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a b s t r a c t

This experimental work aims to investigate the possibility to reduce methanol crossover in DMFC mod-
ifying diffusion layer characteristics. Improvements in crossover measurement are firstly proposed,
permitting to conclude that in the investigated conditions carbon dioxide flow through the membrane
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can be neglected. The experimental results evidence that introducing appropriate anode and cathode
microporous layers determines: a strong reduction in methanol crossover, approximately 45% at low
current density; a considerable increment of efficiency; a moderate decrease of power density. The com-
plete experimental analysis demonstrates that methanol transport in both liquid and vapour phases can
be controlled modifying properly diffusion layer characteristics in order to increase DMFC efficiency.
iffusion layer
xperiment

. Introduction

Hydrogen polymer electrolyte membrane fuel cell (PEMFC) is
onsidered a highly promising technology, especially for micro-
ower generation and vehicular applications, due to its important
ttributes: low temperature and low pressure operation, no liq-
id electrolyte, high power density. The direct methanol fuel cell
DMFC) technology is a further development of PEMFC. Its most
romising applications are portable electronics and the automo-
ive industry, thanks to the direct use of a high energy density
iquid fuel [1]. However, the fuel is also the cause of its main draw-
acks: lower efficiency and lower power density than PEMFC. This

s due to methanol permeation through the polymer membrane
nd the slower electrochemical methanol oxidation [2]. Methanol
rossover is defined as the permeation of methanol through the
lectrolyte membrane. State of the art membranes used in PEMFC
re not fully impermeable to methanol and allow for significant
uantities to permeate from the anode to the cathode [3]. Dif-
usion and electro-osmotic drag are the two key mechanisms
dentified. When methanol reaches the cathode it is oxidized,
eading to a mixed potential and an inevitable decrease in cell

oltage. Moreover the oxidized methanol is effectively wasted
uel with clear negative impact in the overall efficiency of the
ell. Methanol crossover in DMFC has been extensively studied
oth experimentally and theoretically, elucidating its dependence

∗ Corresponding author. Tel.: +39 0223993912; fax: +39 0223993912.
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on operating conditions and diffusion layers (GDL) characteristics
[4–12]. Despite the crucial role of these components on mass trans-
port, the investigations on GDL aim generally to evaluate directly
their influence on performance; in literature the most analyzed
GDL characteristics are: morphology, thickness, and PTFE content
[13–16], presence of hydrophobic microporous layer (MPL) at cath-
ode side [14,17–21], presence of hydrophobic or hydrophilic MPL
at anode side [15,17,21–24]. Some of these works report also mea-
surements of water transport through the membrane electrode
assembly (MEA); they focus in reducing water transfer, mainly
to permit high methanol concentration feeding, through differ-
ent GDL optimization strategies [12,14,17–21,23,25]. Methanol
crossover measurements are generally neglected, just few works
report qualitative and limited analyses [17,20,26]; the literature
lacks of accurate and quantitative analyses regarding the influ-
ence of GDL properties on methanol crossover. The mechanisms
that regulate methanol transport through anode GDL in DMFC are
not fully understood yet, due to the complicate two-phase, multi-
component transport phenomena through porous media, and the
potential of reducing methanol crossover through GDL modifica-
tion is not completely explored.

In previous works [27,28] the authors presented systematic and
accurate investigations of methanol crossover varying operating
conditions in wide ranges. The obtained results evidence the possi-

bility to reduce crossover decreasing liquid methanol concentration
in the anode electrode, taking advantage of vapour methanol trans-
port for the electrochemical reaction.

This work aims to analyze this possibility adopting appropriate
anode and cathode GDL. In fact these components may be opti-

dx.doi.org/10.1016/j.jpowsour.2010.11.050
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:andrea.casalegno@polimi.it
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Nomenclature

� efficiency
F Faraday constant [=96,500 C mol−1]
I electrical current [A]
i electrical current density [A cm−2]
LHV low heating value [J mol−1]
m mass flow rate [g min−1]
N molar flow rate [mol s−1]
n specific molar flow rate [mol s−1 cm−2]
P pressure [kPa]
T temperature [K]
u measurement uncertainty [variable]
V fuel cell voltage [V]
X molar or mass fraction [% or wt.%]

Subscripts
air relative to air
CH3OH relative to methanol
CO2 relative to carbon dioxide
(g) relative to vapour phase
H2O relative to water
O2 relative to oxygen
tot relative to total flow

Superscripts
a at anode
c at cathode
cons consumed at the electrode
crossover relative to crossover
in at inlet
mem transported through the membrane
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CO2 sensor vessel and consequently Nc,out
H2O = Xc

H2O · Nc,out
tot .2

The introduction of these components do not alter the transi-
tory time necessary to reach steady state in the vessel: the sum of
condenser, liquid separator and vessel volumes is approximately

1 Water and methanol flows in gas phase can be minimized cooling down the gas
out at outlet

ized, eventually introducing microporous layers (MPLs), in order
o control methanol and water transport through the MEA in both
iquid and vapour phases.

In the present manuscript an accurate experimental characteri-
ation of DMFC performance and methanol crossover with different
DL is presented. Moreover some improvements in crossover
easurement are proposed, to evaluate accurately the debated

ontribution of CO2 flow through the membrane electrode assem-
ly (MEA), from anode to cathode, reported in literature [3,10] and
o analyze the minor effects of cathode feeding on crossover, not
xhaustively investigated in literature, due to less accurate exper-
mental methodologies.

. Methodology

.1. Carbon conservation analysis

In the following section a carbon conservation analysis is
eported in order to describe the methodology applied to estimate
ethanol crossover from measurement data.
Methanol flow rate at anode outlet depends on the flux con-

erted by the electrochemical reaction and crossover, as expressed
n the following equations:
a,out
CH3OH = Na,in

CH3OH − Na,cons
CH3OH − Ncrossover

CH3OH (1)

a,cons
CH3OH = I

6F
(2)
Sources 196 (2011) 2669–2675

Gas phase flow rate at anode outlet is composed of the con-
tributes of carbon dioxide, methanol and water1:

Na,out
tot(g) = Na,out

CO2
+ Na,out

H2O(g) + Na,out
CH3OH(g) (3)

Carbon dioxide flow rate at anode outlet depends on the elec-
trochemical reaction rate and CO2 flow through the membrane:

Na,out
CO2

= I

6F
− Nmem

CO2
(4)

Consequently CO2 flow through the membrane can be estimated
measuring properly gas phase flow rate at anode outlet.

Assuming complete methanol oxidation at cathode side [3],
methanol crossover is equal to CO2 flow rate at cathode outlet sub-
tracted by CO2 flow through the membrane and CO2 flow rate at
cathode inlet, due to ambient concentration:

Ncrossover
CH3OH = Ncrossover

CO2
= Nc,out

CO2
− Nmem

CO2
− Nc,in

CO2
(5)

CO2 flow rate at cathode outlet can be estimated measuring
CO2 fraction at cathode outlet, where total flow rate depends on:
air inlet, O2 consumption (due to electrochemical reaction and
crossover methanol oxidation), water flow1, methanol crossover,
CO2 flow through the membrane, as expressed in:

Nc,out
CO2

= Xc,out
CO2

· Nc,out
tot (6)

Nc,out
tot = Nc,in

air − Nc,cons
O2

+ Nc,out
H2O + Ncrossover

CO2
+ Nmem

CO2
(7)

Nc,cons
O2

= I

4F
+ 3

2
· Ncrossover

CO2
(8)

The contributions of water production, oxygen consumption
and CO2 flow through the membrane can affect dramatically
methanol crossover estimation, thus they have to be carefully con-
sidered.

2.2. Experimental equipment and measurement uncertainty

The experimental analyses of DMFC performance and methanol
crossover are carried out utilizing the same equipment and
methodologies presented in [28], that permit to evaluate measure-
ment uncertainty and to verity reproducibility, except the following
integrations.

Cathode side is modified introducing, Fig. 1:

- a condenser and a liquid separator before CO2 fraction measure-
ment (uncertainty 2% + 200 ppm);

- a thermocouple (uncertainty 0.2 ◦C) in the CO2 sensor vessel.

Water concentration in the CO2 sensor vessel has been mea-
sured for different conditions with a VAISALA HMT333 humidity
sensor, prior to the experimental campaign: water concentration
can be estimated with good agreement approximating saturation
at thermocouple temperature (very close to ambient temperature).

Thus these modifications permit to measure water fraction in
mixture near to ambient temperature, then water and methanol fractions can be
estimated in condensing conditions. Methanol flow rate in gas phase near ambient
temperature is negligible in comparison to the other terms.

2 Carbon dioxide dissolved in liquid water at both anode and cathode sides has
been estimated: it is negligible, because it is more than 1 order of magnitude inferior
than the amount remaining in the gas phase.



A. Casalegno et al. / Journal of Power Sources 196 (2011) 2669–2675 2671

A

N

O

D

E

C

A

T

H

O

D

E

M

E

M

B

R

A

N

E

Electronic load

T controller

Air
compressor

Flow
Controller

Condenser and
liquid separator

Methanol
solution

Peristaltic
pump

CO2 sensor

CO2 sensor
CO2 flow

meter

Condenser and
liquid separator

P
sensor

P
sensor

ental

2
u
f
c

-

-

c
d
g
p

m

a

r

d
t

T
I

p

Fig. 1. Experim

50 cm3, included between one fifth and one tenth of the gas vol-
me flowing during the 400 s acquisition at constant condition. In
act the initial transitory to reach CO2 concentration steady state
ondition last 50–100 s.

Anode side is modified introducing:

a condenser and a liquid separator with a thermocouple (uncer-
tainty 0.2 ◦C);
a CO2 calibrated flow meter (uncertainty 0.7% + 0.4 N cm3 min−1).

As previously described for CO2 sensor vessel, water con-
entration just before CO2 flow meter has been measured for
ifferent conditions: water concentration can be estimated with
ood agreement approximating saturation at thermocouple tem-
erature (very close to ambient temperature).

Anode CO2 flow rate measures are corrected considering esti-
ated water content (Na,out

H2O(g)).
CO2 flow from anode to cathode (Nmem

CO2
) is evaluated comparing

node CO2 flow rate (Na,out
CO2

) with the theoretical production.
The investigated conditions of the experimental analysis are
eported in Table 1.
The uncertainty associated with the measurement of current

ensity is evaluated according to [29]. The contribution of each con-
rolled parameter is assessed considering the uncertainty of each

able 1
nvestigated operating conditions.

Controlled parameter Investigated range Uncertainty

Voltage (V) 0.1–0.6 V 0.5% + 1 mV
Fuel cell temperature (T) 333–353 K 0.05 K
Methanol mass fraction (X) 3.25–6.5% wt. 0.07% wt.
Anode flow rate (mmet) 1 g min−1 1%
Anode mean pressure (Pa) 101 kPa 5 kPa
Air flow rate (mair) 0.62–1.14 g min−1 0.7% + 0.005 g min−1

Cathode mean pressurea (Pc) 115–150 kPa 5 kPa

a Cathode mean pressure is calculated as the mean value between inlet and outlet
ressures.
setup scheme.

measuring device and estimating experimentally its impact on the
current measurement. The final and total uncertainty associated
with the current measurement is equal to the geometric sum of
the uncertainties of each controlled parameter. The uncertainty, ui
(179 dof, 95% population) for current density, specific to fuel cell
active area, i from 0 to 0.6 A cm−2, is estimated equal to:

ui = −5 × 10−2 · i2 + 2.5 × 10−2 · i + 3.3 × 10−3 A cm−2 (9)

A similar methodology is applied to evaluate methanol
crossover uncertainty. Considering operating conditions influence
the uncertainty, ucrossover (179 dof, 95% population), of methanol
crossover flux, specific to fuel cell active area, ncrossover

CH3OH from 0 to

7 × 10−7 mol s−1 cm−2 is estimated equal to:

ucrossover = 2.3% · ncrossover
CH3OH + 1.1 × 10−8 mol s−1cm−2 (10)

The catalyst-coated membranes (CCM) used in this work are
commercial; their active area is 22.1 cm2. The membrane is Nafion-
117, anode catalysed layer presents a metal loading of 2 mg cm−2

(Pt:Ru = 2 wt.%), cathode catalysed layer presents a metal loading
of 1.3 mg cm−2 (Pt). The investigated GDL for both anode and cath-
ode are commercial; the characteristics are reported in Table 2. Cell
gaskets consist in a Mylar layer (thickness 50 mm), in contact with
the membrane, and a fibreglass layer covered by PTFE (thickness
250 mm). The MEA are identified as following: MEA GG, GDL with-
out MPL on both anode and cathode; MEA MM, GDL with MPL on
both sides, MEA GM, GDL without MPL at anode and GDL with MPL
at cathode.

3. Results

3.1. CO2 flow through membrane
Carbon dioxide flow through the membrane is measured for
every investigated condition, as previously described. The dif-
ferences in respect to theoretical production are minor than
measurement uncertainty in 90% of the cases (magnitude order
10−8 mol s−1 cm−2); the analysis of variance confirmed that the dif-
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Table 2
GDL characteristics.

Name Thickness (�m) PTFE content Areal weight (g m

GDL with MPL 415 10% 145
GDL without MPL 400 10% 90
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At higher methanol fraction, Fig. 3, the performances are not
anymore limited by anode feeding, but they are considerably
affected by a higher crossover. In these cases an increase of cath-
ode pressure enhances performance in the whole current density
range, improving cathode kinetics, while an increase of air flow has
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ig. 2. Polarization curve (A) and methanol crossover (B) varying, temperature, air
ow rate and cathode pressure, MEA GG, XCH3OH = 3.25 wt%.

erences are not statistically significant.3 Thus CO2 flow through the
embrane can be considered negligible. Consequently Eqs. (4), (5)

nd (7) can be simplified, eliminating the term Nmem
CO2

.
Finally the results confirm that CO2 measurement at cathode

utlet in the investigated ranges, if properly carried out, is a reliable
ndicator of methanol crossover. CO2 flow measured in some works
n literature could be determined by peculiar operating conditions
r materials, anode over-pressure or internal leakages.

.2. Cathode feeding influence

The experimental results, regarding methanol feeding effect on
ethanol crossover, are coherent with the interpretation presented

n [28], thus they are not reported in the following.

In this work cathode feeding influence on crossover is eval-

ated. In Fig. 2 performance and methanol crossover curves are
eported, varying air flow rate and cathode mean pressure. In these
ases performances are limited by anode feeding, because of the

3 A comparison of measure and theoretical values is reported in the
upplementary material.
−2) Air permeability (cm3 cm−2 s−1) Electrical resistance ( � cm2)

1.45 <18
85 <14

low methanol fraction. Coherently an increase in oxygen partial
pressure at cathode, effectuated raising air flow or cathode pres-
sure, does not affect considerably performances. These minimal
positive variations have the same magnitude than measurement
uncertainty.

Increasing air flow rate and cathode pressure has a very
limited influence on methanol crossover. The variations again
have the magnitude order of measurement uncertainty. Gener-
ally in the investigated conditions a pressure increase determines
a slight crossover reduction, while an air flow increase has
an opposite effect. The reason is probably correlated to water
transport: an increase in water transport through the MEA, due
to air flow increase or pressure reduction, may determine an
increase in methanol transport, through different mechanisms
[12,14,18], affecting also methanol concentration at anode side.
Further experimental work is necessary to investigate these
phenomena.
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0
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Fig. 3. Polarization curve (A) and methanol crossover (B) varying air flow rate and
cathode pressure, MEA GG, XCH3OH: 6.5 wt.%, T: 333 K.
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ig. 4. Polarization curve (A) and methanol crossover (B) for different MEA, XCH3OH:
.25 wt.%, T: 333 K, mair: 1.14 g min−1, Pc: 115 kPa.

n effect only at high current density, improving oxygen transport
o the electrode.

These variations in cathode feeding still have a very small effect
n methanol crossover, whose changes are again comparable to
easurement uncertainty and coherent with the previous com-
ents. It is worth noticing that in the investigated conditions

xygen stoichiometry, considering the consumption of both the
lectrochemical reaction and crossover oxidation, is always higher
han 2. Thus oxygen availability is never strongly limited, per-

itting the complete oxidation of methanol at cathode, due to
rossover; in these conditions the adopted crossover measure-
ent methodology is reliable. Consequently in the investigated

onditions cathode feeding has very modest effects on methanol
rossover and its measurement.

.3. Diffusion layers influence

The general influence of operating conditions, including cathode
ressure and air flow, on performance and crossover, is confirmed
or all MEA, thus it will not be discussed in details.

The effects of introducing MPL at anode and cathode sides on
erformance and crossover are reported in Fig. 4. The presence of
PL at cathode (MEA GM) does not affect substantially the per-

ormance: there is a modest reduction, probably due to a decrease

f mass transport coefficient, which worsens cathode kinetics. The
PL determines instead a strong reduction in methanol crossover,

pproximately 15% at open circuit voltage (OCV): as reported in lit-
rature [12,14,17,18] this layer decreases water transport through
he MEA, especially in liquid phase, implying a similar reduction
Fig. 5. Efficiency in function of power density for different MEA, XCH3OH: 3.25 wt.%,
T: 333 K, mair: 1.14 g min−1, Pc: 115 kPa.

in methanol transport. The crossover reduction remains approxi-
mately constant in the whole current range and it is clearly evident
also at very low current density, where the major transport mech-
anism through the membrane is diffusion, confirming that liquid
methanol concentration in the anode electrode is lowered by MPL
presence.

Introducing also an MPL at anode side (MEA MM) the perfor-
mances are strongly reduced by an evident limitation in methanol
availability. The MPL characteristics hinder the transport of liq-
uid methanol–water solution, reducing methanol concentration in
the electrode. This effect has a dramatic influence on methanol
crossover: a reduction of approximately 45% at OCV compared to
MEA GG.

To compare more accurately the MEA two further quantities
can be utilized: power density, that affects the investment cost, and
efficiency, that determines fuel consumption, direct cost. Efficiency
is defined considering exhaust fuel recirculation [28]:

� = VI

[(Na,cons
CH3OH + Ncrossover

CH3OH )LHV]
(11)

where converted fuel flow includes the fractions used in
the electrochemical reaction and wasted with methanol
crossover.

The efficiency of the three MEA in function of power den-
sity is reported in Fig. 5. The introduction of MPL in MEA GM
and MEA MM determines in general an increment in the effi-
ciency but also a reduction in power density. In fact, as previously
discussed, crossover reduction is accompanied by performance
decreasing. The maximum efficiencies achieved by MEA MM, GM
and GG respectively are 22% at 38 mW cm−2, 21% at 50 mW cm−2,
20% at 54 mW cm−2. At lower power density the increase in the
efficiency, due to crossover reduction, is still more effective: halv-
ing power density the efficiencies are 17% at 19 mW cm−2, 16%
at 25 mW cm−2, 15% at 27 mW cm−2. Depending on the effective
application and operation, the requirements on efficiency or power
density may vary significantly; therefore components and oper-

ating conditions have to be optimized for each specific case. The
present analysis does not pretend to individuate an optimal GDL
configuration for a certain application but to demonstrate that GDL
can be modified to improve DMFC efficiency, suffering a power
density reduction.
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ig. 6. Polarization curve (A) and efficiency (B) for different MEA, XCH3OH: 3.25 wt.%,
: 353 K, mair: 1.14 g min−1, Pc: 115 kPa.

Comparing the three MEA at 353 K, Fig. 6, the results are simi-
ar: methanol crossover reductions have the same entities,4 instead
erformance decreases are less evident.

The higher temperature permits higher methanol concentra-
ion and transport in vapour phase [28], reducing the difference
etween the maximum current densities of MEA MM and MEA GG
rom 35% to 20%. Methanol crossover reductions are instead analo-
ous: 15% at OCV comparing MEA GM and MEA GG, 45% comparing
EA MM and MEA GG. Also in this case the differences are con-

tant in the whole current range, except at very high current. These
esults substantiate the possibility to reduce crossover decreas-
ng liquid methanol concentration in the anode electrode, taking
dvantage of vapour methanol transport for the electrochemical
eaction.

At higher temperature the increment in efficiency, introducing
PL, is still more evident, Fig. 6, accompanied by a lower power

ensity reduction, thanks to the enhanced methanol transport in
apour phase. The maximum efficiencies achieved by MEA MM, GM
nd GG respectively are 24% at 62 mW cm−2, 23% at 80 mW cm−2,
2% at 82 mW cm−2.

At double methanol fraction the performance are not anymore
imited by anode feeding, Fig. 7. MEA GM, compared to MEA GG,

emonstrates worse performance at low current density in spite of

ower crossover, again a 15% reduction at OCV. This is mainly caused
y lower oxygen availability at cathode, determined by increased
ass transport resistance due to MPL presence, on the contrary

4 The methanol crossover data relative to the following analysis are reported in
he supplementary material.
Power density [mW cm ]

Fig. 7. Polarization curve (A) and efficiency (B) for different MEA, XCH3OH: 6.5 wt.%,
T: 353 K, mair: 1.14 g min−1, Pc: 115 kPa.

at high current MPL reduces flooding effect and permits better
performance [12,14,16,30]. The MEA MM performances are infe-
rior to MEA GM and GG ones; the differences may be attributed
mainly to a worse membrane hydration: anode MPL reduces
both methanol and water transport to the membrane, as already
stated. Comparing with the case of lower methanol concentration
feeding, Fig. 6, this reduction in performance is lower. Methanol
crossover reduction remains instead unaltered at OCV, as in previ-
ous comparisons around 45%. This is a further confirmation that the
effective methanol concentration in the anode electrode is reduced
by MPL. This trend furthermore determines a higher improve-
ment in efficiency, thanks to anode MPL, compared to previous
results.

In order to confirm the origin of MEA MM worse performance,
experimental results at lower air flow rate are reported in Fig. 8;
methanol crossover is not significantly affected by air flow varia-
tion.

With a diminished air flow MEA GG presents lower performance,
due to lower oxygen availability, especially at high current density;
the reduction in MEA GM performance is still worse, because of the
increased mass transport resistance due to MPL presence. MEA MM
instead performs slightly better, thanks mainly to a better mem-
brane hydration, as supposed. Water transport is modified by anode
MPL presence: flooding effect is still very limited, compare to other
MEA, permitting high oxygen availability and current density. Fur-

ther experimental work is necessary to characterize accurately the
anode MPL influence on water transport through DMFC.

The positive increment in MEA MM performance at constant
methanol crossover determines an enhanced efficiency, while MEA
GG and GM present an efficiency reduction, evidencing the effec-
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iveness of limiting methanol crossover through a combined GDL
nd operating conditions optimization.

. Conclusions

The experimental characterization of DMFC performance and
ethanol crossover with different diffusion layers presented in the
anuscript permits to draw the following conclusions:

carbon dioxide flow through the membrane, measured for every
investigated condition, can be considered negligible; CO2 mea-
surement at cathode outlet, if properly carried out, is a reliable
indicator of methanol crossover;
in the investigated conditions cathode feeding has very slight
effects on methanol crossover: a pressure increase determines
a minor crossover reduction, while an air flow increase has an
opposite effect; the reason is correlated to water transport;
the presence of cathode MPL has minor effects on performance;
it determines a strong reduction in methanol crossover, approx-
imately 15% at low current density: this layer decreases water

transport through the MEA, especially in liquid phase, implying
a similar reduction in methanol transport;
introducing an anode MPL, both methanol and water transport
through the membrane are strongly affected: at low methanol
concentration the performances are limited by low methanol

[
[

[

Sources 196 (2011) 2669–2675 2675

availability, at higher methanol concentration a worse membrane
hydration may reduce performance; the anode MPL also has a
dramatic influence on methanol crossover: a reduction of approx-
imately 45% at low current density;

• the introduction of MPL at both anode and cathode determines
in general a considerable increment in the efficiency but also a
moderate decrease of power density;

• methanol crossover can be reduced modifying GDL character-
istics to decrease liquid methanol concentration in the anode
electrode, taking advantage of vapour methanol transport for
the electrochemical reaction; the effectiveness of this strategy
can be maximized combining GDL characteristics and operating
conditions optimization.
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