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a b s t r a c t

In the present work, a model-based parametric analysis of the performance of a direct ethanol polymer
electrolyte membrane fuel cell (DE-PEMFC) is conducted with the purpose to investigate the effect of
several parameters on the cell’s operation. The analysis is based on a previously validated one-dimensional
mathematical model that describes the operation of a DE-PEMFC in steady state. More precisely, the effect
of several operational and structural parameters on (i) the ethanol crossover rate from the anode to the
cathode side of the cell, (ii) the parasitic current generation (mixed potential formation) and (iii) the
total cell performance is investigated. According to the model predictions it was found that the increase
of the ethanol feed concentration leads to higher ethanol crossover rates, higher parasitic currents and
higher mixed potential values resulting in the decrease of the cell’s power density. However there is an
optimum ethanol feed concentration (approximately 1.0 mol L−1) for which the cell power density reaches
its highest value. The platinum (Pt) loading of the anode and the cathode catalytic layers affects strongly
the cell performance. Higher values of Pt loading of the catalytic layers increase the specific reaction
surface area resulting in higher cell power densities. An increase of the anode catalyst loading compared
to an equal one of the cathode catalyst loading has greater impact on the cell’s power density. Another
interesting finding is that increasing the diffusion layers’ porosity up to a certain extent, improves the cell
power density despite the fact that the parasitic current increases. This is explained by the fact that the

reactants’ concentrations over the catalysts are increased, leading to lower activation overpotential values,
which are the main source of the total cell overpotentials. Moreover, the use of a thicker membrane leads
to lower ethanol crossover rate, lower parasitic current and lower mixed potential values in comparison to
the use of a thinner one. Finally, according to the model predictions when the cell operates at low current
densities the use of a thick membrane is necessary to reduce the negative effect of the ethanol crossover.
However, in the case where the cell operates at higher current densities (lower ethanol crossover rates)

ces t
a thinner membrane redu

. Introduction

Direct Ethanol PEM Fuel Cells (DE-PEMFCs) attract the increas-
ng interest of many researchers, due to the advantages of the feed
uel, which is hydrogen rich, less toxic and has higher energy density
ompared to the widely used alcohol in these devices, methanol.
oreover, ethanol as a liquid fuel can be stored, handled and dis-

ributed more easily than hydrogen and it is considered renewable,

ince it can be obtained mainly from the fermentation of biomass.
owever, the use of ethanol in PEM fuel cells is accompanied with a

eries of challenges that have to be overcome. The main drawbacks
f DE-PEMFCs that limit their application as competitive devices are
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he ohmic overpotential leading to higher power density values.
© 2009 Published by Elsevier B.V.

(i) the slow kinetics of the ethanol electro-oxidation reaction over
the anode electrocatalyst, (ii) the fact that the electro-oxidation of
ethanol below 100 ◦C does not proceed all the way to carbon diox-
ide, but rather to acetaldehyde and acetic acid indicating that the
problem of the C–C bond cleavage cannot be sufficiently resolved by
the up-to-date tested electrocatalysts and (iii) the ethanol crossover
from the anode to the cathode side of the cell leading to the par-
asitic oxidation reaction of ethanol on the cathode electrocatalyst,
hindering the oxygen reduction reaction (ORR). The above men-
tioned problems have been the subject of several experimental
works dealing with DE-PEMFCs [1–17].

The performance of DE-PEMFCs depends on numerous param-

eters, such as the ethanol feed concentration, the operating
temperature, the specific area of the catalyst where the ethanol
electro-oxidation and the ORR take place, the design parameters of
the different layers comprising the fuel cell, the resistance of the
catalyst layer, the conductivity of the membrane, the rate of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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mailto:andreaskmp@hotmail.com
mailto:tsiak@mie.uth.gr
dx.doi.org/10.1016/j.jpowsour.2009.04.064
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Nomenclature

Av specific reaction surface area
AviEtOH

o,ref anode reference exchange current density times
area

AviO2
o,ref cathode reference exchange current density times

area
As catalyst surface area per unit mass of catalyst
CF,EtOH ethanol feed concentration (mol L−1)
Cref

EtOH reference ethanol concentration (mol L−1)
CF,O2 oxygen feed concentration (mol cm−3)

Cref
O2

reference oxygen concentration (mol cm−3)

ENernst Nernst potential
F Faraday’s constant (96,484 C mol−1)
I cell current density (A cm−2)
Ip parasitic current density (A cm−2)
i protonic current density (A cm−2)
mcat catalyst mass loading per unit area of the electrode
P cell power density (mW cm−2)
R universal gas constant (8.314 J mol−1 K−1)
T cell operating temperature (K)
V cell voltage (V)
z number of released electrons

Greek symbols
˛a anode transfer coefficient
˛c cathode transfer coefficient
�a order of anode reaction
�c order of cathode reaction
εd diffusion layer porosity
εc catalyst layer porosity
�a anode activation overpotential (V)
�c cathode activation overpotential (V)
�ohmic ohmic overpotential (V)
�crossover overpotential due to the ethanol crossover (V)

e
a
e
p
t
s
a
f

f
(
a
o
a
d
(
(

2

o
t
d
t

�conc,an anode concentration overpotential (V)
�conc,cath cathode concentration overpotential (V)

thanol crossover, the released products of the electro-oxidation
long with their influence on the species transport and so on. How-
ver, the investigation of the impact of each of the above mentioned
arameters experimentally is cost prohibitive. As a consequence,
heoretical investigations are also essential for an in-depth under-
tanding and optimization of the operation of a DE-PEMFC [18–23],
nd the analysis of the operating parameters that affect the cell per-
ormance is required for the further development of these devices.

In the present work, a model-based parametric analysis of the
uel cell operation is performed in order to investigate the effect of
i) the ethanol feed concentration, (ii) the Pt loading of the anode
nd cathode catalytic layers, (iii) the specific reaction surface area
f the catalytic layers, (iv) the thickness of the Nafion membrane
nd (v) the porosity and thickness of the anode and the cathode gas
iffusion layers and catalysts layers on (i) the ethanol crossover rate,
ii) the parasitic current generation (mixed potential formation) and
iii) the total cell performance.

. Theory
The mathematical model development is based on our previ-
us work [19]; as a consequence, only a brief description of the
heoretical part is given here. During the mathematical model
evelopment the following assumptions were made: (a) the equa-
ions are defined in one direction (through-plane direction—cf.
r Sources 194 (2009) 397–407

Fig. 1), (b) the cell operates under steady-state, isothermal con-
ditions, (c) the model considers neither a two-phase flow regime
nor a phase change taking place during operation, (d) the oxygen
permeation through the polymeric membrane is negligible, and (e)
from the crossovered quantity of ethanol, which is electro-oxidized
over the cathode catalyst, the number of the released electrons is
the same as those released over the anode catalyst. Additionally,
taking into consideration the detailed reaction mechanism for the
ethanol electro-oxidation over Pt based binary electrocatalysts, the
product’s analysis and the released electrons during a DE-PEMFC
operation, the main products of the electro-oxidation reaction are
acetic acid, acetaldehyde and carbon dioxide, whereas approxi-
mately three up to four electrons are released [4,11,16,19,24–26]. In
the present study, it is assumed that four electrons are released dur-
ing the ethanol electro-oxidation process over the anode catalyst.
The dominant mechanisms concerning the fluxes of the aque-
ous ethanol solution as well as the humidified oxygen through
the diffusion and the catalyst layers are diffusion and electro-
osmosis. The ethanol transport through the PEM is the result of
three phenomena: electro-osmosis, diffusion and hydraulic per-
meation. However, based on the assumption that at both anode
and cathode compartments the pressure is equal, the term for the
ethanol transport due to the hydraulic permeation is neglected in
the present investigation. A schematic representation of a single
DE-PEMFC together with the operational principles is depicted in
Fig. 1.

The electrochemical equations used for the description of the
ethanol electro-oxidation reaction and the ORR in the mathematical
model are the following [19]:

di

dz
= AviEtOH

o,ref

(
CEtOH

Cref
EtOH

)�a

exp
(

zaaaF�a

RT

)
(1)

I + Ip = AviO2
o,ref

(
CO2

Cref
O2

)�c

exp
(

zcacF�c

RT

)
(2)

where i is the local protonic current density; AviEtOH
o,ref , AviO2

o,ref the
anode and cathode reference exchange current density times area
respectively; � the order of reaction; za, zc the number of the elec-
trons released at the anode and the cathode respectively; CEtOH,
CO2 the local ethanol and oxygen concentrations in the catalyst
layers; ˛a, ˛c the anode and cathode transfer coefficients respec-
tively; while �a, �c is the anode and cathode activation overpotential
respectively. Ip is the parasitic current (or internal current, or
leakage current) originated from the electro-oxidation reaction of
the crossovered ethanol quantities at the cathode catalyst layer.
The equation used for the description of the Ip is the following
[19,27–29]:

Ip = zaFNEtOH
cross (3)

It should be noted however, that the catalyst layer has a complex
three-dimensional microstructure; therefore, to convert the elec-
trocatalytic surface reaction rate (Butler-Volmer or Tafel equation)
into a volumetric reaction rate, the specific reaction surface area,
Av (effective catalyst surface area per unit geometric volume of the
catalyst layer) is employed incorporating the noble metal loading
into the model as well. The specific reaction surface area, Av, is given
as [30]:

Av = mcatAs

lan,cath
(4)
here mcat is the catalyst mass loading per unit area of the elec-
trode, As is the catalyst surface area per unit mass of the catalyst,
and lan,cath is the anode or cathode compartments’ thickness. In the
present investigation the values for the As used in the model equa-
tions are according to the ones that have been cited in the literature
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Fig. 1. Schematic representation of a DE-PEMFC

30]. Finally, the total cell potential is obtained via the following
quation:

cell = ENerst − �a − �c − �ohmic − �crossover − �conc,an − �conc,cath

(5)

here Vcell denotes the fuel cell potential; ENernst is the Nernst
otential of the fuel cell at the operating temperature; �ohmic the

hmic overpotential (loss in the membrane and losses between
he contacts); �conc,an the anode concentration overpotential and
conc,cath the cathode concentration overpotential. The detailed
quations used for the calculation of the above mentioned overpo-
entials are reported in our previous work [19]. For the numerical

able 1
ase case parameter values.

iffusion coefficient of ethanol to water, DEtOH–H2O (cm2 s−1)

iffusion coefficient of oxygen in water, DO2–H2O (cm2 s−1)

iffusion coefficient of ethanol in membrane, Dm,eff
EtOH (cm2 s−1)

node diffusion layer thickness, ldan (�m)
athode diffusion layer thickness, ld

cath
(�m)

node catalyst layer thickness, lcan (�m)
athode catalyst layer thickness, lc

cath
(�m)

afion 115 membrane thickness, lm (�m)
eference ethanol molar concentration, Cref

EtOH (mol L−1)
eference oxygen molar concentration, Cref

O2
(mol cm−3)

rotonic conductivity of ionomer, Km (S cm−1)
node transfer coefficient @ 75 ◦C, ˛a

athode transfer coefficient, ˛c

rder of reaction (anode), �a

rder of reaction (cathode), �c

node catalyst loading (mg Pt cm−2)
node catalyst loading (mg Pt cm−2)
atalyst surface area per unit mass of the catalyst As (m2 g−1)
node reference exchange current density times area @ 75 ◦C, Avio,ref (A cm−3)
node reference exchange current density times area @ 50 ◦C, Avio,ref (A cm−3)
athode reference exchange current density times area @ 75 ◦C, AviO2

o,ref
(A cm−3)

athode reference exchange current density times area @ 50 ◦C, AviO2
o,ref

(A cm−3)
lectronic conductivity of solid phase (PtRu/C), Ks (S cm−1)
orosity of anode diffusion layer, εd

orosity of cathode diffusion layer, εd

orosity of anode catalyst layer, εc

orosity of cathode catalyst layer, εc

olume fraction of ionomer phase in catalyst layer, εm

lectrosmotic drag coefficient, nH2O/drag
the phenomena occurring during its operation.

solution of the system of the governing differential equations
(species mass transport balances coupled to electrochemistry) a
fourth order Runge–Kutta method is implemented in an in-house
FORTRAN code.

3. Results and discussion

3.1. Model validation
The mathematical model development is based on our previ-
ous work [19] and it has been validated against the experimental
data presented in the literature [31]. The base case values of the
parameters used in the model development are shown in Table 1.

7.4×10−8(˚MB)1/2T

�BV0.6
A

[44]

7.4×10−8(˚MB)1/2T

�BV0.6
A

[44]

Dm,ethanol = 2.1 × 10−5 exp
[

1319
(

1
323 − 1

T

)]
[19,45]

140 [19,46]
140 same as anode
10 [18,19,33]
10 same as anode
127 [19,45]
0.5 [18,19]
0.58 × 10−6(1 − pw

sat) [47]

0.1416 [19,48]
0.071 [31]
1.0 [34,49]
0.25 [18,19]
1 [19,50]
1
1
112 [30]
0.1474 [30,31]
0.05152 [30,31]
0.033044 [30,51]
0.0046915 [30,51]
8.13 × 106 [19,52]
0.4 [19,28]
0.4 same as anode
0.35 [19]
0.35 same as anode
0.14 [19]
3.16 [19,53,54]
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ig. 2. Effect of ethanol feed concentration on (a) the DE-PEMFC performance, (b)
he ethanol crossover rate and (c) the parasitic current formation.

.2. Effect of ethanol feed concentration on cell performance and
peration

The effect of the ethanol feed concentration on the cell perfor-
ance and the parasitic current formation when the cell operates at

5 ◦C is depicted in Fig. 2. The Pt loading for the anode and cathode
atalyst layers used in the model calculations is 1.33 mg Pt cm−2 and
.0 mg Pt cm−2 respectively. The increase of the ethanol feed con-
entration from 0.25 mol L−1 to 1.0 mol L−1 improves both the cell
ischarge behaviour and the cell power density. However, by further

ncreasing the ethanol feed concentration up to 4.0 mol L−1 the cell
erformance as well as the cell power density decrease. The above
ndings could be explained due to the fact that higher ethanol feed
oncentrations lead to higher ethanol crossover rates, which are
irectly related to higher parasitic current generation as it is shown

n Fig. 2(b) and (c). The parasitic current is responsible for the mixed
otential formation, which becomes higher at higher ethanol feed
oncentrations, deteriorating the cell performance. Moreover, the
ncrease of the fuel feed concentration leads to lower Open Circuit
oltage (OCV) values due to the higher ethanol crossover rates.

Another point that should be noted is the effect of the cell
urrent density on the fuel crossover rate and the parasitic cur-
ent formation as well. By increasing the cell current density the
thanol crossover rate is affected in two different ways. At low
thanol feed concentrations, higher current density values result
n the decrease of the fuel crossover rate, due to the fact that
ore ethanol molecules participate in the electrochemical reac-
ion, thus decreasing the concentration difference between the
wo sides of the PEM. However, at high ethanol feed concentra-
ions the ethanol crossover and the parasitic current increase as
Fig. 3. The effect of the parasitic current on the DE-PEMFC performance for different
ethanol feed concentrations at (a) 50 ◦C and (b) 75 ◦C.

the cell current density increases. This is explained by the fact that
the ethanol crossover rate is affected by two combined transport
mechanisms: (a) the diffusive transport due to the concentra-
tion differences between the anode and the cathode side of the
cell and (b) the electro-osmotic drag. As the cell current density
increases, the ethanol concentration difference between the anode
and the cathode is reduced since more ethanol is involved in the
ethanol electro-oxidation at the anode side. On the other side,
the electro-osmotic drag increases due to the fact that more pro-
tons are transported through the membrane, which leads to more
ethanol molecules permeated to the cathode. The resultant effect
of these two phenomena could give a reasonable explanation for
the observed results, which have also been reported for the case of
direct methanol fuel cells [29,32–34].

The term of the parasitic current (Ip), which is directly asso-
ciated with the potential losses due to the ethanol crossover and
the unwanted ethanol electro-oxidation (hindering the ORR) over
the cathode catalyst is necessary to describe the operation of a
DE-PEMFC. In all PEM fuel cells, some current is lost due to these
parasitic processes, even in the case of hydrogen PEMFCs [35–37].
The net effect of this loss is to offset the fuel cell’s operating cur-
rent by an amount given by the term Ip. In other words, the fuel
cell has to produce extra current to compensate for the current
that is lost due to the parasitic effects. Fig. 3 illustrates the effect
of the parasitic current (mixed potential) when the cell is operated
at two different temperatures and different ethanol feed concen-
trations. Solid lines depict the cell performance predictions when
the parasitic current formation is enabled in the model equations
(taking into account the mixed potential effect), while the dashed
lines depict the cell operation when the parasitic current formation
is not considered (ideal case). It is observed that among the most

noticeable effects of the parasitic current formation is the reduc-
tion of the fuel cell’s OCV (cf. Table 2). Additionally, the maximum
cell power density is strongly affected by the existence of the Ip.
It is also noted that feeding the cell with high ethanol aqueous
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Table 2
OCV values at different ethanol feed concentrations and different cell temperatures
(extract from Fig. 3).

CF,EtOH (mol L−1) OCV (V) Ip enabled OCV (V) Ip disabled

Tcell = 50◦C
0.25 0.819 0.877
1.0 0.794 0.911
4.0 0.705 0.946

Tcell = 75 ◦C
0.25 0.941 0.944
1.0 0.912 0.955
4.0 0.825 0.987
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thus, less cathode catalyst sites are available for the ORR to occur.
Fig. 5(a) and (b) shows the ethanol crossover rate as a percent-

age of the total ethanol flux transported from the feed stream to
the anode catalyst layer (cf. Fig. 1, through-plane direction) for
various current densities and feed concentrations at 50 ◦C and
ig. 4. The effect of the ethanol feed concentration on the maximum DE-PEMFC
ower density. Mathematical model predictions vs. experimental data taken from
38].

olution (CF,EtOH > 1.0 mol L−1, i.e. 4.0 mol L−1) seems to be inappro-
riate due to the high values of the mixed potential formation that
educes the cell power density. On the contrary, by feeding the
ell with low ethanol feed concentrations (CF,EtOH < 1.0 mol L−1, i.e.
.25 mol L−1) the negative effect of the parasitic current and the
ixed potential formation is reduced. More precisely, at 75 ◦C the

ercentage of the cell power density losses due to the mixed poten-
ial formation in the case of a feed concentration of 0.25 mol L−1, is
pproximately 0.38%, while in the case of 4.0 mol L−1, the corre-
ponding percentage is approximately 60.72%. These findings are
n good agreement with the ones that have been reported experi-

entally in the literature and they are graphically represented in

ig. 4. A more detailed presentation of the percentages of the max-
mum power density losses when the cell operates at two different
emperatures is shown in Table 3.

able 3
he percentages of the losses that correspond to the cell’s maximum power density
alues, when the effect of the parasitic current (mixed potential) is or is not taken
nto account in the mathematical model predictions.

F,EtOH (mol L−1) Max power density losses (%)
(PIp,disabled

max − PIp,enabled
max )/PIp,disabled

max × 100%
Tcell (◦C)

.25 0.465 50
10.1 50
61.65 50

.25 0.388 75
8.24 75

60.72 75

he results correspond to the base case values for the parameters used in the model
quations.
r Sources 194 (2009) 397–407 401

Fig. 4 shows the effect of the ethanol feed concentration on the
DE-PEMFC maximum power density according to (a) the mathe-
matical model predictions and (b) the experimental data cited in
the literature (cf. Ref. [38]). The mathematical model predictions
correspond to the cell operation when a PtRu/C catalyst with load-
ing of 1.0 mg Pt cm−2 (20%) and a Pt/C catalyst with loading of 1.0 mg
Pt cm−2 (20%) are used as anode and cathode catalysts respec-
tively. From both the experimental data and the model predictions
it is observed that there is an optimum ethanol feed concentration
of approximately 1.0 mol L−1 for which the cell’s maximum power
density is achieved. Moreover, by increasing the feed concentra-
tion above this value, the cell performance deteriorates due to the
higher ethanol crossover rates that lead to higher parasitic currents
and higher mixed potential values. It is apparent from Fig. 4, that
there is a good agreement between the model predictions and the
experimental data for a feed concentration up to 1 mol L−1. For a
feed concentration above 1 mol L−1, and specifically at 3 mol L−1,
and 4 mol L−1 the model over predicts the cell maximum power
density. This behaviour could be attributed to the fact that at higher
fuel feed concentrations the ethanol crossover rate is increased,
Fig. 5. The ethanol crossover rate as a percentage of the total ethanol flux vs. cell
current density for various feed concentrations and different temperatures: (a) 50 ◦C
and (b) 75 ◦C.
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that the decrease of the Pt loading of the cathode catalyst, or the use
ig. 6. Mixed potential formation in DE-PEMFC operation at 50 ◦C, 75 ◦C; ethanol
eed concentration 2.0 mol L−1.

5 ◦C. As physically expected, at low current densities, a large por-
ion of the ethanol fed into the fuel cell is wasted because of the
rossover phenomenon. In the case of 1 mol L−1 ethanol feed con-
entration, a zero fuel crossover may be obtained when the current
ensity reaches a limiting value of approximately 0.12 A cm−2 (at
0 ◦C) and 0.15 A cm−2 (at 75 ◦C). Similar numerical findings for

ow methanol feed concentrations, as far as the trend of the per-
entage ratio is concerned, have been reported for the case of a
MFC [33]. For higher ethanol feed concentrations, i.e. 2 mol L−1

nd current density values lower than 0.1 A cm−2 and 0.15 A cm−2,
t 50 ◦C and 75 ◦C respectively, the crossover rate is more than
0% of the total ethanol flux reaching the anode catalyst layer. The
igh crossover rate observed for 2 mol L−1 or higher ethanol feed
oncentration affects strongly the limiting current density, due to
he high values of the parasitic currents. The effect of the para-
itic current in the model results explains why at higher alcohol
eed concentrations the percentage of the ethanol crossover rate
ould not reach the value of 0%. The latter effect is not reported in
similar work for a DMFC (e.g. [33]) due to the fact that the term
f Ip was not taken into account during the mathematical model
ormulation.

The effect of the operating temperature on the cathode acti-
ation overpotential when the parasitic current is enabled or not
n the model predictions is presented in Fig. 6. The ethanol feed
oncentration is 2.0 mol L−1 and the Pt loading of both catalyst lay-
rs is 1.0 mg Pt cm−2. It is shown that the increase of the operating
emperature results in the decrease of the cathode activation over-
otential due to the improved kinetics of the ORR. However, the
ffect of the mixed potential formation is obvious in both cases,
ffecting: (a) the onset value of the cathode activation overpoten-
ial, (b) the limiting current density value and consequently, and (c)
he total cell performance.

.3. Effect of anode and cathode catalyst loading on the cell
erformance

Fig. 7(a) and (b) illustrates the effect of the anode and the
athode catalyst layer loading respectively on the DE-PEMFC perfor-
ance predictions. It should be noted that the Pt loading is enabled

n the mathematical model via Eq. (4) [19,30]. An increase of the Pt

oading of the catalyst (mcat) leads to higher values of the specific
eaction surface area (Av) resulting in better cell performance. In
he present study, the values of the Pt loading used for the para-

etric analysis range from 0.2 mg Pt cm−2 to 1.33 mg Pt cm−2 for
Fig. 7. Effect of (a) anode, and (b) cathode catalyst layer loading on DE-PEMFC per-
formance.

the anode catalyst and from 0.2 mg Pt cm−2 to 1.0 mg Pt cm−2 for the
cathode catalyst. For these values of the Pt loading there are many
experimental data indicating the improved performance of the cell
[15,31,39–41]. Generally, when the same experimental method for
the catalyst preparation is followed, by increasing the Pt loading
up to a certain value definitely leads to higher cell power density
values. However, above a certain value of Pt loading the DE-PEMFC
performance deteriorates. This is attributed to the fact that high
Pt loading may not be well dispersed over the catalyst, resulting
in a decrease of the catalyst layer porosity, thereby hindering the
diffusion of the reactants through the electrodes [40]. According
to the model predictions, the increase of the cell performance is
more obvious in the case of higher anode Pt loadings than in the
case of higher cathode Pt loadings. More specifically, by increasing
the anode catalyst loading from 0.2 mg Pt cm−2 to 1.0 mg Pt cm−2

(see Fig. 7(a)) the cell performance is enhanced approximately by
128%. By increasing the cathode catalyst loading from 0.2 mg cm−2

Pt to 1.0 mg cm−2 Pt (see Fig. 7(b)) the cell performance is enhanced
by approximately 23%. This is explained due to the fact that the
ethanol electro-oxidation reaction over the anode catalyst layer is
much slower than the ORR over the cathode catalyst layer. As a con-
sequence, a higher anode specific reaction surface area has more
significant effect on the cell operation compared to a higher cath-
ode specific reaction surface area. Moreover, it could be concluded
of novel non-Pt and ethanol-tolerant electrocatalysts with approx-
imately the same activity towards ORR could reduce the cost of a
DE-PEMFC, without reducing the cell power density significantly
[13,17]. On the other hand, reducing the Pt loading in the already
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ig. 8. The effect of the diffusion layer porosity on (a) DE-PEMFC performance and
b) ethanol crossover rate as well as the parasitic current formation.

nown anode electrocatalysts would definitely lead to lower cell
ower densities.

.4. Effect of structural parameters on the cell operation

.4.1. The effect of the diffusion layers’ porosity on the cell
erformance and the formation of the parasitic current

Apart from the effect of the ethanol feed concentration on the
ell performance and the mixed potential formation, it is of great
mportance to determine the effect of certain structural parame-
ers on the cell operation. Thus in Fig. 8(a) and (b) the effect of the
iffusion layers porosity on the DE-PEMFC performance and the
arasitic current formation when the cell operates at 75 ◦C with
.0 mol L−1 ethanol aqueous solution is presented. The Pt loading
f the anode and the cathode catalyst layers is 1.33 mg Pt cm−2 and
.0 mg Pt cm−2 respectively, while three different values of the dif-
usion layers porosity are examined.

As the porosity of the diffusion layers increases, the cell perfor-
ance and the ethanol crossover rate (also the parasitic current)

ncrease as well (cf. Fig. 8(b)). The higher the values of the porosity,
he more ethanol and oxygen molecules reach the catalyst layers
etting involved in the electrochemical reactions. As a result, the
node and the cathode activation overpotentials decrease. On the
ther hand, the more ethanol molecules reaching the anode cat-
lyst layer, the higher the crossover rate and the parasitic current

re. However, the combined effect of the above mentioned phe-
omena when the diffusion layers’ porosity increases from 0.4 to
.8 enhance the cell maximum power density approximately by
2%. A similar observation has been reported in the case of a DMFC
erformance as well [34].
Fig. 9. The effect of the catalyst layers porosity on (a) DE-PEMFC performance and
(b) ethanol crossover rate, and the parasitic current formation.

3.4.2. The effect of the catalyst layers’ porosity on the cell
performance and the formation of the parasitic current

Another parameter affecting the cell performance and its oper-
ation is the porosity of the catalyst layer. The catalytic layer used
in a DE-PEMFC should possess enough porosity to enable the fuel
to be easily diffused and reach the catalyst active sites as effec-
tively as possible. In Fig. 9 the effect of the catalyst layer porosity
on the DE-PEMFC performance and the parasitic current forma-
tion is illustrated. The cell operates at 75 ◦C, the Pt loadings of
the anode and cathode catalyst layers are equal to 1.33 mg Pt cm−2

and 1.0 mg Pt cm−2 respectively, and the diffusion layers porosity is
equal to 0.6.

As it is shown, by increasing the catalyst layer porosity more
reactants’ molecules participate in the electrochemical reactions,
thereby leading to slightly higher power density values. Further-
more, as the catalyst layer porosity increases, the ethanol crossover
rate through the membrane and the parasitic current formation
increase as well. However, it seems that this increment has smaller
influence on the cell performance compared to the improved kinet-
ics due to the higher reactants’ concentrations over the catalyst
layers. This behaviour could be explained due to the fact that the
anode and cathode activation overpotentials are the leading source
of losses during the DE-PEMFC operation [19]. To conclude, accord-
ing to the mathematical model predictions, by slightly increasing
the porosity of the catalyst and the diffusion layers’ porosity, no

matter the negative effect of the increased mixed potential on the
DE-PEMFC operation, the power density increases. However, the
increase of the catalyst layer porosity has minor effects on the lim-
iting current density and the fuel crossover rates due to the fact that



404 G.M. Andreadis et al. / Journal of Power Sources 194 (2009) 397–407

F
a

i
m

3
p

e
t
i
D
t
i
l
T
i
M
q
c
c
p

3
p

p
p
i
c
a

ig. 10. The effect of the diffusion layers thickness on (a) DE-PEMFC performance
nd (b) ethanol crossover rate, and the parasitic current formation.

t is much thinner than the diffusion layer and the corresponding
ass transfer resistance in this layer is smaller [34].

.4.3. The effect of the diffusion layers’ thickness on the cell
erformance and the formation of the parasitic current

The role of the diffusion layers in DE-PEMFCs is to enhance the
thanol to water miscibility and to optimize the ethanol distribu-
ion on the catalyst layer, so for all the active sites to participate
n the reaction. The effect of the diffusion layers’ thickness on the
E-PEMFC performance and the ethanol crossover rate through

he PEM is depicted in Fig. 10(a) and (b), where the cell operat-
ng parameters are also presented. The increase of the diffusion
ayers’ thickness results in a decrease in the fuel cell performance.
his is attributed to the fact that the limiting current density (Ilim)
s inversely proportional to the diffusion layer thickness [19,28].

oreover, by increasing the thickness of the diffusion layer, the
uantities of the reactants reaching the anode and the cathode
atalyst layers are reduced. Thus, decreasing ethanol and oxygen
oncentrations over the catalysts leads to increased activation over-
otentials and lower cell power density values.

.4.4. The effect of the catalyst layers’ thickness on the cell
erformance and the formation of the parasitic current

The effect of the thickness of the catalyst layer on the DE-PEMFC

erformance, the ethanol crossover rate and the formation of the
arasitic current is presented in Fig. 11(a) and (b). The Pt load-

ng of the anode and cathode catalyst layers are equal to 1.0 mg Pt
m−2. The porosities of the diffusion layers and the catalyst layers
re equal to 0.6 and 0.3 respectively. As it is shown, by increasing
Fig. 11. The effect of the catalyst layers thickness on (a) DE-PEMFC performance,
(b) ethanol crossover rate, and the parasitic current formation, and (c) spatial anode
overpotential variation at constant current density.

the catalyst layer thickness 10 times (from 5 �m to 50 �m) the cell
performance is improved approximately 12.5%. This is attributed
to the fact that the thicker the catalyst layer, the more reactants
could be involved in the electrochemical reactions giving rise to
lower ethanol crossover rates, due to the decreased ethanol con-
centration difference between the two sides of the PEM, as it is
depicted in Fig. 11(b). However, the use of such a catalyst implies

higher internal cell resistance, which is unwanted due to the ohmic
overpotentials. Thus, according to the model results, an optimum
thickness of the Pt catalyst layers is approximately 10–15 �m tak-
ing into consideration both performance, as well as economical
criteria.
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of the membrane’s technical specifications in DEFC performance
via experiments and modelling studies is underway in our facil-
ities and a more detailed analysis will be the subject of a future
work.
ig. 12. The effect of the membrane used on (a) DE-PEMFC performance, and (b)
thanol crossover rate, and the parasitic current formation.

Fig. 11(c) shows the typical spatial anode activation overpoten-
ial profile over four different thicknesses of the anode catalyst layer
t a constant cell current density value equal to 120 mA cm−2. The
verpotential increases with a parabolic profile as the catalyst layer
hickness increases. Moreover, by increasing the catalyst layer thick-
ess, this parabolic profile is more obvious, as it was also shown in
he case of a DMFC [42]. A possible explanation is that a thicker
atalyst layer means higher internal resistance for the ethanol to
ass through, resulting in higher ohmic resistances. Additionally, it

s observed that increasing the catalyst layer thickness the value of
he anode overpotential is also slightly increased. This is attributed
o the calculation of the specific reaction surface area, Av parameter,
hich for constant Pt loading value decreases as the catalyst layer

hickness increases.

.5. Effect of the Nafion thickness on the DE-PEMFC operation

Fig. 12(a) and (b) presents the effect of the thickness of the
embrane (Nafion 112 & Nafion 117) on the DE-PEMFC polariza-

ion curves, the ethanol crossover rate and the parasitic current
hen the cell operates at 75 ◦C and it is fed with 1.0 mol L−1 aque-

us ethanol solution. As it can be seen in Fig. 12(a), the effect of the
embrane thickness on the cell performance can be divided into

wo distinct regions. In low current densities (∼50 mA cm−2), the
E-PEMFC with a thicker membrane (Nafion 117) exhibits better

−2
erformance, whereas in higher current densities (>50 mA cm ),
he DE-PEMFC with a thinner membrane (Nafion 112) presents bet-
er performance. This finding could be explained with a closer look
f Fig. 12(b). A different membrane thickness leads to a change of
he ethanol crossover rate as well as the parasitic current forma-
r Sources 194 (2009) 397–407 405

tion. The use of a thicker membrane reduces the ethanol crossover
rate due to the higher “resistance” that the fuel has to overcome to
reach the cathode side of the cell, in contrast to the case of a thin-
ner membrane. Thus, at low current densities, where the ethanol
crossover rate and the parasitic current formation acquire their
highest values, a thicker membrane has positive effect on the cell
performance. On the one hand, due to the higher ethanol crossover
rate at low current densities, a thinner membrane leads to higher
values of mixed potential on the cathode, reducing the total cell
performance. On the other hand, the use of a thinner membrane
means smaller internal cell resistance, especially at higher current
densities, leading to increased cell performance. The results of the
present analysis are in accordance to what has been experimentally
reported in the literature for the case of a DMFC operated with dif-
ferent Nafion based membranes [43]. However, the investigation
Fig. 13. Distribution of the local ethanol concentration, the local anode overpotential
and the local current density across the anode catalyst layer at (a) 10 mA cm−2 and
(b) 100 mA cm−2.
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.6. Concentration, local overpotential and local current density
rofiles across the catalyst layer

Fig. 13(a) and (b) depicts the distribution of the ethanol con-
entration as a portion of the ethanol feed concentration, the local
node overpotential and the local current density across the anode
atalyst layer when the cell operates at two different cell cur-
ent density values (10 mA cm−2 and 100 mA cm−2). The ethanol
eed concentration is equal to 1.0 mol L−1 and the cell temperature
quals to 75 ◦C. By comparing the ethanol profiles across the anode
atalyst between the two cases, it is observed that at higher cur-
ent densities the slope of the ethanol distribution is steeper due
o the fact that more ethanol molecules should participate in the
eaction in order to fulfill the requirement for high cell current
ensity. Moreover, by examining the local overpotential distribu-
ion at small current, the local overpotential is almost constant
long the catalyst layer. However, by increasing the cell current
ensity, the overpotential distribution is not linear, and more pre-
isely the curve shifts upward (parabolic shape along the catalyst
ayer thickness towards the membrane) as the dimensionless cat-
lyst position becomes equal to one. This is a typical profile of the
verpotential across the catalyst layer reported also elsewhere in
he case of a DMFC [42]. Finally, the model predictions show that the
ocal current density increases linearly along the thickness of the
node catalyst layer towards the anode catalyst layer/membrane
nterface.

. Conclusions

In the present work a parametric analysis regarding the perfor-
ance of a DE-PEMFC by the aid of a validated one-dimensional
athematical model was undertaken. The model predicts the fuel

ell polarization performance in terms of the V–I, P–I curves, the
thanol crossover rate and the parasitic current formation for differ-
nt operational and structural parameters. It was found that there
s an optimum ethanol feed concentration of ∼1.0 mol L−1 for which
he cell power density obtains its highest value. Lower feed concen-
rations lead to lower ethanol crossover rates and lower parasitic
urrents, while the use of higher feed concentrations results in high
thanol crossover rates, higher parasitic currents and higher mixed
otential values. The parasitic current formation hinders the fuel
ell operation and its negative influences are more pronounced at
igher feed concentrations, indicating the above mentioned opti-
um ethanol feed concentration. The most noticeable negative

ffects due to the mixed potential formation are (i) the substantial
eduction of the fuel cell’s OCV and (ii) the reduction of the fuel cell’s
ischarge behaviour, indicating the need of more ethanol-tolerant,
nd/or non-Pt based electrocatalysts for the ORR. Moreover, the
eduction of the anode catalyst loading has more severe effect on
he cell power density in comparison to the reduction of the cathode
atalyst loading by the same amount. The effect of several structural
arameters was also examined. By increasing the diffusion and the
atalyst layers’ porosity the ethanol crossover rate and the para-
itic current formation is increased. However, the negative effect
f the mixed potential formation is compensated due to the fact
hat more reactants’ molecules participate in the electrochemical
eactions resulting in lower values of anode and cathode activation
verpotentials. Moreover, the use of a thicker membrane leads to
ower ethanol crossover rates, lower parasitic currents and lower

ixed potential values in comparison to the use of a thinner one.
hus, when the cell operates at low current densities, the use of a

hick membrane is necessary to reduce the negative effect of the
thanol crossover. However, in the case where the cell operates
t higher current densities (lower ethanol crossover rates) a thin-
er membrane reduces the ohmic overpotential leading to higher
ower density values.
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