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Abstract

Solid-polymer electrolyte direct methanol fuel cells (SPE-DMFCs) employing carbon-supported Pt–Fe as oxygen-
reduction catalyst to mitigate the effect of methanol on cathode performance while operating with oxygen or air
have been assembled. These SPE-DMFCs provided maximum power densities of 250 and 120mWcm�2 at 85 �C on
operating with oxygen and air, respectively. The polarization data for the SPE-DMFCs and their constituent
electrodes have also been derived numerically employing a model based on phenomenological transport equations
for the catalyst layer, diffusion layer and the membrane electrolyte.

List of symbols

a effective catalyst area per unit
volume(cm2 cm�3)

b tortuosity parameter
ci concentration of species i (mol cm�3)
Di diffusion coefficient of species i (cm2 s�1)
Di�j pair diffusion coefficient of gas species

i and j (atm cm2 s�1)
F faradaic constant (96 487Cmol�1)
f faradaic constant in units of RT (mV�1)
I operational cell current density (A cm�2)
i ionic current density (A cm�2)
i0;ref exchange current density at reference

conditions (A cm�2)
j transfer current per unit volume (A cm�3)
Kc kinetic constant for water condensation

(mol s�1 cm�3 atm�1)
Ke kinetic constant for water evaporation (s�1 atm�1)
Ki Henry’s constant for species i (atm cm3 mol�1)
kp hydraulic permeability (cm2)
k/ electrokinetic permeability (cm2)
Li length of region i (l m)
Ni mass flow of species i (mol cm�2 s�1)
n number of electrons
P pressure (atm)
R gas constant (8.314 Jmol�1 K�1)
RH2O water condensation/evaporation

source term (mol cm�3 s�1)
Sl liquid saturation
Si stoichiometric coefficient of species i
T temperature (K)
v water velocity (cm s�1)

xi molar fraction of species i
z fixed-site charge

Greek symbols
aa anodic transfer coefficient
ac cathodic transfer coefficient
c kinetic factor
DP decay parameter for electrode flooding (atm)
e Porosity
g interface overpotential (mV)
j ionic conductivity (X�1 cm�1)
l water viscosity (kgm�1 s�1)
/l electric potential of liquid phase (mV)
/s electric potential of solid phase (mV)
q water density (mol cm�3)
r electronic conductivity (X�1 cm�1)

Subscripts and superscripts
a anode
c cathode
eff effective value
f fixed charge
g gas phase
l liquid phase
ref reference conditions
s solid phase
t total (liquid+gas)
sat saturated vapour
w water

1. Introduction

In a direct-methanol fuel cell, aqueous methanol is
directly oxidized at the anode to carbon-dioxide and
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protons, which travel through a proton conducting
membrane electrolyte, usually Nafion�, towards the
cathode to facilitate reduction of oxygen to water. The
respective electrochemical reactions in a solid-polymer
electrolyte direct methanol fuel cell (SPE-DMFC) at the
anode and cathode are,

CH3OHþH2O!CO2þ6Hþþ6e� ðE�a ¼ 0:02V vs SHEÞ
ð1Þ

and

3

2
O2 þ 6Hþ þ 6 e� ! 3H2O ðE�c ¼ 1:23V vs SHEÞ

ð2Þ

Accordingly, the net cell reaction in a SPE-DMFC is

CH3OHþ 3

2
O2 ! CO2 þ 2H2O ðE�Cell ¼ 1:21VÞ

ð3Þ

However, owing to methanol permeability across the
membrane, the performance of the cathode, which
usually comprises a carbon-supported platinum catalyst,
is affected substantially [1–4]. Therefore, there is a need
to develop SPE-DMFCs with a methanol-tolerant cath-
ode. This has been achieved with the use of ruthenium
chalcogenide catalysts, namely RuS and RuSe [5–13].
However, the power densities achieved with SPE-
DMFCs employing such cathodes are rather limited [14].
In this communication, we report a SPE-DMFC

comprising a carbon-supported Pt–Fe alloy-catalyst
cathode, which exhibits substantial tolerance to meth-
anol. Such a SPE-DMFC could provide power densities
as high as 250 and 120mWcm�2 at 85 �C while
operating with oxygen and air cathodes, respectively.
A one-dimensional, two phase, multicomponent steady-
state mathematical model for the SPE-DMFCs based on
phenomenological transport equations for the catalyst
layer, diffusion layer and polymeric electrolyte mem-
brane is also presented. In particular, the simulated
performance data for an oxygen-fed cathode with the
non-selective catalyst and DMFC polarization data with
an air-fed cathode with the selective catalyst fit closely
with the experiments.

2. Experimental details

2.1. Preparation of Pt/C and Pt–Fe/C catalysts

The Sulfito-complex route [2,15–17] was adopted to
prepare 20wt% platinized carbon (Pt/C). To prepare
carbon-supported Pt–Fe (1:1 atomic ratio) alloy catalyst
(Pt–Fe/C), 500mg of 20wt% Pt/C along with 207mg of
ferric nitrate [(Fe(NO3Þ3� 9H2O] was dispersed in a 1:1
mixture of 10 ml of isopropyl alcohol and millipore
water followed by ultrasonication for about 0.5 h [18].

When the pH was adjusted to 7 using 0.1M solution of
hydrazine, formation of colloidal ferric hydroxide oc-
cured followed by deposition of ferric hydroxide on
Vulcan-XC 72 R carbon and the slurry thus obtained
was dried with constant stirring. The resultant mass was
transferred into an alumina boat and alloyed by heating
at 750 �C for 1 h under flowing hydrogen followed by
annealing for 12–15 h.
To test the chemical stability of Pt–Fe/C catalyst,

40mg of 20wt% Pt–Fe/C was suspended in 20ml of
0.5M H2SO4 solution while maintaining the temperature
of the slurry at 85 �C with constant stirring for 16 h.
Samples were taken intermittently at various times.
0.5M H2SO4 was chosen because Nafion� membrane
has an acid capacity (or molar equivalent weight) of
0.89meq g�1 (i.e., �1 eq kg�1), which is equivalent to
0.5M H2SO4 [19]. The slurries were filtered and the
filtrates were diluted appropriately to examine the
presence of iron using a pre-calibrated VIDEO-11E
Thermo Jarrell Ash atomic absorption spectrophotom-
eter.
Both 20wt% Pt/C and 20wt% Pt–Fe/C catalysts

were characterized by recording their powder X-ray
diffraction (XRD) patterns on a Siemens D-5005 X-ray
diffractometer using CuKa-radiation. The catalysts were
also subjected to energy dispersive analysis by X-rays
(EDAX) employing a Jeol JSM-840A scanning electron
microscope to determine the composition of their
constituent elements.

2.2. Assembly of SPE-DMFCs with Pt/C and Pt–Fe/C
cathodes, and their electrochemical characterization

Membrane electrode assemblies (MEAs) were obtained
by sandwiching the pretreated Nafion�-117 polymer
electrolyte membrane between the anode and cathode
[20]. Both the anode and cathode consist of a backing
layer, a gas-diffusion layer and a reaction layer. A
Teflonized (20wt% PTFE) carbon paper (Toray TGP-
H-090) of 0.28mm thickness was employed as the
backing layer in these electrodes. To prepare the gas
diffusion layer, Vulcan XC-72R carbon was suspended
in water and agitated in an ultrasonic water bath. To
this, 13wt% PTFE (Fluon GP-2) suspension was added
with continuous agitation. The required amount of
cyclohexane was then added to it dropwise. The
resultant slurry was spread onto a Teflonized carbon
paper and dried in an air oven at 80 �C for 2 h. To
prepare the reaction layer, the catalyst ink was obtained
by suspending the catalyst (20wt% Pt/C or 20wt% Pt–
Fe/C on the cathode and 60wt% Pt–Ru/C on the
anode) in isopropyl alcohol (100mg catalyst in 10ml of
isopropyl alcohol). Subsequently, the mixture was agi-
tated in an ultrasonic water bath, and 10wt% of
Nafion� solution was added to it with continuing
agitation for 1h. The ink thus obtained was coated
onto the gas-diffusion layer of the electrode. The anode
contained 60wt% Pt–Ru (1:1 atomic ratio) carbon-
supported catalyst prepared in-house with platinum
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loading of 1mg cm�2, which was kept identical in all the
MEAs. The platinum content at the cathode in all the
MEAs was maintained at 1mg cm�2. A Nafion loading
of 0.25mg cm�2 was applied to the surface of each
electrode. The membrane electrode assembly was
obtained by hot pressing the cathode and anode on
either side of a pre-treated Nafion�-117 membrane at
60 kg cm�2 at 125 �C for 3min.
Liquid-feed SPE-DMFCs were assembled with vari-

ous MEAs. The anode and cathode of the MEAs were
contacted on their rear with gas/fluid flow field plates
machined from high-density graphite blocks in which
channels were machined to achieve minimum mass-
polarization in the SPE-DMFCs. The ridges between the
channels make electrical contact with the rear of the
electrode and conduct the current to the external circuit.
The channels supply methanol to the anode and oxygen
or air to the cathode. Electrical heaters were placed
behind each of the graphite blocks to heat the cell to the
desired temperature. A 2M methanol solution was
pumped to the anode chamber through a peristaltic
pump and the unreacted solution was collected in the
reservoir. Oxygen or air gas at 2 bar pressure was
introduced into the cathode chamber. The graphite
blocks were also provided with electrical contacts and
tiny holes to accommodate thermocouples. After install-
ing the single cell in the test station, performance
evaluation studies were initiated. To humidify the
Nafion� membrane, humidified H2 and O2 were passed
at anode and cathode, respectively, while maintaining
the cell temperature at 60 �C and loading it at a current
density of about 100mAcm�2.
To characterize methanol poisoning effect on Pt/C

and Pt–Fe/C catalysts towards oxygen reduction reac-
tion, cyclic voltammogram on these catalyst electrodes
were also obtained using a three-electrode cell configu-
ration in 0.5M H2SO4 electrolyte with and without
methanol at 60 �C employing an AutoLab PGSTAT-30
electrochemical system. The electrochemical cell com-
prised the working electrode, which was Pt/C or Pt–Fe/
C electrode, a counter electrode made of Pt–Pd mesh,
and a SHE as reference electrode. Working electrode
was constructed from a high-density graphite rod on one
end of which Pt/C or Pt–Fe/C catalyst, each with a Pt
loading of 0.5mg cm�2, was coated using catalyst ink
with 10wt% Nafion� supplied as 5wt% Nafion solu-
tion from Aldrich. Cyclic voltammograms were re-
corded in the potential range 0.0V and 1.3 V vs SHE at
a scan rate of 10mV s�1.
Galvanostatic-polarization data for oxygen–reduction

reaction on Pt/C and Pt–Fe/C cathodes were obtained at
85 �C by passing oxygen/air at 2 bar pressure and the
hydrogen at anode to use it as a standard hydrogen
electrode (SHE). On polarizing the DMFC anode,
hydrogen was evolved at the cathode according to the
reaction: 6 Hþ +6 e� !3 H2, which served as a SHE to
obtain anode polarization data. The cell polarization
data at 85 �C were obtained by circulating 2M aqueous
methanol at the anode and 2 bar oxygen at the cathode.

3. Mathematical model for the SPE-DMFCs

A one dimensional, steady-state, multicomponent, two
phase mathematical model [21, 22] was applied for the
mechanistic interpretation of the experimental perfor-
mance curves. The model employs mass conservation
for the chemical species, and charge conservation both
for protons and electrons, and is centered on three
important requisites: (a) an appropriate description of
transport and reaction mechanism determining the
performance of the SPE-DMFC and PEFC, (b) an
analytical treatment of principal nonlinear terms
arising from kinetic equations, which gives an efficient
and fast numerical solution of the mathematical
model, and (c) the inclusion of two-phase phenomena
such as water and gas flooding, and water condensa-
tion–evaporation transition. The model considers the
fuel cell to comprise five regions, namely anode
diffuser, anode catalyst, membrane, cathode catalyst,
and cathode diffuser. The independent variables of the
model are the electrical potential of the solid (/s) and
liquid (/l) phases, the hydraulic pressure (P ), concen-
trations of methanol (cCH3OH), carbon dioxide (cCO2

),
and oxygen (cO2

) in the liquid phase, and oxygen and
water vapour molar fractions (xO2

, xH2O) in the gas
phase. The molar fraction of the nitrogen (xN2

) and
the gas porosity (eg) are dependent variables in the
model. While modeling the PEFC cell polarization
data, methanol and carbon dioxide concentrations are
replaced by the hydrogen mole fraction in the gas
phase (xH2

) and concentration in the liquid phase
(cH2

). Any spatial variation in the variables is gov-
erned by the respective phenomenological expressions,
which relate the flux of any physical quantity to its
generating force. The main assumptions in the model
are: (a) steady-state operation of the cell, (b) constant
temperature (isothermal) operation of the cell, (c) zero
differential gas pressure in the porous medium, (d)
fully-hydrated electrolyte membrane, and (e) liquid-
phase transport of reactants at the anode for the SPE-
DMFC cells. The systems of coupled differential
equations employed in the model are given in Table 1.
The Butler–Volmer (BV) equation employed in the

model for the hydrogen reaction is,

r � ia ¼ aia0;ref
caH2

crefH2

 !ca

eaaf ga � e�ð1�aaÞf ga
h i

ð4Þ

When methanol oxidation and oxygen reaction are
accounted, the Butler–Volmer equation takes the Tafel
form for the irreversible polarization regimes as
described below:

r � ia ¼ aia0;ref
Ca
CH3OH

Cref
CH3OH

 !ca

eaaf ga
� �

ð5Þ

where f ¼ F =RT and ga ¼ /s;a � /l;a, and
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r � ic ¼ aic0;ref
ccO2

crefO2

 !cc

�e�acf gc
� �

ð6Þ

where gc ¼ /s;c � /l;c.
In the set of transport equations, the BV equation

appears as a mass and charge production/consumption
term (source term) as shown above.
Gas and water flooding at the anode and cathode

diffuser, respectively, is accounted by means of a simple
gaussian term as follows:

eg ¼ eg;0e�ðPc=DPgÞ2 when PgOP l

eg ¼ et � el;0e�ðPc=DPlÞ2 when Pg > P l

(
ð7Þ

where etð¼ eg þ el ¼ ðVg þ VlÞ=Vt) is the total porosity of
the fluid phases, elð¼ Vl=VtÞ is the porosity of the liquid
phase, and DPg and DPl are the decay terms of the
gaussian function and represent water and gas flooding
in the diffuser layer, respectively. The subscript ‘0’ in
Equation 7 refers to values of the porosity parameters at
the diffuser layer/reactant delivery structure interface.
(Vg þ Vl ) is the fluid phase volume, where Vg is the gas
phase volume and Vl is the liquid phase volume and Vt is
the total volume, which is obtained by adding the solid
phase volume Vs to the fluid phase volume, that is
Vt ¼ Vg þ Vl þ Vs.
In the model, the mass exchange among liquid and

gaseous phases due to water evaporation–condensation
is treated following the approach adopted by Natarajan
and Nguyen [23] as

RH2O ¼KeqelðP sat
H2O

�PgxH2OÞSw�KcegxH2OðPgxH2O�P sat
H2O

Þ
�ð1�SwÞ

ð8Þ

where Sw is a switch function and is equal to 1 for
ðP sat

H2O
� PgxH2OÞ > 0 and is 0 when ðP sat

H2O
� PgxH2OÞ < 0 .

RH2O is a kinetic mass-transfer term at the liquid–gas
interface and is expressed by

r � NH2O ¼ RH2O ð9Þ

and

r � v ¼ �RH2O

q
ð10Þ

The model does not include the mass exchange among
liquid and gaseous phases for the other chemical species
in the diffusive region.
Most of the equations of the model are mechanistic

and their parameters are physico-chemical bulk trans-
port properties of materials such as the hydraulic and
electrokinetic permeability, diffusion coefficient of
chemical species in the different phases of the MEA,
electronic and ionic conductivities of the materials.
Furthermore, the model employs a number of geomet-
rical parameters such as the thickness of each cell layer.
The above parameters, but for the electronic conduc-
tivity, were not fitted to the experiments and their
values, reported in Table 2, were taken from the
literature. The electronic conductivity was fitted to the
experimental cell since its value reflects the electrical
contact resistance rather than the bulk behaviour of the
conducting material. The contact resistance depends on
the cell fabrication technique and it may vary from cell
to cell. The model contains a few empirical equations
accounting for water condensation–evaporation, water
flooding and the electrode kinetics. In the literature,
model parameters such as the kinetic terms, namely ac,
aa, c in Equations 4–6, the water flooding DPg in
Equation 7, and the water condensation–evaporation,
namely Kc and Ke in Equation 8, have already been
reported from extensive comparison with experimental
data [21, 22] and, hence, these are also not fitted to the
experiments. The only parameters adjusted to describe
the experimental results are the preexponential kinetic
parameter ai0;ref, the gas porosity of the cathode catalyst
layer ecg, the gas porosity at the diffuser layer/reactant
delivery structure interface eg;0, besides the above
mentioned electronic conductivity (r). The fitting pro-
tocol was developed according to the following scheme.
Both the anode kinetic parameter ai0;ref, and the
electronic conductivity (r) for the anode diffuser were
obtained by a comparison with the anode polarization
data and eg;0 for the cathode diffuser was obtained by
comparison with the H2/Air cell polarization data. The
physico-chemical and geometrical parameters, these
parameters were also not varied in the model with the
operative conditions during the simulation of the cell

Table 1. Systems of coupled differential equations employed in the

model

Equations Phemnomenological

equation

r � ðDje
brcj � cjvÞ ¼ 0

¼ yj
Nernst–Planck

rxi ¼
Pn
j¼1

RT
PDi�jeb

ðxiNj � xjNiÞ

where j ¼ O2;N2;H2O

Stefan–Maxwell

r � ðrr/sÞ ¼ 0

¼ j a

¼ j c
Ohm’s law

r � ðjebr/l þ FcfvÞ ¼ 0

¼ ja � ðFcf=qÞyH2O

¼ jc � ðFcf=qÞyH2O

Nernst–Planck

r � ð�ðkp=lÞSbrPÞ ¼ 0

r � ðar/l � ðkp=lÞrPÞ ¼ 0

¼ �ð1=qÞyH2O

¼ �ð1=qÞyH2O

Darcy Modified Schlögl

In the above Table: a ¼ k/
l zfcfF and yi ¼ sbi

nbF j
b , where b ¼ a; c . In

the case of analytical integration of Butler–Volmer equations:

yi ¼ ja ¼ j c ¼ 0 in AR, CR and with i = CH3OH, CO2, O2, H2O
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Table 2. Physicochemical and kinetic parameters employed in the numerical modelling

References

Membrane parameters

Ionic conductivity j 0.158 W)1 cm)1 [29]

CH3OH Diffusivity DCH3OH 8.2 · 10)6 cm2 s)1 [30]

O2 Diffusivity DO2
1.36 · 10)6 cm2 s)1 [31]

Fixed charge concentration cf 1.2 · 10)3 mol cm)3 [32]

O2 Henry’s constant KO2
2.10 · 105 atm cm3 mol)1 [31]

Hydraulic permeability kp 1.8 · 10)14 cm2 [32]

Electrokinetic permeability k/ 7.18 · 10)16 cm2 [32]

Water viscosity l 3.5 · 10)4 kg m)1 s)1 [33]

Water density q 0.054 mol cm)3 [33]

Electrode parameters

Electronic conductivity j 0.50 W)1 cm)1 this work

CH3OH Diffusivity (in water) DCH3OH 9.7 · 10)5cm2 s)1 [34]

CO2 Diffusivity (in water) DCO2
1.0 · 10)4 cm2 s)1 –

O2–N2 Pressure diffusivity DO2–N2
0.287 atm cm2 s)1 [32]

O2–H2O Pressure diffusivity DO2–H2O 0.386 atm cm2 s)1 [32]

H2O–N2 Pressure diffusivity DH2O–N2
0.404 atm cm2 s)1 [32]

Membrane fraction in catalyst layer em 0.4 [32]

Membrane fraction in membrane region em 1.0 [21]

Diffuser layer total porosity et 0.8 [21]

Hydraulic permeability kP 4.55 · 10)14cm2

Kinetic parameters

Preexponential parameter in BV equations ai0,ref (Table 2)

Cathodic transfer coefficient ac 1.2 oxygen reduction [22]

Anodic transfer coefficient aa 1.0 methanol oxidation

0.5 hydrogen oxidation

[21, 22]

O2 Concentration parameter cO2
1.0 [22]

CH3OH Concentration parameter cCH3OH 0.5 [21]

H2 Concentration parameter cH2
0.25 [32]

O2 Reference concentration cO2;ref 4.71 · 10)6 mol cm)3

CH3OH Reference concentration cCH3OH;ref 1.0 · 10)3 mol cm)3

H2 Reference concentration cH2;ref 5.64 · 10)5 mol cm)3

CH3OH Stoichiometric coefficient sCH3OH 1

CO2 Stoichiometric coefficient sCO2
)1

H2O Stoichiometric coefficient sH2O 1 anode

3 cathode

O2 Stoichiometric coefficient sO2
)3/2

H2 Stoichiometric coefficient sH2
0.5

Number of electrons n 6 (methanol ox)

1 (hydrogen ox)

4 (oxygen red)

Cathode catalyst layer gas porosity ecg 0.0057 H2 feed this work

0.0034 CH3OH feed

Flooding parameters

Decay parameter for water flooding DPg 0.38 atm cathode [21]

DPl 1.10 atm anode

Diffuser layer gas porosity eg;0 0.51 anode this work

0.15 cathode

Other empirical parameters

Kinetic constant for water condensation Kc 5.0 · 10)5 mol s)1 cm)3 atm)1 [21]

Kinetic constant for water evaporation Ke 5.0 · 10)3 s)1 atm)1 [21]

Tortuosity parameter b 1.5 [21]

Physical and operative parameters

Membrane thickness – 200 lm
Diffusive region thickness – 260 lm
Catalyst layer thickness – 10 lm
Geometrical electrode area A 25 cm2

Cell temperature T 85 �C
Methanol feed concentration cAF

CH3OH 2.0 M

Anode inlet pressure P in
a 1 atm

Cathode inlet pressure P in
c 3 atm

Nitrogen–Oxygen mole ratio (air feed) – 0.79/0.21

Anode feed flow rate (liquid) – 15 cm3 min)1

Cathode feed flow rate (gas) – 1000 cm3 min)1

Humidity content in cathodic gas feed – 0
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performance. Different values of the gas porosity of the
cathode catalyst layer ecg were used for the cells fed with
hydrogen and methanol, in order to account for the
difference in the electrolyte hydration conditions for gas
and liquid feed at the anode. The cathode kinetic
parameter (ai0;ref) for both the catalysts Pt and Pt–Fe
were obtained by comparing H2/O2 and H2/Air polar-
ization data. Its value was subsequently adjusted for
methanol feed to reflect the decrease in catalyst active
area per unit volume (a) due to methanol adsorption on
the catalyst surface. All model parameters are listed in
Tables 2 and 3.

4. Results and discussion

The nominal composition of the Pt–Fe/C alloy catalyst
was 20wt% Pt–Fe (1:1 atomic ratio) while EDAX
composition of the constituent elements in this alloy
catalyst indicated 46 Fe:54 Pt in atomic % ratio. Powder
XRD patterns of 20 wt% Pt/C, 20 wt% Pt–Fe/C, and
Pt–Fe/C catalyst exposed to 0.5M aqueous H2SO4 for
16 h are shown in Figure 1(a) – (c), respectively. The
diffraction peak at 2h �25� in all the XRD patterns is
due to the (002) plane of the hexagonal structure of
Vulcan XC-72R carbon. While the XRD pattern for Pt/
C catalyst indicates a face-centred cubic phase [24], the
XRD pattern for Pt–Fe/C catalyst resembles an ordered

face centered tetragonal phase [25]. It has been docu-
mented that annealing of Pt–Fe catalysts results in
conversion from a disordered face centred cubic phase
to chemically ordered face centred tetragonal phase [25].
The values of lattice parameters for Pt/C and Pt–Fe/C
catalysts as obtained from their XRD patterns are
a ¼ 3:923 Å and a ¼ 3:852 Å, c ¼ 3:713 Å, respectively.
Using the Williamson–Hall plot [26], the particle size in
the Pt/C and Pt–Fe/C catalysts are found to be 3 and
11 nm, respectively. There were little differences in the
XRD patterns of the Pt–Fe/C alloy sample prior and
after exposing it to 0.5M aqueous H2SO4. As observed
from atomic absorption spectroscopy, there was only 0.6
ppm leaching of Fe from the alloy sample only during
the first 4 h. However, there was no leaching subse-
quently suggesting that the Pt–Fe probably had some
free iron present in the alloy sample, which was not
detectable from XRD patterns.
The cyclic voltammograms obtained to characterize

the methanol poisoning effect on Pt/C, and Pt–Fe/C
catalysts towards oxygen reduction reaction in aqueous
sulfuric acid both with (Figure 2(b)) and without (Figure
2(a)) methanol are shown in Figure 2. Pt–Fe/C appears
to be a potential methanol-tolerant oxygen reduction
catalyst. The higher oxygen-reduction activity of the Pt–
Fe/C catalyst in the presence of methanol appears to be
primarily due to (a) the higher proportion of active
platinum sites in relation to Pt/C, and (b) a completely

Table 3. ai0,ref Preexponential parameter in BV equations expressed in A cm)3

H2–O2 H2–Air CH3OH–O2 CH3OH–Air

Anode 5.6 · 105 5.6 · 105 4.4 · 10)2 4.4 · 10)2

Cathode 7.0 · 10)5 7.0 · 10)6 2.0 · 10)6 1.5 · 10)5

Pt/C

Cathode 8.0 · 10)6 7.0 · 10)7 8.0 · 10)6 8.0 · 10)6

Pt–Fe/C

Fig. 1. X-ray power diffraction patterns for (a) as-prepared Pt/C

catalyst, (b) as-prepared Pt–Fe/C catalyst, and (c) Pt–Fe/C catalyst

exposed to 0.5M aqueous H2SO4 for 16 h at 85 �C.
Fig. 2. Cyclic voltammograms for Pt/C and Pt–Fe/C with and without

methanol in 0.5M aqueous H2SO4 (sweep rate = 10mVs�1).
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different nearest neighbour environment in the Pt–Fe/C
catalyst where, unlike the Pt/C catalyst, the nearest
neighbour sites are occupied by Fe, which helps to
scavenge impurities from the neighbouring active plat-
inum sites [27]. The above conjuctures were arrived at
from X-ray photoelectron and X-ray absorption spec-
troscopic studies. Also, Pt–Fe/C was reported to be a
potential CO-oxidation catalyst [28].
The cathode polarization curves for oxygen reduction

using Pt/C, and Pt–Fe/C catalysts obtained by oxidizing
hydrogen at the anode, which also acts as the reference
electrode, are shown in Figure 3(a). These data show
superior performance for the Pt/C cathode. But while
passing the methanol at the anode, a lower cell
performance was found for the cell employing Pt/C
catalyst in relation to Pt–Fe/C cathode as shown in
Figure 3(b). This clearly reflects the poisoning of the Pt/
C cathode due to methanol cross-over from anode to the
cathode since the anode performance for both the cells
was nearly identical. A similar study was conducted with
the air cathode, and the data are presented in Figure 4(a)
and (b).
Mathematical modelling has been used both for a

mechanistic interpretation of the experimental polariza-
tion data and to extract information not easily accessible
from experiments. As a first application, the model was
used to estimate anode polarization data when the
cathode is fed with pressurized gasses. Figure 5 shows
simulated anode polarization data for the DMFC with
its cathode pressurized at 3 atm oxygen (or air) oxidant

and compares it with the experimentally obtained anode
polarization curve. Increasing cathode pressure to 3 atm
facilitates the convective component for water motion
within the cell from cathode to anode while resisting
methanol transport from anode to cathode. In this
study, this would imply to a shift of the anode limiting
current from around 1300 to 900mAcm�2. The simu-
lation results agree well with the measured limiting

Fig. 3. (a) Cathode polarization curves obtained at 85 �C for oxygen

reduction using oxygen-fed Pt/C or Pt–Fe/C cathode, and (b) SPE-

DMFC polarization data obtained at 85 �C with Pt–Ru/C anode and

Pt/C, or Pt–Fe/C cathode. Model results are shown in full lines.

Fig. 4. (a) Cathode polarization curves obtained at 85 �C for oxygen

reduction using air-fed Pt/C or Pt–Fe/C cathode, and (b) SPE-DMFC

polarization data obtained at 85 �C with Pt–Ru/C anode and Pt/C, or

Pt–Fe/C cathode. Model results are shown in full lines.

Fig. 5. Experimental and simulated anode polarization curve obtained

at 85 �C with Pt–Ru/C anode.
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current for the DMFCs fed with pure oxygen (Figure
3(b)). This verifies that performance of the experimental
DMFCs are anode limited when the cells are fed with
pressurized oxygen. At the current densities far from
limiting value, the anode polarization exhibits very little
effect due to pressurized cathode.
The modelling analysis of the anode performance has

also been employed to separate the anode interface
overpotential, namely the activation and mass transfer
overpotential from the ohmic overpotential. The anal-
ysis of the low current density range up to 200mAcm�2

in the ohmic-corrected curves in Figure 5 reveals a
kinetic activation polarization of about 250mV. From
200 to 800mAcm�2, the logarithmic tail of the kinetic
activation and the rising mass transfer component cause
a further loss of 50mV, with an abrupt increase while
approaching the limiting current.
The knowledge of anode and ohmic contributions to

cell polarization is important for evaluating the cathode
polarization and, consequently, the performance behav-
iour of both Pt and Pt–Fe cathode catalysts. In this
respect, the calculation of the methanol cross-over flux
at the experimental operative conditions and the eval-
uation of its effect on the cathode polarization is of
relevance and will be referred to as cross-over overpo-
tential. Model results of methanol cross-over flux are
plotted in Figure 6(a). From the data, methanol cross-

over current density is about 150mAcm�2 at low load
current density intervals. This value reduces with
increasing current densities due to the increase in anodic
consumption of methanol, until it approaches zero at
the anode limiting current density. Methanol can affect
cathode polarization in two ways: namely, (i) the
reduction of the active catalyst area due to its adsorp-
tion, and (ii) the development of a parasitic current due
to its electrochemical oxidation. Effects of the parasitic
current on cathode potential have been evaluated as the
difference between the cathode overpotential computed
by assuming selective and non-selective behaviours of
the catalysts, and results are shown in Figure 6(b) both
for oxygen and air feeds. Cross-over overpotential
depends strongly both on load current densities and
on the oxygen concentration at the cathode catalyst
layer. In the low current density range between (0–
150mAcm�2), the cross-over overpotential reflects the
logarithmic behaviour of oxygen kinetic activation. In
this range, the parasitic current, rather than the load
current density, induces the electrode polarization due
to kinetic activation. In the medium load current density
range, the oxygen concentration plays an important role
on the magnitude of cross-over overpotential. When the
oxygen concentration is high, as in the case of pressur-
ized oxygen feed, the cross-over overpotential decays
monotonically following a reduction in methanol cross-
over flux with increasing load current density. When the
cathode is fed with air, the behaviour of the cross-over
overpotential is more complex, and after the activation
decay at low current densities, the cross-over overpo-
tential increases to a maximum of 75mV at a load
current density of about 300mAcm�2. The presence of a
maximum in the cross-over overpotential may be further
explained on the basis of cathode permeation of
methanol. The presence of methanol at the cathode
catalyst layer yields a parasitic current which consumes
oxygen with no production of electric work. The
parasitic current induces an increase in oxygen mass-
transfer polarization and, as a consequence, restricts
oxygen transport to the cathode catalyst. This phenom-
enon is relevant at intermediate current densities where
the methanol cross-over is still significant; whereas it is
negligible at both low and high current densities. In fact,
oxygen mass transport is not the rate determining step at
low current densities whereas the methanol permeation
is generally low at high current density due to the
electrochemical methanol consumption at the anode
catalyst layer.
As mentioned earlier, the occurrence of a parasitic

current is not the only mechanism responsible for the
cathode polarization loss due to methanol cross-over.
An even more relevant effect is the irreversible adsorp-
tion of methanol on the catalyst surface and its slow
oxidative removal leading to a reduction in the available
catalyst surface for the oxygen electrocatalysis.
An electrocatalyst for oxygen reduction can show a

methanol-tolerant behaviour according to one of the
following mechanisms: (i) a shift of the methanol

Fig. 6. (a) Computed methanol cross-over flux, and (b) the estimated

cathode cross-over overpotential for the oxygen and air-fed SPE-

DMFCs.
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adsorption equilibrium to a lower value of methanol
coverage for the selective catalyst, or (ii) increased CO
oxidation and consequent availability of catalytic sites
for oxygen reaction for the non-selective catalyst.
To evaluate the selectivity of Pt–Fe catalyst towards

methanol oxidation, we simulated DMFC polarization
curves with both the aforesaid assumption for selectivity
where no methanol oxidation occurs at the cathode with
perfect non-selectivity where entire methanol at the
cathode reacts. The simulated performance data for
oxygen feed and non-selective catalyst, plotted in Figure
7(a), show a better fitting to the experiment, although
the difference with the selective catalyst is small owing to
the high oxygen concentration. Both simulations use the
same ai0;ref value, that is the preexponential kinetic
parameter proportional to the catalyst active area as
shown in Equation (6). On the other hand, DMFC
polarization data with air-fed cathode containing selec-
tive catalyst fit better with the experiments (Figure 7(b)).
Besides, the DMFC with the selective catalyst maintains
the same ai0;ref value both for air and oxygen-fed
cathodes, while the DMFC with non-selective catalyst
results in an increase of ai0;ref value while changing from
oxygen to air feed at the cathode, which can be
interpreted as an increase in active catalyst area. Such
an unexpected increase of ai0;ref is not easily explained
from a mechanistic interpretation. The simulated per-
formance of the selective catalyst appears to be more
consistent with a mechanistic analysis of the perfor-
mance, although the modeling analysis is not quite

sensitive to quantitatively assess the degree of selectivity
of the PtFe catalyst.

5. Conclusions

The study clearly suggests Pt–Fe to be an effective
methanol-tolerant oxygen-reduction catalyst. It has
been possible to achieve a power density value as high
as 250mWcm�2 with oxygen and 120mWcm�2 with air
employing Pt–Fe/C as cathode catalyst in SPE-DMFCs.
The study shows a close fit between the experimental
polarization data for the SPE-DMFCs and the numer-
ically derived polarization data. It is suggested that,
unlike Pt/C, there is little change in the active-catalyst
area for Pt–Fe/C due to methanol cross-over during the
operation of the SPE-DMFC.
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