFC operation and as a tool for

components optimization.
Modeling results discussion

Water transport through cathode GDL and membrane

Fig. 5(a) illustrates the water fluxes through cathode GDL at

different current densities, in the same operating condition of

Fig. 8 in Ref. [37]. Liquid permeation does not occur and the

only mechanism regulating water transport through cathode

GDL is gas diffusion, as expected from the experimental

analysis in Section 2. Moreover gas diffusion increases with

current density: this implies an increase of water concentra-

tion in the electrode, that at low current density is not close to

the saturation value. Since liquid permeation does not occur,

http://dx.doi.org/10.1016/j.ijhydene.2014.03.147
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Fig. 4 e Comparison of the simulated and measured a)

performance, b) water fluxes at cathode outlet, c) methanol

crossover.
DMFC performances are not limited by bulk pores obstruction

and cathode flooding manifests itself as a reduction of cath-

ode diffusivity due to superficial pores obstruction [37].

Comparing thewater fluxes through themembrane of MEA

MMwith those ofMEAGM (Fig. 8 in Ref. [37]), Fig. 5(b), themain

difference concerns the liquid diffusion flux. The presence of

anodeMPL entails a reduction of liquid water concentration at

the membrane interface; as a consequence there is an inver-

sion of liquid diffusion flux, that is directed from the cathode

to the anode for current densities higher than 0.4 A cm�2. In

the literature the magnitude and direction of diffusion flux is

controversial [53,54]: the developed model, validated on the

measured water flux at cathode outlet in a wide range of

operating conditions, provides a further insight into the un-

derstanding of water diffusion through the membrane.

Moreover, since model predictions reproduce experimental

data with good accuracy, it is confirmed that the neglected

mass transfer coefficients for the absorption and desorption of

water atmembrane-DL interfaces [44,45] haveminor effects in

the investigated conditions.

Methanol transport through anode DL

In this workmethanol transport through anode DL is assumed

to be governed by three different transport mechanisms:

liquid permeation and gas and liquid diffusion. Fig. 6 illus-

trates the magnitude of these transport mechanisms along

channel length considering a DL without MPL.1

At 0.02 A cm�2, Fig. 6(a), all the three mechanisms regu-

lating methanol transport are not negligible. In particular

liquid permeation is predominant at the beginning of the

channel, while it becomes less important towards channel

end, coherently with a reduction of liquid pressure in the

channel. Despite the absence of MPL, that reduces liquid

saturation, gas diffusion is the main transport mechanisms at

channel outlet.

Increasing the current density up to 0.4 A cm�2, Fig. 6(b),

the contribution of liquid permeation is not relevant. At the

beginning of the channel liquid diffusion sharply decreases

coherentlywith the saturation profile in the channel; however

at high current density the main methanol transport mecha-

nisms turns out to be gas diffusion.

The presence of anode MPL affects the magnitude of

methanol transport mechanisms. In fact at 0.02 A cm�2,

Fig. 7(a), the contribution of gas diffusion is relevant even at

low current density and it is not equal to zero at channel inlet,

coherently with a reduced value of saturation within the DL.

This behavior is more evident at 0.4 A cm�2, where methanol

transport is essentially due to gas diffusion. Therefore DL

wettability strongly influences mass transport through DL

[55,56]: the lower the DL wettability, the lower the magnitude

of methanol liquid transport mechanisms.

As proposed in Ref. [52], also in this work methanol

crossover is assumed dependent on methanol concentration

in the liquid phase and it can be reduced introducing anode

MPL, that enhances gas diffusion mechanism. Model pre-

dictions, Figs. 6 and 7, are in full agreement with the
1 The magnitude of methanol transport mechanisms is evalu-
ated at DL interface facing to the CL.
correspondingmethanol crossovermeasurements reported in

Fig. 3. The higher themagnitude of gas diffusion, the lower the

methanol liquid concentration in the CL: this implies a

reduction of the corresponding methanol crossover flux

through the membrane.

Unfortunately a too low methanol concentration in the

anode CL can result in a large mass transport loss, worsening

cell voltage. Therefore maintaining an adequate methanol

concentration in the anode CL is critical to minimize meth-

anol crossover and mass transport loss.

In particular it would be beneficial to reduce methanol

liquid concentration within the CL at channel inlet and
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Fig. 5 e Water fluxes through a) cathode GDL, b) membrane

(MEA MM, met 6.5%, 353 K, airflow 1.14 g minL1).
increase it towards the channel end. Instead the anode MPL

lowers methanol liquid concentration also at channel outlet.

This consideration suggests the possibility to design a locally

optimized anode DL, characterized by different transport

properties along the channel. A suitable solution could be to

increase the DL hydrophobicity at channel inlet and reduce it

towards channel outlet.
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Component optimization

Since the developed model reproduces the experimental data

over a wide range of operating conditions with different

configurations of anode DL, it can be used as an effective tool

to design a locally optimized anode DL.

The manufacturing of a DL with different hydrophobic/

hydrophilic properties is a not well consolidated technique,

instead it is more practical to realize a DL with a variable

thickness of both GDL and MPL. For this reason in the

following it is analyzed a DL composed by MPL with a linearly

decreasing thickness from 50 mm at channel inlet to 5 mm at

channel outlet. Instead the thickness of the GDL is linearly

increasing from 200 mm at channel inlet to 245 mm at channel

outlet: in this way the total thickness of the anode DL remains

constant. This configuration could be obtained for example

imposing a variable GDL compression; anyway the technique

to practically realize such configuration is out of the scope of

this work.

Fig. 8 reports methanol liquid concentration distribution

across the DL at a plausible DMFC operating condition,

considering three different configuration of anode DL: GDL of

constant thickness (250 mm)without MPL, GDL (200 mm) coated

with MPL (50 mm) of constant thickness and GDL with MPL of

linearly decreasing thickness, as previously described.

In the configuration without the MPL, Fig. 8(a), the value of

liquid concentration at the GDL interface facing to the elec-

trode is relatively high: this implies lower anode overpotential

(Fig. 9) but also higher methanol crossover (Fig. 10), that in-

creases cathode overpotential. Moreover the concentration at

electrode interface presents a considerable gradient from inlet

to outlet: this entails a relevant variation of anode over-

potential along channel length (Fig. 9), enhancing heteroge-

neities in DMFC operation. Considering the case of MPL with

constant thickness, Fig. 8(b), the behavior is the same of that

reported in Fig. 8(a), but the values of concentration are lower

due to the additional MPL mass transport resistance. In this

configuration the crossover is reduced (Fig. 10), but towards

the end of the channel fuel starvation may occur. This is

confirmed by a considerable increase of anode overpotential

at channel end (Fig. 9).

Utilizing a diffusion layer with MPL of variable thickness,

Fig. 8(c), it is possible to obtain a more uniform distribution of
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Fig. 7 e Magnitude of methanol transport mechanisms through anode DL along channel length a) i [ 0.02 A cmL2, b)

i [ 0.4 A cmL2 (MEA MM, met 6.5%, 353 K, airflow 1.14 g minL1).
liquid concentration at electrode interface, entailing a more

uniformDMFC operation. In fact both the anode overpotential

andmethanol crossover profiles along channel length become

smoother (Figs. 9 and 10) compared with the other options.

The presence of an optimized anodeDL could thus improve

system lifetime: in fact several degradation mechanisms,

such as carbon corrosion and platinum/ruthenium dissolu-

tion, directly depend on electrode potential. The reduced

gradient of anode potential and methanol crossover, that af-

fects also cathode potential, could limit the severity of local

degradation phenomena.
Conclusions

In the present work the effect of anode MPL on DMFC opera-

tion is investigated both experimentally and theoretically. The

developed 2D two-phase isothermalmodel includes a detailed

description of water and methanol transport through anode

DL: the former is regulated by liquid convection, while the
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latter is governed by both liquid convection and gas and liquid

diffusion. The implemented model is able to reproduce

accurately the experimental data. Such model is validated by

means of three sets of experimental data (polarization curve,

methanol crossover, water flow at cathode outlet), in an

extensive range of operating conditions with different con-

figurations of anode DL.

The main conclusions on the effects of anode MPL are the

followings:

� the presence of the additional MPL mass transport resis-

tance implies that methanol and water crossover are

reduced and that water removal from the cathode is

mainly governed by gas diffusion; moreover in all the

investigated operating conditions no liquid permeation

through cathode GDL occurs, as a consequence DMFC

performance of MEA MM are not hindered by bulk pores

obstruction;

� the presence of anode MPL causes an inversion of liquid

diffusion flux through the membrane: at high current

densities is directed from the cathode to the anode; how-

ever the total water crossover flux is still directed from

anode to cathode;
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� without anode MPL, at low current density liquid convec-

tion is the predominant methanol transport mechanism at

the beginning of the channel, while towards channel end it

diminishes and gas diffusion contribution becomes more

relevant, instead increasing the current density gas diffu-

sion turns out to be the main methanol transport mecha-

nism along the whole length of the channel;

� with anode MPL, even at low current density the main

methanol mass transport mechanisms is gas diffusion,

implying a general reduction of methanol crossover;

� model simulations lowering the hydrophobicity of anode

DL towards channel end highlight the possibility to design

an optimized DL with a reasonable trade-off between low

mass transport loss and reduced methanol crossover.
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List of symbols

C species concentration in the channel, mol cm�3

D diffusivity, cm2 s�1

R universal gas constant, J mol�1 K�1

T fuel cell temperature, K

KH Henry constant, mol J�1

M molecular weight, g mol�1

K permeability, m2

NH2O water flux, mol cm�2 s�1

NCH3OH methanol flux, mol cm�2 s�1

pc capillary pressure, Pa

x x coordinate, cm

s liquid saturation

J(s) Leverett function

EW equivalent weight of ionomer, g mol�1
Greek symbol

sH2O surface tension, N m�1

rdry dry membrane density, g cm�3

m compound viscosity, Pa s

n compound kinematic viscosity, m2 s�1

qc contact angle, �

ε porosity

l membrane water content

l average membrane water content

sm membrane ionic conductivity, U�1 cme1

Superscript

a relative to anode

c relative to cathode

t relative to catalyst layer

G relative to gas phase

L relative to liquid phase

DL relative to diffusion layer

Subscript

DL relative to diffusion layer

GDL relative to gas diffusion layer

ch relative to channel

m relative to membrane

eq relative to equilibrium

H2O relative to water

CH3OH relative to methanol

Int relative to a layer interface
r e f e r e n c e s

[1] Larmine J, Dicks A. Fuel cell systems explained. In: 2nd ed.,
editor. Chichester, West Sussex: Wiley; 2003.
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