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bstract

A design of experiments (DOEs) coupled with a mathematical model was used to quantify the factors affecting methanol crossover in a direct
ethanol fuel cell (DMFC). The design of experiments examined the effects of temperature, cathode stoichiometry, anode methanol flow rate,

lamping force, anode catalyst loading, cathode catalyst loading (CCL), and membrane thickness as a function of current and it also considered
he interaction between any two of these factors. The analysis showed that significant factors affecting methanol crossover were temperature,
node catalyst layer thickness, and methanol concentration. The analysis also showed how these variables influence the total methanol crossover in
ifferent ways due to the effects on diffusion of methanol through the membrane, electroosmotic drag, and reaction rate of methanol at the anode
nd cathode. For example, as expected analysis showed that diffusion was significantly affected by the anode and cathode interfacial concentration,

y the thickness of the anode catalyst layer and membrane, and by the diffusion coefficient in the membrane. Less obvious was the decrease in
ethanol crossover at low cathode flow rates were due to the formation of a methanol film at the membrane/cathode catalyst layer interface. The

elative proportions of diffusion and electroosmotic drag in the membrane changed significantly with the cell current of the cell.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The portable electronic device market is placing increasing
emands on battery technology to achieve higher energy and
ower densities. Portable fuel cells are one possible solution,
llowing for longer runtimes and faster refueling [1]. As effi-
ient storage of gases (e.g. hydrogen) is still a major obstacle in
erms of weight, size, and safety, these portable fuel cells usu-
lly operate with liquid fuel. The liquid fuel is either reformed or
irectly converted into electrical energy. This paper will consider
onversion of methanol to electric energy in a direct methanol
uel cells (DMFC).
In the power range up to several watts the fuel cell has to
ulfill challenging requirements. For a DMFC system to be com-
ercially viable, the energy density needs to be greater than

∗ Corresponding author. Tel.: +49 761 4588 5204; fax: +49 761 4588 9320.
E-mail address: steffen.eccarius@ise.fraunhofer.de (S. Eccarius).
URL: http://www.ise.fraunhofer.de (S. Eccarius).
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000 Wh l−1with a lifetime of at least 2000 h and operational
osts below 5 $ W−1[2].

In a DMFC, methanol is fed to the anode and air is fed to
he cathode. Methanol is oxidized at the anode according to the
ollowing reaction

H3OH + H2O → CO2 + 6H+ + 6e− (1)

xygen from the air is reduced at the cathode via:

3
2 O2 + 6H+ + 6e− → 3H2O (2)

n addition to being oxidized at the anode, some methanol also
rosses the membrane where a portion of it is oxidized at the
athode according to Eq. (1) causing a mixed potential. Hence,
he overall reaction that powers the DMFC system is:
H3OH + 3
2 O2 → CO2 + 2H2O (3)

ig. 1 shows a schematic of a direct methanol fuel cell that would
e used for portable applications.

mailto:steffen.eccarius@ise.fraunhofer.de
dx.doi.org/10.1016/j.jpowsour.2007.11.102
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Nomenclature

ACL anode catalyst layer
AFC anode flow channel
c concentration (mol cm−3)
Ca cathode
CBL cathode backing layer
CCL cathode catalyst layer
CCM catalyst coated membrane
D diffusion coefficient (cm2 s−1)
DOE design of experiments
GDL gas diffusion layer
I current density (A cm−2)
Icell cell current density (A cm−2)
Ileak leakage current density (A cm−2)
k mass transfer coefficient (cm s−1)
MEA membrane electrode assembly
Mem membrane
MeOH methanol
MOR methanol oxidation reaction
N flux density (mol cm−2 s−1)
OCV open circuit voltage
ORR oxygen reduction reaction
Ox oxygen
η overpotential (V)
δ thickness (cm)
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ξ electro-osmotic drag coefficient

One suggested method for simplifying the system and
mproving the energy density of DMFC system is to use a pas-
ive approach. In a passive approach, components like valves,
umps, heaters etc. are avoided to reduce losses of the system. As
consequence, passive DMFC systems are operated at or slightly
bove ambient conditions. A parasitic methanol oxidation at the
athode takes place because of a crossover of methanol from
node to cathode through the membrane. Methanol crossover
ecreases fuel efficiency and generates heat, which warms the

uel cell to temperatures slightly above room temperature. The
xtent of methanol crossover depends on design and operating
onditions of the cell.

Fig. 1. Schematic of a single cell DMFC.
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Several papers have been published that investigated the influ-
nce of a methanol crossover from anode to cathode in a solid
olymer fuel cell. In a first approach Fuller et al. and Zawodzin-
ki et al. studied the water uptake and transport through Nafion®

17 [3,4]. Later, methanol crossover and its influence on the
athode performance has been studied at elevated temperatures
round 80 ◦C [5,6]. Heinzel et al. summarized the research on
rossover in DMFCs in 1999 [7]. Lately some research has been
one at near-ambient conditions [8,9].

In Meyers and Newman [10], a model for the methanol
rossover was developed and the effect of methanol concen-
ration was evaluated. Dohle et al. [11] and Garcia et al. [12]
emonstrated 1-D isothermal models that predicted methanol
rossover at different methanol concentrations. Jeng and Chen
13] developed a pseudo-2D model that predicts the total amount
f methanol crossover in a DMFC for different methanol con-
entrations. Murgia et al. [14] used a 1-D model to predict the
ethanol crossover flux for different methanol concentrations

nd membrane thicknesses. Wang and Wang [15] used a CFD
odel to predict the individual contributions of diffusion and

lectroosmotic drag on methanol crossover for different cur-
ents.

In this paper, a design of experiments (DOEs) is coupled with
-D model results to study the interaction of a significant num-
er of design and operation parameters to understand their effect
n methanol crossover. The design of experiments examined the
ffects of temperature, cathode stoichiometry, anode methanol
ow rate, clamping force, anode catalyst loading, cathode cat-
lyst loading (CCL), and membrane thickness as a function
f current and it also considered the interaction between any
wo of these factors. As will be discussed below, the most sig-
ificant factors affecting methanol crossover are temperature,
node catalyst layer (ACL) thickness, membrane thickness, and
ethanol concentration. Model analysis is used to understand

ow these factors influence the phenomena of electroosmotic
rag and diffusion in the cell at different currents.

. Experimental

.1. MEA preparation

Nafion® was used as the ionomer for the MEAs. As the cata-
yst was put directly on the membrane the terminology of catalyst
oated membrane (CCM) will be used in this paper. The catalyst
ayers of the CCM’s were prepared in two steps [16]:

1) Knife coating of the catalyst ink onto a decal foil.
2) Transfer from the decal foil to either a Nafion®117 or

Nafion® 1135 membrane by hot-pressing.

The anode catalyst consisted of 60 wt.% Pt/Ru and 40 wt.%
arbon (Johnson Matthey ‘HiSpec10000’). The Pt/Ru loading
f the anodes was either 1.5 mg cm−2 or 2.5 mg cm−2 respec-

ively. The cathode catalyst had a composition of 60 wt.% Pt
nd 40 wt.% carbon (Johnson Matthey ‘HiSpec9000’), with a
t loading of either 1.5 mg cm−2 or 2.5 mg cm−2. All cata-

yst layers were prepared with a Nafion® content of 20 wt.%.



ower

T
0

2

u
a
o
b
t
c
1
o
u
u
w
t
p
c
t
t
a
o
a

2

M
fl
r
w
t
c
Z
v
w
r
w

fl
w
t
f
d
c
b
i
w
l
h
b
o
c
d
i

c
M
b
t
t
t
T
f
t
t

f
(
i
m
F

d
d
e
a
a
[
p
g

3

d
g
a
c
t
C
C
d

anode flow channel (AFC) and the anode backing layer (ABL)
as described in Ref. [18]. It is an isothermal, steady-state model
with variations only in one coordinate. CO2 is assumed to be
dissolved in solution. The anode kinetic expression is taken from

Table 1
Independent variables and their two values that are varied during the design of
experiments

Independent variable Value Unit

MeOH concentration 0.5/1.5 M
Temperature 30/50 ◦C
Cathode stoichiometry 3/6 (min 40 sccm)
MeOH flowrate 1/3 ml min−1
S. Eccarius et al. / Journal of P

he hot-pressing temperature was 130 ◦C and the pressure
.5 kN/cm2.

.2. Cell assembly

The test cell consisted of several parts, that could be mod-
larly assembled. Anode and cathode plates were made out of
graphite compound BMA5 (SGL carbon) with the flowfield

f the working electrode milled 0.8 mm deep into the graphite
lock. A thermo-couple was placed directly at the middle posi-
ion of the working electrode on the backside of each graphite
ompound. The working electrode had an area of 10 cm2 with
mm wide serpentine gas flow paths. By varying the thickness
f the gaskets, different gas diffusion layers (GDLs) could be
sed. For this work SIGRAEC 31 BA GDLs (SGL carbon) were
sed for both, anode and cathode sides. The MEA was sand-
iched between the GDLs and graphite blocks and the layers of

his sandwich were aligned with four register pins. Two copper
lates were used as current collectors on anode and cathode. The
urrent collectors were pressed to the graphite block using two
hick end plates made out of stainless steel. The temperature of
he stainless steel plate was controlled by an external cryostat
nd distributed the temperature and pressure homogeneously
ver the whole assembly. Four springs were used in order to
djust the desired pressure on the MEA.

.3. Measurement

The fuel cell was connected to a series of external devices.
ethanol was supplied using a pulse free dosing pump, the gas

ow for the cathode was adjusted by a mass flow controller. A
eference cell was operated by two extra mass flow controllers
ith H2 or air. The temperature on both endplates were con-

rolled by a cryostat to guarantee isothermal conditions inside the
ell. Current was drawn by an Hcherl & Hackl Electronic Load
S512, which could be operated in constant current or constant
oltage mode. Currents and voltages were recorded every 100 ms
ith the help of a data acquisition unit. The high frequency cell

esistance was obtained using a Agilent Milliohmmeter 4338B
hich was recording the real part of the cell impedance at 1 kHz.
After a new fuel cell was assembled, it was conditioned by

ooding the anode with distilled water over night. The electrodes
ere activated by supplying H2 to the anode and humidified O2

o the cathode while drawing a high current of up to 0.3 A cm−2

rom the cell at 80 ◦C . Furthermore the fuel cell is precon-
itioned before each experiment: the cell potential was kept
onstant at 150 mV for approximately 10 min until it stabilized
efore switching back to the open circuit voltage (OCV). Polar-
zation measurements were started at the OCV and the voltage
as decreased in 25 mV-steps to short circuit with each step

asting 20 s. This measurement was repeated in order ensure no
ysteresis effects were present. Polarization plots were extracted
y averaging the sampled data of each operating point. Effects

f the transient change between operating conditions were dis-
arded by neglecting the initial 10 measurements. Standard
eviation of the averaging procedure is displayed as error bars
n each measurement.
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Crossover measurements were performed by sampling the
athode exit gas each second using a mass spectrometer (MKS
ini-Lab). The pressurized air was analyzed in order to get the

aseline for differential measurements. The CO2-crossover from
he anode to the cathode was determined in half cell operation of
he DMFC. In the half-cell experiment, the cathode was poten-
iostated by flowing with hydrogen at a flowrate of 15 sccm.
he absence of oxygen prevented methanol on the cathode side

rom being oxidized. For this case, all of the CO2 measured in
he cathode outlet stream must have crossed the membrane from
he anode.

In addition to CO2 crossing over from the anode, CO2 is
ormed by the parasitic oxidation of methanol at the cathode
i.e. leakage current). The CO2 and methanol were measured
nside the cathode outlet stream during DMFC operation. All

ass flows were converted to an equivalent current density using
araday’s law via reaction (1).

Table 1 depicts the eight independent variables used in the
esign of experiments with the two different values. A factorial
esign of the resolution V was applied, reducing the number of
xperiments from 28 to 64. In this design both the main effects
nd the two-factor interactions can be analyzed. Detailed reviews
bout the theory of a design of experiments can be found in Ref.
17]. Results of the DOE showed that a variation in the contact
ressure by varying the clamping force had no influence for the
iven values and thus was neglected.

. Model description

The methanol transport portion of the mathematical model
eveloped by Garcia et al. [12,18] is extended to include oxy-
en diffusion through the cathode backing layer (CBL) and the
ssumption that all the MeOH that crosses to the cathode is
ompletely oxidized at the cathode catalyst layer is relaxed such
hat some MeOH may pass through the cathode unoxidized. The
CL is modeled as an interface between the membrane and the
BL. Fig. 2 shows a schematic drawing of the different model
omains.

The model includes a mass transfer resistance between the
lamping force 2/3.5 kN
node catalyst loading 1.5/2.5 mg cm−2

athode catalyst loading 1.5/2.5 mg cm−2

embrane thickness 90/180 �m
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ig. 2. Model domains that were used in the model. The CCL was modeled as
odel domains is shown.

19] assuming a homogeneous reaction in the anode catalyst
ayer.

.1. Methanol transport in the cathode

As will be shown later, a significant concentration of MeOH
as measured in the cathode outlet stream during the exper-

ments, even under open circuit conditions. This led to the
onclusion that MeOH is not completely oxidized in the CCL
ut a small fraction leaves the CCL unreacted. In this work, it is
herefore assumed that there can be transport of MeOH through
he cathode, resulting in a MeOH concentration greater than zero
ithin the CCL. This transport is described by a mass transfer

oefficient in the CBL.

MeOH,zIV = kCBL
MeOH · czIII (4)

onsequently the flux of MeOH through the membrane in Ref.
12] is rewritten with the term czIII for the MeOH concentration
n the CCL.

MeOH,zIII = (czII − czIII )D
Mem
MeOH

δMem
+ ξ

cMeOH,zII

cH2O,zII

· Icell

F
(5)

he flux of MeOH at position zIII is described by NMeOH,zIII .
Mem
MeOH denotes the MeOH diffusion coefficient in the mem-

rane, δMem the thickness of the membrane and Icell the actual
ell current, and ξ the electroosmotic drag coefficient. In addition
o the diffusion term the electroosmotic drag with its coefficient
and the actual cell current Icell is taken into account as well. The
ressure on both sides of the fuel cell throughout experiments
qualed atmospheric pressure. Thus this equation neglects the
ransport of MeOH across the membrane due to convection.

The leakage current density can be calculated according to
araday’s law via Eq. (5).

leak = 6F (NMeOH,zIII − NMeOH,zIV) (6)
.2. Oxygen transport in the cathode

Oxygenflux through the CBL to the CCL is modeled as a
iffusion process through the CBL. The mass balance in the

f
e
t
T

erface at zIII. An example for the relative MeOH concentration in the different

BL is described as

dNCBL
O2

d(z)
= 0 (7)

he flux of oxygen through the membrane is assumed to be
egligible. Oxygen is consumed inside the CCL according to
he cell current density and the crossover current density.

Ox,zIII = Icell + Ileak

4F
(8)

olving Eq. (7) for the CBL, one obtains

Ox,zIII = (cOx,zIII − cOx,zIV)DCBL
O2

δCBL
(9)

ere cOx,zIV is the concentration of oxygen in the cathode flow
hannel. Using Eqs. (8) and (9) the concentration of oxygen
nside the CCL can be determined. Knowing the oxygen con-
entration at the CCL a concentration term can be added to the
afel equation for the oxygen reduction reaction (ORR).

cell + Ileak = IOx,0 · cOx,zIII

cOx,zIV

exp

(
−αCaFηCa

RT

)
(10)

osses occurring due to parasitic oxidation at the cathode are
ccounted for by Ileak from Eq. (6).

. Results and discussion

.1. Crossover experiments

Fig. 3 depicts one result of a cell operating at 30 ◦C and a
.5 M solution of MeOH at a high air stoichiometry of 6. A
otal clamping force of 2850 N was applied, which creates a
ressure of 285 kPa on the GDL. Nafion® 1135 was used with a
atalyst loading of 2.5 mg cm−2 on both electrodes. ICO2, crossover
tands for the equivalent current density of the CO2 crossover

rom the anode to the cathode that was determined in half-cell
xperiments as described in the measurement section. In addition
o CO2, unreacted MeOH was found in the cathode outlet stream.
he right axis refers to ICO2, crossover and IMeOH, cathode exit while
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Fig. 3. Mass spectrometric measurements of the cathode outlet stream at a cell
temperature of 30 ◦C, a 1.5 M MeOH solution, air stoichiometry 6, Nafion® 1135
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MeOH from being oxidised and thus from being consumed.
Evaporation of MeOH was low in the half-cell experiment
nd a catalyst loading of 2.5 mg cm on both electrodes. The crossover of CO2

rom the anode to the cathode determined in half-cell experiments is labeled as

CO2, crossover, unreacted MeOH in full-cell operation as IMeOH, cathode exit.

he total amount of CO2 measured in the cathode outlet stream is
lotted using the scale of the left axis. The leakage current can
e calculated by subtracting ICO2, crossover from the total CO2
easurement at the cathode exit.

leak = ICO2, cathode exit − ICO2, crossover (11)

It is shown in Fig. 3 that the MeOH on the cathode side is not
ompletely oxidized, as MeOH is detected in small amounts in
he mass spectrometer. The amount of MeOH exiting the cathode
ux increases with increasing current. The CO2 crossover mea-
ured during half-cell experiments and depicted as ICO2, crossover
tabilizes at a certain value and does not change significantly
urther on. It slightly changes the value of the leakage current
ensity Ileak for a given cell current density. A relative error

f 4% at a current density of 0.2 A cm−2, caused by neglecting
O2 crossover was calculated. In other experiments of the DOE,

elative errors up to 20% were found.

ig. 4. Mass spectrometric measurements of the cathode outlet stream at a cell
emperature of 50 ◦C, a 0.5 M MeOH solution, air stoichiometry 2, Nafion®1135
nd a catalyst loading of 2.5 mg cm−2 on both electrodes. The crossover of CO2

rom the anode to the cathode determined in half-cell experiments is labeled as

CO2, crossover, unreacted MeOH for full-cell operation as IMeOH, cathode exit.
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Fig. 4 illustrates another result with different operating con-
itions. The cell was operated at 50 ◦C with a 0.5 M solution of
eOH concentration and at a low air stoichiometry of 2. Again
afion® 1135 was used with a catalyst loading of 2.5 mg cm−2

n both electrodes. No MeOH could be detected in the cathode
utlet stream for this measurement. The CO2 crossover stabi-
izes at about 0.006 A cm−2. The relative error due to this can be
alculated to be 18.5% at 0.2 A cm−2. Thus, the impact of CO2
rossover from the anode to the cathode should not be neglected
n the evaluation of the measurement data [20,21].

A comparison between MeOH crossover in a full-cell exper-
ment and a half-cell experiment is depicted in Fig. 5. The same
perating conditions as in Fig. 3 were applied. For the half-
ell experiment, all MeOH that was detected in the cathode
utlet stream was converted into a current density. For the full-
ell experiment the previously described method was used. The
mount of MeOH in the cathode outlet stream was small and
ould be neglected.

It can be seen in Fig. 5 that the crossover current density of
eOH in the cathode outlet for the half cell experiment is one

rder of magnitude lower than for the CO2 crossover current
ensity in the full-cell experiment. Nevertheless, the slope of
he two curves shows similar behavior. The crossover current
ensity for the half-cell experiment starts close to zero and it
an be concluded that the diffusive term of the crossover nearly
anishes. Therefore the gradient of the MeOH concentration
etween anode and cathode has to decrease. One phenomenon
hat could cause this is the formation of diluted MeOH, creating
liquid film on the pore walls of the CCL [22]. If a liquid film

ontaining MeOH is formed on the cathode, the concentration
radient between ACL and CCL will decrease for all currents,
hus reducing diffusion. The concentrations can equilibrate as
he reductive hydrogen atmosphere at the cathode prevents
ecause of a temperature of 30 ◦C and a low cathode flowrate of
5 sccm.

ig. 5. Comparison of the equivalent MeOH crossover current density in half-
ell and CO2 crossover current density in full-cell experiments. The cell had a
emperature of 30 ◦C, a 1.5 M MeOH solution, air stoichiometry of 6 for full-cell
peration or a H2 flow rate of 15 sccm for half-cell operation. Nafion® 1135 and
catalyst loading of 2.5 mg cm−2 on both electrodes was used.
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Fig. 6. Dependence of the flux of CO2 in the cathode outlet stream on the cathode
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.2. Model validation

The assumption that all MeOH is oxidized at the Mem-CCL
nterface is often applied in DMFC modeling [5,13,23,15,11].
ven models that include a term for a MeOH transport concen-

ration within the CCL in the cathode [24,25] assume the MeOH
o be rapidly oxidized under given operating conditions and thus
et the MeOH concentration at zIII to zero.

Experiments were performed to study whether the MeOH
oncentration at zIII was zero for all operating conditions. In
hese experiments, the fuel cell was operated at OCV while the

eOH concentration inside the AFC and the flow rate in the
athode flow channel were varied. These experiments were con-
ucted using different concentrations between 0.2 M and 2 M in
he anode. At OCV, the electroosmotic drag in Eq. (5) is zero. If
he air or oxygen stream at the cathode inlet is high enough, then
ll the MeOH concentration at the CCL should go to zero as all
f the liquid MeOH is either oxidized, evaporated or driven out
y convection. Thus, at OCV and a high cathode flowrate, the
rossover reaches a maximal flux and Eq. (5) can be reduced to

MeOH,zIII,max = (czIII − 0)DMem
MeOH

δMem
(12)

he limiting parameters are the MeOH concentration at zII,
he diffusion coefficient within the membrane DMem

MeOH and the
hickness of the membrane δMem.

Results from these experiments can be seen in Fig. 6.
afion®117 was used at a cell temperature of 70 ◦C. Oxygen
as supplied to the cathode at a back pressure of 2 bar. At lower

athode flow rates a strong increase of the leakage current den-
ity can be seen. At cathode flow rates above approximately 150
ccm, the MeOH flux from the anode to the cathode levels out
t a certain value and depends only on the MeOH concentration
ithin the AFC. This behavior at high flow rates is predicted by
q. (12) assuming a well hydrated membrane with the same
iffusion coefficient for all molarities. Thus, this method of
eOH crossover measurements at OCV with different MeOH

oncentrations can be used to determine the effective diffusion
oefficient for MeOH crossing over from the ACL to the CCL
n the Nafion® membrane. At cathode flow rates lower than
50 sccm, the crossover current density depends strongly on the

ow rate of gas in the cathode. The formation of a liquid film on

he cathode may explain the dependence of MeOH crossover on
athode flow rate at low current densities. A MeOH and water
lm on the cathode would reduce the concentration gradients of

c
t
a
i

able 2
odel parameters used for the simulation results, as e.g. depicted in Fig. 7

ABL
MeOH Diffusion coefficient for MeOH in ABL (3.
ACL
MeOH Diffusion coefficient for MeOH in ACL (2.

Mem
MeOH Diffusion coefficient for MeOH in Mem (4.

CBL
MeOH Mass transfer coefficient for MeOH in CBL

AFC Thickness of anode flow channel (0.1 cm)

ABL Thickness of anode backing layer (0.028 cm

ACL Thickness of anode catalyst layer (0.002 cm

Mem Thickness of membrane (0.018 cm)

CBL Thickness of cathode backing layer (0.03 cm
nlet flow for different MeOH solutions. No current was drawn from the fuel
ell. The cell temperature was 70 ◦C, the back pressure was 2 bar and the anode
ow rate 2 ml min−1.

eOH and water across the membrane, thus reducing crossover.
n this case, this leads to the assumption that there is still a con-
entration czIII of unreacted MeOH which forms a liquid film
nside the CCL. The MeOH concentration czIII varies depending
n the mass transfer coefficient in the cathode.

The MeOH concentration at the Mem-CCL interface is not
ero for all operating conditions. Model parameters for the dif-
usion coefficients can be found in Table 2. Values for the ACL
nd the membrane were taken from findings of Scott et al. [26],
hich agree reasonably well with calculated values from results

hown in Fig. 6. The experimentally fitted value for the diffu-
ion coefficient at the ABL was one order of magnitude higher
han the values for pure diffusion in water. Thus it can be con-
luded that not only diffusional but also convectional forces were
resent inside the ABL throughout the experiments.

The dependence of the MeOH mass transfer coefficient in
he cathode on the cell current density and the concentration of
iquid MeOH inside the CCL has not been clarified yet. Further-

ore, the flux of MeOH into the cathode outlet stream arbitrarily
epended on structural parameters as well as operation condi-
ions. The MeOH mass transfer coefficient in the cathode was
lso found to depend on MEA properties as well as operation

onditions. In the model, the concentration of MeOH inside
he CCL at czIII and the MeOH mass transfer coefficient were
ssumed to be constant for all cell current densities. After allow-
ng for this variation into the model, simulation results agreed

0 × 10−4 cm2 s−1) Fitted
8 × 10−5 exp

[
2436

(
1

353 − 1
T

)]
) [26]

9 × 10−6 exp
[

2436
(

1
333 − 1

T

)]
) [26]

(2 × 10−7 cm s−1) Assumed
Measured

) Measured
) Measured

Measured
) Measured
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Fig. 7. Experimental and model results of the leakage current density and the
contribution of diffusion and electroosmotic drag. Nafion® 117 with a catalyst
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Table 3
Values for the electroosmotic drag coefficient and the MeOH concentration
inside the CCL with respect to feed concentration

Parameter Operating conditions Fitted
simulation value

Standard
deviation

ξ 30 ◦C 1.2 0.133
ξ 50 ◦C 2.3 0.197
czIII 1.5 mg cm−2, 0.5 M 0.37 M (74%) 0.029 M
czIII 1.5 mg cm−2, 1.5 M 1.20 M (80%) 0.188 M
czIII 2.5 mg cm−2, 0.5 M 0.19 M (38%) 0.021 M
czIII 2.5 mg cm−2, 1.5 M 0.56 M (37%) 0.050 M
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oading of 2.5 mg cm−2 on both sides, 50 ◦C and a 1.5 M solution of MeOH was
sed. The anode flow rate was 3 ml min−1, cathode stoichiometry was 6.

ell with experiments as shown in Fig. 7. During operation of
he fuel cell, electroosmotic drag causes crossover of MeOH
s well. The cathode MeOH concentration at zIII and the elec-
roosmotic drag coefficient were used as model parameters to fit

easurement results to the model. The leakage current density
t OCV where no electroosmotic drag occurred was used to fit
zIII to experimental values of the DOE. The electroosmotic drag
oefficient was changed to fit the shape of the leakage current
ensity as a function of different cell current densities data to
xperimental values.

One result of the fitting procedure can be seen in Fig. 7. The
ell had a high catalyst loading of 2.5 mg cm−2 on both sides,
afion®117, a temperature of 50 ◦C and a 1.5 M solution of
eOH was pumped at 3 ml min−1 to the anode. The cathode

toichiometry was 6. Experimental values of the leakage cur-
ent density are displayed as dots. Fitting the proposed model to
hese data an electroosmotic drag coefficient of 2.2 was deter-

ined, which is in accordance with literature values [27]. The
oncentration of MeOH inside the CCL was found to be 0.56 M.
nce these values had been determined, the different contribu-

ions of diffusion through the membrane, labeled as “diffusive
ux”, and the electroosmotic drag, labeled as “electroosmotic
ux” of MeOH through the membrane, could be extracted from
odel results.
Table 3 documents mean values for experiments having the

ame operation conditions, specified in column two, and their
tandard deviation for the electroosmotic drag coefficient ξ and
he concentration within the CCL czIII . The electrode catalyst
oadings were equal for both sides, and the molarity and temper-
ture were as specified in the operation condition column. The
lectroosmotic drag coefficient was found to be independent of
ll parameters except the temperature. The MeOH concentration
nside the CCL depended on the molarity of the MeOH solution

nd the loading of the ACL.

A thicker ACL decreases the MeOH concentration at the
nterface zII between the anode electrode and the membrane
nd hence reduces the MeOH concentration gradient between

d
s
0
o

alues were determined by fitting and averaging measurement results of the
OE to the proposed model and only changed with given operating conditions.
tandard deviations from the averaging procedure are also presented.

II and zIII. Experimental results support this conclusion. At a
igh catalyst loading of 2.5 mg cm−2 (which equals a thickness
f the ACL of 20 �m), the extracted values of czIII were half of
alues calculated for a catalyst loading of 1.5 mg cm−2 (which
quals a thickness of the ACL of 10 �m) for both the high and
he low MeOH concentrations.

.3. Influence of temperature

During the DOE, the leakage current density was measured
t 30 ◦C and 50 ◦C. The results indicated that the electroosmotic
rag was only a function of the temperature and no structural
arameters, e.g. membrane thickness, showed an influence on
he electroosmotic drag. The electroosmotic drag coefficient
ould be gained from model results as documented in Table 3.
xtracted values are in good agreement with literature values

4,26,28]. The membrane model of Meyers et al. [19] predicts
ore open pores for liquid transport within the membrane at

igher temperatures, which can be one cause for a higher drag
oefficient at elevated temperatures. Ge et al. [29] has reviewed
he literature from 4 different sources on the effect of temperature
n the electroosmotic drag coefficient at different temperatures.
e has shown that the electroosmotic drag coefficient increases

inearly with temperature in a temperature range between 20 ◦C
nd 70 ◦C. He has also shown that the drag coefficient is inde-
endent of the cell current density.

Consequently, in this work the drag was assumed to increase
inearly with temperature at the given temperature between
0 ◦C and 50 ◦C, the temperature range of the DOE. A linear
xtrapolation of the drag coefficient values at 30 ◦C and 50 ◦C
as used in the model.
The predicted leakage current density at different temper-

tures can be seen in Fig. 8(a). The leakage current densities
ncrease significantly with temperature, up to 0.1 A cm−2 were
redicted with the maximum value at OCV and 70 ◦C. Black
ots represent experimental values of the DOE. It can be noted
hat the increase of the leakage current density at small cell
urrent densities is much higher compared to large cell current

ensities. Simulation results for the electroosmotic and diffu-
ion parts of the leakage current density at OCV, 0.1 A cm−2,
.2 A cm−2, 0.3 A cm−2 can be seen in Fig. 8(b) for a selection
f temperatures.
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ig. 8. (a) Simulation results for the leakage current density and experimental v
0.5 M solution of MeOH flowing at 1 ml min−1 and an air stoichiometry of 2
n the leakage current density. For each temperature, the values at OCV, 0.1 A c

Obviously diffusion is the only driving force for the MeOH
rossover at OCV. At 0.3 A cm−2, the diffusion part of the leak-
ge current density nearly vanishes and the leakage current
ensity is dominated by the electroosmotic drag. At this current
ensity, the MeOH concentration at zII is nearly equal to the
lm concentration inside the CCL. The leakage current density
t 0.3 A cm−2 is only one third of the leakage current density at
CV. Thus, Faradaic efficiency of the fuel cell operation at high

ell current densities at near-ambient temperatures is favorable
n terms of fuel economy.

.4. Influence of membrane thickness

The thickness of the membrane influences crossover of
eOH to the cathode. The leakage current density for different
embrane thicknesses can be seen in Fig. 9(a). Experimental

alues derived from the DOE for Nafion®117 (180 �m) and

afion®1135 (90 �m) are depicted as dots and validate the
odel.
The different contributions of electroosmotic drag and dif-

usion are shown in Fig. 9(b). According to Eq. (5), the flux of

o
c
d

ig. 9. (a) Simulation results for the leakage current density and experimental valid
oncentration of 0.5 M at an anode flow rate of 1 ml min−1 and an air stoichiometry o
rag and diffusion on the leakage current density. For each membrane thickness the
ight.
on for Nafion®1135 with a catalyst loading of 2.5 mg cm−2 on both electrodes,
erent temperatures. (b) Contributions of the electroosmotic drag and diffusion
0.2 A cm−2, 0.3 A cm−2 are displayed from left to right.

eOH at zIII at OCV is reciprocally inversely proportional to the
embrane thickness δMem. When a current is applied to the cell,

he flux of MeOH to the cathode side increases due to electroos-
otic drag and thus the MeOH concentration at zII is lowered.

n consequence, the concentration gradient of MeOH across the
embrane between the ACL-Mem and CCL-Mem interfaces is

owered and the contribution of diffusion to the leakage current
ensity decreases. It can be seen that for the given operating
onditions, the diffusional part totally vanishes at cell current
ensities of 0.3 A cm−2.

It can be concluded that fuel losses can be minimized by using
hicker membranes. Especially at OCV or low current densities,
he parasitic losses due to crossover of MeOH to the cathode can
e minimized, optimizing the Faradaic efficiency.

.5. Influence of molarity
While the electroosmotic drag coefficient changed the form
f the function relating the leakage current density Ileak to the
urrent density, the MeOH concentration inside the CCL czIII

etermined the value of Ileak at OCV. The extracted model

ation at a catalyst loading of 2.5 mg cm−2 on both electrodes, 50 ◦C, a MeOH
f 6 for different membrane thicknesses. (b) Contributions of the electroosmotic
values at OCV, 0.1 A cm−2, 0.2 A cm−2, 0.3 A cm−2 are displayed from left to
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ig. 10. Influence of the molarity on the leakage current density at different
athode flow rates. The operating conditions are as specified for Fig. 6.

arameters were compared for different changes of the MEA
roperties and changes of operating conditions in the DOE. As
hown in Table 3, the MeOH concentration and the thickness
f the ACL significantly influenced czIII in the cathode. If no
eOH is consumed or evaporated inside the CCL and no cur-

ent is drawn from the fuel cell, czIII should equilibrate with the
eOH concentration of the AFC for the OCV. Thus for this

imiting case, a strong dependence of the MeOH concentration
f the AFC is expected. For the other limiting case, when all
eOH is consumed inside the CCL, only mass transfer resis-

ances control the flux. Therefore a thicker ACL acts as a larger
arrier for MeOH to cross to the CCL and decreases the flux of
eOH.
As the electroosmotic drag vanishes at OCV, MeOH perme-

tes through the membrane only by diffusion. Fig. 10 shows the
eakage current density for different molarities and cathode air
ow rates. The leakage current density shows a linear behavior
n the MeOH concentration in the feed and declines with the

athode flow rate. A linear dependence between MeOH concen-
ration in the feed and MeOH concentration at zIII is assumed in
he given range, an assumption that holds true if consumption of

eOH at zIII is constant for different molarities. Values extracted

t
0

p

ig. 11. (a) Simulation results for the leakage current density and experimental valida
0 ◦C, an anode flow rate of 1 ml min−1 and an air stoichiometry of 6 at different mola
urrent density. For each molarity the values at OCV, 0.1 A cm−2, 0.2 A cm−2, 0.3 A
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rom experimental results at 0.5 M and 1.5 M are extrapolated
nd introduced into the model.

Simulation results for the leakage current density at various
eOH concentrations can be seen in Fig. 11(a). At 0.5 M and

.5 M it was validated using experimental values of the DOE.
imulation results at a MeOH concentration of 4 M have to be
egarded as a qualitative projection as the linear dependence was
ot verified for concentrations greater than 2 M. The molarity
as a much higher impact on the leakage current density than
he temperature (Fig. 8) or the membrane thickness (Fig. 9).
t also changes the gradient from a decrease with cell current
ensity at lower MeOH concentrations to rising values at higher
oncentrations. The cause can be seen in Fig. 11(b). Although the
iffusion part of the leakage current density is decreasing with
ncreasing cell current density at MeOH concentrations greater
han 0.5 M, the superposition of diffusion and electroosmotic
rag is increasing. The ratio of drag to diffusion rises with cell
urrent densities. For MeOH concentrations greater than 0.5 M,
t increases only slightly with MeOH concentration.

In conclusion, it is favorable to operate a LDMFC at lower
eOH concentrations, especially at the interface between ACL

nd membrane, to keep crossover small. For higher MeOH
oncentrations, the crossover even increases with cell current
ensity. At 4 M and 0.3 A cm−2 the leakage current density
xceeds the cell current density by a factor of almost two.

.6. Influence of anode flow rate

During the DOE, experiments were performed at a flow rate
f 1 ml min−1 and 3 ml min−1 to study the influence of anodic
ow. Results indicated that the flow rate of MeOH at in the anode
ad an noticeable impact on the crossover. This was introduced
s a dependence on flow rate for the mass transfer between the
node flow channel and the backing. The model was tested with
arameters fixed to a 0.5 M solution of MeOH at 30 ◦C and a

hickness of 90 �m. The flow rates was parameterized between
.5 ml min−1 and 7 ml min−1.

To verify the model predictions, additional experiments were
erformed at OCV and different anode flow rates. Fig. 12 shows

tion for Nafion®117 with a catalyst loading of 2.5 mg cm−2 on both electrodes,
rities. (b) Contributions of the electroosmotic drag and diffusion on the leakage
cm−2 are displayed from left to right.
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Fig. 12. Simulation results and experimental values for the total leakage current
density and the MeOH concentration at zII at OCV and varying flow rates. A
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.5 M solution of MeOH and Nafion® 1135 having a catalyst loading at each
lectrode of 2.5 mg cm−2 at 30 ◦C was used. Air was supplied to the cathode at
constant flow rate of 20 sccm.

xperimental values for Nafion ® 1135 having a catalyst loading
t each electrode of 2.5 mg cm−2, the same operating condi-
ions as for the simulation. Air was supplied to the cathode at a
onstant flow rate of 20 sccm. The model agreed well with the
xperimental values. As can be seen in the model predictions, the
eakage current density at OCV increases sharply at first an then
oes into saturation as the anode flow rate is increased. On exam-
ning the modeled MeOH concentrations at the ACL/membrane
nterface, it is obvious that a decreases at low flow rates in the

eOH concentration is the cause for the lower leakage current
ensities at low flow rates.

Changing the anode flow rates leads to a significant change
n the shape of the total leakage current density on the cell cur-
ent density as model predictions indicate in Fig. 13. Here the
otal crossover density and the contributions of electroosmotic
rag and diffusion are plotted for a MeOH flow rate of 0.5 ml

in−1and 7 ml min−1respectively. It is obvious that the super-

osition of drag and diffusion leads to different behavior on
he leakage current density, depending on which process domi-

ig. 13. Simulation results for the leakage current density at 30 ◦C and a mem-
rane thickness of 90 �m. The shape of the total leakage current density changes
ignificantly between 0.5 ml min−1 and 7 ml min−1 due to much lower MeOH
oncentrations at zII for low flow rates.
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ates. For a high anode flow rate, the crossover slowly decreases
ith increasing current density, whereas it strongly decreases for

he lower flow rates. Therefore, one can conclude that for high
ower densities or high current densities, a low MeOH flow rate
s preferable with respect to the MeOH crossover.

In addition to the model results, it is possible that a pressure
ifference between the anode and cathode compartment, which
as neglected in the model, is more pronounced at higher flow

ates and consequently causes higher leakage current densities
30,31].

. Conclusions

An analytical one dimensional model for a DMFC was
nhanced to describe crossover of methanol from anode to
athode. It was shown experimentally that at OCV crossover
ncreased with cathode flowrate, depending on molarity. Fur-
hermore unreacted methanol was detected in the cathode outlet
tream besides oxidised CO2. Thus it was assumed in the
odel that at low cathode flow rates concentration inside the

athode catalyst layer was non-zero. The model was validated
sing results derived from a design of experiments. Values of
oth, the electroosmotic drag coefficient and the methanol con-
entration within the cathode, were extracted from the model
nd compared to structural properties and operating conditions.
he influence of temperature, membrane thickness, molarity
nd anode flow rate on methanol crossover was studied in
etail. It was shown that Faraday efficiency can be improved
t high cell current densities, thick membranes and near ambi-
nt temperatures. Methanol concentration and anode flowrate
hould be kept low to decrease crossover of methanol across the
embrane.
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