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a b s t r a c t

A combined experimental and modelling approach is proposed to analyze methanol cross-over and its
effect on DMFC performance. The experimental analysis is performed in order to allow an accurate investi-
gation of methanol cross-over influence on DMFC performance, hence measurements were characterized
in terms of uncertainty and reproducibility. The findings suggest that methanol cross-over is mainly deter-
mined by diffusion transport and affects cell performance partly via methanol electro-oxidation at the
cathode. The modelling analysis is carried out to further investigate methanol cross-over phenomenon.
A simple model evaluates the effectiveness of two proposed interpretations regarding methanol cross-
over and its effects. The model is validated using the experimental data gathered. Both the experimental
Methanol

Cross-over
Experiment
U
M

analysis and the proposed and validated model allow a substantial step forward in the understanding of
the main phenomena associated with methanol cross-over. The findings confirm the possibility to reduce
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. Introduction

Hydrogen polymer electrolyte membrane fuel cell (PEMFC) is
onsidered a highly promising technology, especially for microp-
wer 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 of the direct use of a high energy density
iquid fuel. However, the fuel is also the cause of its main drawbacks:
ower efficiency and lower power density than PEMFC. This is due
o methanol permeation through the polymer membrane and the
lower electrochemical methanol oxidation:

H3OH + H2O → CO2 + 6H+ + 6e− (1)
While oxygen reduction at cathode is similar to PEMFC:

3
2 O2 + 6H+ + 6e− → 3H2O (2)

Methanol cross-over is defined as the permeation of methanol
hrough the electrolyte membrane. State of the art membranes used
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n PEMFC are not fully impermeable to methanol and allow for
ignificant quantities to permeate from the anode to the cathode.
iffusion and electro-osmotic drag are the two key mechanisms

dentified. When methanol reaches the cathode it is oxidized, lead-
ng to a mixed potential and an inevitable decrease in cell voltage.

oreover the oxidized methanol is effectively wasted fuel with
lear negative impact in the overall efficiency of the cell. Methanol
ross-over in DMFC has been recently studied both experimentally
nd theoretically [1]. Dohle et al. [2] and Valdez and Narayanan et
l. [3] measured the methanol cross-over flux with different mem-
rane thickness and showed that the methanol cross-over rate is

nversely proportional to membrane thickness, thus indicating that
iffusion is dominant. In addition, Ren et al. [4] compared diffusion
ith electro-osmotic drag processes and demonstrated the impor-

ance of electro-osmotic drag in methanol transport through the
embrane. Valdez and Narayanan [3] and Dohle et al. [2] stud-

ed the temperature effects on methanol cross-over and showed
hat the methanol cross-over rate increases with cell temperature.

ang et al. [5] analyzed the chemical compositions of the cathode
ffluent of a DMFC with a mass spectrometer. They found that the
ethanol crossing over the membrane is completely oxidized to

O2 at the cathode in the presence of Pt catalyst.

Literature references that investigate methanol cross-over

echanism and its effects show inconsistent experimental data
esults. The analysis are usually not characterized in terms of uncer-
ainties and reproducibility. Thus, the evaluations and findings tend
o be more qualitative than quantitative.

http://www.sciencedirect.com/science/journal/03787753
mailto:andrea.casalegno@polimi.it
mailto:renzo.marchesi@polimi.it
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Nomenclature

cref reference concentration (mol cm−3)
C species concentration in channel (mol cm−3)
Ct species concentration in catalyst layer (mol cm−3)
Db effective diffusivity in diffusion layer (cm2 s−1)
Dm effective diffusivity in membrane (cm2 s−1)
E0 ideal potential difference (V)
F Faraday constant (C mol−1)
h channel height and width (cm)
i current density (A cm−2)
i∗ exchange current density (A cm−3)
k Tafel constant (A cm−2)
lb diffusion layer thickness (cm)
lm membrane thickness (cm)
lt catalyst layer thickness (cm)
L channel length (cm)
LHV low heating value (MJ kg−1)
ṁ inlet mass flow rate (g min−1)
nd water drag coefficient
ndx methanol drag coefficient
Ncross cross-over flux (mol cm−2 s−1)
P channel pressure (Pa)
R universal gas constant (J mol−1 K−1)
Rc contact resistance (� cm2)
T fuel cell temperature (K)
ucx cross-over measurement uncertainty

(mol cm−2 s−1)
ui current density measurement uncertainty (A cm−2)
Utot total fuel utilization
Vcell cell potential difference (V)

Greek
˛ Tafel transport coefficient
� reaction order
� polarization (V)
�th thermodynamic efficiency (V)

Superscript and subscript
a relative to anode
c relative to cathode
cross relative to cross-over
CO2 relative to carbon dioxide
estim estimated
G relative to gas phase
in relative to channel inlet
IR relative to internal resistance
L relative to liquid phase
mem relative to membrane
Met relative to methanol
N2 relative to nitrogen
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out relative to channel outlet
Ox relative to oxygen

This work aims at producing a consistent and systematic
et of results on methanol cross-over and its consequences on
MFC performance. The results form the basis for the increased
nderstanding of the underlying mechanisms that regulate this

henomenon and for the development of a mathematical model.

A combined experimental and modelling approach is proposed.
systematic experimental analysis is reported; instruments are

raceable to the international reference standard and measure-
ents are characterized in terms of uncertainty and reproducibility.
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his complete experimental analysis allows also for a quantitative
alidation of the model published in [6] over a wide range of oper-
ting conditions. It is worth noticing that this aspect is generally
eglected in literature. The distinctive feature of this approach is
he complete model validation by three sets of experimental data:

ethanol cross-over, DMFC performance and anode polarization.
Both the experimental analysis and the accurate model val-

dation allow to investigate both the transport mechanism that
egulate methanol cross-over and mixed potential origin.

. Experimental equipment and uncertainty evaluation

The experimental analyses of DMFC performance and methanol
ross-over are carried out utilizing the same equipment and
ethodologies presented in [7]. The analyses are conducted on the

ame fuel cell, which has already been characterized in terms of
node polarization in a previous publication by the author [8].

The DMFC hardware, used in the following analyses, has a
aximum cross-sectional area of 25 cm2and a unique membrane

lectrode assembly (MEA) with an effective area of 12.25 ± 0.5 cm2.
he MEA is contained between two graphite blocks where fluid dis-
ributors are cut out (single serpentine channel at anode and triple
erpentine at cathode, square section: depth 0.8 mm, width 0.8 mm,
ength 1500 mm). The cell is held together with two stainless steel
lates using 8 retaining bolts, which were closed applying a torque
f 12 ± 0.5 N m with a calibrated instrument.

A slot is present in the cathode steel plate to accommodate a cal-
brated thermocouple (uncertainty 0.05 K), connected with both a
emperature controller and a data acquisition system. Two elec-
rical heaters, connected to the temperature controller, are placed
ithin the steel plates. There is one heater for each electrode to fully

ontrol the cell temperature. The graphite blocks present electrical
ontacts with gold plates, connected to a high accuracy electronic
oad (current uncertainty 0.25% of the effective value + 0.001 A;
oltage uncertainty 0.5% + 0.001 V). The anode solution is fed by a
eristaltic pump with a resolution of 1 rpm and a speed uncertainty
f 0.5%; anode mass flow rate is measured with an uncertainty of
%, thanks to a calibration that allows to relate it to pump speed. All
ethanol solutions are produced at the start of the experiment by
ixing bi-distilled water and methanol (grade 99.5%mass) and mea-

uring the solution mass fractions (uncertainty 0.05%mass) with a
alibrated precision scale (uncertainty 0.1 g). The air flow rate, sup-
lied by a compressor, is controlled and measured by a calibrated
owmeter (uncertainty 0.02 N dm3 min−1).

The MEA used in this work was purchased already assem-
led. The membrane is GEFC-117, anode catalysed layer presents
metal loading of 4 mg cm−2 (Pt:Ru = 2 wt.%), cathode catalysed

ayer presents a metal loading of 4 mg cm−2 (Pt), anode and cathode
iffusion layers are carbon paper (thickness 100 �m), cell gaskets
onsist in a mylar layer (thickness 100 �m), in contact with the
embrane, and a fibreglass layer (thickness 150 �m), covered by

TFE.
A specific data acquisition procedure was developed to deter-

ine polarization characteristics at defined operating conditions
nd to allow repeatable evaluations and consistent comparisons. It
onsist of three phases: (1) initial start-up transitory, (2) steady-
tate condition data acquisition and (3) final shut-down transitory.
15 min preliminary phase, during which no data is acquired, pre-

edes the first phase. After this preliminary phase data acquisition

tarts by fixing a constant voltage of 0.3 V, measuring voltage and
urrent at 1 Hz frequency for 15 min (phase 1). The data acquisi-
ion is composed of 22 voltage measurement points, from 0.6 V to
.1 V with a 0.05 V step. The measurements points refer to both
n increasing voltage series from 0.1 V to 0.6 V and a correspond-
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Table 1
Controlled. parameters of experimental sessions

Session (uncertainty) Methanol concentration
in wt.% (0.07 wt.%)

Fuel cell temperature
in K (0.05 K)

Anode flow rate
in g min−1(1%)

Cathode flow rate in g min−1

(0.7% + 0.006 g min−1)

1 3.25 333.3 0.47 2.59
2 3.25 332.8 1.08 2.59
3 3.25 353.3 0.47 2.59
4 3.25 352.5 1.08 2.59
5 6.5 333.0 0.47 2.59
6 6.5 333.1 1.08 2.59
7 6.5 352.9 0.47 2.59
8 6.5 353.1 1.08 2.59
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9 3.25 333.0
10 3.25 353.3
11 6.5 332.7
12 6.5 352.7

ng decreasing voltage series from 0.6 V to 0.1 V. The single point
cquisition is performed at constant voltage, measuring voltage and
urrent at 1 Hz frequency for 400 s. After the final transitory, similar
o the initial transitory, the open circuit voltage (OCV) is acquired
or 500 s at a frequency of 1 Hz. Steady-state OCV is evaluated as

ean value of the last 180 s. Another procedure was developed to
valuate reproducibility: it is composed of an initial transitory and
wo single point acquisitions, performed at 0.4 V and 0.2 V.

Data obtained by a single point acquisition (two series of 400
alues, voltage and current) are processed in 2 steps: transitory
limination and outliers elimination. The first 60 values are dis-
arded, because resulting from the transitory caused by voltage
ariation. A robust method is used to individuate outliers. It elimi-
ates values not included in the interval median ± 3 times standard
eviation, estimated through median absolute deviation. Finally
he last 180 points are selected as significant, then mean values
f voltage and current are calculated [9,10].

Air mass flow rate influence on performance and methanol
ross-over is also investigated. To minimize pressure drop and
ts effect on the studied quantities a triple serpentine distributor,
nstead of a single serpentine one, is utilized on the cathode side.
hus cathode pressure drop can be considered negligible: air pres-
ure at fuel cell inlet and outlet is 100 ± 10 kPa. The model presented
n the following sections neglects the effect of geometry variation.

Not to alter the CO2 sensor dynamic response, the cathode outlet
ow is mixed with a secondary air flow to ensure 2.59 g min−1, as

n previous experimental sessions.
The uncertainty associated with the measurement of electric

urrent is evaluated according to [9,10]. The contribution of each
ontrolled parameter is assessed considering the uncertainty of
ach measuring device and estimating experimentally its impact
n the current measurement. The final and total uncertainty asso-
iated with the current measurement is equal to the geometric sum
f the uncertainties of each controlled parameter. The single point
ncertainty, ui (179 dof, 95% population) for current density i from
to 0.6 A cm−2, is estimated equal to:

i = −5.1 × 10−2 · i2 + 2.6 × 10−2 · i + 3.3 × 10−3 (3)

A similar methodology is applied to evaluate methanol cross-
ver uncertainty. Considering operating conditions influence and
O2 diffusion through the membrane single point uncertainty, ucx

179 dof, 95% population), of methanol cross-over flux NMet
cross from

to 6 ×10−7 mol s−1 cm−2 is estimated equal to:

cx = 0.03 · NMet + 1.5 × 10−8 (4)
cross

A PEMFC experimental station is utilized to define fuel cell
erformance and operation, in terms of cathode polarization.
ydrogen is supplied as fuel at a constant flow rate of 0.2 ±
.002 N dm3 min−1 and air is supplied at 2 ± 0.02 N dm3 min−1. The

d

u
t
t

0.47 0.26
0.47 0.26
0.47 0.26
0.47 0.26

perating temperature’s influence on performance is investigated,
aintaining both gas saturators at equal temperature to enable an

ptimal membrane hydration.
The experimental methodology is very similar to that previously

escribed and also the electric current uncertainty is evaluated con-
idering operating conditions and the presence of hysteresis, in this
ase associated with water accumulation. The final uncertainty, uH2

i

179 dof, 95% population) for current density i from 0 to 1 A cm−2,
s estimated equal to:

H2
i = −1.6 × 10−1 · i2 + 1.9 × 10−1 · i − 2.5 × 10−2 (5)

he PEMFC experimental station is adaptable to carry out hydrogen
umping [11,12], that allows the characterization of membrane pro-
on conductivity. In this configuration, at high current density, both
node and cathode activation resistances are negligible in compari-
on with the fuel cell internal resistance [11]. The internal resistance
s itself associated with the membrane, which gives the main con-
ribution, and the electrodes and the contact mechanism, which
an be considered negligible. Thus this methodology allows the
stimation of proton membrane conductivity.

During standard PEMFC operation, with hydrogen and air feed-
ng, anode overpotential is negligible in comparison to cathode
verpotential and internal resistance. Hence once internal resis-
ance is estimated, cathode polarization can be evaluated. It is
mportant to note that cathode polarizations in DMFC and PEMFC
peration are comparable, but a certain difference is present, due
o air humidification and different water cross-over through the

embrane.

. Experimental analysis

The following experimental analysis aims at investigating the
nfluence of operating conditions on DMFC performance and

ethanol cross-over, examining 12 polarization curves (Table 1).

.1. Hysteresis

Comparing the two voltage increasing and voltage decreasing
eries, a hysteresis phenomenon is observed; in Fig. 1 two examples
re reported. In some cases the difference between the two aver-
ge current densities has a magnitude order of 10−2 A cm−2. This
s, similar to the typical single point current uncertainty. However,
nalysis of variance (ANOVA) confirms that in these cases the differ-
nces are significant and the two mean values have to be considered

ifferent.

Hysteresis is relevant typically at high current density and fuel
tilization, in agreement with hysteresis observation in experimen-
al anode polarization presented in [8]. It is worth noticing that
he experiments presented in this work are performed utilizing
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investigated in [12].

Fig. 3 shows the performances of the two fuel cells. Considering
their different active areas, 19.4 cm2 and 12.25 cm2 and in order to
assure similar fuel utilization conditions, the comparison has to be
conducted at different anode flow rates, respectively, 0.7 g min−1
Fig. 1. Hysteresis in polarization curves. Fuel cell temperature: 333 K.

he exact same MEA used in [8], so the set of results obtained
hould be directly comparable. In both cases hysteresis is present
t high current density and high fuel utilization, due to methanol
ccumulation during operation at low current density, consistent
ith the explanation proposed in [8]. The complete polarization

urves, presented in this work, show statistically significant hys-
eresis also with a high methanol concentration, up to 6.5 wt.%,
ifferently than what observed in anode polarizations. This dif-
erence is due to a lower experimental uncertainty for complete
olarization measurements, that makes smaller current differences
tatistically significant. Anyway hysteresis appears more intense at
igher fuel utilization. In the complete polarization curves shown in
ig. 1 hysteresis presents a further morphological aspect that is not
resent in anode polarization. At high voltages, along the backward
urve, the current density is higher than along the forward curve.
robably in these cases methanol accumulation enhances cross-
ver along the forward curve compared to the backward curve,
here accumulation is reduced by a high utilization due to high

urrent density. This explanation is coherent with the thesis that
ysteresis is due to long-term methanol accumulation, presented

n [8].
Hence hysteresis depends on the operating conditions history

nd has to be considered in evaluating the uncertainty of the mean
alues. Conservatively, the final current density uncertainty, Eq.
3), is increased by a factor of 5, compared to the single point
ncertainty; in this way the hysteresis effect is no more statis-
ically significant, as confirmed by ANOVA. Similarly methanol
ross-over uncertainty is conservatively expanded to 2% + 3.5 ×
0−8 mol s−1 cm−2.

.2. Reproducibility

Reproducibility is a fundamental characteristic of any experi-
ental measurement. Consistent, reliable and valid scientific data

eeds to be reproducible. For each polarization curve reported in
his work the measurements were carried out in five different days
nd data analyzed with ANOVA; in Fig. 2 is shown an example.
t indicates the electric current density data obtained in different
ays, their average value and increased uncertainty.

Current density measurements vary over different days approx-
−2 −2
mately by 10 A cm . This is greater than the single point

ncertainty. In most cases, just by evaluating single point uncer-
ainty and without considering the increase introduced by the
ysteresis factor, the ANOVA analysis reveals significant variations
ver different days. However, taking into account the hysteresis fac-

F
c

ig. 2. Reproducibility measures in five different days. Fuel cell temperature: 353 K;
ethanol concentration: 6.5 wt.%; anode flow rate: 1.08 g min−1.

or previously described, no statistically significant differences can
e deduced and reproducibility is demonstrated both for current
ensity and methanol cross-over measurements. This result con-
rms that the operating conditions history has to be considered in
rder to properly evaluate the uncertainty and reproducibility of
easurements.

.3. Comparison with previous experimental analyses

The following section presents the experimental results on fuel
ell polarization and methanol cross-over flux. The experiments
ere conducted by varying fuel cell temperature, inlet anode flow

ate and methanol concentration.
First of all it is interesting to compare the experimental results

btained with two similar fuel cells, anticipating that improved per-
ormance is expected in the fuel cell used in this work (indicated
s the second). This belief originates from hydrogen conditioning,
hat allows to increase the availability of effective catalyst sites, as
ig. 3. Comparison of first and second fuel cells: polarization curve. Methanol con-
entration: 3.25 wt.%; fuel cell temperature: 353 K; different anode flow rates.
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methanol cross-over as already observed in [13,14]. At very high
ig. 4. Comparison of first and second fuel cells: methanol cross-over. Methanol
oncentration: 3.25 wt.%; fuel cell temperature: 353 K; different anode flow rates.

nd 0.47 g min−1. The effectiveness of this flow rate correction is
onfirmed by matching limiting currents, which are associated to
imilar fuel utilizations. The graph clearly shows the enhanced
erformance of the second fuel cell, confirming the importance
f the hydrogen conditioning procedure. This emphasizes again
he necessity to define standard procedures in fuel cell charac-
erization. Qualitatively, the influence of operating conditions on
erformance can be observed along the entire range investigated.

In Fig. 4 the comparison of methanol cross-over fluxes is also
eported. The values are very similar to what would be expected and
he differences are generally within the measurement uncertainty.
his implies that hydrogen conditioning does not significantly
ffect membrane permeability of methanol. This is in line with the
roposed methodology and the experimental results.

.4. Operating conditions influence on performance and
ethanol cross-over
.4.1. Influence on performance
Figs. 5 and 6 clearly show the expected positive influence

f increasing temperature on fuel cell performance, mainly due
o lower activation polarizations. Fig. 5 also shows that, at low

ig. 5. Polarization curve. Methanol concentration: 3.25 wt.%; varying anode flow
ate and fuel cell temperature.

f
c
C

F
fl

ig. 6. Polarization curve. Methanol concentration: 6.5 wt.%; varying anode flow
ate and fuel cell temperature.

ethanol concentration, anode flow rate strongly influences per-
ormance, reducing limiting current density through concentration
olarization; differently Fig. 6 shows that at higher methanol con-
entration the same variation in anode flow rate produces minor
ariations on performance, simply because of the excess fuel avail-
bility.

At low anode flow rate and methanol concentration, the limiting
urrent density is mainly affected by concentration polarization,
hus fuel mass transport appears as the limiting phenomenon. It
s interesting to observe that in the mentioned cases the limit-
ng current density at 353 K is significantly higher than at lower
emperature, suggesting that a plausible explanation could be a
igher methanol availability due to an enhancement in methanol
ransport in gas phase.

.4.2. Influence on methanol cross-over
Fig. 7 shows net CO2 fluxes, measured at cathode outlet sub-

racting CO2 inlet ambient contribution; they can be related to
uel utilization CO2 flux is negligible, in spite of high CO2 con-
entration and void fraction at anode side, that should enhance
O2 diffusion through the membrane. Moreover, in these cases, in

ig. 7. Methanol cross-over flux. Methanol concentration: 3.25 wt.%; varying anode
ow rate and fuel cell temperature.
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in [16,17].

Figs. 11 and 12 show polarization and methanol cross-over
curves at similar effective inlet methanol flow rate. An increase in
methanol concentration produces an enhancement of cross-over
ig. 8. Methanol cross-over flux. Methanol concentration: 6.5 wt.%; varying anode
ow rate and fuel cell temperature.

hich methanol transport is the limiting phenomenon, methanol
ross-over through the membrane is in fact negligible with respect
o measurement uncertainty. These observations confirm that in
he investigated operating condition, characterized by a negligible
ressure difference between the electrodes, the actual CO2 trans-
ort from anode to cathode is negligible compared to the CO2
roduction due to the oxidation of cross-over methanol. This is in
greement with the interpretation reported in [13,14]. Considering
hat most of the methanol at the cathode is oxidized [15], the net
O2 molar flux measured at cathode outlet is approximately equal
o methanol cross-over molar flux.

Methanol cross-over flux has an approximately linear depen-
ence on current density (Fig. 8), as already observed in [13,14].
his suggests that the contribution of electro-osmosis is minimal,
ince this is directly proportional to current density. Moreover,
onsidering that the average methanol concentration in the elec-
rode decreases more than linearly with current density, taking into
ccount void fraction influence [8,16], methanol cross-over seems
ot to be dependent on the average methanol concentration in the
lectrode but on the methanol concentration in the liquid phase,
s proposed in the developed model. A more detailed discussion of
his aspect is presented in the next section.

As expected methanol cross-over is approximately proportional
o inlet methanol concentration, confirming that the phenomenon
s mainly due to diffusion through the membrane. This is clear

hen comparing high voltage data in Figs. 7 and 8. At low cur-
ent densities and limited fuel utilization, anode flow rate effect
n methanol cross-over is negligible, since there is no influence
n local methanol concentration. At high current densities local
ethanol concentration is strongly determined by fuel utiliza-

ion, thus anode flow rate influence becomes increasingly relevant
Figs. 7, 8 and 10). Consistently methanol cross-over is also signifi-
antly influenced by temperature, which determines the behaviour
f methanol diffusion through the membrane. Quantitatively at low
urrent density increasing fuel cell temperature from 333 K to 353
has a similar negative effect as doubling methanol concentration.

.4.3. Methanol cross-over influence on performance

In Fig. 9 polarization curves at different inlet methanol concen-

ration and anode flow rate are reported. Excluding the curve fed by
he lower inlet methanol flow rate, the others present similar limit-
ng current densities. These are affected by cathode concentration
olarization, caused by a limited oxygen transport, which is itself

F
c

ig. 9. Polarization curve. Fuel cell temperature: 353 K; varying methanol concen-
ration and anode flow rate.

urther reduced by water flooding of the electrode or the diffusion
ayer.

Analyzing the curves at low current densities, in the range
f 0.1–0.2 A cm−2, important differences are observable: perfor-
ance is lower when increasing inlet methanol flow rate. This effect

ppears proportional to methanol cross-over flux (Fig. 10), suggest-
ng it has a direct effect on the overall polarization. Considering that
node polarization has a weak dependence on methanol concentra-
ion and that no cross-over influence is observed in [8], the noticed
ffect appears to be related to cathode polarization.

This effect could have two origins: local concentration polar-
zation caused by a local reduction in oxygen concentration at the
athode; or both activation and concentration polarization caused
y the presence of methanol electro-oxidation at the cathode. Con-
idering the magnitude of the phenomenon and the high air flow
ate fed at the cathode, the first explanation does not seem plausi-
le, thus only the second is taken into consideration as suggested
ig. 10. Methanol cross-over flux. Fuel cell temperature: 353 K; varying methanol
oncentration and anode flow rate.
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strictly equal to those present in DMFC operation, because of a
Fig. 11. Polarization curve. At similar effective methanol flow rate.

ffect, in particular at low current densities. It is interesting to
bserve that the magnitude of cross-over effect is considerably
igher at 333 K, in agreement with a significant temperature influ-
nce on activation loss of cathode methanol electro-oxidation.

Fig. 13 shows the effect of air flow rate reduction on the polar-
zation curve. At low methanol concentration and low anode flow
ate, reducing air flow rate by a factor 10 does not considerably
ffect performance: the limiting current is due to methanol trans-
ort. Differently, at high methanol concentration and low air flow
ate, oxygen transport is the limiting phenomenon, causing concen-
ration polarization. Such a marked effect of air flow rate variation,
ot producible by the analysed increase in methanol cross-over,
onfirms that the first explanation previously mentioned is not
atisfactory.

The effects of air flow rate reduction on methanol cross-over
re shown in Fig. 14. Cross-over is lower at low air flow rate along
ll the operating conditions investigated. There are two plausible
nterpretation to explain this behaviour: cross-over due to diffusion
s effectively reduced, because methanol concentration within the

athode is not anymore negligible, given a lower oxygen availabil-
ty; cross-over is not reduced but is underestimated and methanol is
ot completely oxidized at cathode, because of lower oxygen avail-
bility, and is present at cathode outlet. Considering that Fig. 13

Fig. 12. Methanol cross-over flux. At similar effective methanol flow rate.
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u
f
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ig. 13. Polarization curve. Fuel cell temperature: 353 K; anode flow rate:
.47 g min−1; varying methanol concentration and air flow rate.

hows no observable effects of cross-over reduction at high voltage
n Fig. 13, the second interpretation is more sound. A gas compo-
ition analysis at cathode outlet is necessary to investigate further
his aspect.

.4.4. Methanol cross-over overpotential estimation
To have a further confirmation of the cross-over effect on the

olarization curve, its magnitude has been estimated through the
um of different polarizations.

The DMFC experimental polarization curve can be subdivided in
node, cathode and cross-over overpotentials, and membrane and
lectrode ohmic losses:

cell = E0 − �a − �c − �cross − �mem − Rc · i (6)

he different overpotentials, except the methanol cross-over one,
an be estimated experimentally as described below. As already
tated cathode and membrane polarization estimations are not
ifferent water quantity and transport. This introduces a further
ncertainty in the experimental data that needs to be accounted
or. Membrane and electrode ohmic losses are measured following
he hydrogen pumping methodology described in [11]. The mea-

ig. 14. Methanol cross-over flux. Fuel cell temperature: 353 K; anode flow rate:
.47 g min−1; varying methanol concentration and air flow rate.
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The chemical kinetics, associated with the two mechanisms, are
enhanced differently by a temperature increase, probably compen-
sating the increment in methanol cross-over. As expected instead,
the influence of anode flow rate on OCV is negligible.
ig. 15. Anode, cathode polarizations and experimental and estimated overall char-
cteristic. Fuel cell temperature: 353 K; methanol concentration: 3.25 wt.%; anode
ow rate: 1.08 g min−1.

urements are conducted at 333 K and 353 K, feeding hydrogen
aturated with water at fuel cell temperature at both anode and
athode and considering the following equation:

IR
cell = �mem + Rc · i (7)

Proton conductivity at 333 K and 353 K is estimated equal to
.09 ± 0.01 �−1 cm−1and 0.1 ± 0.01 �−1 cm−1. This is consistent
ith values reported in literature [16,18,19] and does not consider
erfect membrane hydration.

Cathode polarization is estimated at 333 K and 353 K, feeding
ydrogen and air saturated with water at fuel cell temperature and
ubtracting membrane and electrode ohmic losses.

c
cell = EH2

0 − �c − �mem − Rc · i (8)

Anode polarization is estimated starting from measurements
resented in [8], conducted through methanol electrolysis and sub-
racting membrane and electrode ohmic losses via the following
quation:

a
cell = �a + �mem + Rc · i (9)

Finally the overall experimental polarization curve can be com-
ared with the estimated polarization curve that does not include
ethanol cross-over overpotential:

cell = Vestim − �cross (10)

Figs. 15 and 16 show anode polarization, cathode polarization
nd both experimental and estimated overall polarizations. An
ppreciable difference in limiting current density is evident when
omparing experimental and estimated overall polarizations. This
s probably caused by a higher water presence on the cathode side,
ue to abundant water feeding at anode in the case of DMFC con-
guration.

Moreover an important difference between estimated and
xperimental DMFC polarizations at low current densities confirms
he presence and the order of magnitude of a direct and consistent

ethanol cross-over effect. In fact estimating the overall charac-
eristic by sum of the polarizations allows excluding cross-over
ffect. This conclusion can be drawn by noticing that methanol

ermeation through the membrane is present only in methanol
lectrolysis measurements, where both cathode related polariza-
ion and cathode cross-over effect are negligible.

Comparing Fig. 15 with Fig. 16, which has increased inlet
ethanol concentration but similar inlet methanol flow rate, cross-

F
t

ig. 16. Anode, cathode polarizations and experimental and estimated overall char-
cteristic. Fuel cell temperature: 353 K; methanol concentration: 6.5 wt.%; anode
ow rate: 0.47 g min−1.

ver effect appears higher. This is in agreement with previous
omments related to Figs. 9 and 10.

.4.5. Open circuit voltage analysis
Fig. 17 shows the open circuit voltages (OCV) corresponding to

ll the different experiment sessions listed in Table 1. Open cir-
uit voltage is strongly influenced by cathode mixed potential. The
ata clearly shows that high methanol concentration produces an

mportant reduction of OCV, determining an increase in methanol
ross-over.

A temperature increase produces two effects: an increment
f methanol cross-over; an enhancement in methanol oxidation
inetics at cathode. These effects have opposite influences on cath-
de mixed potential. In fact an increase of temperature produces
imited positive effects on OCV only at low methanol concentration,
n spite of an increase in methanol cross-over. Methanol oxidation
t cathode can occur via a chemical or electro-chemical mechanism.
ig. 17. Open circuit voltage of experimental sessions (Table 1); estimated uncer-
ainty: 0.01 V.
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Two variants are here adopted in Eqs. (13) and (15), in respect
of the original model [6], as a first intent to include cross-over
methanol electro-oxidation at cathode side and to better describe
methanol electro-osmosis.
ig. 18. Cross-over fuel wasting. Methanol concentration: 3.25 wt.%; varying anode
ow rate and fuel cell temperature.

At lower air flow rates OCVs are very similar, with only a slight
ncrease observable at lower temperature. These results seem to
onfirm the previously proposed interpretation: the significant
eduction of methanol cross-over is apparent, the low oxygen avail-
bility determines methanol presence in cathode stream.

OCV analysis confirms the existence of a direct methanol cross-
ver influence on DMFC performance, probably caused also by
ethanol electro-oxidation at cathode side.

.4.6. Methanol cross-over influence on efficiency
Another important consequence of methanol cross-over is fuel

asting. Also at low inlet methanol concentration it can be over
0% of fed fuel (Fig. 18). The clear consequence is a significantly
educed fuel cell efficiency. To evaluate fuel cell performance two
fficiencies are analysed:

thermodynamic efficiency as the ratio between produced electri-
cal power and inlet chemical power:

�th = Vcell · I

ṁmet · LHVmet
(11)

where ṁmet is the inlet methanol flow rate
efficiency with fuel recirculation as the ratio between produced
electrical power and utilized chemical power:

�th
ric = Vcell · I

ṁmet · Utot · LHVmet
(12)

where Utot is the total fuel utilization, including the fractions used
in the electrochemical reaction and wasted with methanol cross-
over.

In Figs. 19 and 20 both efficiencies are reported as a function
f current density, for measurements effectuated at inlet methanol
oncentration of 3.25%, characterized by higher efficiencies than
ith increased methanol concentration.

The maximum values of efficiency with and without fuel recir-
ulation are obtained at 353 K and 0.47 g min−1, respectively,
7% (90 mW cm−2) and 20% (95 mW cm−2). Thus fuel recirculation
ppears effective to improve fuel cell efficiency. In spite of lower

bsolute efficiency values its effect is enhanced at lower fuel cell
emperature, due to a lower cross-over, and at higher anode flow
ate, due to a lower total fuel utilization.

Fuel wasting is still considerable, included between 5% and 10%
f inlet methanol flow rate, also in the conditions that maximize the

F
m

ig. 19. Efficiency with and without fuel recirculation. Fuel cell temperature: 353 K;
ethanol concentration: 3.25 wt.%; varying anode flow rate.

fficiencies, confirming the important negative effect of methanol
ross-over.

. Model validation

.1. Model description

The following analysis regards a model already presented and
iscussed in [6,8]. There it is already stated that the model does
ot pretend to be a rigorous and exhaustive description of com-
lex DMFC behaviour, but aims to reproduce the main involved
henomena and hence to be a tool for DMFC understanding and
ptimization. Some more complex models are more accurate in
escribing fuel cell behaviour in certain specific conditions [6],

nstead this model is able to simulate DMFC in a wide range of
perating conditions, permitting a complete quantitative valida-
ion, generally neglected in the literature. In this work the model is
urther validated and used to investigate methanol cross-over and
ts effect on performance.
ig. 20. Efficiency with and without fuel recirculation. Fuel cell temperature: 333 K;
ethanol concentration: 3.25 wt.%; varying anode flow rate.
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Table 2
Geometrical parameters

ha 0.08 [cm]
hc 0.08 [cm]
L 76.6 [cm]
la
b

0.01 [cm]
l

l
l
l
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Table 5
Fitting parameters

K1 0.6
K2 1.37 × 10−4 [A cm−2]
K3 50750 [J mol−1]
K4 7.5 × 10−3 [cm2 s−1]
K
K
K

4
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e
e
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e
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a
a
i
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r
a
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ics, composed of quantities affected by uncertainty, demonstrated
by a consistent variability in literature [16,18,20,21]. Compared to
c
b

0.01 [cm]
a
t 0.001 [cm]
c
t 0.001 [cm]
m 0.018 [cm]

Cathode polarization is assumed to have Tafel kinetic of order
c, depending on oxygen concentration in the catalyst layer:

c = RT

˛cF
· ln

(
i + 6 · F · NMet

cross
kc

)
(13)

c = ic∗

(
Ct,O2

cc
ref

)�c

(14)

q. (13) has been modified, adding the term 6 · F · NMet
cross to cur-

ent density, with the intent to provide a possible description of
ethanol electro-oxidation at cathode side, as proposed in [16]. The

roposed equation assumes that methanol is completely depleted
n cathode electrode by a electro-chemical reaction with oxygen,
haracterized by a rate determining step equal to oxygen electro-
eduction.

Methanol and water cross-over are due to liquid phase diffu-
ion and electro-osmosis. Water and methanol concentrations at
athode side are negligible, in comparison to anode concentrations.
ater concentration in the catalyst layer is assumed equal to anode

hannel one and, for the purpose of electrosmotic flux calculation,
ater molar fraction in the catalyst layer is assumed equal to 1.

Met
cross = DMet

m
lm

· CL
t + ndx · i

F
· CL

t

Ca,L
H2O

(15)

q. (15) differs by the presence of a specific methanol drag
oefficient, ndx, different from water drag coefficient, nd. These
arameters will be discuss in the following section.

The system presents 7 differential equations, 22 algebraic equa-
ions, 29 variables. This DAE system can be solved numerically
pplying the appropriate initial conditions, regarding inlet flows,
uel cell temperature and potential difference. Total and mean elec-

rical current and cross-over flows can be calculated by integration
ver MEA area. Thus the relations, commonly used to characterize
irect methanol fuel cells, are obtained: polarization and methanol
ross-over curves. For this work Matlab® environment was used to
olve the DAE system.

able 3
xperimental conditions

a 101325 [Pa]
c 101325 [Pa]

333, 353 [K]
˙ a 0.47, 1.08 [g min−1]
˙ c 2.59 [g min−1]
0
met 3.25, 6.5 [ wt.%]

cell 0.3–0.6 [V]

able 4
ssumed parameters

c K1
c
b

K4 [cm2 s−1]

m K5 eK6( 1
303 − 1

T
) [cm2 s−1]

c∗ K2 e
K3
R

( 1
353 − 1

T
) [A cm−2]

dx K7 e1029( 1
333 − 1

T
)

t
p

F
c

5 1 × 10−6 [cm2 s−1]

6 3488 [K]

7 0.87

.2. Validation

The quantities present in the model have physico-chemical
eaning, there are no pure adaptive parameters. These quantities

re divided in: geometrical parameters, defined by the experimen-
al hardware, shown in Table 2; operating conditions, defined by
xperimental analysis, presented in Table 3; some assumed param-
ters are reported in Table 4, the remaining are determined through
alidation with anode polarization measurements or assumed from
iterature [8]; fitting parameters (Table 5).

The calibration procedure consists in minimization of the resid-
als between model estimation and experimental results in the
omplete investigated range of operating conditions. The utilized
xperimental data are composed of 56 current density measures
nd 56 methanol cross-over flux measures, coming from 8 polar-
zation curves, previously presented (sessions 1–8 of Table 1),
t different temperature, inlet methanol concentration and inlet
node flow rate. Considering that the potential difference range
nteresting for applications is from 0.6 V to 0.3 V, the model and
he calibration procedure were developed to produce a more accu-
ate fitting in this range. Experimental results at lower voltages
nd lower air flow rate are not considered, because this simple
odel is not able to simulate properly such conditions, where
ater flooding at cathode may occurs and complex two-phase fluid
ynamics aspects may be important, as already stated in [6]. The
rst four fitting parameters (Table 5), characterize cathode kinet-

cs and effective oxygen diffusivity through diffusion layer and are
btained by minimization of the residuals between model estima-
ion and current density measures.

The fitting parameters, K1, K2 and K3, characterize cathode kinet-
he latter the values resulting from calibration are reasonable, in
articular K1, cathode transfer coefficient is generally included in

ig. 21. Polarization curve experimental (points) and modelling (lines). Methanol
oncentration: 3.25 wt.%; varying fuel cell temperature and anode flow rate.
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that predictions in that range have an error higher than experimen-
tal uncertainty as commented in [6].

Fitting has been carried out also without the two variants pro-
ig. 22. Methanol cross-over flux experimental (points) and modelling (lines).
ethanol concentration: 3.25 wt.%; varying fuel cell temperature and anode flow

ate.

he range 0.5–0.9, and K3, activation energy, is around 70 kJ mol−1.
onsidering the contribution of gas diffusion layer porosity, tor-
uosity and possible water flooding effective oxygen diffusivity
hrough diffusion layer, K4, is an uncertain parameter. The fitting
alue is coherent with the values present in literature, where it is
enerally included in the range 10−3 to 10−2cm2 s−1.

The last three fitting parameters (Table 5), characterize
ethanol cross-over through the membrane and are obtained

y minimization of the residuals between model estimation and
ethanol cross-over flux measures. The fitting parameters K5 and

6 describe methanol diffusivity through the membrane. The fit-
ing value are reasonable and very similar to those reported in [22].
7 is methanol drag coefficient, the fitting value, 0.87, lower than
ater drag coefficient at the same temperature, 2.9, suggests that
ethanol affinity to proton is lower than water or that methanol

oncentration gradient in the electrode influences electro-osmosis.
The residuals produced in the investigated interval, 0.3–0.6 V,

etween model estimation and experimental current density
ave reasonably normal distribution and absolute values lower

han 0.03 A cm−2, an example is reported in Fig. 21. Analogously
esiduals between model estimation and experimental methanol
ross-over flux have reasonably normal distribution and absolute
alues lower than 6 × 10−8A cm−2, examples are reported in Fig. 22.

Fig. 23. Current density residuals. Experimental uncertainty in solid line.

p
d

F
a

ig. 24. Methanol cross-over residuals. Experimental uncertainty in solid line.

An accurate residual analysis has been effectuated, evalu-
ting them in comparison with experimental uncertainty. In
igs. 23 and 24 the residuals are reported in function of current
ensity, with relative experimental uncertainty. Model accuracy is
valuated quantitatively by F-test, as reported in [23]. It verifies if
he model is sufficiently accurate, in comparison to experimental
ncertainty, to consider the latter as confident interval of model
stimation.

Experimental measures of both current density and methanol
ross-over from 0.3 V to 0.6 V satisfy F-test (95%), thus in this
ange the model results accurate in reproducing fuel cell behaviour
nd validated for prediction, maintaining experimental uncertainty
s prediction confidence interval. This implies that the phenom-
na neglected with the proposed assumptions have minor effects,
onsidering experimental uncertainty. Measures with a lower
ncertainty are necessary for a further evaluation of model accu-
acy. Instead below 0.3 V the model results less accurate, implying
osed in Eqs. (13) and (15). The obtained fitting values do not
iffer substantially, but the model results much less accurate in

ig. 25. Methanol concentration in electrode. Methanol concentration: 3.25 wt.%;
node flow rate: 0.47 g min−1; fuel cell temperature: 353 K.
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ig. 26. Methanol cross-over fluxes, experimental data, model estimations.
ethanol concentration: 3.25 wt.% (square), 6.5 wt.% (round); anode flow rate:

.47 g min−1; fuel cell temperature: 353 K.

escribing fuel cell behaviour, in particular at low current densi-
ies, and residual analysis do not satisfy F-test. This is a further
onfirmation that the presented interpretation and adopted model
ariants are reasonable.

Considering the difficulties to produce local measures in fuel cell
esearch, in future work we intend to produce different and more
ccurate global quantities measurements, in particular evaluating
he influence of components properties and geometries, in order to
btain model improvements and further validations.

.3. Estimated quantities discussion

Void fraction strongly affects average methanol concentration in
he anode electrode (Fig. 25), in fact concentration in liquid phase
s considerably higher than the average value. Moreover concentra-
ion in liquid phase decreases along the channel much less steeply
han average concentration. This has a very important impact in
etermining methanol cross-over. In the described model the dif-

usion term of cross-over depends on methanol concentration in
iquid phase, Eq. (15), but could depend on average concentration.
o confirm the validity of that assumption in Fig. 26 experimental
ata are compared with the model and this possible variant. The
roposed assumption produces a much more accurate description

ig. 27. Effect of methanol cross-over on polarization curve. Methanol concentra-
ion: 3.25 wt.%; anode flow rate: 0.47 g min−1; fuel cell temperature: 353 K.
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ig. 28. Effect of methanol cross-over on fuel cell efficiency, with or without recir-
ulation. Methanol concentration: 3.25 wt.%; anode flow rate: 0.47 g min−1; fuel cell
emperature: 353 K.

f methanol cross-over behaviour, confirming that the latter mainly
epends on concentration in liquid phase and may be reduced opti-
izing methanol transport through diffusion and catalyst layers, as

lso suggested in [8].
The validated model permits to analyze the effect of methanol

ross-over on polarization curve. The proposed hypothesis of
ethanol electro-oxidation allows a better fitting of experimental

esults compared to a model variant that excludes it (Fig. 27). More-
ver it is interesting to note that the differences between these two
ases are very similar to those regarding experimental measures,
resented in Figs. 15 and 16. This is a further confirmation of the
roposed interpretation, that permits to describe the strong effect
bserved experimentally at low current densities, as a consequence
f methanol cross-over.

Finally an efficiency analysis is carried out through the model,
valuating two hypothetical cases (Fig. 28): in the first cross-over is
educed to 30% of original value; in the latter no methanol electro-
xidation at cathode side occurs. If fuel recirculation is not adopted
ery limited effects are appreciable in both cases. A reduction of
ross-over to one third, in the case with fuel recirculation, produces
much more evident increase in DMFC efficiency than excluding
ethanol electro-oxidation at cathode. This implies that, especially

t high current density, the major contribution in reducing fuel cell
fficiency is due to fuel wasting and is not imputable to the eventual
resence of methanol electro-oxidation at cathode. At low current
ensity the presented interpretation evidences that the reduction
f this parasitic reaction has positive effect in order to increase
MFC efficiency.

. Conclusions

The analysis presented in this work produces the following con-
lusions:

A systematic experimental analysis of operating conditions influ-
ence on performance and methanol cross-over is presented,
characterizing measurements in term of uncertainty and repro-
ducibility.

The experimental analysis permits to verify previous experiences
and interpretations, also regarding hysteresis presence, to con-
firm the positive effect of hydrogen conditioning on performance,
to investigate accurately the direct influence of methanol cross-
over on performance.
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Combining the experimental results obtained with different
station configurations, methanol cross-over overpotential is esti-
mated and investigated. It is probably caused by a methanol
electro-oxidation at cathode.
A developed DMFC model has been modified and calibrated in an
extensive operating condition range, utilizing 56 current density
measures and 56 methanol cross-over measures, coming from 8
polarization curves, and determining 7 fitting parameters.
The model is able to reproduce accurately both DMFC perfor-
mance and methanol cross-over flux in the investigated range.
The obtained values of fitting parameters and local quantities
estimation are coherent with the literature and the residuals
between model estimations and experimental results are lower
than measurement uncertainty.
The effectiveness of two proposed interpretations regarding
methanol cross-over and its effect is evaluated. The model,
including the proposed interpretations, permits to describe more
accurately experimental results.
The systematic experimental analysis and the accurate and exten-
sive model validation contribute to the understanding of the main
phenomena involved and to confirm the necessity of methanol
cross-over reduction, in order to enhance considerably DMFC per-
formance, and the possibility of such reduction optimizing anode
feeding.
cknowledgements
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Sources (2004) 172.
15] H. Dohle, J. Divisek, J. Mergel, H.F. Oetjen, C. Zingler, D. Stolten, J. Power Sources

105 (2002) 274.
16] Z.H. Wang, C.Y. Wang, J. Electrochem. Soc. 150 (2003) 508.
17] C.H. Chen, T.K. Yeh, J. Power Sources 160 (2006) 1131.
18] K. Scott, W. Taama, J. Cruickshank, J. Power Sources 65 (1997) 159.
23] D.M. Himmelblau, Process Analysis by Statistical Methods, Wiley & Sons,
1970.


	DMFC performance and methanol cross-over: Experimental analysis and model validation
	Introduction
	Experimental equipment and uncertainty evaluation
	Experimental analysis
	Hysteresis
	Reproducibility
	Comparison with previous experimental analyses
	Operating conditions influence on performance and methanol cross-over
	Influence on performance
	Influence on methanol cross-over
	Methanol cross-over influence on performance
	Methanol cross-over overpotential estimation
	Open circuit voltage analysis
	Methanol cross-over influence on efficiency


	Model validation
	Model description
	Validation
	Estimated quantities discussion

	Conclusions
	Acknowledgements
	References


