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Volume 2011, Article ID 154039, 8 pages

Study of a Fuel Supply Pump with a Piezoelectric Effect for Microdirect Alcohol Fuel Cells,
Hsiao-Kang Ma, Jyun-Sheng Wang, Wei-Yang Cheng, and Shin-Han Huang
Volume 2011, Article ID 725439, 7 pages

An Improved Tank in Series Model for the Direct Methanol Fuel Cell, Valery A. Danilov, Joeri Denayer,
and Il Moon
Volume 2011, Article ID 204937, 9 pages

Effects of Concentration of Organically Modified Nanoclay on Properties of Sulfonated Poly(vinyl
alcohol) Nanocomposite Membranes, Apiradee Sanglimsuwan, Narumon Seeponkai,
and Jatuphorn Wootthikanokkhan
Volume 2011, Article ID 785282, 6 pages



SAGE-Hindawi Access to Research
International Journal of Electrochemistry
Volume 2011, Article ID 736594, 1 page
doi:10.4061/2011/736594

Editorial

Direct Alcohol Fuel Cell

Changwei Xu,1 Pei-Kang Shen,2 Dingsheng Yuan,3 and Shuangyin Wang4

1 School of Chemistry and Chemical Engineering, Guangzhou University, Guangzhou 510006, China
2 School of Physics and Engineering, Sun Yat-Sen University, Guangzhou 510275, China
3 Department of Chemistry, Jinan University, Guangzhou 510632, China
4 Department of Chemical Engineering, Case Western Reserve University, Cleveland, OH 44106, USA

Correspondence should be addressed to Changwei Xu, cwxu@gzhu.edu.cn

Received 24 November 2011; Accepted 24 November 2011

Copyright © 2011 Changwei Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fuel cells are of tremendous interest, from both energy and
environmental points of view. Fuel cells convert chemical
energy directly into electrical energy with high efficiency
and low emission of pollutants, may help to reduce the
dependence on fossil fuels, and operating without combus-
tion, and can contribute to reduce environmental impact.
Fuel cells are a practical answer to the world’s pressing
need for clean and efficient power. Direct alcohol fuel cell
(DAFC) fuel has attracted enormous attention as power
source for portable electronic devices and transportation
due to the much higher energy density than gaseous fuels
such as hydrogen and natural gas. Pt has been extensively
investigated as the electrocatalyst for methanol and ethanol
electrooxidation. However, the high price and limited supply
of Pt constitute a major barrier to the development of
DAFCs: the development of Pt-free electrocatalysts for
alcohol oxidation and the development of other metal-oxide-
modified Pt electrocatalysts.

This special issue on focuses on the DAFCs. The authors
have focused on reporting the alcohol oxidation on Pt-free
and Pt-based electrocatalyst and the optimization of DAFCs.
Here, the Pt-free electrocatalysts for alcohol oxidation are Ni-
based electrocatalysts in alkaline medium. The development
of other metal-oxide-modified Pt-electrocatalysts is Pd,
SnO2-modified Pt. The authors have given good results to
increase the electrocatalyst activity and thus to reduce the
usage of the Pt. Other authors have studied the oxygen
reduction reaction and alcohol supply optimization in the
DAFCs. The results will contribute to the development of
DAFCs.

Changwei Xu
Pei-kang Shen

Dingsheng Yuan
Shuangyin Wang



SAGE-Hindawi Access to Research
International Journal of Electrochemistry
Volume 2011, Article ID 563495, 16 pages
doi:10.4061/2011/563495

Research Article

Characterization of Pt-Pd/C Electrocatalyst for
Methanol Oxidation in Alkaline Medium

S. S. Mahapatra1 and J. Datta2

1 Department of Chemical and Polymer Engineering, Birla Institute of Technology, Mesra, Jharkhand, Ranchi 835 215, India
2 Department of Chemistry, Bengal Engineering and Science University, Shibpur, West Bengal, Howrah 711 103, India

Correspondence should be addressed to S. S. Mahapatra, ssmahapatra@bitmesra.ac.in

Received 14 March 2011; Accepted 4 July 2011

Academic Editor: Pei Kang Shen

Copyright © 2011 S. S. Mahapatra and J. Datta. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The Pt-Pd/C electrocatalyst was synthesized on graphite substrate by the electrochemical codeposition technique. The physico-
chemical characterization of the catalyst was done by SEM, XRD, and EDX. The electrochemical characterization of the Pt-Pd/C
catalyst for methanol electro-oxidation was studied over a range of NaOH and methanol concentrations using cyclic voltammetry,
quasisteady-state polarization, chronoamperometry, and electrochemical impedance spectroscopy. The activity of methanol oxida-
tion increased with pH due to better OH species coverage on the electrode surface. At methanol concentration (>1.0 M), there is
no change in the oxidation peak current density because of excess methanol at the electrode surface and/or depletion of OH− at
the electrode surface. The Pt-Pd/C catalyst shows good stability and the low value of Tafel slope and charge transfer resistance. The
enhanced electrocatalytic activity of the electrodes is ascribed to the synergistic effect of higher electrochemical surface area, pre-
ferred OH− adsorption, and ad-atom contribution on the alloyed surface.

1. Introduction

The direct alcohol fuel cell (DAFC) has now emerged as one
of the prospective power sources, since liquid alcohol fuels
have several merits over gaseous fuel such as high energy
density and, availability of gasoline infrastructure, and these
can be used directly without the necessity of reforming.
Among the different fuel candidates, methanol has been con-
sidered as one of the most appropriate fuel for the DAFCs
because of its low molecular weight, simplest structure, and
very high energy density (6.1 kWh kg−1). Methanol can be
generated from a number of different sources like natural gas,
oil, coal, or biomass, since direct methanol fuel cell (DMFC)
can operate by feeding methanol directly to the reactor
without using a reformer and the system is compact and suit-
able for portable and mobile power generation [1, 2]. How-
ever, it is difficult to carry out the complete oxidation of
methanol in acid with Pt alone as the electrocatalyst. The
electro-oxidation of methanol in acid media has been studied
extensively, and several parallel reactions are reported to
limit the electropotentiality of methanol in acid media
[3, 4]. Formaldehyde, formic acid and CO are considered

as reaction intermediates in acidic media. The formation of
surface adsorbed intermediate species could act as poison
for subsequent methanol adsorption and oxidation. The CO
is strongly adsorbed and linearly bonded, which leads to
self-poisoning of Pt electrocatalyst. Further, adsorption of
methanol on poisoned Pt cannot occur, and methanol oxida-
tion drops to a minimum rate [5–7]. Another problem asso-
ciated with DMFC in acid media is the methanol crossover
from anode through the polymeric electrolyte membrane
(PEM) poisoning cathode, which results in depolarizing re-
action on the cathode and considerable potential loss even
under open-circuit conditions [8]. The rate of methanol per-
meation is particularly high due to electro-osmotic drag as-
sociated with the proton conduction mechanism.

Platinum, mostly used as an electrocatalyst, has a low
activity for methanol oxidation in acid solution due to its
inability to adsorb suitable oxygen-containing species in
potential region of methanol adsorption. To overcome this
problem, a second and some time a third metal have been
advocated as cocatalyst. Transition metal that display one or
several redox couples containing hydrous species at potential
close to that of hydrogen or methanol oxidation are mainly



2 International Journal of Electrochemistry

Pt/C

None SEl ×43.000 100 nm WD5.9 mm5.0 kV

(a)

Pt-Pd/C

None SEl ×43.000 100 nm WD5.9 mm5.0 kV

(b)

Figure 1: Scanning electron micrographs (SEM) of Pt/C and Pt-Pd/C electrocatalysts.
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Figure 2: X-ray diffraction (XRD) pattern of Pt/C and Pt-Pd/C
electrocatalysts.

utilized for the purpose [9, 10]. Superior catalytic activities
have been reported for methanol oxidation on Pt-based
alloys in acidic media, such as Pt-Ru, Pt-Sn, Pt-Os, Pt-Ru-Os,
and Pt-Ru-Ir [11–16]. Although incorporation of second and
third metal enhances the catalytic activity to some extent,
further improvement of the reaction kinetics of anode is
essential to make it suitable for commercial viability of
DMFCs. To date, although, the majority of the work related
to DMFC has been conducted in acidic media, few studies
of methanol oxidation in alkaline solutions have been
reported [4, 17–22]. These studies have demonstrated higher
activity for methanol oxidation as compared to that in
acid media. Interest in the alkaline methanol fuel cell has
arisen because of its better oxygen reduction kinetics in
alkaline condition than in acidic environment, simplicity,
low cost, and comparable efficiency compared to other types
of fuel cells [23]. Beside these, alkaline fuel cell provides
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Figure 3: Cyclic voltammograms of Pd/C, Pt/C and Pt-Pd/C elec-
trodes in 0.5 M NaOH at 25◦C and sweep rate of 50 mV s−1.

benefits like higher efficiency and wider selection of possible
electrocatalysts. The generation of H+ ions in the anodic
reaction is an obvious reason for the favored kinetics in
alkaline solution. The electrocatalysts used in the alkaline
fuel cell are Pt, Ni [24, 25], Fe(III) [26], Al [26], and Pt-Ru
[27]. The application of alkaline electrolytes to the DMFC
could lead to a reduction in catalyst loading and allow the
use of less expensive nonprecious metal catalysts. Despite
the fact that the efficiency of DMFCs can be improved by
well-balanced coadsorption of methanol and OH− anions
at low potential in alkaline solution, the effective use of
alkali media has come to realization only in the last few
years. Consequently, the kinetics and mechanistic study of
methanol oxidation in alkaline solution at different Pt-
based catalysts may provide valuable information for the
development of new and powerful catalysts.
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Figure 4: Cyclic voltammograms for methanol oxidation on Pd/C,
Pt/C, and Pt-Pd/C electrodes in a mixture of 0.5 M NaOH and
1.0 M methanol at 25◦C and sweep rate of 50 mV s−1; inset: cyclic
voltammograms of Pt-Pd/C electrode in 0.5 M NaOH with and
without 1.0 M methanol at identical conditions.

The overall oxidation reaction equation for the methanol
in alkaline medium is supposed to be

CH3OH + 6OH− −→ CO2 + 5H2O + 6e−. (1)

Complex process of methanol electro-oxidation involving
6-electron transfer and several intermediate organic species
are produced. Methanol oxidation in alkaline medium pro-
ceeds through following paths:

Methanol Reactive intermediate

Poisoning species (COad) CO2

(A)

(B) (C) (D)

Format

Formate and CO2 (as carbonate) are the main soluble reac-
tion products, and CO has been detected as the main poison-
ing species in alkaline medium [28–30]. The (CO)ads species
formation follows pathway (B) or (C) and is responsible for
current decay during methanol oxidation. The selectivity of
product formation largely depends on the potential as well
as temperature. The first step of the oxidation process is the
dissociative adsorption of methanol followed by subsequent
dehydrogenation, water activation, noble metal oxide forma-
tion at higher potentials, its reduction, and finally desorption
or oxidation of the organic species by reactivation.

Hydroxide ions get adsorbed on the electrode surface and
initiate the formation of surface hydroxide and oxide species.

The associated electrochemical reaction occurring at the
electrode-electrolyte interface is as follows [22, 27]:

M + OH− � Pt–(OH)ads + e−, (2)

M + 6OH− � [M(OH)6]2−
sol + 4e−, (3)

M–OH + M–H −→M–O + H2O. (4)

A low level of hydrous oxide may be formed at the metal sites
and surface defects due to the repetitive formation and
reduction of thin compact layer via the above reactions. This
hydrous oxide supplies the active oxygen atom to oxidize the
organic species. The OH− ions required for the equilibrium
are mainly supplied by the solution OH− ion at higher po-
tential. Pd incorporation into the Pt matrix, the hydrogen
adsorption, and desorption characteristics is significantly
improved at much lower potential than that on the Pt alone.
The hydrogen desorption particularly at the Pd sites plays
important role in the anodic potential region in alkali
medium and activates the catalyst surface for deprotonation.
The surface hydroxides are more readily formed in the pres-
ence of Pd in the catalyst matrix. Thus, the poisoning effect
of COad is efficiently reduced due to the synergic effect of Pt
and Pd in the matrix.

Dissociative chemisorption of methanol molecules on
anode surface proceeds through the following steps:

M + (CH3OH)sol � M–(CH3OH)ads, (5)

M–(CH3OH)ads + OH− −→M–(CH3O)ads + H2O + e−,
(6)

M–(CH3O)ads + OH− −→M–(CH2O)ads + H2O + e−, (7)

M–(CH2O)ads + OH− −→M–(CHO)ads + H2O + e−, (8)

M–(CHO)ads + OH− −→M–(CO)ads + H2O + e−, (9)

M–(CO)ads + OH− −→M–(COOH)ads + e−, (10)

M–(COOH)ads + OH− −→M + CO2 + H2O + e−, (11)

where M stands for Pt-Pd.
In the presence of adequate alkali, the oxidation of

M–(CHO)ads and M–(CO)ads may proceed directly through
the steps (12) and (13) to the ultimate production of CO2

M–(CHO)ads + 3OH− −→M + CO2 + 2H2O + 3e−, (12)

M–(CO)ads + 2OH−(on M) −→M + CO2 + H2O + 2e−.
(13)

The strength of the bonding of (CHO)ads on the surface
probably determines the entire rate of the reaction. In gen-
eral, the chemisorbed bonding of (CHO)ad on Pt group of
metals in alkali is weak such that further oxidation takes place
without much difficulty, that is, without irreversibly blocking
the electrode’s active sites. The several intermediate organic
species have been identified by FTIR spectroscopic study
which revealed that the CO species are found to be linearly
bonded to Pt sites (Pt–C=O) and bridge bonded to Pd sites
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(Pd2C=O) [27]. Complete removal of CO species may not
be possible at low potential, as they strongly bind to the
electrode surface. However, at higher potential, highly active
oxygen atoms again become available and the poisonous
PtCO or Pd2CO species are oxidized via the reaction (10) or
(13).

The reduction of oxygen takes place at cathode and pro-
ceeds through following steps:

3
2

O2 + 3H2O + 6e− −→ 6OH−, (14)

CO2 + 2OH− −→ CO2−
3 + H2O. (15)

Therefore, the overall reaction is as follows:

CH3OH + 8OH− −→ CO2−
3 + 6H2O + 6e−. (16)

The disadvantage of alkaline solution is its progressive
carbonation with CO2 (15), whereby carbonate and bicar-
bonate are produced, which lower the concentration of the
electrolytes affecting the cell performance [26, 31]. The
performance of the AFC can be improved by the electrolyte
recirculation, and continuous CO2 removal may prevent
significant carbonation [27] with the development of a
membrane-free laminar flow fuel cell (LFFC) and alkaline-
anion exchange membrane (AAEM) for application in AFC
which have shown improved performance and very little
methanol permeability from anode to cathode chamber [32–
34].

In fuel cells, the high loading of expensive Pt on carbon
has severely limited their use making DAFCs still prohibitive
from broad commercialization. One of the ways for cutting
down the Pt consumption in DAFCs is to reduce the metal
loading. Other ways deal with the development of an anode
catalyst which is cheaper, efficient, and more abundant than
Pt [35]. In this context, our aim is to reduce the Pt loading
without compromising the efficiency of the catalyst, and Pd
is of our interest, because it is less costly and at least 50 times
more abundant in the earth than Pt [36]. It has been used
as an excellent electrocatalyst for oxidizing small organic
molecules including methanol [37]. Pd has the power to
reduce protons, store, and release hydrogen and is further
used to remove adsorbed CO formed from the methanol
electro-oxidation, thus abating the poisoning effect [38, 39].
It has been reported that the presence of Pd assists the
oxidation of C1 alcohol to CO2 by reaction of CO with hy-
drogen occluded in the Pd lattice at significantly more
negative potential [39]. The release of hydrogen by Pd may
thus provide a viable route for lowering the surface concen-
tration of adsorbed CO, permitting the continual oxidation
of organic molecules at the Pd surface. Pd is just above Pt in
the same group of the periodic table. Therefore, they share
some common features and can be coupled with each other.
Moreover, Pd can form stronger bonds with other metals
other than itself [40]. Therefore, a combination of Pt and
Pd that changes the electronic character in thin coating of
catalysts layer deposit may be helpful in reducing poisoning
by oxidizing CO to CO2. It is also reported that electro-
oxidation of methanol on Pd-modified Pt proceeds through

the “direct pathway”, and the suppression of CO formation
on Pd-modified Pt was observed [41]. The atomic radius of
Pt is similar to that of Pd (0.138 and 0.137 nm, resp.) so that
the substitution of Pt with Pd atoms expands the lattice only
slightly and Pt-Pd alloy is found to bear the f.c.c. structure.
Despite possessing interesting electrocatalytic properties, Pd
has been less extensively studied for fuel cell applications
compared to Pt.

The work in this paper entails a comprehensive study on
the physicochemical as well as electrochemical characteriza-
tion of the synthesized Pt-Pd/C electrode towards oxidation
of methanol in NaOH media. For physicochemical character-
ization, different techniques like scanning electron micros-
copy (SEM), energy dispersive X-ray spectroscopy (EDX),
and X-ray diffraction (XRD) study were employed. Electro-
chemical techniques like voltammetry, chronoamperometry,
and electrochemical impedance spectroscopy (EIS) were
used to derive the electrocatalytic behavior of the electrodes
towards methanol oxidation.

2. Experimental

2.1. Materials. Methanol (MeOH) was purified by using
standard procedure [42] and stored over a Type 3A molecular
sieve beads. The other reagents such as NaOH and HCl used
in this work were of GR grade purity (Merck) and H2PtCl6.
6H2O and PdCl2 were obtained from Arora Matthey Ltd.
The graphite block (saw cut finish grade) used as the catalyst
substrate was procured from Graphite India Limited. All the
solutions were freshly prepared with Milli-Q water.

2.2. Preparation of Pt/C, Pd/C, and Pt-Pd/C Electrocatalysts.
Electrochemical deposition of Pt and Pd or codeposition
of Pt and Pd were made on coupons of graphite samples
with surface area of 0.65 cm2. Electrodeposition of Pt
and Pd were carried out using 0.05 M H2PtCl6·6H2O and
0.05 M PdCl2 solutions, respectively. Both H2PtCl6·6H2O
and PdCl2 solutions were prepared in 2.0 M HCl and
Milli-Q water. For electrochemical codeposition of Pt and
Pd, an equimolar mixture of 0.05 M H2PtCl6·6H2O and
0.05 M PdCl2 was used. For each case, electrodeposition was
performed at room temperature under galvanostatic control
by applying 5 mA cm−2 current with the help of computer
controlled PG Stat (AUTOLAB 30) for 10 minutes duration.
Catalyst loading for each electrode was maintained at
0.5 mg cm−2.

2.3. Physicochemical Characterization of the Electrocatalysts.
Bulk composition of the Pt-Pd/C electrocatalyst was deter-
mined by energy dispersive X-ray spectroscopy (EDX),
while scanning electron microscopy (SEM) was employed
to reveal the surface morphology. All these measurements
were done with a JSM-6700F FESEM at an accelerating
potential of 5 kV. In order to obtain information about the
surface and bulk structure of the catalyst, X-ray diffraction
(XRD) study was carried out with the help of Philips PW
1140 parallel beam X-ray diffractometer with Bragg-Bretano
focusing geometry and monochromatic Cu Kα radiation
(λ = 1.54 Å).
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Figure 5: (a) and (b) Cyclic voltammograms for methanol oxidation on Pt-Pd/C electrode in 0.5 M NaOH at various methanol concen-
trations at 25◦C and sweep rate of 50 mV s−1. (b-Inset) Variation of onset potentials for methanol oxidation with methanol concentration.
(c) Plot of log ip (peak current) versus log [MeOH] for methanol oxidation on Pt-Pd/C electrode in 0.5 M NaOH with various methanol
concentrations. (d) Variation of anodic peak potential (Ep) for methanol oxidation on Pt-Pd/C catalyst with methanol concentration.

2.4. Electrochemical Measurements. Electrochemical mea-
surements like cyclic voltammetry and chronoamperometry
were carried out in the standard three-electrode cell at
different temperature with the help of computer controlled
AUTOLAB 30 Potentiostat/Galvanostat from Ecochemie
B.V., The Netherlands. The working solutions were deaer-
ated by purging with nitrogen (XL grade). Electrochemical
impedance spectroscopy studies were conducted using the
same AUTOLAB 30 PGSTAT with a frequency response ana-

lyzer (FRA) module. EIS was performed with amplitude of
5 mV for frequencies ranging from 40 kHz to 100 mHz. Each
scan contained about 100 data points (20 data points per
decade). The impedance spectra were fitted to an equivalent
circuit model using a nonlinear fitting program. A mercury-
mercuric oxide (MMO) reference electrode and a platinum
foil (2 × 1 cm2) counter electrode were used for all electro-
chemical experiments. The experiments were performed at
different concentrations of NaOH. Since the potential of the
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MMO reference electrode depends on the activity of OH−,
the potential correction was made by

E = 0.098−RT
F

ln
aOH−

a1/2
H2O

, (17)

where R is the universal gas constant; T is the temperature; F
is the Faraday; aOH− and aH2O are activities of OH− and H2O,
respectively. All the potentials in this paper are referenced to
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Figure 8: Cyclic voltammograms for methanol oxidation in 1.0 M
methanol at various NaOH concentrations on Pt-Pd/C catalyst at
25◦C and sweep rate of 50 mV s−1; inset: variation of onset poten-
tials for methanol oxidation with NaOH concentration in 1.0 M
methanol.

the standard hydrogen electrode (SHE) at cell operating tem-
perature, and the current is normalized to the geometrical
surface area.

3. Results and Discussion

3.1. Structural Characterization of Pt-Pd/C Electrocatalyst.
The morphologies of the catalyst surface were studied using
scanning electron microscopy. Pt-Pd particles show better
dispersion than Pt on the graphite substrate shown in
Figure 1. As platinum and palladium were coelectrode-
posited on the graphite surface, both the metals were grown
together on the same sphere making an assembly of ad-
atoms in the form of agglomerated particles. The size of the
particles does not show much variation and were found to
remain within the range of (80–100 nm).

The Pt and Pd nanoparticles coelectrodeposited on
graphite surface exhibited an XRD pattern of a typical face-
centeredcubic-lattice structure as shown in Figure 2. The
strong diffraction peaks at the Bragg angles of 40.08◦, 46.67◦,
68.02◦, 82.08◦, and 86.45◦ correspond to the (111), (200),
(220), (311), and (222) facets of Pt-Pd crystal. Alloying of
Pt and Pd does not change the diffraction pattern. With
the incorporation of Pd into the fcc structure of Pt, the
diffraction peaks were shifted to higher values of 2θ, which
is indicative of contraction of lattice. No characteristic peaks
of Pt or Pd oxides were detected. The (111) peak was used
to calculate the particle size of the Pt-Pd crystal according
to the Debye-Scherrer equation. The average particle size in
the Pt-Pd/C catalyst matrix was found to be 6.5 nm. How-
ever, the morphology indicated agglomeration of smaller
particles throughout the matrix. The bulk compositions
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Figure 9: Potentiostatic polarization plots for methanol oxidation
on Pt-Pd/C electrode in1.0 M methanol at various NaOH concen-
trations at 25◦C.

of electrocatalysts were investigated using energy dispersive
X-ray spectroscopy (EDX), and atomic ratio of Pt to Pd was
found to be 1 : 2.

3.2. Comparison of Background Behavior for the Pt/C, Pd/C,
and Pt-Pd/C Electrodes in Alkaline Medium. Figure 3 shows
the cyclic voltammogram of Pd/C, Pt/C, and Pt-Pd/C elec-
trodes in deoxygenated 0.5 M NaOH solution. Three peaks
can be observed for Pd/C, which correspond to three elec-
trochemical processes occurring on the surface of Pd/C.
Peak a, which appears at −360 mV, can be attributed to the
adsorption of OH− [43, 44]

Pd + OH− ←→ Pd–OHads + e−. (18)

Peak b, which emerges above ca.−30 mV, can be attributed to
the formation of Pd oxide layer

Pd–OHads + OH− ←→ Pd–O + H2O + e−. (19)

Peak c, at ca. −266 mV, can be attributed to the correspond-
ing reduction of Pd oxide to Pd during the cathodic sweep

Pd–O + H2O + e− ←→ Pd + 2OH−. (20)

In contrast, the CV of Pt/C shows three potential peaks
during the positive-going sweep as shown in the inset of
the Figure 3. Peak a′ centering at −568 mV is due to the
oxidation of the adsorbed hydrogen [45]

Pt–Hads + OH− ←→ Pt + H2O + e−. (21)

Peak b′, which emerges above −350 mV, can be attributed to
the adsorption of OH−

Pt + OH− ←→ Pt–OHads + e−. (22)

Peak c′, can be attributed to the formation of Pt oxide layer
which emerges above ca. 190 mV

Pt–OHads + OH− ←→ Pt–O + H2O + e−. (23)

The adsorption of OH− starts at the more negative potential
on Pd/C electrode than on the Pt/C electrode and overlaps
the hydrogen desorption peak.

Peak d′, centering at −215 mV, can be attributed to the
reduction of the Pt(II) oxide during the cathodic sweep such
as

Pt–O + H2O + e− ←→ Pt + 2OH−. (24)

A small hydrogen adsorption peak, e/ , appears at −625 mV
with the Pt/C electrode, which is not clearly visible for Pd/C
electrode. At the Pd/C surface, hydrogen adsorption and
absorption occur simultaneously. The hydrogen adsorption
occurs on the Pt surface as follows:

Pt + H2O + e←→ Pt–Hads + OH−. (25)

The feature of Pt-Pd/C catalyst demonstrated both the char-
acteristics of Pd/C and Pt/C and the difference of the poten-
tiodynamic curve for Pt-Pd/C catalyst indicates the forma-
tion of an alloy of these metals. The X-ray analysis also
supports this fact. For the Pt-Pd/C alloyed electrode, the
hydrogen desorption as well as OH−adsorption peaks over-
laps and appears as a single peak, a′′, at −340 mV. The OH−

adsorption clearly dominates in this region and starts around
−730 mV. The presence of Pd facilitates the adsorption of
OH− and suppress the hydrogen desorption. The board peak
in the potential region −730 and −170 mV can be attributed
to the hydrogen desorption and OH− adsorption

M–Hads + OH− ←→M + H2O + e−, (26)

M + OH− ←→M–OHads + e−, (27)

M stand for Pt-Pd.
The double layer region for Pt-Pd/C is more compressed,

and oxide formation starts at lower potential ca. −165 mV.
The appearance of single oxide formation as well as reduc-
tion peak is in accordance with alloyed behavior of the Pt-Pd.
The Pt-Pd/C electrodes deliver oxide reduction peak, c′′, at
ca. −395 mV. The oxide formation and reduction reactions
on the Pt-Pd/C surface can be represented by

M–OHads + OH− ←→M–O + H2O + e−, (28)

M–O + H2O + e− ←→M + 2OH−. (29)

The hydrogen adsorption peak, d′′, appears at around
−760 mV, and the corresponding reaction is as follows:

M + H2O + e←→M–Hads + OH−. (30)

The advantage of Pt-Pd/C catalyst in alkaline medium
is clearly visible from the remarkable negative shift of
hydrogen adsorption/desorption (Had/Hdes) and oxide for-
mation/reduction peak as compared to Pd/C and Pt/C.
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The CVs (Figure 3) were used for the estimation of the elec-
trochemically active surface area (ECSA) of the synthesized
catalysts in alkaline medium. The high charge corresponding
to the hydrogen adsorption/desorption and oxide reduction
peak on Pt-Pd/C catalyst is indicative of very high ECSA
compared to Pd/C and Pt/C [46]. The ECSA of the Pd/C
electrodes was measured by determining the coulombic
charge (Q) for the reduction of palladium oxide and using
the relation

ECSA = Q

SL
, (31)

where “S” is the proportionality constant used to relate
charge with area and “l” is the catalyst loading in “g”. The
charge required for the reduction of PdO monolayer is
assumed as 405 mC cm−2 [47].

The ECSA of the Pt/C catalyst was determined by mea-
suring the charge collected in the hydrogen adsorption/
desorption region (QH) after double-layer correction and
assuming a value of (Qref = 210 μC cm−2) the charge needed
for oxidation of a single layer of hydrogen on a smooth Pt
surface [48]. Then, the specific ECSA was calculated based
on the following relation:

ECSA = QH

Qref l
, (32)

where “l” is the Pt loading in “g”.
For Pt-Pd/C catalyst the ECSA was measured by deter-

mining the coulombic charge (Q) corresponding to the oxide
reduction peak. However, it is not possible to measure ECSA
value accurately by using this method, because the reduction
peaks may be ascribed to the reduction of the oxides of Pd
and Pt formed on the surface of the Pt-Pd/C catalyst during
the positive scan. [49]. The charge required for the reduction
of PdO (qPdO−red) and PtO (qPdO−red) monolayer were
assumed as 405 and 420 μC cm−2, respectively [48, 50]. For
the Pt-Pd/C catalyst having Pt to Pd ratio (1 : 2), the
mean value of charge required for oxide reduction was cal-
culated as 410 μC cm−2 and used for the calculation of ECSA
of the alloyed catalyst. The high charge corresponding to the
hydrogen adsorption and oxygen reduction peak particularly
on Pt-Pd/C catalyst which is indicative of very high elec-
troactive surface area (ECSA) compared to Pt/C and Pd/C
[46, 51].

The value of ECSA for Pt-Pd/C was found to be far high
(51.4 m2 g−1), about 15 and 5.8 times higher than the value
obtained for Pt/C (3.4 m2 g−1) and Pd/C (8.8 m2 g−1). The
high ECSA of Pt-Pd/C catalyst could be attributed to the
smaller particle size and more uniform size dispersion.

3.3. Comparison of Methanol Oxidation on Pd/C, Pt/C, and
Pt-Pd/C Electrodes in NaOH Solution. The chemical nature
and the structure of the electrode material play a key role in
the adsorption and electro-oxidation of aliphatic alcohols.
The chemisorption on the catalyst surface is one of the
prime factors affecting the electrocatalytic activity. This is
illustrated by the electro-oxidation of methanol under poten-
tiodynamic conditions in alkaline medium in the voltam-
mograms corresponding to Pd/C, Pt/C, and Pt-Pd/C elec-
trodes. Figure 4 shows the cyclic voltammograms (CV) of
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Figure 10: Dependence of methanol oxidation rate on NaOH con-
centration in 1.0 M methanol with various NaOH concentrations
on Pt-Pd/C catalyst at different potentials.

methanol oxidation recorded in the solution containing
1.0 M methanol and 0.5 M NaOH on different electrodes at
a scan rate of 50 mV s−1. The Pt-Pd/C catalyst shows
lower onset potential for methanol oxidation and a large
anodic peak current density (130 mA cm−2) compared to
Pt/C (100 mA cm−2) and Pd/C (40 mA cm−2). The lower
onset potential (magnified in the inset of Figure 4) indicates
that methanol oxidation commences at lower potential
on Pt-Pd/C (−360 mV) than Pt/C (−345 mV) and Pd/C
(−350 mV), respectively. Thus, Pt-Pd/C electrode demon-
strates a much higher catalytic activity towards the methanol
oxidation, probably due to the fact that alloying of Pd with
Pt is capable of controlling the poisoning effect and selected
as the working electrode in course of studying the electro-
oxidation kinetics of methanol.

The inset of the Figure 4 illustrates the methanol oxida-
tion under potentiodynamic conditions on Pt-Pd/C in the
solution containing 0.5 M NaOH and 1.0 M MeOH which
has been superimposed with the basic voltammogram for the
alkaline solution only. A detailed cyclic voltammetric study
on the Pt-Pd/C electrode shows that in blank NaOH solution,
a visible hydrogen adsorption/desorption peak of current
density 3 mA cm−2 appeared at potential around −400 mV.
The broad second oxidation peak at potential ∼200 mV
was attributed to the formation of metal oxide [22, 52]. A
methanol oxidation peak was clearly observed in the CV
of Pt-Pd/C electrode in the presence of 1.0 M methanol
at potential ∼700 mV, and the oxide formation peak was
suppressed by this large current of methanol oxidation. The
electro-oxidation of methanol was characterized by two well-
defined current peaks on the forward and reverse scans.
In the forward scan, the oxidation peak corresponds to
the oxidation of freshly chemisorbed species coming from
the alcohol adsorption. The reverse scan peak is primarily
associated with the removal of carbonaceous species formed
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Figure 11: Chronoamperometric curves for methanol oxidation at
−160 mV on Pt-Pd/C catalyst in 0.5 M NaOH containing various
concentrations of methanol.

during the oxidation of freshly chemisorbed species in the
forward scan [53, 54]. The magnitude of the peak current
on the forward scan indicates the electrocatalytic activity of
the Pt-Pd/C electrode for oxidation reaction of methanol.
The initial small current density peak (5 mA cm−2) in the
hydrogen desorption region in the presence of methanol is
attributed to the combined effect of hydrogen desorption
and the dissociative adsorption of methanol in this potential
region. A small oxide reduction peak was observed in the
reverse scan in the absence of methanol, while the same was
not prominent in presence of methanol. The presence of
unoxidized organic residue suppresses the oxide reduction
peak during reverse scan.

3.4. Effect of Methanol Concentration on Methanol Oxidation.
Cyclic voltammograms for the methanol oxidation on Pt-
Pd/C electrode in 0.5 M NaOH are displayed in Figures 5(a)
and 5(b) for different concentration of methanol. For low
concentration of methanol (0.1 M), the oxide formation
and their reduction peaks were observed along with the
feeble hydrogen adsorption/desorption peaks still visible,
implying that methanol does not prevent completely the
hydrogen adsorption. The formation of metal oxide gives
rise to nearly inhibition of methanol oxidation, and a
decreasing trend in current was observed [55]. This is also
because of the deactivation of the electrode surface by
poisoning species and the shortage of methanol close to the
electrode surface due to the oxidation. But as the electrode
surface was reactivated by reduction of metal oxide in the
reverse scan, the renewed oxidation became prominent. The
magnitude of hydrogen adsorption/desorption were reduced
as the concentration of methanol increases, implying that
methanol is adsorbed preferentially on the electrode surface
at this potential [55, 56]. A second anodic oxidation peak was

observed at methanol concentration as high as 2.0 and 3.0 M.
This reflects the possibility of oxidation of organic residue
produced at high concentration of methanol. The increase
in the concentration of methanol results in an increase in
anodic peak current in the forward scan up to the concen-
tration 1.0 M, and beyond that concentration, the increase in
anodic peak current becomes negligible. This behavior may
be explained by a shift from a diffusion-controlled reaction
at low methanol concentration to reaction, which is inhibited
by adsorbed reaction intermediates at higher concentrations
and insufficient availability of OH− in the solution [57].
Figure 5(c) demonstrates a plateau in the plot of the peak
current density versus log [MeOH] at concentration greater
than approximately 1.0 M. The figure reveals that methanol
oxidation peak current increases with increasing methanol
concentration up to 1.0 M, after which they reach almost
a constant value independent of the concentration. Thus,
a concentration value of 1.0 M represents a critical concen-
tration after which the adsorption of oxidation products at
the electrode surface causes the hindrance to further oxida-
tion. At higher concentration of methanol, diffusion control
reaction can no longer occur, and the reaction is inhib-
ited by adsorbed reaction intermediates. Diffusion control
reaction with respect to methanol occurs when OH− ions
are available in excess and chemisorbed methanol species
is insufficient [57]. Thus, at lower methanol concentration,
when methanol/OH− ratio ≤1, the peak current in the
voltammograms was controlled by the diffusion transport
of methanol due to excess availability of OH−. At higher
methanol concentrations, methanol/OH− ratio >1, the peak
current in voltammograms were controlled by the diffusion
transport of OH− ions because of excess production of reac-
tion intermediates and insufficient availability of OH− ions
compared to methanol. However, maximum peak current
was observed with equimolar proportion of OH− and meth-
anol in solution. It is clearly observed that the anodic peak
current with increasing methanol concentration levels off at
concentration higher than 1.0 M. This effect may be assumed
due to the saturation of active sites on the surface of the
electrode. In accordance with this result, the optimum con-
centration of methanol may be considered to be 1.0 M to
achieve a reasonably high current density of oxidation. An
increase in reverse oxidation peak current and a positive
shift of both forward and reverse oxidation peak potential
was encountered. This phenomenon can be explained by the
increase in concentration of the unoxidized organic residue
with the increase in the concentration of methanol and
require higher potential to oxidize this strongly adsorbed
residue. Figure 5(d) represents the dependence of anodic
peak potential (Ep) of methanol oxidation on the bulk con-
centration of methanol. The relation between methanol
concentration and the oxidation peak potential may be at-
tributed to the IR drop due to high oxidation current at
higher concentrations [25]. However, the overall process is
not a case of single kinetic control but rather is more compli-
cated with a series of competing reactions. The broadening of
methanol oxidation peak with the increase of methanol con-
centration is due to the accumulation of methanol molecules
on the catalyst surface that require higher potential to oxidize



10 International Journal of Electrochemistry

though oxidation starts more or less at the same potential.
The diminishing trend of the oxide formation as well as the
reduction peak is due to higher concentration of methanol
that suppresses both the peaks. The inset of Figure 5(b)
shows the variation of onset potential with the concentration
of methanol. A small negative shift of the onset potential was
observed with the increase in methanol concentration and is
attributed to the increased rate of methanol adsorption at the
catalyst surface with adequate supply of methanol molecules.
This behavior is also reflected in Figure 6, which shows a
nonlinear behavior in the potentiostatic polarization plot at
high anodic potential.

The reaction order for methanol in the methanol oxi-
dation reaction was determined by plotting log i versus log
[MeOH] up to methanol concentration of 1.0 M at a selected
low potential region of −260 mV to −60 mV as presented
in Figure 7. The order with respect to methanol was derived
from the relation

Rate ≡ i = kCn,

log(i) = log k + n logC,
(33)

where, “i” is the current density, k is the reaction rate con-
stant, C is the bulk concentration of methanol, and “n” is
the reaction order. A slope of 0.45 was obtained, which was
independent of the potential. A reaction order close to 0.5 is
also reported in alkaline solution on platinized Ti mesh elec-
trode which suggested that the adsorption of methanol and
intermediates on Pt-Pd/C electrode followed a Temkin-type
isotherm in the Tafel region [25, 57]. Higher concentration of
methanol was avoided, because at higher concentration, the
presence of other adsorbed intermediate species makes the
oxidation of methanol more complicated. Partial oxidation
of CH3OH leads to the formation of (HCO)ads as the inter-
mediate by

CH3OH + 3OH− k1←→ HCOad + 3H2O + 3e− (34)

and the coverage of intermediate HCOads can be expressed in
terms of methanol concentration as

θHCO = k1C
0.45
CH3OH. (35)

3.5. Effect of NaOH Concentration on Methanol Oxidation.
The influence of the hydroxide concentration on the oxida-
tion of methanol, in alkaline medium on Pt-Pd/C electrode,
was studied by recording CVs in solution containing 1.0 M
methanol and x M NaOH, with x ranging between 0.1 and
2.0 M. Typical CVs at a scan rate of 50 mV s−1 are shown
in Figure 8. The current density increases rapidly with OH−

concentration at the same methanol concentration. The
magnitude of reverse oxidation peak current density is much
less than the anodic peak current density. This is suggestive
of the trend towards complete oxidation of methanol at
higher concentration of OH− when only a small amount of
methanolic residue may be left on the electrode surface.
The reaction proceeds further on the surfaces covered by
reversible OHad species, showing relatively faster kinetics.
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Figure 12: Chronoamperometric curves for methanol oxidation at
−160 mV on Pt-Pd/C catalyst in 1.0 M MeOH containing various
concentration of NaOH.

The current maxima are attained at the potentials (Ep),
where the reaction kinetics is optimized by the balance bet-
ween the rate of methanol dehydrogenation and the rate of
oxidation of dehydrogenated products with OHads species
[58]. The balance is rapidly disturbed immediately after
reaching the maximum reaction rate, probably due to the
fast transition from the reversible to the irreversible state
of oxygenated species. The lowering of onset potential
for methanol oxidation was observed with the increase in
the concentration of NaOH and is shown in the inset
of Figure 8. This behavior also suggests that the kinetics
of methanol oxidation was enhanced by the availability of
OH− ions in solution in ample quantity and higher OH−

ion coverage on the electrode surface [57]. It was found
that 0.5–1.0 M NaOH appears to contribute to the effective
electrocatalytic performance of Pt-Pd/C electrode as an
optimal pH condition. Tafel plots for the methanol oxidation
reaction for a range of NaOH concentration are given in
Figure 9. At concentration greater than 0.5 M NaOH, the
Tafel slopes were identical (125 mV dec−1) and suggest that
the same reaction mechanism occurs throughout this pH
range. At very low concentration of NaOH (0.1 M), the Tafel
slope increased to 266 mV dec−1, showing poor reactivity
at lower pH condition. Figure 10 shows the dependence
of log i versus log [NaOH] at several fixed potentials in
the linear region of the Tafel plots of Pt-Pd/C catalysts.
The reaction order for OH−, obtained from the slope of the
log i versus log [OH−] plot, was 0.7 and was independent
of the potential within the Tafel potential range. However,
the plot of log ip versus log [OH−] gave slope close to 1.0.
This behavior was also observed with methanol oxidation on
Pt and platinised Ti mesh electrode in alkaline medium [57,
58]. The fractional reaction order for OH− in Tafel region
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Figure 13: Impedance spectra for methanol oxidation on Pt-Pd/C catalyst at different potentials in a solution containing 0.5 M NaOH and
1.0 M methanol.

implies that adsorption of OH− on the electrode follows
Temkin type isotherms. The energy of adsorption at any
adsorption site depends on whether or not its neighbors are
already occupied. It is assumed that the rate-determining
step involves adsorption of OHad as well as that of the inter-
mediate HCOad [58]

HCOad + OHad
k−−−→ HCOOH. (36)

The fractional coverage can be expressed as

OH− ←→ OHad + e−,

θOH = k1C
0.5
OHe

αFη/RT ,
(37)

where k1 is rate constant, α is transfer coefficient and η is
the over potential. The different reaction order at the peak
current density and in the Tafel region suggests different
reaction process occurs in these two potential regions. Thus,
the OH adsorption on the electrode is dependent on the
potential.

3.6. Current-Time (Chronoamperometric) Behavior for Meth-

anol Electro-Oxidation

3.6.1. Effect of Methanol Concentration. Current-time tran-
sient curve were recorded over a period of time in order to
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characterize the stability of methanol oxidation reaction on
the Pt-Pd/C catalyst in alkaline media allowing building up
reaction intermediates or products over the catalyst sur-
face. Figure 11 shows current-time response on Pt-Pd/C at
−160 mV for methanol oxidation in 0.5 M NaOH at different
concentration of methanol for 1000 seconds. For all con-
centrations, the methanol oxidation current gradually decay
with time due to the formation of subsequent intermediate
species such as (CH3OH)ad, CHOad, and COad during the
methanol oxidation. Long-term poisoning rate (δ) can be
calculated by measuring the linear decay of the current at
times greater than 500 seconds from Figure 11 [14]

δ = 100
i0
×
(
di

dt

)
t>500 sec

(% per sec), (38)

where (di/dt)t>500 sec is the slope of the linear portion of
the current decay and i0 is the current at the start of
polarization back extrapolated from the linear current decay.
The calculated δ values are given in the Table 1. It is evident
from the Table that the long-term poisoning rates increase
with the increase in concentration of methanol although
the initial methanol oxidation current is relatively high for
higher methanol concentration. A steady value of current
was observed up to 0.5 M methanol, and at higher con-
centration of methanol, the value of current decreases even
after 1000 seconds of measurement. With the accumulation
of adsorbed intermediate species at higher concentration
methanol, the current decreases with time. At this stage,
some amount of CO2 production is expected, which may
increase the carbonate concentration in the anolyte resulting
in the concentration polarization [4]. At lower concentration
of methanol, the formation of CO2 as well as adsorbed
intermediates is negligible resulting in steady current over a
long period of time. The overall methanol oxidation current
on Pt-Pd/C electrode is maintained at higher level up to
methanol concentration 2.0 M. beyond this concentration at
3.0 M methanol; there is a clear tradeoff for the oxidation
current due to the combined effect of electrode poisoning
and concentration polarization. The results are in agreement
with the result of the cyclic voltammetry. In all cases, ini-
tial decay in methanol oxidation current is related to the for-
mation of metal oxide [59]. The rate of current decay is very
low at longer times, indicating the prevailing pseudosteady
state kinetic conditions [60]. In chronoamperometric exper-
iments, the current does not reach a stationary behavior
even after several hours. Electrode deactivation is caused
mainly due to the oxidation of metal surface. The other factor
causing the decay of current is apparently the blockage of
surface by some organic residue, which is slowly formed and
can only be oxidized at high anodic potentials to the ultimate
product [61].

3.6.2. Effect of NaOH Concentration. The stability of methan-
ol oxidation on Pt-Pd/C electrode at a fixed concentration
of 1.0 M methanol with various concentration of NaOH
was investigated by chronoamperometry at a potential of
−160 mV, as shown in Figure 12. An increase in methanol
oxidation current was observed with the increase in NaOH
concentration, and results are in agreement with the results

Rs

CPE

Rct Zw

Figure 14: Proposed equivalent circuit for the methanol oxidation
on Pt-Pd/C catalyst in a solution containing 0.5 M NaOH and
1.0 M methanol at 140 mV. (Rs: solution resistance CPE: constant
phase element Rct: Charge transfer resistance, and Zw : warburg
impedance).

of cyclic voltammetric experiments (Figure 8). The long-
term poisoning rate (δ) for methanol oxidation with various
concentration of NaOH was calculated by the Equation (38),
and the values are given in the Table 1. At low concentration
of NaOH (0.1 M), the methanol oxidation current is com-
paratively less although the rate of poisoning is the least.
This is due to the presence of fewer number of OH− ions
at the electrode surface, compared to methanol molecules
in large number. At the concentration of NaOH as high as
3.0 M, rapid decay of the oxidation current was observed
(Figure 12) which is also evident from the high rate of
poisoning (Table 1) of the electrode surface.

3.7. Electrochemical Impedance Spectroscopic (EIS) Study

3.7.1. Effect of Potential on the Impedance Response. EIS was
used to investigate the overall kinetics of methanol oxidation
at different potentials. The technique enabled to dissect
the various impedance parameters for the charge transfer
reaction occurring across the electrode solution interface.
Nyquist plots for methanol oxidation for 1.0 M methanol in
0.5 M NaOH solution at 25◦C are shown in Figure 13. The ef-
fective charge transfer resistance (Rct) was used to analyze the
electrode kinetics of the reaction process. In the low potential
region (E < −360 mV), shown in Figure 13(a), the Nyquist
plot is characterized by a capacitive feature, as expected
for hydrogen adsorption/desorption and double layer charg-
ing/discharging phenomena [57]. However, at moderate po-
tential region that is, the Tafel region for the present case
(−360 < E < −110 mV), there is a changeover from capacitive
behavior to resistive behavior, as shown in Figure 13(b). At
these potentials, the Nyquist plot resembles a semicircle,
which can be assigned to kinetically controlled reaction. The
small arc in the high frequency region may be associated with
the chemisorption and dehydrogenation of the methanol
molecule at the initial stage of the oxidation process. A charge
transfer resistance (Rct) for the kinetically controlled reac-
tions may be represented by the diameter of the semicircle
in the medium frequency and is related to the charge transfer
reaction kinetics according to

Rct = RT
nFi0

,

io = nFAkoC
(1−α)
o CαR,

(39)
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Table 1: Variation of long-term poisoning rate (δ), charge transfer resistance (Rct), and solution resistance (Rs) for methanol oxidation on
Pt-Pd/C electrode at various methanol and NaOH concentrations at −160 mV.

Methanol concentration (M) NaOH concentration (M)

0.1 0.2 0.5 1.0 2.0 3.0 0.1 0.5 1.0 2.0 3.0

δ (% per sec) 0.006 0.008 0.013 0.027 0.031 0.034 0.009 0.024 0.021 0.035 0.040

Rct (ohm) 9.59 7.23 6.10 4.17 4.05 3.96 19.00 4.17 2.94 2.14 2.10

Rs (ohm) 4.30 4.35 4.40 4.47 4.50 4.52 19.15 4.47 2.72 1.88 1.02
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Figure 15: Impedance spectra (Nyquist plot) for methanol oxidation on Pt-Pd/C catalyst in 0.5 M NaOH with various concentrations of
methanol at −160 mV and 25◦C.
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Figure 16: Impedance spectra (Nyquist plot) for methanol oxida-
tion on Pt-Pd/C catalyst in 1.0 M methanol with various concentra-
tions of NaOH at −160 mV and 25◦C.

where R: molar gas constant (J mol−1 k−1); T: temperature
(K); n: number of electrons transferred; F: Faraday constant
(C); i0: exchange current (A); A: reaction area (cm2);
k0: standard heterogeneous rate constant (cm sec−1); C0,
CR: bulk concentration of oxidant and reductant species
(mol L−1); α: transfer coefficient. The charge transfer resis-
tance is closely related to potential within the Tafel region.
The values of charge transfer resistance at different potentials
are given in the Table 2, from where it is observed that Rct

decreases with increasing potential, indicating faster reaction
kinetics at higher potentials. The depression in the arcs with
potential may result from a high degree of heterogeneity at
the electrode surface, and in such a case, the double-layer
capacitance may be expressed taking into consideration the
constant phase element (CPE) [4, 57].

Impedance can be written as

ZCPE = 1

T
(
jω
)ø , (40)

where T is a constant in F cm−2 sø−1j =
√

(−1) ω is the
angular frequency, and Ø is related to the depression angle
α according to α = (1 − Ø) 90◦. At potentials greater
than −160 mV, Figure 13(c), a straight line appeared on the
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Table 2: Charge transfer resistance (Rct) for methanol oxidation on Pt-Pd/C electrode in a solution containing 0.5 M NaOH and 1.0 M
methanol at various potentials.

Potential (mV)

−460 −410 −360 −310 −260 −210 −160 −60 40 100 140

Rct (ohm) 292.0 199.6 60.0 34.8 16.3 11.3 4.1 3.1 2.45 2.42 2.38

Table 3: Calculated impedance parameters from the equivalent cir-
cuit for the methanol oxidation on Pt-Pd/C electrode in solution
containing 0.5 M NaOH and 1.0 M methanol at 140 mV.

Rs (ohm) CPE (mF) Rct (ohm) Zw (ohm)

4.75 1.58 2.38 0.80

Nyquist plot at low frequencies. This can be attributed to the
Warburg impedance (Zw) associated with a diffusion control
process [57]. Potential independent nature of the charge
transfer resistance beyond−60 mV (Table 2) also support the
diffusion control nature of the reaction. In addition to the
Warburg impedance, two arcs at higher frequencies are asso-
ciated with the adsorption (high frequency) and kinetic
(medium frequency) process. On the basis of the impedance
behavior, an equivalent circuit is suggested in Figure 14. For
curve fitting calculations, impedance spectra for methanol
oxidation at 140 mV (Figure 13(c)) was considered. The cal-
culated impedance parameters are shown in Table 3. The
low level of OH− perhaps generates unfavorable impedance
parameters even at higher potential values.

3.7.2. Effect of Methanol Concentration on the Impedance Re-
sponse for Methanol Oxidation. The effect of the methanol
concentration on the impedance response in 0.5 M NaOH
is shown by the Nyquist plots, recorded at −160 mV
in Figure 15. It is observed from Table 1 that at lower
concentration range of methanol, the charge transfer
resistance decreased with increasing methanol concentra-
tion. This behavior suggests that the reaction kinetics
were enhanced by the adsorption of methanol on the
electrode surface. However, too high concentrations of
methanol do not favor the reaction kinetics, and the catalyst
may be subject to poisoning effect in this potential and
concentration range. The high values of charge trans-
fer resistance for all concentration of methanol suggest
slow reaction kinetics. These results are in agreement
with those obtained from voltammetric studies. For low
methanol concentration and at this potential, a feeble in-
ductive feature was observed at low-frequency region, indi-
cating the possibility of oxidation of organic residues includ-
ing CO present at the electrode surface [28].

3.7.3. Effect of NaOH Concentration on the Impedance Respon-
se for Methanol Oxidation. Figure 16 shows Nyquist plots for
methanol oxidation at −160 mV for a set of NaOH concen-
trations. The values of the charge transfer resistance (Rct)
and solution resistance (Rs) are given in the Table 1. From
Figure 16 and Table 1, it is clear that the charge transfer
resistance and solution resistance decreased with increase
of NaOH concentration. This indicates that the reaction

becomes facile with increasing OH− concentration, which
also supports the voltammetric results.

4. Conclusion

The electrochemically synthesized Pt-Pd/C catalyst shows
remarkably high activity towards methanol oxidation in
alkaline media both in terms of oxidation peak current
density and the onset potential. The peak current density
of methanol oxidation on Pt-Pd/C catalyst increases with
increasing the methanol concentration. For methanol con-
centration higher than 1.0 M, no appreciable change in the
oxidation peak current density was observed. The results
indicate that the reaction of the electro-oxidation of
methanol is activation controlled process. A linear increase
in methanol oxidation current density was observed with the
increase in NaOH concentrations, suggesting better electrode
kinetics at higher concentration of NaOH. The optimum
methanol/OH− concentration ratio is 1 : 2. The kinetics of
the methanol oxidation reaction on the Pt-Pd/C electrode
was determined by the surface coverage of OH− species on
the electrode surface. A reaction order of 0.45 and 0.70 were
obtained for methanol and NaOH, respectively.

The Pt-Pd/C catalyst showed good stability over a mod-
erately extended period of time. The low value of Tafel slope
and charge transfer resistance also suggests that the electrode
could be promising for application in DMFCs in alkaline
medium.
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An intrinsic time-dependent one-dimensional (1D) model and a macro two-dimensional (2D) model for the anode of the direct
methanol fuel cell (DMFC) are presented. The two models are based on the dual-site mechanism, which includes the coverage of
intermediate species of methanol, OH, and CO (θM, θOH,Ru, and θCO,Pt) on the surface of Pt and Ru. The intrinsic 1D model
focused on the analysis of the effects of operating temperature, methanol concentration, and overpotential on the transient
response. The macro 2D model emphasises the dimensionless distributions of methanol concentration, overpotential and current
density in the catalyst layer which were affected by physical parameters such as thickness, specific area, and operating conditions
such as temperature, bulk methanol concentration, and overpotential. The models were developed and solved in the PDEs
module of COMSOL Multiphysics, giving good agreement with experimental data. The dimensionless distributions of methanol
concentration, overpotential, and current density and the efficiency factor were calculated quantitatively. The models can be used
to give accurate simulations for the polarisations of methanol fuel cell.

1. Introduction

Compared with hydrogen fuel cells, direct methanol fuel cells
(DMFCs) have significant advantages such as higher effi-
ciency, easier design and operation, simple storage, and refill-
ing of liquid fuel. However, DMFCs show serious disadvan-
tages such as lower current density, larger polarisation, and
lower limiting currents resulting from more complex kinetics
of methanol oxidation in the anode of DMFCs than that for
hydrogen fuel cells [1–3].

A reason for the disadvantages of DMFCs was the adsorp-
tion coverage of intermediates, which accompany the kinetics
of methanol oxidation, and play a crucial function in the
behavior of DMFCs [4–8]. The micro structure of the anode,
which results in different transport coefficients for various
species, also determines the performance of DMFCs to a cer-
tain extent [9–11].

Meyers and Newman [12] developed a comprehensive
model which describes the thermodynamics, transport phe-
nomena, and electrode kinetics of the system in DMFCs.
Kauranen and Skou [13] indicated that saturation of OH
on surface of Pt leads to limiting current when oxidation

of methanol was catalyzed by pure platinum. Nordlund and
Lindbergh [14] adopted a porous model with agglomerates
and kinetic equations based on surface coverage to study
the influence of anode structure on the anode of DMFCs.
Argyropoulos, Scott et al. [7, 8, 15] investigated the anode
reaction with Pt-Ru catalyst layers, based on surface cover-
age, to produce simple current-voltage expressions, which
were solved analytically, and they showed that saturation of
methanol on the Pt surface and OH on the Ru surface were
the reasons for limiting currents occurring for the aspect of
intrinsic kinetics.

In general, describing electrode performance by Tafel or
dual-site kinetics, the dynamic equations were always nonlin-
ear because of the exponential functions of potential. Since
Newman [16] developed BAND(J) in order to solve such
nonlinear equations, software such as COMSOL, FLUENT
has been adopted to model the DMFCs [17–19]. Thus, mod-
els became more complex and more detailed. Modeling the
catalyst layer, as the core area of anode, was considered as the
first priority since the electrochemical reaction determines its
performance and thus that overall of the DMFCs [20].
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Figure 1: The schematic view of the modeling domain.

Table 1: Kinetics parameters for modeling [7].

Kinetics parameters 303 K 333 K 363 K

k1 (m s−1) 8.7× 10−7 4.2× 10−6 1.0× 10−5

k′1 (mol m−2 s−1) 4.0× 10−4 1.5× 10−3 2.6× 10−3

k2 (mol m−2 s−1) 3.5× 10−9 9.5× 10−8 8.0× 10−7

k3,1 (mol m−2 s−1) 4.0× 10−5 5.0× 10−5 6.0× 10−5

k′3,1 (mol m−2 s−1) 3.0× 10−5 1.8× 10−5 1.4× 10−5

k4 (mol m−2 s−1) 5.3× 10−2 5.9× 10−2 6.2× 10−2

aH2O 1.0

α2 0.79

β3 (V−1) 0.5

β4 (V−1) 0.5

The present model aims to combine the dual-site meth-
anol oxidation mechanism with material and charge bal-
ances in order to simulate time-dependent current-voltage
response and predict the anode behavior under different
operating temperatures and concentrations, and to especially
focus on the distributions of methanol concentration, over-
potential, and current density inside of the catalyst layer.

2. Mathematical Model

Figure 1 presents a schematic view of the modeling domain
of a porous anode with Pt-Ru catalysis for a typical DMFC
unit. Methanol was fed into the anode channel, and it
diffuses into catalyst layer through the diffusion layer. The
specifications and relative parameters of the anode are shown
in Table 1.

The assumptions adopted in the present model were as
follows.

(1) Methanol concentration was defined as constant at
the interface of catalyst layer (X = 0) along the
Y-direction which was adjacent to diffusion layer.

This meant that at the interface of catalyst layer, the
methanol concentration was the same as the bulk
concentration in the anode liquid channel.

(2) Carbon dioxide bubbles were formed beyond the cat-
alyst layer. It was possible for nucleation of carbon
dioxide to take place in diffusion layer or limited to a
partial region of the catalyst layer by choosing appro-
priate operating condition [21, 22].

(3) The porous catalyst layer was assumed to be isother-
mal, isotropic, and homogeneous.

(4) Steady state for mass and charge transport was as-
sumed in the porous catalyst layer for the 2D model.

2.1. Intrinsic Kinetic Equations. According to dual-site kinet-
ics which was widely accepted for methanol absorption and
electrochemical oxidation on the surface of Pt-Ru catalyst,
the methanol oxidation mechanism can be described as the
following four elemental steps below:

CH3OH
k1←→
k′1

CH3OHads (1)

CH3OH
k2−→ COads + 4H+ + 4e− (2)

H2O
k3,1←→
k′3,1

OHads,Ru + H+ + e− (3)

H2O
k3,2←→
k′3,2

OHads,Pt + H+ + e− (4)

COads +
(
OHads,Pt + OHads,Ru

) k4−→
k4

CO2 + H+ + e−. (5)
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It was assumed that steps (1), (2), and (4) occurred on
platinum sites (Pt), step (3) occurred on ruthenium sites
(Ru), and step (5) was catalyzed on the sites of both Pt and
Ru. Generally, it was believed that the reaction of COads to
CO2 occurs on Ru, and Pt serves as an active surface of
adsorption and dehydrogenation of methanol [4, 5, 13, 23].
As a result, the rate controlling step was reaction (5), which
in turn depended on elemental steps (1), (2), (3), and (4)
for the formation of adsorbed intermediates. Thus, the rate
expression of the overall reaction can be written as

r4 = k4θOH,PtθCO,PtExp
(
βE
)

+ k4θOH,RuθCO,PtExp
(
βE
)
, (6)

where, β = (1− β3)F/RT = (1− β4)F/RT .
The rates of changes of surface coverage of different in-

termediates with respect to time were as follows:

Γ
dθM

dt
= k1cM

(
1− θOH,Pt − θCO,Pt − θM

)

− k′1θM − k2θMe
α2FE/RgT ,

(7)

Γ
dθCO,Pt

dt
= k2θMe

(α2FE/RgT)

− k4θOH,PtθCO,Pte
((1−β4)FE/RgT)

− k4θOH,RuθCO,Pte
((1−β4)FE/RgT),

(8)

Γ
dθOH,Ru

dt
= k3,1aH2O

(
1− θOH,Ru

)
e((1−β3)FE/RgT)

− k′3,1θOH,RuθCO,Pte
(−β3FE/(RgT))

− k4θOH,RuθCO,Pte
((1−β4)FE/RgT),

(9)

Γ
dθOH,Pt

dt
= k3,2aH2O

× (1− θOH,Pt − θCO,Pt − θM
)
e((1−β3)FE/RgT)

− k′3,2θOH,PtθCO,Pte
(−β3FE/RgT)

− k4θOH,PtθCO,Pte
((1−β4)FE/RgT).

(10)

Numerous papers indicate that OHads was preferentially
formed on the surface of Ru, not on the surface of Pt [4, 23–
25]. Our previous modeling [10, 11] confirmed that θOH,Pt

was almost zero when the overpotential was lower than 0.5 V
(versus dynamic hydrogen reference electrode (DHE)). As
a result, it was reasonable to assume adsorption of hydroxyl
ions on Pt sites could be neglected (θOH,Pt = 0). Thus, if the
water activity can be defined as unity (αH2O = 1), (6) was
simplified to

r4 = k4θOH,RuθCO,PtExp
(
βE
)
, (11)

where θOH,Ru and θCO,Pt can be obtained from the result of
solving (7)–(9).

Intrinsic kinetic current density can be obtained by
combining Faraday’s Law:

i = nFr4 = i0θOH,RuθCO,PtExp
(
βE
)
, (12)

where the exchange current density i0 = nFk4.

2.2. Macro Kinetic Equations

2.2.1. Mass Transport Balance. Mass transport of methanol
in porous catalyst layer can be described by Fick’s first law

�NM = −De∇cM. (13)

Because the transport process of methanol in a differential
volume of catalyst layer was only described by diffusion, the

divergence of �NM was written as:

∇ �NM = −De∇ ·∇cM = −De∇2cM. (14)

According to a mass balance [9–11, 20]

∇ �NM = R = −ar4. (15)

Combining (14) and (15), we have

∇2cM = a

De
k4θOH,RuθCO,PtExp

(
βE
)
. (16)

Equation (16) was used to describe the effect of concentra-
tion changes on polarisation of anode. The boundary condi-
tions for the second-order differential equation above were

cM
(
0, y
) = c0

M,
∂cM

∂x

(
1, y
) = 0,

cM(x, 0) = 0, cM(x, 1) = 0.

(17)

2.2.2. Charge Transport Balance. Charge transport of meth-
anol in the porous catalyst layer can be described by Ohm’s
law:

�ι = −κe∇φl. (18)

The divergence of�ι was written as

∇�ι = −κe∇ ·∇φl = −κe∇2φl. (19)

According to a charge balance [9–11, 20]

∇�ι = ai. (20)

The overpotential E was written as E = φm − φl − φ0

[9–11, 14]. Both φm and φl could be considered as constants.
Substitute (19) into (20), the differential charge balance
which described the potential field in the porous anode be-
comes a nonlinear Poisson equation:

∇2E = a

κe
i0 θOH,RuθCO,PtExp

(
βE
)
. (21)

Equation (21) was used to describe the effect of ionic resis-
tance on anode polarisation.

The boundary conditions for the second-order differen-
tial equation above were

E
(
0, y
) = E0,

∂E

∂x

(
1, y
) = 0, E(x, 0) = 0, E(x, 1) = 0.

(22)



4 International Journal of Electrochemistry

2.2.3. Generalization of the Model Equations. Equations (16)
and (21) could be generalized by dimensionless variables
such as CM = cM/c

0
M, Ψ = E/E0 and X = x/l, Y = y/w. As a

result, the dimensionless equations were presented as below:

∇2CM = s · θOH,RuθCO,PtExp
(
βE0Ψ

)
,

∇2Ψ = μ · θOH,RuθCO,PtExp
(
βE0Ψ

)
.

(23)

For a two-dimensional porous electrode [26], (23) become:

∂2CM

∂2X
+ σ2 ∂

2CM

∂2Y
= s · θOH,RuθCO,PtExp

(
βE0Ψ

)
, (24)

∂2Ψ

∂2X
+ σ2 ∂

2Ψ

∂2Y
= μ · θOH,RuθCO,PtExp

(
βE0Ψ

)
(25)

with boundary conditions

CM(0,Y) = 1,
∂CM

∂X
(1,Y) = 0,

CM(X , 0) = 0, CM(X , 1) = 0,

(26)

Ψ(0,Y) = 1,
∂Ψ

∂X
(1,Y) = 0,

Ψ(X , 0) = 0, Ψ(X , 1) = 0,

(27)

where σ = l/w, s = ai0l2/nFDec
0
M and μ = ai0l2/κeE0.

The dimensionless modulus, s, in (24) characterizes resis-
tances of mass transport in the porous anode and the dimen-
sionless modulus, μ, in (25) characterizes the relative resis-
tance of charge transport when applying different overpoten-
tials at the boundary X = 0.

2.2.4. Current Density and Effectiveness Factor. According to
Ohm’s law, the local current density described by concentra-
tion and charge flux was

iloc = −nFDe
dcM

dx
= −κe

dE

dx
. (28)

Thus, the dimensionless current density was defined as

Iloc = −1
s

dCM

dX
= −1

μ

dΨ

dX
. (29)

Equations (28) and (29) can be used to describe the current
distribution in the anode catalyst layer. Then the relationship
between i and I can be obtained by the expression of s and μ,

I = i

ai0l
. (30)

We can derive the total current density as

iT = ai0lIT = −nFDec
0
M

l

(
dCM

dX

)
X=0
= −κeE0

l

(
dΨ

dX

)
X=0

.

(31)

This was the equation for predicting the macro current
density of the anode. Here the relationship of E0 − iT and

Ψ − IT typically describe the apparent and dimensionless
polarisation curve.

Effectiveness factor was introduced to evaluate the im-
pact of physical parameters such as thickness and specific
surface area of the catalyst layer, effective diffusion coef-
ficient, and effective conductivity of the anode, and was
defined as

ξ = apparent current density
intrinsic current density

= iT
ali

, (32)

i, which was calculated by solving (7)–(9), and was only the
function of initial methanol concentration and overpotencial
c0

M and E0.
Substituting (12) into (32), we obtain

ξ = apparent current density
intrinsic current density

= iT
ali0θOH,RuθCO,PtExp

(
βE0

)

= IT
θOH,RuθCO,PtExp (Φ0)

.

(33)

Hence, the expressions of ξ−IT and ξ−Φ0 were applied to
calculate the effectiveness of the Pt-Ru catalyst layer. Assume
that the thickness and width of the catalyst layer would be
of the same order of magnitude. The modeling domain was
chosen as a rectangle with the width five-times larger than
the thickness.

2.3. Numerical Method. 1D and 2D models were established
and solved in the PDE module of COMSOL Multiphysics
software in order to analysis firstly the change of surface
coverage of different intermediates (θM, θCO,Pt, and θOH,Ru)
and time-dependant voltage-current density relationship
which were described by (7)–(9). Secondly, the dimension-
less distributions of methanol concentration, overpotential,
and current density, described by (24)–(29), and thirdly,
effectiveness factor, which was described by (33), were
determined.

Equations (7)–(9) were solved by the time dependent
solver of COMSOL in the 1D model, time stepping was from
0 to 2000 seconds with an interval of 1 second. In the
2D model, coupled equations (7)–(9), (24) and (25) were
solved by the nonlinear stationary solver. The inlet boundary
(X = 0) was considered as Dirichlet boundary (the first
kind of boundary condition) where the initial methanol con-
centration and overpotential were defined as one (CM = 1,
Ψ = 1), the outlet boundary (X = 1) was defined as
Neuman-boundaries (the second kind of boundary condi-
tion) where the first order derivative of methanol concen-
tration and overpotential were defined as zero (dCM/dX =
0,dCM/dY = 0, dΨ/dX = 0, dΨ/dY = 0) and the other
boundaries (Y = 0 and Y = 1) were defined as Dirichlet
boundary where the initial methanol concentration and
overpotential were defined as zero (CM = 0, Ψ = 0) in the
present 2D model.

It was worthwhile to note that the macro kinetic model
was established by coupling (7)–(9), (24) and (25). These
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Figure 2: Comparison of calculated and experimental anode polar-
isation data at various temperature and methanol concentration,
κe = 3.4Ω−1 m−1, De = 3.04 × 10−10 m2 s−1; experiment data:
(�) C0

M = 1.0 M, T = 303 K, (�) c0
M = 1.0 M, T = 363 K,

(�) C0
M = 0.5 M, T = 333 K, (�) C0

M = 1.0 M, T = 333 K,
(�) C0

M = 2.0 M, T = 333 K; simulation results: solid line
l = 10μm, a = 118317 m−1; dash line: l = 25μm, a = 37500 m−1.

equations were included in the same domain of modeling
and solved at the same time, which did not need to be decou-
pled. In order to make sure the accuracy of calculation, 1285
nodes in 1D model and 12544 grid nodes in 2D model were
created in the finite element mesh of COMSOL, where the
process of calculation was undertaken step by step along the
nodes from X = 0 to X = 1.

The parameters used in the present model were listed in
Table 1 and Table 2.

3. Result and Discussion

3.1. Model Validation. The simulated polarisation curves of
the DMFC anode at different operating temperature and
methanol concentration are shown in Figure 2. The kinetic
parameters were selected from the paper of Shivhare et al.
[7]. As shown in Figure 2, the simulated polarisation curves
were obtained by using two groups of thicknesses and specific
areas of the catalyst layer selected from literatures [7, 10, 11,
15, 21–23, 27].

Figure 2 indicates that the simulated polarisation curves
show good agreement with the experimental data at lower
bulk concentration, lower operating temperature, and lower
overpotential. Differences between the simulated values and
experimental data become more apparent at higher bulk con-
centration, higher temperatures, and higher overpotentials,
with the simulated values being higher than experimental
values. The simulations over-predict the current densities of
the fuel cell at the higher temperature, and methanol con-
centration in comparison to experimental data. This may
be due to liberation of carbon dioxide bubbles, which were
generated by the increased electrochemical reaction and tem-

Table 2: Physical parameters for modeling.

Electrode parameters References

Catalyst layer thickness l (m)

3.8× 10−6 [14]

5.0× 10−6 [15]

1.0× 10−5 [21]

2.3× 10−5 [23]

2.5× 10−5 [22]

5.0× 10−5 [9]

Special area of anode a (m−1)

3.75× 104 [15]

118317 [21]

1.0× 105 [11]

Porosity of anode ε

0.3 [11, 23]

Diffusion coefficients D0 (m2 s−1)

2.8× 10−9 exp[2436(1/353− 1/T)] [7, 11, 23]

Effective diffusion coefficients De (m2 s−1)

D0 ε1.5 [11, 23, 27]

Effective conductivity κe (Ω−1 m−1)

3.4 [10, 11, 21]

perature (lower solubility), limiting methanol transfer from
the bulk into the porous catalyst layer.

3.2. Time-Dependant Performance. The influence of different
operating temperature, methanol concentration, and over-
potential on the transient surface coverage of methanol is
shown in Figure 3. Elemental step (1) happens on the surface
of Pt site and thus results in the typical change of θM from
zero to saturation. In Figure 3, it is clear that θM took a longer
period of time to approach saturation at lower operating
temperatures, methanol concentrations, and overpotentials
(see the dot lines). However, θM reached the saturation
point faster when higher operating temperatures, methanol
concentrations, and overpotentials were applied (see the
solid lines). The comparison of Figures 3(a), 3(b), and 3(c)
indicates that the operating temperature has a greater influ-
ence on θM compared to the other two parameters, methanol
concentration, and overpotential.

Figure 4 shows the transient variation in current density
at different operating conditions. Typically the steady state is
approached within 200–400 seconds. The time for the tran-
sient current density to approach a steady state decreased
when temperature, methanol concentration and overpoten-
tial increased. The operating temperature affects the current
density more than the methanol concentration, and overpo-
tential. The influence on iT was similar to its influence on
θM. Moreover, the curves of iT and θCO,Pt (not shown here)
have great similarities in respect to the shape and the time
variation, although θCO,Pt was some four to eight orders of
magnitude smaller than θM. This was because elemental step
(3), which happens on the surface of Ru site, was extremely
fast and resulted in the very fast and high saturation (very
close to one) of θOH,Ru on the surface of Ru site [11].
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Figure 3: Transient of the coverage of methanol with different operating (a) temperature, (b) methanol concentration, and (c) overpotential.

As stated in (12), current density was a function of
the product of θCO,Pt and θOH,Ru. The current density
would have no relationship to θOH,Ru if θOH,Ru could be
considered as constant (the value is one). We may reasonably
conclude that step (3) was not the rate determining step;
thus, the whole speed of the electrochemical reaction was
determined by step (2). In addition, step (1) might be the

rate determining step because it provides the reactant to
step (2).

3.3. Distributions in the Porous Catalyst Layer

3.3.1. The Distribution of Methanol Concentration. Figures
5 and 6 show the distributions of dimensionless methanol
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Figure 4: Transient of current density with different operating (a) temperature, (b) methanol concentration, and (c) overpotential.

concentration with different thickness and specific area of
the catalyst layer, operating temperature, methanol con-
centration, and overpotential. The dimensionless methanol
concentration was defined at the value of 1.0 at the inlet
boundary (X = 0) and it decreased whilst the diffusion
process occurred through the catalyst layer. The decrease was
greater with larger thickness and specific area of the cat-
alyst layer and with higher operating temperature and
lower methanol concentration. Comparing Figure 5(a) with

Figure 6(b) we see that the dimensionless methanol con-
centration decreased more rapidly at higher overpotential.
This is because the electrochemical reaction was accelerated
by higher temperature, methanol concentration, and over-
potential in respect to expression (7). Larger specific areas
benefited the reaction near the inlet boundary which led
to faster consumption of methanol there. As a result, the
concentration of methanol became lower in the X direction
inside the catalyst layer, especially for the thicker catalyst
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Figure 5: Distribution of dimensionless methanol concentration at
T = 333 K, c0

M = 1.0 M, E0 = 0.4 V, κe = 3.4Ω−1 m−1, De = 3.04 ×
10−10 m2 s−1; (a) l = 10μm, a = 1.0 × 105 m−1; (b) l = 25μm,
a = 1.0× 105 m−1; (c) l = 50μm, a = 1.0× 105 m−1; (d) l = 25μm,
a = 1.0 × 106 m−1; arrow: the gradient of dimensionless methanol
concentration.

layer. This will result in lower efficiency deep inside the
catalyst layer. It is worthwhile to note that the methanol
concentration was extremely low, almost zero, at both edges
of the modeling domain.

The arrows in Figure 5 and Figure 6 show the gradient
of the dimensionless methanol concentration (−∂CM/∂X).
We can see that methanol diffuses towards the two edges
of the modeling domain (boundaries of Y = 0 and
Y = 1) when operated at smaller thickness, smaller specific
area, lower temperature, and lower overpotential. With
increasing of thickness, specific area, operating temperature,
and overpotential, methanol diffuses towards the centre due
to the decrease of dimensionless methanol concentration in
the middle of the modeling domain.

3.3.2. The Distribution of Overpotential. The contours in
Figures 7 and 8 show the distributions of dimensionless
overpotential with different thickness and specific area of the
catalyst layer, operating temperature, methanol concentra-
tion, and overpotential. In general, the higher density of the
contours the more complicated the distribution of dimen-
sionless overpotential. In each of Figure 7 and Figure 8, three
contours closest to the boundary X = 0 were collected. The
values of these three were 0.98, 0.94, and 0.90 from the left
to the right. It was clear that the contours of the same value
appeared at the different position of the modeling domain
due to the influence of thickness and specific area of the
catalyst layer and operating conditions such as temperature,
methanol concentration, and overpotential. This indicated a
greater distribution of the dimensionless overpotential inside
the catalyst layer with larger thickness, specific area, and
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Figure 6: Distribution of dimensionless methanol concentration at
l = 25μm, a = 1.0×105 m−1, E0 = 0.5 V, κe = 3.4Ω−1 m−1,De =
3.04 × 10−10 m2 s−1; (a) T = 303 K, c0

M = 1.0 M; (b) T = 333 K,
c0

M = 1.0 M; (c)T = 363 K, c0
M = 1.0 M; (d)T = 363 K, c0

M = 0.5 M;
arrow: the gradient of dimensionless methanol concentration.

higher operating temperature, methanol concentration, and
overpotential.

Similar to the distribution of methanol concentration,
the dimensionless overpotential was very low at the edge
whilst it was very high close to the middle of the modeling
domain. The distributions of dimensionless overpotential in
Figures 7 and 8 were not as great as the distributions of
dimensionless methanol concentration in Figures 5 and 6.
The reason was that the conductivity of the catalyst layer
(3.4Ω−1) was approximately ten orders of magnitude higher
than the efficient diffusion coefficient (3.04 × 10−10 m2 s−1)
of the catalyst layer. This led to the significant difference
of the restriction between the diffusions of methanol and
charge.

The lines in Figures 9, 10, and 11 show the dimen-
sionless overpotential at particular X coordinates of the
catalyst layer (shown in Figure 7(a)). The variation in the
distributions of dimensionless overpotential become greater
with larger thickness and specific area of the catalyst layer,
higher temperature and methanol concentration, and higher
overpotential. Furthermore, from Figure 11 we can see that
the distribution of dimensionless overpotential was greater
at the edge of the surface than that close to the middle.

3.3.3. The Distribution of Current Density. Figures 12 and 13
show the dimensionless current density at particular X coor-
dinates on the surface of the domain chosen for modeling.
The dimensionless current density decreased to 0 at the
boundary of X = 1 (including A′ points) in both Figures
12 and 13. As shown in Figures 12 and 13, the maximum
dimensionless current density appeared at the two corners of
the rectangular domain (gray color) close to the boundary
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Figure 7: Distribution of dimensionless overpotential atT = 333 K,
c0

M = 1.0 M, E0 = 0.4 V, κe = 3.4Ω−1 m−1, De = 3.04×10−10 m2 s−1;
(a) l = 10μm, a = 1.0× 105 m−1; (b) l = 25μm, a = 1.0× 105 m−1;
(c) l = 50μm, a = 1.0× 105 m−1; (d) l = 10μm, a = 1.0× 106 m−1.

of the diffusion layer. The maximum values in Figure 12 are
(a) 9.254, (b) 1.481, (c) 0.370, (d) 92.542, and (e) 0.925,
and those in Figure 13 are (a) 4.993, (b) 9.254, (c) 16.120,
(d) 4.627, and (e) 18.509. Besides the corners, the dimension-
less current density appears quite small in the other areas.
This was because the gradients of both the dimensionless
methanol concentration and overpotential were significantly
different in the corners than in the other areas. The more
detailed comparisons were shown in Figure 16.

Apparently, an increase in operating temperature, meth-
anol concentration, and overpotential increases the dimen-
sionless current density. However, higher dimensionless cur-
rent density is observed in the catalyst layer with smaller
thickness and specific area. It is because of the higher utiliza-
tion rate of the interface of the catalyst layer. Moreover, the
apparent current density (iT) is observed in the catalyst layer
with larger thickness and specific area because the apparent
current density is determined not only by the dimensionless
current density (IT) but also by thickness (l) and specific
area (a) as well as exchange current density (i0) according
to expression (31).

Figure 12 shows that an increase in thickness and specific
area of catalyst layer increases the nonlinearity of the distri-
bution of dimensionless current density. As shown in
Figure 13, increasing the temperature and methanol con-
centration increased the nonlinearity of the distribution of
dimensionless current density. However, the effect was not
as great as that due to the increased thickness and specific
area of the catalyst layer. Comparing Figure 12(a) and
Figure 13(b) we see that the nonlinearity of the distribution
of dimensionless current density was linked to the increased
overpotential.
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Figure 8: Distribution of dimensionless overpotential at l = 25μm,
a = 1.0 × 105 m−1, E0 = 0.5 V, κe = 3.4Ω−1 m−1, De = 3.04 ×
10−10 m2 s−1; (a) T = 303 K, c0

M = 1.0 M; (b) T = 333 K, c0
M =

1.0 M; (c) T = 363 K, c0
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M = 0.5 M.

The effects of temperature and methanol concentration
were not significant with a ten-micrometer thick layer be-
cause the distributions of methanol concentration and over-
potential were not as great with such a thin catalyst layer. As
a result, the polarisation curves simulated by macro kinetics
were very close to those for intrinsic kinetics.

Briefly, the reason for the nonlinearity of the distribution
of dimensionless current density was the speed of the electro-
chemical reaction which was accelerated by larger thickness
and specific area and higher temperatures, methanol concen-
trations and overpotentials.

Figures 14, 15, and 16 show the detailed distribution of
dimensionless current with different thickness and specific
area of the catalyst layer, operating temperature, methanol
concentration, and overpotential at particular X coordinates
of the catalyst layer (shown in Figure 12 (a)). The dimension-
less current and its nonlinearity increased with smaller thick-
ness and specific area of the catalyst layer, higher operating
temperature, overpotential, and larger methanol concentra-
tion. From (25), the definition of the dimensionless current
I , we can conclude that the dimensionless modulus s and μ,
which were influenced by the change of the thickness and
specific area of the catalyst layer, the operating temperature,
the methanol concentration, and the overpotential, affect
the dimensionless current. The distribution of dimensionless
current was also more serious and nonlinear at the edges of
the surface than at the middle if we compare the distribution
of dimensionless overpotential in Figure 11.

3.3.4. The Effectiveness of the Porous Catalyst Layer. Figure 17
describes the relationship between effectiveness factor and
dimensionless current density with different thickness and
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with different thickness and specific area of catalyst layer; T =
333 K, c0

M = 1.0 M, E0 = 0.4 V, κe = 3.4Ω−1 m−1, De = 3.04 ×
10−10 m2 s−1, solid line: l = 10μm, a = 1.0 × 105 m−1, dash line:
l = 25μm, a = 1.0×105 m−1, dot line: l = 50μm, a = 1.0×105 m−1,
dash dot line: l = 10μm, a = 1.0× 106 m−1.

specific area of the catalyst layer. In Figure 17, the end points
of each curve (the pentagram symbols), were the dimension-
less limiting current density obtained under specific physical
parameters such as thickness and specific area. The efficiency
factor decreased with increasing dimensionless current den-
sity until it reached the limit at each end of the curve. The
effectiveness factor was higher for a thinner catalyst layer,
with lower specific area because of the decreasing influence
of mass transport restrictions.

Figure 18 shows the relationship between effectiveness
factor and dimensionless overpotential at different operating
temperature and bulk methanol concentrations. The effec-
tiveness factor was close to 1.0 at low dimensionless over-
potentials, and it fell when the dimensionless overpotential
increased. At higher temperature and methanol concentra-
tion, the effectiveness factor went through a minimum with
increased overpotential. This may be due to a change in the
rate determining step from (2) to step (1). This transition
of the efficiency factor could have been associated with the
additional consumption of adsorbed methanol which was
generated by step (1).

4. Conclusions

The 1D model of the DMFC, based on the intrinsic kinetics,
demonstrated that the change in coverage of OH (θOH,Ru)
was very fast, with values close to 1.0 in the whole range
of overpotential. As a result, the element step (3) was not
the rate determining step in the mechanism. The surface
coverage, θCO,Pt, on the surface of Pt determined the current
density at lower overpotential (lower than 0.5 V) whilst
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with different operation temperature and methanol concentration;
l = 25μm, a = 1.0 × 105 m−1, E0 = 0.5 V, κe = 3.4Ω−1 m−1, De =
3.04 × 10−10 m2 s−1, solid line: T = 303 K, c0

M = 1.0 M, dash line:
T = 333 K, c0

M = 1.0 M, dot line: T = 363 K, c0
M = 1.0 M, dash dot

line: T = 333 K, c0
M = 0.5 M.
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Figure 11: The distribution of dimensionless overpotential at
particularX coordinates of the catalyst layer T = 333 K, c0

M = 1.0 M,
l = 10μm, a = 1.0 × 105 m−1, E0 = 0.4 V, κe = 3.4Ω−1 m−1,
De = 3.04× 10−10 m2 s−1, lines A-A′ to F-F′ are from up to down.

the element step (2) could be considered as the rate deter-
mining step. The rate determining step changed to element
step (1) when the overpotential increased to above 0.6 V.

The 2D model indicated that the performance of the
porous Pt-Ru anode depended on the kinetics parameters
of the dual-site mechanism of methanol oxidation as well
as physical parameters such as thickness, specific area of
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the catalyst layer. The distributions of methanol concen-
tration, overpotential and current density became more
nonlinear with increased operating temperature, methanol
concentration, and overpotential, as well as increased thick-
ness and specific area of the catalyst layer. The nonlinearity
of all the distributions, including methanol concentration,
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Figure 18: Efficiency factor for different temperature and methanol
concentration; l = 10μm, a = 1.0 × 105 m−1, κe = 3.4Ω−1 m−1,
De = 3.04 × 10−10 m2 s−1, (�) experiment data, solid line:
T = 303 K, c0

M = 1.0 M, dash line: T = 333 K, c0
M = 1.0 M, dot

line: T = 363 K, c0
M = 1.0 M, dash dot line: T = 333 K, c0

M = 0.5 M,
dash dot dot line: T = 333 K, c0

M = 2.0 M.

overpotential, and current density, were higher near the
edges of the modeling surface and lower in the middle. At
the two corners of the modeling surface, the highest current
density appeared due to the maximum difference of the
derivative of methanol concentration and overpotential. The
distribution of methanol concentration was more obvious
than that of overpotential and current density, because the
coefficient of mass transport was approximate ten orders of
magnitude smaller than the coefficient of charge transport.

The effectiveness factor of the catalyst layer was higher
with lower operating temperature, methanol concentration,
overpotential, thickness, and specific area. The efficiency
factor also went through a minimum value with increasing
dimensionless overpotential, at higher temperatures and
methanol concentrations. This was probably a result of the
change of the rate determining step from element step (2)
to (1). This change accelerated the consumption of absorbed
methanol which was generated by element step (1).

Nomenclature

a: Specific area (m−1)
C: Dimensionless concentration
c: Concentration (mol m−3)
D0: Diffusion coefficient (m2 s−1)
De: Effective diffusion coefficient (m2 s−1)
E: Overpotential (V)
F: Faraday constant (C mol−1)
I : Dimensionless current density
i: Current density (mA cm−2)
i0: Exchange current density (mA cm−2)
k4: Surface reaction rate constant (mol m−2 s−1)
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l: Thickness of porous catalyst layer (m)
NM: Flux of methanol (mol·m−2·s−1)
n: Number of electrons involved in reaction
R: Apparent reaction rate (mol·m−2·s−1)
Rg : Universal gas constant (J mol−1 K−1)
r4: Surface reaction rate (mol·m−2·s−1)
s: Mass diffusion modulus = ai0l2/(nFDec

0
M)

T : Operating temperature (K)
w: Width of porous catalyst layer (m)
X : x-direction dimensionless distance
x: x-direction distance (m)
Y : y-direction dimensionless distance
y: y-direction distance (m).

Greek Symbols

Γ: Site density (mol m−2)
σ: Aspect ratio of the rectangular electrode =l/w
α: Electrochemical transfer coefficient
β: (1− β3)F/RT = (1− β4)F/RT(V−1)
ε: Porosity
θ: Coverage ratio
κe: Effective conductivity (Ω−1 m−1)
μ: Charge transfer modulus = ai0l2/(κeE0)
ξ: Effectiveness factor
φ0: Potential of open-circuit (V)
φl: Potential of electrolyte (V)
φm: Potential of matrix (V)
Ψ: Dimensionless relative overpotential Ψ = E/E0.

Subscripts

ads: Adsorbed
e: Effective
j: Species j
loc: Local state
M: Methanol
T : Total or apparent state.

Superscript

0: At the boundary of the diffusion layer X = 0.
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Osmium electrocatalysts for the oxygen reduction reaction (ORR) were prepared by microwave irradiation of Os3(CO)12 at
different experimental conditions. The materials obtained were structurally characterized by FT-IR, micro-Raman spectroscopy
and X-ray diffraction. Their chemical compositions were obtained by EDS. The electrocatalytic properties for the oxygen reduction
reaction were evaluated by rotating disk electrode measurements in 0.5 mol L−1H2SO4, in the absence and presence of aqueous
methanol. The kinetic parameters, such as Tafel slope, exchange current density, and charge transfer coefficient are reported.

1. Introduction

The PEMFC and DMFC have much in common, in partic-
ular their MEAs (Membrane Exchange Assembly). However,
Direct Methanol Fuel Cells (DMFCs) show some advantages
in comparison to Proton Exchange Membrane Fuel Cells
(PEMFCs), mainly because methanol is an inexpensive,
readily available, easily storable, and transportable liquid,
whereas the power density and efficiency are considerably
higher in a PEMFC (∼60%) than in a DMFC (∼35%).
Another disadvantage is that the DMFC anode is limited
by a poor electrochemical activity (kinetic loss) which can
account for a voltage loss in the cell of more than 0.3 V at
500 mA cm−2 (at 90◦C). On the other hand, the crossover
effect, that is, permeation of methanol from the anode to the
cathode, causes depolarization of the latter and hence severe
cell power losses [1].

There are two main ways to minimize this crossover
effect, one of them is to use a membrane with a higher thick-
ness; and the second one is using an oxygen electroreduction

selective cathode catalyst. At present, four main classes of
oxygen-reduction catalysts are known [2]. The most well
known are the noble metals, particularly platinum; a second
class of electrocatalysts is made up of macrocyclic complexes
of a wide range of transition metals; a third class of catalysts
is derived from metallic oxides; related to the oxides are the
members of the fourth class of electrocatalysts, which are
based on transition metal chalcogenide compounds. Some
authors have reported the use of osmium and some of its
compounds and alloys as methanol tolerant catalysts for
the oxygen reduction reaction [3–8]. On the other hand,
osmium is a good candidate for alloying with Pt-Ru for
the methanol oxidation reaction, because Os is expected to
modify the adsorptive properties of Pt-Ru given its ability
to adsorb water, and thereby oxygen, in acidic solutions at
potentials slightly more negative than for Ru [9, 10].

Many of these catalysts have been synthesized using a
conventional heating method, that is, using organic solvents
at their refluxing temperature or by pyrolysis of some metal
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precursor. However, these methods employ relatively high
synthesis times (10–24 hours). Recently, microwave energy
has been used in many chemical reaction studies and has
been found to change the kinetics and selectivity, often in
favorable ways. These reactions include organic and inor-
ganic syntheses, selective sorption, oxidations/reductions,
and polymerizations, among many other processes [11].
Our research group has reported the synthesis of ruthe-
nium catalysts using microwave irradiation, the materials
obtained showing electrocatalytic properties similar to those
of materials synthesized by a conventional method [12]. In
this paper, a rapid synthesis method based on microwave
heating for preparing osmium electrocatalysts with potential
as DMFC cathodes is presented.

2. Experimental

2.1. Synthesis and Structural Characterization of the Cata-
lysts. The osmium electrocatalysts were synthesized using
0.063 mmol of triosmium dodecacarbonyl (Os3(CO)12,
Aldrich), which was mixed with 5 mL of 1,2-dichlorobenzene
(b.p. 178–180◦C, Aldrich) and treated thermally using
microwave irradiation on a Discover-BenchMate at differ-
ent power (80, 100 watts) and time (30 and 60 minutes)
conditions, at 180◦C. The products obtained were washed
with isopropyl alcohol (J. T. Baker) and dried at room tem-
perature. The electrocatalysts synthesized were structurally
characterized using reflectance FT-IR spectroscopy on a
Perkin-Elmer-GX3 spectrometer, with the samples dissolved
in FT-IR grade KBr. The micro-Raman spectra were recorded
at room temperature in a Dilor LabRam microspectrometer,
using a He-Ne laser (632.8 nm). The XRD studies were
performed on a Rigaku D/max-2100 diffractometer, with Cu
Kα1 irradiation (1.5406 Å). A Philips XL30ESEM microscope
was used to obtain energy-dispersive X-ray spectra (EDS) of
the catalysts.

2.2. Electrochemical Experiments

2.2.1. Electrode Preparation. The working electrode for the
rotating disk electrode (RDE) studies was prepared by
mixing 1.7 mg of Vulcan XC-72 (Cabot) and 0.3 mg of the
catalyst with 10 μL of a 5% Nafion solution (ElectroChem)
in an ultrasonic bath; 2 μL of the resulting mixture was
deposited on a glassy carbon disk electrode and dried at
room temperature. The cross-section (geometrical) area of
the disk electrode was 0.072 cm2.

2.2.2. Equipment. Measurements were carried out at 25◦C
in a conventional electrochemical cell with a three-electrode
arrangement. A mercury sulfate electrode (Hg/Hg2SO4/
0.5 mol L−1 H2SO4; abbreviated as MSE) was used as ref-
erence (MSE = 0.680 V/NHE), which was connected to the
cell through a bridge with a Luggin capillary. All poten-
tial values, however, are referred to the normal hydrogen
electrode (NHE). The counter electrode was a graphite rod
and 0.5 mol L−1 H2SO4 was used as electrolyte, which was
prepared with 98% sulfuric acid (J. T. Baker) and deionized
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Figure 1: FT-IR spectra of (a) Os3(CO)12, and the osmium cata-
lysts synthesized at: (b) 180◦C/30 min/80 watts; (c) 180◦C/30 min/
100 watts; (d) 180◦C/60 min/100 watts.
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Figure 2: Micro-Raman spectra of (a) Os3(CO)12, and the osmium
catalysts synthesized at: (b) 180◦C/30 min/80 watts; (c) 180◦C/
30 min/100 watts; (d) 180◦C/60 min/100 watts.

water (18.2 MΩ-cm). A potentiostat/galvanostat (Solartron
1287) and a PC with CorreWare software were used for
the electrochemical measurements. A Radiometer Analytical
BM-EDI101 glassy carbon rotating disk electrode (with a
CTV101 speed control unit) was used for the voltammetry
studies.

2.2.3. Cyclic Voltammetry (CV). Prior to all measurements,
the electrolyte was purged with nitrogen (Infra; UHP).
The activation of the electrode was done by scanning
(cyclic voltammetry) between 0 and 0.98 V/NHE, at 20 mV/s,
until no change on the voltammograms was observed (30
cycles). A 30% Pt/Vulcan XC-72 electrode was used for
comparison, which was scanned between 0 and 1.58 V/NHE,
at a 50 mV s−1 rate. The temperature of the system was
maintained at 25◦C.
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Table 1: Chemical composition of the osmium electrocatalysts determined by EDS studies (at %).

Element 180◦/80 W/30 min 180◦/100 W/30 min 180◦/100 W/60 min

Os 51.50 59.22 50.32

C 29.70 22.42 26.51

O 11.76 12.94 21.98

Cl 6.54 5.25 1.18

Table 2: Open circuit potential values and ORR kinetic parameters of the osmium electrocatalysts in O2-saturated 0.5 mol L−1 H2SO4, at
25◦C.

Power (Watts) Temperature (◦C) Time (Min) Eoc (V/NHE) [CH3OH] (mol L−1) b (mV/decade) α j0 (mA/cm2)

100 180 60
0.761 0 332.32 0.1805 4.49 E−04

0.598 2 261.58 0.2262 6.50 E−05

100 180 30
0.755 0 382.85 0.1551 7.31 E−04

0.599 2 302.95 0.1953 1.84 E−05

80 180 30
0.758 0 356.18 0.1667 3.83 E−04

0.591 2 215.43 0.2743 1.35 E−05

30% Pt/Vulcan 1.006 0 91.46 0.6469 5.87 E−04

0.5416 2 — — —

Os3(CO)12-Vulcan/n-octane, 30 ha 0.743 0 233 0.2584 7.31 E −04

Osx(CO)y/1,2-dichlorobenzeneb 0.707 0 193.81 0.3060 1.25 E −04

(insoluble in the reaction mixture) 0.707 2 216.75 0.2736 2.52 E −04

Osx(CO)y/1,2-dichlorobenzeneb 0.777 0 193.32 0.3061 3.84 E −04

(soluble in the reaction mixture) 0.777 2 187.88 0.3149 2.92 E −04
a
Reference [6]; bReference [7].
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Figure 3: X-ray diffraction pattern of (a) Os3(CO)12, and the
osmium catalysts synthesized at: (b) 180◦C/30 min/80 watts; (c)
180◦C/30 min/100 watts; (d) 180◦C/60 min/100 watts.

2.2.4. Linear Sweep Voltammetry (LSV). The electrolyte was
saturated with pure oxygen (Infra; UHP) for 15 minutes.
Polarization curves were obtained in the presence of oxygen
in the (EO2

oc ) to 0 V/NHE range for the new materials and in
the EO2

oc to 0.2 V/NHE range for the 30% Pt/Vulcan XC-72
electrode, at a 5 mV s−1 scan rate. Rotation rates ranged from

100 to 900 rpm. CV and LSV curves were also performed
in the presence of methanol (2.0 mol L−1), under the same
conditions described above.

3. Results and Discussion

3.1. Structural Characterization. Figure 1 shows the FT-
IR spectra of the precursor Os3(CO)12, as well as those
of the osmium electrocatalysts prepared. The precursor
shows strong carbonyl stretching vibration bands around
2040 cm−1, as well as a group of bands around 570 cm, which
have been assigned to carbonyl deformation modes, δM-CO

[13]. The stretching bands are also present in the infrared
spectra of the osmium catalysts synthesized, which indicates
that carbonyl groups are still present in these products.
This was confirmed by the micro-Raman spectra (Figure 2),
where small signals around 2040 cm−1, corresponding to
carbonyl groups, are observed.

On the other hand, Uribe-Godı́nez et al. [6] reported
that when Os3(CO)12 is treated at temperatures higher than
120◦C, the products obtained basically consist of osmium
nanoparticles, that is, a virtually complete decarbonylation
is assumed. This effect is not observed when microwave
irradiation was used in the present work. Other FT-IR bands
can be observed at ca. 2850 and 2930 cm−1, as well as weaker
signals around 1250 and 1450 cm−1, which fall within the C–
H stretching and C–C ring vibrations ranges of substituted
benzenes, respectively [14]. This behavior was also observed



4 International Journal of Electrochemistry

0 0.2 0.4 0.6 0.8 1
−3

−2

−1

0

1

2

E (V versus NHE)

j
(m

A
cm

−2
)

(a)

0 0.2 0.4 0.6 0.8 1
−3

−2

−1

0

1

2

E (V versus NHE)

j
(m

A
cm

−2
)

(b)

0 0.2 0.4 0.6 0.8 1
−3

−2

−1

0

1

2

E (V versus NHE)

j
(m

A
cm

−2
)

0 M CH3OH
2 M CH3OH

(c)

E (V versus NHE)

j
(m

A
cm

−2
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

0

20

40

60

80

100

120

140

0 M CH3OH
2 M CH3OH

(d)

Figure 4: Cyclic voltammograms in the absence and presence of 2 mol L−1 methanol of the osmium catalysts synthesized at (a) 180◦C/
30 min/80 watts; (b) 180◦C/30 min/100 watts; (c) 180◦C/60 min/100 watts; (d) 30% Pt/Vulcan XC-72. The electrolyte was 0.5 mol L−1 H2SO4

and the sweep rate 20 mV/s for the osmium electrocatalysts and 50 mV/s for Pt.

when osmium electrocatalysts were obtained in o-xylene
under reflux conditions [7]. Hence, it could be indicative of a
possible π coordination of aromatic molecules of the solvent
to metal centers.

The presence of carbonyl groups and aromatic molecules
in the structure of these osmium catalysts was corroborated
by their chemical composition (Table 1), which shows the
presence of carbon, oxygen, and chlorine. Figure 3 shows the
corresponding XRD patterns of Os3(CO)12 precursor and the
osmium catalysts synthesized. The products show some very
broad crystallographic peaks at low angular values (12–35),
indicating the small size of the particles.

3.2. Electrochemical Characterization

3.2.1. Cyclic Voltammetry. The cyclic voltammograms of the
different osmium electrodes in the absence and presence of

2 mol L−1 methanol are shown in Figure 4, as well as that of
30% Pt/Vulcan XC-72 for comparison. The osmium mate-
rials show anodic-cathodic peaks in the 0.6–0.8 V (NHE)
region, which are ascribed to the Vulcan support. Hydrogen
evolutions peaks are observed in the cathodic 0-0.1 V/NHE
region, while the beginning of the oxygen evolution zone
appears in the anodic 0.85–0.98 V/NHE region. Although
the materials do not show methanol oxidation peaks, it can
be observed a slight increase in the current density, due
probably to the methanol adsorption on the surface. On
the other hand, the platinum electrode shows very sharp
methanol oxidation peaks, indicating its high activity for this
reaction [15, 16].

3.2.2. Linear Sweep Voltammetry: Oxygen Reduction Reac-
tion. Figure 5 shows typical curves for the electrochemical
reduction of molecular oxygen in 0.5 mol L−1 H2SO4 of
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Figure 5: ORR current-potential in the absence and presence of 2 mol L−1 methanol of the osmium catalysts synthesized at (a) 180◦C/
30 min/80 watts; (b) 180◦C/30 min/100 watts; (c) 180◦C/60 min/100 watts; (d) 30% Pt/Vulcan XC-72. The electrolyte was 0.5 mol L−1 H2SO4

and the sweep rate 5 mV/s.

the osmium electrocatalysts in the absence and presence
of 2 mol L−1 methanol, along with those of 30% Pt/Vulcan
XC-72 as reference. It can be observed that the material
with the highest time and power conditions used during the
microwave assisted synthesis (Figure 5(c)), shows the highest
current density; a slight current decrease is observed with
methanol in the electrolyte. The presence of this contaminant
also induces a decrease in the open circuit potential of ca.
0.16 V/NHE in all cases. However, these features are far
more pronounced in the case of the Pt electrode, for which
methanol caused the net cathodic current onset to shift
negatively by ca. 0.5 V/NHE (Figure 4(d)).

The Koutecky-Levich equation at a given potential is

1
i
= 1
ik

+
B

ω1/2 , (1)

where i is the measured disk current, ik is the kinetic current,
ω the electrode rotation speed in rpm, and B is a constant
given by [17]:

B =
(

1

200nFAv−1/6D2/3
O2
CO2

)
, (2)

where n is the number of electrons exchanged per mol
of O2, F the Faraday constant, A is the effective catalytic
surface area, ν is the kinematic viscosity of the electrolyte
(0.01 cm2 s−1), DO2 is the oxygen diffusion coefficient (1.4
× 10−5 cm2 s−1) and CO2 the bulk oxygen concentration in
the electrolyte (1.1 × 10−6 mol cm−3) [18]. Figure 6 shows
the theoretical (with n = 2 and 4; A = electrode geometric
area, 0.072 cm2) and experimental Koutecky-Levich plots in
the absence and presence of 2 mol L−1 methanol, at a given
potential value (0.4 V/NHE) for the osmium electrocatalysts,
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Figure 6: Experimental (at 0.5 V/NHE) and theoretical (2 and 4 electrons) Koutecky-Levich plots in the absence and presence of 2 mol L−1

methanol of the osmium catalysts synthesized at (a) 180◦C/30 min/80 watts; (b) 180◦C/30 min/100 watts; (c) 180◦C/60 min/100 watts; (d)
30% Pt/Vulcan XC-72.

along with those of the 30% Pt/Vulcan electrode as reference.
The experimental plots are closer to those calculated for
a four-electron process, as is observed for the platinum
electrode, that is, the oxygen molecules are most likely
reduced directly to water by the osmium catalysts. It can be
observed a slight separation between plots in the absence
and presence of methanol, a behavior expected from the
linear sweep voltammograms. The differences between the
experimental and theoretical Koutecky-Levich plots may
result from the exposed catalytically active area of the
materials, which might be higher than the geometric ones

[19]. The current-potential curves were corrected by the
procedure described by Gojković et al. [20]; these curves, in
turn, yielded the mass-corrected Tafel plots for the ORR in
the absence and presence of methanol presented in Figure 7.

Table 2 summarizes the kinetic parameters (obtained
from the Tafel Plots) and open circuit potentials (EO2

oc )
of the osmium electrocatalysts, compared with those of
30% Pt/Vulcan XC-72 and some values reported in the
literature. It can be observed that in the absence of methanol
all the osmium catalysts show EO2

oc ≥ 0.75 V/NHE, while in its
presence such values decrease by approximately 0.16 V/NHE.
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Figure 7: ORR mass-corrected Tafel plots in the absence and presence of 2 mol L−1 methanol of the osmium catalysts synthesized at (a)
180◦C/30 min/80 watts; (b) 180◦C/30 min/100 watts; (c) 180◦C/60 min/100 watts; (d) 30% Pt/Vulcan XC-72 in the absence of methanol.

On the other hand, although the Pt electrode shows the high-
est EO2

oc in the absence of methanol (∼1.0 V/NHE), it shows
the lowest EO2

oc value in the presence of this contaminant due
to a mixed potential phenomenon [21].

Tafel slope is a parameter related to the reaction mech-
anism [22]; the osmium materials show in general Tafel
slopes higher than platinum, which suggests that they follow
a different ORR mechanism than this electrode [23]. In the
absence of methanol, platinum shows the highest charge
transfer coefficient (α), that is, it is the catalyst with the
largest decrease of reaction free energy [24]. However, in
the presence of the contaminant platinum becomes inactive,
while the osmium electrocatalysts do show electrocatalytic
activity for the ORR, with α values around 0.2.

In general, the electrocatalysts synthesized show similar
exchange current densities (∼10−4 mA cm−2) in the absence

of methanol, of the same order of Pt. However, in the
presence of this compound, the exchange current densities
of the Os catalysts decreased only one order of magnitude,
while Pt lost its activity for the reaction.

All these parameters are in agreement with those of
osmium electrocatalysts synthesized by conventional ther-
molysis methods (Table 2) [6, 7]. Therefore, an improvement
of the synthetic method for this kind of materials has been
achieved in this work, in the sense of employing shorter
reaction times with similar results.

4. Conclusions

Osmium electrocatalysts for the oxygen reduction reaction
in the absence and presence of methanol were synthesized
using microwave irradiation. All the materials are constituted
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by metal carbonyl particles, and are probably coordinated to
aromatic molecules from the solvent. These electrocatalysts
show an activity comparable to other osmium catalysts
reported in the literature. In addition, they show a significant
tolerance to the presence of 2 mol L−1 methanol during
the ORR, unlike traditional platinum catalysts. With this
microwave method it is possible to reduce the relatively long
times used in the conventional thermolysis processes, from
20 hours to only 30–60 minutes, obtaining materials with
similar electrocatalytic properties for the ORR.
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osmium-based electrocatalysts for oxygen reduction and
hydrogen oxidation in acid conditions,” Journal of Power
Sources, vol. 177, no. 2, pp. 286–295, 2008.

[7] E. Borja-Arco, R. H. Castellanos, J. Uribe-Godı́nez, A.
Altamirano-Gutiérrez, and O. Jiménez-Sandoval, “Osmium-
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1 Department of Applied Electrochemistry, Fraunhofer-Institute for Chemical Technology ICT, Joseph-von-Fraunhofer-Straße 7,
76327 Pfinztal, Germany
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Acidic or alkaline direct ethanol fuel cells (DEFCs) can be a sustainable alternative for power generation if they are fuelled with bio-
ethanol. However, in order to keep the fuel cheap, ethanol has to be exempted from tax on spirits by denaturing. In this investigation
the potential denaturing agents fusel oil, tert-butyl ethyl ether, and Bitrex were tested with regard to their compatibility with fuel
cells. Experiments were carried out both in sulphuric acid and potassium hydroxide solution. Beside, basic electrochemical tests,
differential electrochemical mass spectrometry (DEMS) and fuel cell tests were conducted. It was found that fusel oil is not suitable
as denaturing agent for DEFC. However, tert-butyl ethyl ether does not seem to hinder the ethanol conversion as much. Finally,
a mixture of tert-butyl ethyl ether and Bitrex can be proposed as promising candidate as denaturing agent for use in acidic and
alkaline DEFC.

1. Introduction

As fossil fuels run short and the problem of environmental
pollution is getting serious, fuel cells offer an alternative
of clean and sustainable power generation. Especially direct
alcohol fuel cells (DAFCs) show a high potential as power
supply for small portable devices [1, 2]. In comparison to
hydrogen fuelled polymer electrolyte fuel cells (PEMFCs),
they offer the advantage of an easy fuel distribution and a
high volumetric and gravimetric energy density of the fuel.
Direct methanol fuel cells (DMFCs) are widely investigated
and have already entered the market. However, ethanol as
fuel for DAFCs has some serious advantages compared to
methanol. Besides its higher gravimetric energy density and
boiling point, and its lower vapour pressure, ethanol is less
toxic than methanol. Furthermore, methanol is classified as
chemical whereas ethanol is already available to consumers
almost everywhere in its denatured form. Denatured ethanol
is not only available to the public in retail stores; but is
also exempted from tax on spirits and thus a rather cheap

fuel. Another advantage of ethanol is that it can easily be
produced in large quantities from renewable raw materials
by fermentation.

However, apart from all the advantages of ethanol as fuel,
its electro-catalysis in fuel cells is still subject to research. This
is especially true for the alkaline medium [3]. Furthermore,
in order to denature ethanol, adding an inappropriate
chemical as denaturing agent can either cause serious catalyst
poisoning or membrane damage in the fuel cell [4]. Thus,
an appropriate denaturing agent which is compatible with
DEFC has to be chosen carefully.

In the present study, potential denaturing agents have
been chosen with regard to their use in DEFC and with
respect to the regulations of the German custom authorities.
A suitable denaturing agent should be converted along with
ethanol or should not hinder the ethanol conversion. A
complete conversion of the denaturing agent along with
ethanol would allow restoring the energy density of ethanol.
Should the denaturing agent not hinder the ethanol conver-
sion by being inert, the energy density of ethanol would be
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reduced by adding such an inert denaturing agent. However,
as denaturing agents are usually added in small quantities,
the loss in energy density would probably be tolerable.

In order to assess potential denaturing agents, a first
choice was made according to the physical and chemical
properties of substances as well as customs regulations.
The chosen substances were first investigated with basic
electrochemical techniques at platinum as model catalyst
in acidic and alkaline environments. Despite its high price,
platinum is still part of most current fuel cell catalysts as
it is the most active monometallic catalyst. Furthermore,
platinum is very sensitive towards poisoning. Thus, the com-
patibility with platinum is a first prerequisite for a potential
denaturing agent. Promising candidates were further tested
in an electrochemical cell at carbon-supported commercial
fuel cell catalysts coated on inert titanium electrodes. The
most promising candidate is finally investigated in an actual
fuel cell with regard to compatibility with the whole system.

2. Experimental

The electrochemical experiments were performed in three-
electrode configuration in a glass cell which can be refilled
from the top and drained through a bottom valve. This
enabled an electrolyte exchange without losing the control
of the potential of the working electrode. In order to get
a first impression of the electrochemical activities of all
investigated denaturing agents, a platinum foil electrode of
the geometric area of 1 cm2 was used as working electrode,
while a platinised platinum electrode of a larger area served
as counter electrode. Later on, as described below, the most
promising candidates as denaturing agents were as well
tested in this setup using a carbon-supported platinum-
tin and a carbon-supported nonplatinum catalyst. In acidic
medium, a mercury/mercury sulphate electrode (MMS,
+0,682 V versus RHE) was used as reference electrode, in
alkaline medium a mercury/mercury oxide electrode (MMO,
+0,880 V versus RHE) was employed to determine the
potential of the working electrode. However, all potentials
in this work are referenced to the RHE scale. The electrodes
were connected to an EG&G 273 potentiostat controlled
by a personal computer equipped with Scribner Corr Ware
software. The base electrolytes 0.5 M sulphuric acid and
0.1 M potassium hydroxide solution were prepared from
Merck chemicals. In case of the acidic solution, concentrated
sulphuric acid 98% p.a. was used as base chemical; alkaline
solutions were prepared from 1 M KOH Titrisol cartridges.
The ethanol used to prepare the solutions was AnalaR
NORMAPUR 99.9% from VWR. The investigated potential
denaturing agents were technical grade and used without
further purification. All solutions were made using ultrapure
water (0.055 µS cm−1).

In the graphs, unless otherwise stated, the current is
referenced to the real surface area of the working electrode,
that is, as current density. The real surface area of the
electrodes was determined from the hydrogen adsorption
charge according to the method described in [5].

To investigate more fuel cell relevant commercial cat-
alysts, inks of these catalysts were prepared and applied

to inert titanium support electrodes. In acidic medium a
Nafion bound platinum-tin catalyst from BASF Fuel Cells
Inc. (PtSn/C 40%) was used, in alkaline environment a
Teflon bound nonplatinum catalyst supplied by Acta S.p.A.
(Hypermec3) was employed.

In order to learn more about the oxidation products,
differential electrochemical mass spectroscopy (DEMS) and
gas chromatographic analyses (GC/MS) were performed.
With respect to DEMS the setup described in [6] was used.
In brief, it consisted of an electrochemical flow cell with a
Kel-F body connected to the mass spectrometer Balzers QMS
200. A Teflon membrane sputter deposited with platinum
served simultaneously as working electrode and inlet to the
vacuum system of the mass spectrometer. The electrolyte was
supplied hydrostatically from electrolyte reservoirs which
allowed the exchange of electrolyte solutions. The mass
spectrometer and the potentiostat Gamry Reference 600
were operated simultaneously with custom made LabVIEW
software.

For the fuel cell tests, single cells were assembled
depending on the working conditions using either Nafion-
115 membranes from DuPont or Fumasep FAA membranes
from FuMA-Tech. For the acidic medium, a custom made
PtSn + PtRu anode catalyst was applied while an Acta
Hypermec anode was used in alkaline medium.

3. Results

As a starting point, three interesting substances were chosen
from the variety of chemicals which are used as denaturing
agents for different purposes.

The first substance is fusel oil which is a by-product of
the bioethanol distillation. Fusel oil consists of a variety of
higher complex alcohols, esters, and ethers. It is similar to
colophony or shellac which are already approved in the EU
as denaturing agents for the purpose of complete denaturing.
Furthermore, the use of fusel oil as denaturing agent would
turn it from a waste product to a valuable side-product of the
ethanol distillation.

The second potential denaturing agent is tert-butyl ethyl
ether (ETBE). ETBE has some structural similarity to ethanol
and is already approved as denaturing agent.

Denatomium benzoate (phenylmethyl-[2-[(2,6-dimeth-
ylphenyl)amino]-2-oxoethyl]-diethylammonium benzoate,
Bitrex) is one of the most widely used substances for
denaturing. However, in Germany, Bitrex is only approved
for the cosmetics sector as adjuvant to a denaturing agent.
Due to its extreme bitterness, only small amounts of Bitrex
are needed to make ethanol inedible.

Figure 1 shows the chemical structures of ETBE and
Bitrex. While Bitrex is a rather bulky molecule containing a
quaternary ammonium structure and an amide group, ETBE
is a comparatively simpler ether.

Figure 2 shows the electrochemical behaviour of ETBE,
fusel oil and Bitrex in acidic and alkaline medium. As fusel
oil is poorly soluble in aqueous media, the aqueous extracts
of fusel oil/electrolyte mixtures were analysed.

In the acidic medium the oxidation of ETBE results in
two peaks situated at 0.9 V and 1.3 V versus RHE. In the
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Figure 1: Chemical structures of tert-butyl ethyl ether (ETBE) (a) and denatonium benzoate (phenylmethyl-[2-[(2,6-dimethylphen-
yl)amino]-2-oxoethyl]-diethylammonium benzoate, Bitrex) (b).
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Figure 2: Electrochemical behaviour of potential denaturing agents in 0.5 M H2SO4 (a) and 0.1 M KOH (b). 1 wt.-% ETBE (line), 1 wt.-%
fusel oil (dashed), 0.5 mg L−1 Bitrex (dotted), and background (grey line). Scan rate 50 mV s−1.

cathodic scan of the cyclic voltammogram, another oxidation
peak is visible at approximately 0.6 V versus RHE. The hydro-
gen adsorption and desorption peaks are widely blocked.
This cyclovoltammetric behaviour qualitatively resembles
the one of ethanol in sulphuric acid. For fusel oil, the
hydrogen adsorption and desorption is even more hindered.
In the anodic scan, fusel oil can be oxidised in a main peak
located at 1.3 V versus RHE. In the cathodic scan, a small
reduction wave is discernible at 0.72 V versus RHE; however,
this does not lead to a reoxidation wave. In the case of
Bitrex, the cyclic voltammogram does not appear to change
compared to the background voltammogram. This is due to
the fact that the Bitrex concentration in the electrolyte is very
low (0.5 mg L−1) [7]. However, with respect to the purpose as
denaturing agent, the concentration of Bitrex is supposed to
be very low.

In alkaline medium the situation is similar. With one
oxidation peak in the anodic and one in the cathodic scan,
ETBE shows a similar behaviour as ethanol in alkaline
medium. Fusel oil is mainly oxidised at higher potentials and
Bitrex does not seem to differ from the basic voltammetry
scan too much.

Figure 3 shows the influence of the respective denaturing
agent on the oxidation of ethanol. In acidic environment
(Figure 3(a)), the cyclic voltammograms for ethanol and
ethanol denatured with Bitrex show almost the same current
densities. Denaturing ethanol with 0.24 wt.-% of ETBE
causes slightly lower current densities compared to pure
ethanol. This trend is strongly pronounced for fusel oil. The
current densities for the ethanol oxidation drop drastically,
especially in the potential region between 0.5 V and 1.1 V
versus RHE.

In alkaline medium (Figure 3(b)), the ethanol solution
denatured with ETBE shows the smallest deviation from
the cyclic voltammogram in undenatured ethanol solution.
Bitrex as denaturing agent causes slight losses in current
density while fusel oil hinders the ethanol conversion again
severely.

Taking into account the results obtained above, fusel
oil was considered incompatible with the use as denaturing
agent for DEFC. Fusel oil adsorbs strongly onto platinum,
in alkaline medium it is even impossible to reestablish the
clean platinum surface by continuous potential cycling of
the working electrode in fresh base electrolyte. Furthermore,
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Figure 3: Cyclic voltammetry of ethanol and denatured ethanol solutions in 0.5 M H2SO4 (a) and 0.1 M KOH (b). 1 M ethanol + 0.24 wt.-%
ETBE (line), 1 M ethanol + 0.24 wt.-% fusel oil (dashed), and 1 M ethanol + 0.5 mg L−1 Bitrex (dotted) and 1 M ethanol (grey line). Scan
rate 50 mV s−1.

besides its poor solubility in aqueous media, fusel oil hinders
the ethanol conversion dramatically in both acidic and
alkaline environment.

ETBE on the other hand seems to be converted in acidic
and alkaline media. In both media, the cyclic voltammetry of
ETBE qualitatively resembles the one of ethanol. Compared
with pure ethanol, the current densities of an ethanol
mixture with ETBE are slightly reduced in sulphuric acid.
However, this reduction is still tolerable. In alkaline medium,
however, there seems to be no appreciable difference between
pure ethanol and the one denatured with ETBE.

In the concentration range relevant for the possible use
as denaturing agent, Bitrex seems to be almost inert in acidic
and alkaline environments. Furthermore, in acidic medium,
the ethanol conversion is not affected at all by adding Bitrex
to the ethanol solution. However, in alkaline medium the
current densities of an ethanol solution denatured with
Bitrex are somewhat reduced compared to pure ethanol.

As ETBE seems to be the only tested potential denaturing
agent which is notably converted at platinum, electrolyses
were conducted in order to learn more about its electro-
chemical reaction. A sample of the electrolyte containing the
potential denaturing agent was analysed before and after the
electrolysis with GC/MS.

Table 1 shows the main components of ETBE containing
electrolytes as identified and quantified by GC/MS.

Table 1 shows that the starting substances are clearly
reduced by the electrolyses. An accumulation of nonvolatile
products could not be detected. As main contaminants of the
technical grade ETBE, the substances ethanol, tert-butanol,
and acetaldehyde could be identified.

In order to learn more about the volatile products
of the ETBE conversion, differential electrochemical mass
spectroscopy (DEMS) was performed. As shown in Figure 4,

the volatile products detected with DEMS in acidic and
alkaline environments are almost the same as for ethanol.
Acetaldehyde and carbon dioxide can be identified. The
signal for oxygen is usually not present in the decomposition
spectrum for ethanol. However, in the case of ETBE this
signal might originate from the reduction of peroxides
present in the ETBE solution.

The fact that the cyclic voltammograms of ETBE and
the results from DEMS are very similar to those of ethanol
lead to the assumption that during the electrochemical
oxidation of ETBE its ether bond gets broken. In this case
the ethanolic fraction could be converted in the same way
as ethanol leading to similar voltammetric behaviour and
volatile products. However, the further conversion of the
remaining tert-butyric species is still unclear. As tert-butanol
is not very reactive at platinum, a conversion is at least
doubtful. On the other hand the GC/MS results do not point
to an accumulation of species to be considered.

As ETBE is a promising candidate as possible denaturing
agent for DEFC, and as Bitrex is an adjuvant to a denaturing
agent, the next step was to investigate a mixture of ETBE
and Bitrex. The advantage here is that the amount of Bitrex
that needs to be added is very low, while the amount of the
other component of the mixture of denaturing agents can be
reduced. While in case of ETBE alone 39.5 grams per litre of
ethanol are needed in order to fulfil the denaturing purpose,
the same can probably be obtained by adding 8 milligrams
of Bitrex and 1.1 grams of ETBE to a litre of ethanol. Thus,
the addition of Bitrex to ETBE has a substantial potential to
reduce the remaining adverse effects of ETBE on the ethanol
conversion by reducing its concentration in the solution.

In Figure 5, the results for ethanol solutions denatured
with a mixture of 0.24 wt.-% ETBE and 0.5 mg L−1 Bitrex are
shown.
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Figure 4: Mass spectrometric cyclic voltammograms (MSCVs) of 1 wt.-% ETBE in 0.5 M H2SO4 (a) and 0.1 M KOH (b). Mass fragments
and assignment of substances as indicated in the graphs. Scan rate 10 mV s−1, flow rate 2.4 mL min−1.
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Figure 5: Cyclic voltammetry of ethanol solutions containing a mixture of ETBE and Bitrex in 0.5 M H2SO4 (a) and 0.1 M KOH (b). 1 M
ethanol (line) and 1 M ethanol + 0.24 wt.-% ETBE/0.5 mg L−1 Bitrex (dashed). Scan rate 50 mV s−1.
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Table 1: Results of the GC/MS analysis of samples containing 1 wt.-% ETBE before and after the electrolysis at 0.7 V versus RHE in acidic
and alkaline electrolytes.

Electrolyte 0,5 M H2SO4 0,5 M H2SO4 0,1 M KOH 0,1 M KOH

Electrolysis time — 1,5 h — 24 h

Charge — 4,2 mC — 110 mC

ETBE mg kg−1 12512 13 10715 2

Ethanol mg kg−1 1077 536 517 340

tert-butanol mg kg−1 1054 239 223 84

Acetaldehyde mg kg−1 44 21 21 < 1

i-butanol mg kg−1 16 <1 <1 <1

Methanol mg kg−1 <1 <1 <1 <1

3-Methyl-1-butanol mg kg−1 <1 <1 <1 <1

2-Methyl-1-butanol mg kg−1 <1 <1 <1 <1

Compared with the cyclic voltammograms in Figure 3,
there is no serious difference. This means that the addition
of 0.5 mg L−1 Bitrex to the ETBE has no significant negative
influence on the electrochemical reactions at platinum.

As the mixture of ETBE and Bitrex still has the potential
of reducing the ETBE content, it was also tested at real fuel
cell catalysts instead of pure platinum. For the acidic medium
a PtSn catalyst from BASF (PtSn/C 40%, BASF Fuel Cells
Inc.) was chosen, while in alkaline medium a platinum-free
catalyst on the basis of palladium, cobalt and iron from
Acta was employed (Hypermec3, Acta S.p.A.). The respective
catalysts were applied to an inert titanium support electrode.
In the acidic medium Nafion served as binder, in alkaline
environment Teflon was applied.

Figure 6 shows the results in sulphuric acid and potas-
sium hydroxide solution.

At the PtSn catalyst, the performance of the denatured
ethanol solution is slightly worse compared to pure ethanol.
However, at the platinum-free Acta catalyst, there is almost
no difference between pure and denatured ethanol solutions.
Only the onset of the oxidation reaction in the anodic
potential sweep is slightly delayed.

Figure 7 shows the fuel cell tests in acidic and alkaline
environments with ethanol and ethanol denatured with
ETBE and Bitrex.

It is very interesting to see that the power density in
the acidic fuel cell fed with denatured ethanol is even
higher for low current densities than with pure ethanol as
fuel. This could not be expected from the electrochemical
measurements at the PtSn catalyst. However, the fuel cell
was equipped with a PtSn + PtRu catalyst which obviously
enhances the oxidation of the denatured ethanol solution.
Pure ethanol can outperform denatured ethanol as fuel only
near the peak power density region.

In general, the performance of 9 mW cm−2 for an acidic
direct ethanol fuel cell with a PtSn + PtRu anode is not as
good as reported in [8]. However, the about ten times higher
performance in [8] was achieved at 90◦C in an optimized
system with a metal loading at the anode of 7 mg cm−2 and
a platinum cathode (3.7 mg cm−2) supplied by pure oxygen
at a pressure of 0.2 MPa. Furthermore, a higher ethanol
concentration of 1.5 mol was used in [8]. Especially the lower

metal loading at the anode, the use of air instead of pure
oxygen at the cathode side, as well as the operation with
ambient cathode back pressure, instead of 0.2 MPa cathode
back pressure and the lower temperature of 50◦C may explain
the differences in the performance reported in Figure 7(a).

In [9], a current density of approximately 30 mA cm−2 at
0.3 V is reported for an alkaline membrane fuel cell equipped
with Acta Hypermec anode and cathode supplied by 1 M
ethanol in 1 M potassium hydroxide solution at the anode
and 100 sccm oxygen at the cathode at a temperature of
40◦C. This performance is comparable to the approximately
35 mA cm−2 at 0.3 V for the alkaline fuel cell running on pure
ethanol as described in Figure 7(b).

In alkaline environment, the performance of the fuel cell
fed with denatured ethanol is lower than for the fuel cell
fed with pure ethanol. However, the peak power density is
only lowered by approximately 10%, and at lower current
densities the difference is even smaller.

4. Conclusion

In this study, three substances have been tested towards their
use as denaturing agents in direct ethanol fuel cells.

The first substance fusel oil is a waste product of
the bioethanol distillation, thus it would be economically
attractive to turn it into a valuable side-product by using
it as denaturing agent. However, fusel oil adsorbs strongly
and in alkaline medium even irreversibly onto the platinum
surface, thereby lowering the current densities for the ethanol
oxidation tremendously. As fusel oil is furthermore only
poorly soluble in aqueous media, it turned out to be
incompatible with the use as denaturing agent in DEFC.

Tert-butyl ethyl ether (ETBE) is already approved as
denaturing agent in the EU. Furthermore, its chemical
structure has some similarities with the one of ethanol. While
in acidic environment the current densities obtained with
ethanol denatured by ETBE are slightly smaller compared to
pure ethanol, especially in alkaline medium, the differences
between denatured and pure ethanol are insignificant. The
shape of the cyclic voltammograms thereby resembles the
one for ethanol. GC/MS analysis and DEMS show that ETBE
can be oxidised at platinum. Particularly with DEMS, it could
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Figure 6: Cyclic voltammetry of ethanol solutions containing a mixture of ETBE and Bitrex at a PtSn catalyst in 0.5 M H2SO4 (a) and at
a PdCoFe catalyst in 0.1 M KOH (b). Base electrolyte (line), 1 M ethanol (dashed), and 1 M ethanol + 0.24 wt.-% ETBE /0.5 mg L−1 Bitrex
(dotted). Scan rate 50 mV s−1.
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Figure 7: Fuel cell tests of pure ethanol (grey), ethanol solutions containing a mixture of ETBE and Bitrex (black) in acidic (a) and alkaline
environment, (b). (a) PtSn + PtRu anode (3.68 mg metal cm−2), Nafion 115 membrane, and PtCo cathode (2.67 mg metal cm−2). 1 mL min−1

aqueous 1 M ethanol, 1.4 L min−1 air, 50◦C. (b) Acta Hypermec3 anode, Fumasep FAA membrane and Acta Hypermec cathode. 1 mL min−1

10% ethanol + 10% KOH, 250 mL min−1 air, 50◦C.

be shown that the volatile reaction products of ETBE are
almost the same as for ethanol, indicating the scission of the
ether bond in the ETBE molecule.

Denatonium benzoate (Bitrex) is a widespread adjuvant
to a denaturing agent. It could be shown, that in the intended
concentrations Bitrex behaves almost inert in acidic and
alkaline environment. As the taste of Bitrex is extremely
bitter, only very small amounts of Bitrex are needed for the
purpose of denaturing. Adding Bitrex as adjuvant to another
denaturing agent offers the possibility to lower the content of
that denaturing agent. So with the perspective of lowering the
ETBE concentration and thereby omitting its adverse effects

on the ethanol oxidation especially in acidic environment, a
mixture of ETBE and Bitrex was tested.

Ethanol denatured with the mixture of ETBE and Bitrex
behaves in the same way as ethanol denatured with just ETBE
does. Thus, the addition of Bitrex to ETBE has no negative
effect on the electrochemical reactions. Investigations at
commercial fuel cell catalysts and in single cell fuel cells
reveal that the effects on the performance depend strongly on
the catalyst used. For low current densities, an acidic fuel cell
with a PtSn + PtRu anode fed with ethanol denatured by a
mixture of ETBE and Bitrex could even outperform the same
fuel cell configuration running on pure ethanol as fuel. On
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the other hand, the performance loss at peak power density
in an alkaline fuel cell fed with denatured ethanol was shown
to be about 10%.

Taking into account the presented results it can prin-
cipally be stated that the mixture of ETBE and Bitrex is a
promising candidate as denaturing agent for ethanol as fuel
for DEFC. This applies to the acidic medium as well as to
the alkaline environment. However, the exact composition of
such a mixture of denaturing agents needs to be investigated
in cooperation with the customs authorities. Therefore,
more work especially in fuel cell testing under standardised
conditions needs to be done.
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A novel design for an ethanol injection system has been proposed, which consists of one pump chamber, two valves, and one
central-vibrating piezoelectric device. The system uses a microdiaphragm pump with a piezoelectric device for microdirect alcohol
fuel cells. The diameters of the pump chamber are 31 mm and 23 mm, and the depths of the chamber are 1 mm and 2 mm. When
the piezoelectric device actuates for changing pump chamber volume, the valves will be opened/closed, and the ethanol will be
delivered into DAFC system due to the pressure variation. The chamber dimensions, vibrating frequencies of the piezoelectric
device, and valve thickness are used as important parameters for the performance of the novel ethanol injection system. The
experimental results show that the ethanol flow rate can reach 170 mL/min at a vibrating frequency of 75 Hz. In addition, the
ethanol flow rate is higher than the water flow rate.

1. Introduction

During the past 10 years, there has been an increasing interest
in the development of direct alcohol/air proton exchange
membrane fuel cells (PEMFCs), particularly for applications
of the electric vehicle. Low-temperature PEMFCss fueled
directly by liquid fuels are gaining more and more attention
for their large potential application for fuel cell vehicles, sta-
tionary applications, and portable power sources. Operation
on liquid fuels without the external bulky fuel-reforming
system could greatly simplify the fuel cell system, therefore
would result in its rapid commercialization.

DAFCs generate electricity through the direct oxidation
of a liquid alcohol fuel in conjunction with the reduction of
oxygen (in air). Most DAFCs use a proton-exchange mem-
brane (PEM) as the electrolyte, which makes them a subset
of PEMFCs technology. The fuels used in DAFCs include
methanol, ethanol, ethylene glycol, and n-propane, among
which methanol has the highest electrochemical kinetics.
Direct methanol fuel cells (DMFCs) have been extensively
investigated, and a significant progress has been made in
the development of this type of fuel cell. As compared with
methanol, ethanol is more environmental friendly and can

be easily mass-produced in large quantities using sugar-con-
taining raw materials from agriculture or biomass. Hence,
DAFCs have recently received increased attention.

DAFCs possess a wide spectrum of advantages as com-
pared with PEMFCss that use hydrogen as fuel. As shown in
Table 1 [1], the theoretical energy conversion efficiency of all
DAFCs exceeds 90%, which is higher than that of PEMFCss
(83%). More importantly, Table 1 shows that liquid alcohols
have a much higher volumetric energy density than the
hydrogen does. Hence, DAFCs require much smaller fuel
cartridges, thus, can be more compact. In addition, DAFCs
are easily handled, transported, and stored. Unlike hydrogen-
fed PEMFCss, DAFCs do not need humidification and
separate thermal management ancillary systems. All these
features make DAFCs particularly suitable for portable and
mobile applications.

Micropumps have many different applications, such as
heat dissipation of electronic devices, liquid delivery systems,
and fuel injection. In addition, there are many methods
for actuating the micropump, such as electromagnetic,
piezoelectric, shape memory alloy, electrostatic, and thermo-
pneumatic devices [2–12]. Olsson et al. [13–15] utilized
computational fluid dynamics (CFD) to analyze the flow
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Table 1: The characteristics of different fuel cell.

Fuel cell Fuel/oxidant Mw (g/mol) n E◦(V) Esp (Wh mL−1) η (%)

PEMFCs H2(g)/O2 2.01 2 1.23 2.95 83

DMFC CH3OH(l)/O2 32.04 6 1.21 6.073 97

DEFC C2H5OH(l)/O2 46.07 12 1.15 8.028 97

DEGFC C2H6O2(l)/O2 62.07 10 1.22 5.268 99

DP1FC CH3CH2CH3OH(l)/O2 60.10 18 1.13 9.070 97

DP2FC CH3CH(OH)CH3(l)/O2 60.10 18 1.12 8.99 97

fields of different diffusers and nozzles and proposed the
lumped-mass model to describe the relationship between
the diaphragm and pressure variation. Yang et al. [16] con-
structed a micropump with a novel bimorph actuation
structure that can feed air into DMFCs. Their results
showed that the air diaphragm pump worked at a flow
rate of 85.3 mL/min at low power consumption (below 20
volts). Ma et al. [17, 18] presented a one-side actuating
microdiaphragm pump with a piezoelectric (PZT) device;
it was successfully developed by making use of harmonic
resonance of the working liquids with other system com-
ponents (valve and diaphragm) in the pump chamber. This
one-side micropump has also been improved to 250 mL of
water per minute and has the advantages of its high flow
rate, simple structure, low power demand, and small size.
Zhang and Wang [19] proposed a valveless micro pump for
fuel delivery in DMFC devices and suggested that the large
driving frequency may decrease the power consumption of
the micropump.

Previous studies showed that the air-breathing piezoelec-
tric proton exchange membrane fuel cell (PZT-PEMFCs) can
feed air into the cathode channel through a gas pump with
a piezoelectric actuation structure [20–24]. This design could
solve the water flooding problem and increase cell efficiency.
Also, a transitional three-dimensional model is employed to
calculate the rib effect on the performance of PEMFCs at
different PZT vibrating frequencies. In this study, a novel
fuel injection system was designed using a microdiaphragm
pump with a piezoelectric device to pump ethanol to a fuel
cell. Both ethanol and water were chosen as the working
fluids in the experimental study of the fuel injection system
performance. The optimal operating parameters include
chamber diameter, chamber depth, valve thickness, and PZT
vibrating frequency.

2. Mechanisms of Fuel Injection System

A novel fuel injection system using a microdiaphragm pump
with a piezoelectric device which shown in Figure 1 was
designed for pumping fuel to a DAFC. The fuel injection
pump consists of one pump chamber, two valves, and one
central-vibrating piezoelectric device. Figure 2 indicates an
exploded view of the fuel injection pump, which shows
the chamber diameter, chamber depth, and valve thickness.
When the actuator is moving outward, the volume of the
chamber increases, and the ethanol is sucked into the cham-
ber. On the other hand, when the actuator is moving inward,

the volume of the chamber is decreased, and the ethanol is
delivered to the DAFC.

The driving force of working fluid is actuated by the PZT
device. Therefore, the inlet velocity in the chamber is driven
by PZT vibrations. The equation of PZT motion is assumed
to be the sine function shown in (1):

�VPZT = d

dt

{
amp.× sin

(
2π f t

)}
. (1)

Also, the inflow and outflow periods in the channel induced
by the sine function are shown in Figure 2. The inlet liquid
flow rate can be expressed by the Reynolds Transport Theo-
rem as

DM

Dt
= D

(
ρ∀)
Dt

= ∂

∂t

∫
C∀

ρd∀ +
∫

CS,PZT
ρ�VPZT · �ndA

+
∫

CS,in
ρ�Vin · �ndA = 0.

(2)

Therefore, the inlet velocity can be determined by (2). Ac-
cording the oscillation function of pump’s piezoelectric
device

Finput − Fd = m
d2zpzt

dt2
+ kzpzt, (3)

zpzt is the displacement of piezoelectric device, and m is the
oscillating fluid mass. k is coefficient of elasticity. When the
input strength of piezoelectric device is fixed, the vibrating
mass will decrease and the acceleration of the piezoelectric
device oscillation will increase. In addition, the chamber
volume will decrease, which implies that the required
driving fluid quantity for piezoelectric device deformation
will decrease, and can provide bigger deformation. When zpzt

is increased, it will lift the net productive flow from pump,
in addition, decreasing the pump volume can increase the
performance of flow.

In the valve analysis, the passive check valve, which is
made of PDMS, is an important device in the design of
fuel injection system. The passive check valve decides the
performance of the fuel injection system. PDMS is an elastic
structural element that can be expressed as a spring motion
to store and release energy. When the valve operates in the
fluid, the valve’s motion will be influenced by the drag force.
The performance of fuel injection system can be improved



International Journal of Electrochemistry 3

Check valve Check valve

Fuel inject
system

Ethanol
evaporator SOFCEthanol

tank

Figure 1: The diagram of the fuel injection system.
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Figure 2: Assembled fuel injection system and exploded view.

Table 2: The design parameters of pump chamber.

Dimensionless
depth (H/D)

Chamber
depth (H)

Valve thickness

Case A-1 1/31 1 mm 0.2 mm

Case A-2 1/31 1 mm 0.5 mm

Case B-1 2/31 2 mm 0.2 mm

Case B-2 2/31 2 mm 0.5 mm

Case C-1 1/23 1 mm 0.2 mm

Case C-2 1/23 1 mm 0.5 mm

Case D-1 2/23 2 mm 0.2 mm

Case D-2 2/23 2 mm 0.5 mm

when the motions of the actuator and valves match well; thus,
the valve’s response plays an important role in the control
system. The drag coefficient is affected by the shape and
thickness of the valves [17].

The vibrating amplitude of a piezoelectric device pro-
duces an oscillating flow and alters the chamber volume
by changing the curvature of the diaphragm. In Figure 3,
when the actuator moves downward to decrease the chamber
volume, the outflow will be in one direction with the inlet
valve closed and the outlet valve open. When the actuator
moves upward to increase the chamber volume, the inflow
will be into the chamber with the inlet valve open and the
outlet valve closed. The flow field may be disturbed if the
valves are not harmonically oscillating with the PZT device.
Improper valve functioning may cause the inlet valve to close
and stop the working fluid from flowing into the chamber
when the PZT device moves outward.

The definition of Reynolds number is

Re = ρVD

μ
, (4)

where V = (mass flow rate)/(chamber cross-section area).

3. Experiment Setup

The fuel/ethanol injection system with a piezoelectric device
is driven by an alternating sine-wave input. The input signal
is controlled by a function generator. A sine-wave signal
shown in Figure 4 is sent by the function generator to the
piezoelectric device through the amplifier to amplify the
signal. The flow rate data are recorded to analyze the fuel
injection performance under a different input frequency and
backpressure. The parameters of operating cases, as shown
in Table 2, include dimensionless chamber depth and valve
thickness. The operation alternative voltage of the piezoelec-
tric device is chosen at 50 V, and the vibrating frequency
of the piezoelectric device is shifted from 1 Hz to 350 Hz.
The flow rate data are recorded to analyze the fuel injection
performance under different frequencies. The flow chart of
the experiment is shown in Figure 5.

4. Results and Discussion

4.1. Different Working Fluids. The measured flow rates of
water and ethanol are shown in Figure 6. Obviously, the
ethanol has a higher flow rate than water. In the case of
C-1, the maximum ethanol flow rate was 162 mL/min at
f = 60 Hz, but the maximum water flow rate was only
87 mL/min at f = 125 Hz. In a similar trend, the maximum
Reynolds number of ethanol is 569 at f = 60 Hz, which is
higher than the maximum Reynolds number of water at the
same frequency, 459. This is because the ethanol has a smaller
viscosity effect than water. The range of the Reynolds number
in this study is 21 to 569, and the flow can be regarded as the
laminar flow.
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Figure 3: Actuating mechanisms in an ethanol injection system. (a) Sucked working fluid into the chamber. (b) Exhausted working fluid
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Figure 5: The flow chart of fuel injection system.

When the PZT vibrating frequency exceeded 100 Hz,
the limited ethanol flow rates were measured. However, the
limited water flow rates were measured when the PZT
vibrating frequency was over 300 Hz. In Figure 7, the valve
thickness has a significant effect on the flow rate. The major
reason is that the valve thickness alters the vibration of the
valve and causes a different flow rate. The results also show
that the maximum ethanol flow rate (170 mL/min) is found
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Figure 6: Measured flow rate under different frequency with
different working fluids. (Case C-1).

in the thicker valve, 0.5 mm. In addition, the flow rates of
water crashed under 0.2 mm valve thickness around PZT =
75 Hz.

4.2. Effect of Valve Thickness. In Figures 8 and 9, the maxi-
mum Reynolds number for water and ethanol are 697 and
597, respectively. Ratio of T/H is defined as a dimensionless
parameter. Both of the maximum Reynolds numbers are
found in large T/H value = 0.25. For low T/H value = 0.10,
the Reynolds numbers are lowest at low PZT frequencies in
both working fluids. Thus, the valve thickness is one of the
important parameters in the fuel injection system.

4.3. Effect of Dimensionless Chamber Depth. Figures 10 and
11 indicate that the maximum Reynolds numbers of ethanol
and water are found in smaller H/D value = 0.043, at the
higher PZT frequencies. The maximum Reynolds numbers
are 569 and 459 in ethanol and water, respectively. For higher
H/D values, 0.065 and 0.087, both of the Reynolds numbers
are significantly low at low PZT frequencies. Therefore,
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Figure 8: The Reynolds number of ethanol flow under different
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the chamber depth is one of the most important parameters
in the chamber design.

However, the maximum ethanol flow rate is larger than
that of the water regardless of the chamber depth, as shown
in Figure 12. Moreover, the maximum ethanol flow rate is
162 mL/min at f = 60 Hz in the case C-1. Then, the ethanol
flow rate has a sharp drop to 76 mL/min when the PZT
vibrating frequency reaches 65 Hz. On the other hand, the
maximum water flow rate is 87 mL/min at f = 125 Hz in the
case C-1. However, the water flow rate shows a slow drop to
27 mL/min at the higher frequency of 310 Hz.
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Figure 9: The Reynolds number of water flow under different T/H
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4.4. Required Power of Ethanol Supply Piezoelectric (PZT)
Pump. The flow rate is depended on the PZT vibration.
Based on (1), the PZT vibration is assumed to be the sine
function. When the maximum ethanol flow rate is 162 mL/
min at f = 60 Hz and 50 volts, the power consumption is
0.675 W. Thus, the microdirect alcohol fuel cells with power
output larger than 0.675 W is suitable for the PZT device in
this case.

5. Conclusions

The novel design of an ethanol injection system by using
a microdiaphragm pump with a piezoelectric device has been
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successfully developed and tested. The major conclusions are
summarized below.

(1) The ethanol has a higher flow rate than water. In
the case C-1, the maximum ethanol flow rate was
162 mL/min at f = 60 Hz, but the maximum water
flow rate was only 87 mL/min at f = 125 Hz.

(2) The valve thickness has a significant effect on the flow
rate. The maximum ethanol flow rate, 170 mL/min,

was found in the thicker valve (T/H = 0.25) at f =
75 Hz.

(3) The chamber depth is one of the most important
parameters in the chamber design. The maximum
ethanol flow rate was 162 mL/min in the shallow
depth (H/D = 0.043) at f = 60 Hz.

(4) The maximum water flow rate was 132 mL/min in the
Case D-2 chamber with the PZT vibrating frequency
of 45 Hz.

(5) When the maximum ethanol flow rate is 162 mL/ min
at f = 60 Hz and 50 volts, the power consumption is
0.675 W.

Nomenclature

Ain: Inlet area (m2)
APZT: Piezoelectric area (m2)
amp.: Amplitude of PZT (m)
D: Chamber diameter (m)
f : Frequency of PZT (Hz)
H: Chamber depth (m)
P: Pressure (N/m2)
Re: Reynolds number
t: Time (s)
T: Valve thickness (m)
VPZT: Motion equation of the piezoelectric device (m/s)
∀: Volume (m3)
M: Mass (Kg)
Mw: Molecular weight (g/mol)
n: Normal direction
n: Transport electricity’s number
ρ: Density (Kg/m3).

Subscript

CS: Control surface
CV: Control volume
In: Inlet
PZT: Piezoelectric device
μ: Viscosity.
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This study presents an improved TSR model for Direct Methanol Fuel Cell (DMFC) with mass and energy balance equations
taking into account gas evolution in the anode channels. The TSR model includes a modified charge balance equation suitable for
potentiostatic fuel cell operation mode. Polarization curves calculated with the improved TSR model agree with experimental data
from the literature. The developed TSR model is able to approximate two-dimensional concentration, temperature, and current
density profiles in DMFC with parallel flow field.

1. Introduction

The direct methanol fuel cell is a potential energy source
to replace batteries for portable electronics. The main
attractive features of DMFC include high energy density
and nearly zero recharge time. Numerous 1D and 3D
models are available for DMFC in the literature. Kulikovsky
presented a 1D isothermal model for DMFC [1]. Murgia
et al. developed 1D multicomponent steady-state isothermal
model for liquid-feed DMFC [2]. Hyun et al. predicted
the DMFC performance for different anode flow field
designs using computational simulations [3]. Danilov et
al. developed the two-phase model with a submodel for
interphase transfer. They used CFD-based DMFC model to
visualize and analyze the gas evolution and flow patterns in
the anode channels [4–6]. In contrast to the CFD technique
with highly complex process description, lumped parameter
models with a reactor network are computationally fast,
approximating flow patterns and concentration profiles in
fuel cells. Sundmacher et al. [7–10] developed CSTR and
TSR models for DMFC operating in galvanostatic mode.
They used a tank in series reactor model to investigate
the influence of the anode flow fields on the steady-state

and dynamic behavior of DMFC with parallel, spot, and
rhomboidal designs. Our previous studies focused on TSR
model development for solid oxide fuel cells [11, 12]. The
objective of this research is to modify this TSR model for
DMFC operating in potentiostatic mode.

2. Model Formulation

2.1. TSR Model for Cocurrent Flow DMFC. Fuel and oxidant
flow inside the fuel cell with parallel channels can be
approximated as a reactor network complying with a tank
in series model. Figure 1 illustrates the application of a tank
in series reactor (TSR) model for cocurrent flow mode in a
planar fuel cell with parallel flow field design.

The developed TSR model for DMFC is based on the
following assumptions.

(i) Each anode and cathode compartment is treated as a
TSR.

(ii) Electrochemical reactions occur at the electrode/
membrane interfaces.

(iii) Fuel cell operates under the potentiostatic operating
mode and constant pressure.
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Figure 1: TSR model for cocurrent flow DMFC.

(iv) Negligible contact resistances between components.

(v) Negligible evaporation and condensation in cathode
channels.

(vi) Uniform distribution of fuel and oxidant in channels.

Balance equations are composed for channel compartment
and catalyst layer in each tank. For fuel cells with cocurrent
flow mode, the mass balance equations for the anode and
cathode channels are written as follows:

VA
i, j

dC(k)
A,i, j

dt
=C(k)

A,i, j−1F
A
i, j−1 − C(k)

i, j F
A
L,i, j −N (k)

A,i, j ,

k =MeOH, CO2, H2O,

VC
i, j

dC(k)
C,i, j

dt
=C(k)

C,i, j−1F
C
i, j−1 − C(k)

C,i, jF
C
i, j −N (k)

C,i, j ,

k = O2, H2O, N2.

(1)

Gas evolution in the anode channels is defined by the
following balance equation for the gas phase:

VA
i, j

dϕAG,i, j

dt
= ϕAG,i, j−1F

A
i, j−1 − ϕAG,i, jF

A
i, j −

rAdesorp,i, j

ρAmol,L

, (2)

In cocurrent flow mode, the fuel and oxidant outgoing
streams from tank i, j − 1, are the inlet streams into tank i, j.
Therefore, the inlet flow rate for each tank depends on the
outgoing flow rate of the previous tank:

FAi, j =FAi, j−1 −
(
NMeOH
A,i, j +NCO2

A,i, j +NH2O
A,i, j

)
(
CMeOH
A,i, j + CCO2

A,i, j + CH2O
A,i, j

) ,

FCi, j =FCi, j−1 −
(
NO2
C,i, j +NH2O

C,i, j

)
(
CO2
C,i, j + CH2O

C,i, j + CN2
C,i, j

) ,

(3)

Here VA
i, j , V

C
i, j represent the volume of anode and cathode

channels in tank (i, j), VA
i, j = VA/(ninj), VC

i, j = VC/(ninj);
Si, j electrode area in tank (i, j), Si, j = Scell/(ninj).

Component balance equations for the anode and cathode
catalyst layers reflect changes due to consumption and
production of species via reaction and mass transfer:

VA
cat,i, j

dC(k)
A,cat,i, j

dt
= N (k)

A,i, j − r(k)
A,i, j , k =MeOH, CO2, H2O,

(4)

VC
cat,i, j

dC(k)
C,cat,i, j

dt
= N (k)

C,i, j − r(k)
C,i, j , k = O2, H2O. (5)

Here VC
cat,i, j , V

A
cat,i, j correspond to the volume of anode and

cathode catalyst layer in tank (i, j), VC
cat,i, j = VC

cat/(ninj),

VA
cat,i, j = VA

cat/(ninj).
The energy balances for the channels and the MEA

structure in tank i, j are written as follows:

VA
i, jρ

A
mol,LC

A
p,L

dTA
L,i, j

dt

=
(
ρAmol,LF

A
i, j−1Δh

A
L,i, j−1 − ρAmol,LF

A
i, jΔh

A
L,i, j

)

+ qAL,i, j + qAcoll,i, j ,

(6)

VC
G,i, jρ

C
mol,GC

C
p,G

dTC
G,i, j

dt

=
(
ρCmol,GF

C
i, j−1Δh

C
G,i, j−1 − ρCmol,GF

C
i, jΔh

C
G,i, j

)

+ qCG,i, j + qCcoll,i, j ,

(7)

VS
i, jρC

S
p

dTS
i, j

dt
= qSi, j − qAL,i, j − qCG,i, j . (8)

Here qCG,i, j , q
A
L,i, j represent the convective heat transferred

from the MEA to the channel in tank i, j; qCcoll,i, j , q
A
coll,i, j

represent heat source due to heat transfer from channel to
the collector; qSi, j represents the heat generation in MEA in
tank i, j.

The charge balance equations for anode and cathode
electrode/membrane interfaces are given by

CAdl
dηAi, j
dt

=Icell
i, j − IAi, j ,

CCdl
dηCi, j
dt

=− Icell
i, j −

(
ICi, j + I

par
i, j

)
.

(9)

For j = 1 tanks, representing the inlet sections of the
anode and cathode channels, we obtain the following balance
equations:

VA
i,1

dC(k)
A,i,1

dt
=C(k)

A,i,inF
A
i,in − C(k)

A,i,1F
A
i,1 −N (k)

A,i,1,

k =MeOH, CO2, H2O,

(10)
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VC
i,1

dC(k)
C,i,1

dt
=C(k)

C,i,inF
C
i,in − C(k)

C,i,1F
C
i,1 −N (k)

C,i,1,

k = O2, H2O, N2,

(11)

VA
i,1

dϕAG,i,1

dt
=ϕAG,i,inF

A
i,in − ϕAG,i,1F

A
i,1 −

rAdesorp,i,1

ρAmol,L

, (12)

FAi,1 =FAi,in −
(
NMeOH
A,i,1 +NCO2

A,i,1 +NH2O
A,i,1

)
(
CMeOH
A,i,1 + CCO2

A,i,1 + CH2O
A,i,1

) , (13)

FCi,1 =FCi,in −
(
NO2
C,i,1 +NH2O

C,i,1

)
(
CO2
C,i,1 + CH2O

C,i,1 + CN2
C,i,1

) , (14)

where FAi,in = FAin/ni is the inlet anode volumetric flow rate
for (i, j) tank with j = 1; FCi,in = FCin/ni is the inlet cathode
volumetric flow rate for (i, j) tank with j = 1.

For j = nj tanks, corresponding to the outlet section
of fuel and oxidant gas channels, we define mean outlet
variables as follows:

FAout =
ni∑
i=1

FAi,nj , CMeOH
out =

∑ni
i=1 C

MeOH
A,i,nj F

A
i,nj

FAout
,

TA
L,out =

∑ni
i=1 T

A
L,i,nj F

A
i,nj

FAout
, FCout =

ni∑
i=1

FCi,nj ,

CO2
out =

∑ni
i=1 C

O2
C,i,nj F

C
i,nj

FCout
, TC

G,out =
∑ni

i=1 T
C
G,i,nj F

C
i,nj

FCout
.

(15)

The developed mathematical model includes the following
phenomena:

(i) electrochemical oxidation of methanol at the anode
electrode/membrane interface,

(ii) electrochemical reduction of oxygen at the cathode
electrode/membrane interface,

(iii) charge balances at anode and cathode electrode/
membrane interfaces,

(iv) energy balances in gas channels and in MEA.

2.2. The Electrochemistry Submodel

2.2.1. Electrode Current. The rate of electrochemical reac-
tions is defined by Butler-Volmer equation. The anode
reaction rate is

IAi, j =IA0
⎛
⎝CMeOH

cat,i, j

CMeOH
ref

⎞
⎠

0.5

×
[

exp

(
αAAF

RTi, j

(
ηAi, j − ηAeq

))

− exp

(
− αACF

RTi, j

(
ηAi, j − ηAeq

))]
,

(16)

where IA0 is the anode exchange current density.

The cathode reaction rate is

ICi, j =IC0
CO2

cat,i, j

CO2
ref

[
exp

(
αCAF

RTi, j

(
ηCi, j − ηCeq

))

− exp

(
− αCCF

RTi, j

(
ηCi, j − ηCeq

))]
,

(17)

where IC0 is the cathode exchange current density.
Parasitic current is calculated as methanol molar flux

from anode catalyst layer to cathode catalyst layer with a
linear profile in the membrane:

I
par
i, j = nAe F

DMeOH
m

δm

(
CMeOH
A,cat,i, j − 0

)
. (18)

Source terms in the component balance equations reflect
changes due to the consumption or production of species via
reaction or mass transfer. For component balance equations
in anode catalyst layer (4), the rate of electrochemical
reaction is given by

rMeOH
A,i, j =Si, j ν

MeOH

nAe F
IAi, j ,

rCO2
A,i, j =Si, j

νCO2

nAe F
IAi, j ,

rH2O
A,i, j =Si, j

νH2O

nAe F

(
IAi, j
)
− Si, jnd,i, j

IAi, j
F

,

(19)

where nd,i, j represents the electro-osmotic drag coefficient.
For balance equations in cathode catalyst layer (5), the

rate of electrochemical reaction is

rO2
C,i, j = Si, j

νO2

nCe F

∣∣∣ICi, j
∣∣∣, (20)

The source term for water on the cathode side includes
electrochemical reaction and transfer from anode side

rH2O
C,i, j = Si, j

νH2O

nCe F

∣∣∣ICi, j
∣∣∣ + Si, jnd,i, j

∣∣∣IC
i, j

∣∣∣
F

, (21)

An empirical equation for calculating electro-osmotic drag
coefficient nd is taken from Ren et al. [13]. For the inert
nitrogen component, the corresponding source term is equal
to zero (rN2

C,i, j = 0).

2.2.2. Electrolyte Current. For fuel cells operating under
potentiostatic mode (Ecell = const), the current density
in PEM electrolyte media is estimated from the voltage
equation:

Icell
i, j =

(
EOCV
i, j − Ecell − ηAact,i, j + ηC

act,i, j

)

ROhmic
i, j

, (22)

where ηAact,i, j is the anode activation overpotential, ηAact,i, j =
ηAi, j − ηAeq; ηCact,i, j is the cathode activation overpotential,
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ηCact,i, j = ηCi, j − ηCeq; ηAeq, ηCeq is the anodic and cathodic

equilibrium potential differences; ηAi, j , η
C
i, j is the anode and

cathode potential differences at the electrode/membrane
interfaces; ROhmic

i, j is the ohmic resistance.
As shown in Appendix B, voltage (22) is applicable for

calculating the current in PEM under a linear membrane
phase potential profile. Membrane conductivity is given by
the following empirical relation [14]:

σm = (0.0005139Cm − 0.000326) exp
(

1268
(

1
303

− 1
T

))
.

(23)

2.3. Heat Transfer Submodel. The source terms in energy
balance equations for anode (6) and cathode channels (7) are
defined as follows:

qAi, j =αASi, j
(
TS
i, j − TA

i, j

)
, (24)

qCi, j =αCSi, j
(
TS
i, j − TC

i, j

)
. (25)

The source term in energy balance equation (8) for MEA is

qSi, j =δmSi, jROhmic
i, j

(
Icell
i, j

)2 − ΔHRN
H2O
C,i, j + Si, jEcellI

cell
i, j

+

⎛
⎝Si, jαC +

∑
k

C(k)
p N (k)

C,i, j

⎞
⎠(TC

i, j − TS
i, j

)

+

⎛
⎝Si, jαA +

∑
k

C(k)
p N (k)

A,i, j

⎞
⎠(TA

i, j − TS
i, j

)
.

(26)

Additional source terms in energy equations (6) and (7) take
into account heat transfer from channels to the anode and
cathode collectors

qAcoll,i, j =αAcollSi, j
(
Tcoll − TA

i, j

)
, (27)

qCcoll,i, j =αCcollSi, j
(
Tcoll − TC

i, j

)
. (28)

Convective heat transfer coefficients αC and αA are calculated
from empirical correlations for laminar heat transfer in
channels. Heat transfer coefficients αcoll are found by a
technique proposed by Siegel et al. [15].

2.4. Mass Transfer Submodel. Component molar fluxes for
species on the cathode side are defined by mass transfer in
gas phase:

N (k)
i, j = Si, jρmol,Gβ

(k)
G,eff

(
y(k)
i, j − y(k)

cat,i, j

)
, k = O2, H2O,

(29)

where β(k)
G,eff is the effective mass transfer coefficient in gas

phase for k component; y(k)
i, j ,y(k)

cat,i, j are mole fraction of k
component in (i, j) tank in channel and catalyst surface,
respectively.

The multicomponent mixture in gas phase includes
carbon dioxide, methanol and water in equilibrium with

the liquid phase. Component molar fluxes for species on the
anode side are defined by mass transfer in liquid phase:

N (k)
i, j =Si, jρmol,Lβ

(k)
L,eff

(
x(k)
i, j − x(k)

cat,i, j

)
,

k =MeOH, CO2, H2O.
(30)

2.5. Gas Evolution. Gas evolution results from interphase
mass transfer of carbon dioxide in the anode channels. The
source term in balance equation for gas phase (2) describes
the rate of desorption and absorption processes in the anode
channels. The conventional submodel for estimating the
source term is based on mass transfer equation

rdesorp,i, j = Si, jkVρmol,G

(
yCO2
i, j − yCO2

sat,i, j

)
, (31)

where kV is an empirical volumetric mass transfer coefficient.
It is generally assumed that the multicomponent gas

phase is in equilibrium with the liquid phase. Using the
equilibrium condition, Danilov et al. [4–6] proposed the
following equation for estimating the source term in anode
channels:

rdesorp,i, j = γ
(
ψ + rCO2

A,i, j

)
, (32)

where γ is the splitting factor; ψ is the coefficient. The
derivation of the auxiliary equation for coefficient ψ is given
in [4–6]. The local splitting factor γ is found from solving
the equilibrium flash equation [4–6]. It should be noted that
new submodel (32) corresponds to an equilibrium model of
multicomponent mass transfer between liquid and gas in the
anode channels [4–6].

According to the physical meaning of the mass balance
equations, molar component concentration is defined as
mixture concentrations for gas-liquid flow in channels.
Component mole fraction in liquid phase (x(k)) can be
expressed through mixture concentration (C(k)) with known
gas volume fraction (ϕG). As shown in Appendix C, the
condition of thermodynamic equilibrium in the multicom-
ponent gas-liquid mixture gives the next relationship for the
specie mole fraction in liquid phase

x(k) = C(k)

K (k)ϕGρmol,G +
(
1− ϕG

)
ρmol,L

, (33)

where K (k) is the distribution coefficient for k-component,
K (k) = y(k)/x(k).

3. Results and Discussion

Modeling and simulations are valuable tools for improving
our understanding of the heat and mass transfer processes
in fuel cells. To validate the improved TSR model, we used
experimental data reported by Murgia et al. [2] for a 25 cm2

DMFC operating with 1.5 M and 1 M aqueous methanol
feeds at 90◦C. Operating conditions for this DMFC are listed
in Table 1.

The number of tanks is set as ni = 4 and nj = 4,
corresponding to a TSR model with 272 nonlinear coupled
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Table 1: Operating conditions for the DMFC.

Parameter

Fuel flow rate, cm3/min 15

Oxidant flow rate, cm3/min 1000

MeOH M in fuel 1.5 M; 1 M

CO2, m.fr. in fuel 1.0 × 10−4

O2 mol fraction in oxidant 0.99

Temperature, C 90

Pressure, atm 1

Table 2: Geometry and electrochemical parameters for DMFC.

Parameter Anode Cathode

Exchange current density I0, A m−2 47.1 0.042

Reference concentration Cref, M 2 0.034

Charge transfer coefficient αA 0.5 0.8

Charge transfer coefficient αC 0.5 1.2

Channel height, m 1×10−3

Electrode area S, m2 25×10−4

Membrane width δm, m 2×10−4

Catalyst width δcat, m 1×10−5

first-order ordinary differential equations. The accepted
number of tanks corresponds to the laminar flow regime in
the channels with parallel flow field design. The developed
TSR model was implemented in MATLAB, and it was
initialized with the feed composition and temperature. The
geometry and electrochemical parameters of DMFC are
listed in Table 2.

Figure 2 compares the experimental and calculated
polarization curves for DMFC with operating conditions in
Table 1. The solid line represents a DMFC model prediction
with the improved TSR model.

Figure 3 displays histograms with steady-state simulation
results predicted by the TSR model for DMFC with 1.0 M
feed of fuel at the anode and pure oxygen feed at the
cathode. It should be noted that each tank is characterized
by complete mixing, and distribution of concentration,
temperature, and current density is presented by step change
for tanks in series. Concentration of methanol in channel is
decreased due to the anode electrochemical reaction. For the
anode channels, carbon dioxide is the product of the anode
electrochemical reaction. Gas content in the anode channels
is increased from inlet to the outlet following the trend in
molar CO2 concentration. The two-dimensional histograms
indicate a strong coupling between the reactants and the
current density distribution. The predicted current density
profile is following the trend in methanol concentration in
anode channels. Murgia et al. [2] obtained experimental
polarization data by circulating aqueous methanol from
a reservoir where CO2 was released to the atmosphere.
The inlet CO2concentration in the liquid fuel in Table 1
corresponds to the gas-liquid equilibrium condition in the
fuel reservoir. The predicted temperature profile in MEA is
following the main trend in the current density distribution.
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Figure 2: Comparison of the polarization curves predicted by TSR
model with experimental data [2].

Figure 4 presents histograms with steady-state simula-
tion results predicted by the TSR model for DMFC with
1.5 M feed of fuel at the anode and pure oxygen feed at the
cathode.

Gas management greatly influences the performance of
the fuel cell. On the anode side, carbon dioxide is produced
by electrochemical oxidation of the methanol. Inefficient
removal of CO2 bubbles may block anode channels and
decrease efficiency of the fuel cells due to limited mass
transport and maldistribution of reactants. According to
the conventional submodel, the interface flux is completely
dependent on empirical mass transfer coefficient (kV ). The
predicted gas content in the anode channels can vary from
0 to 90% depending on the value of the mass transfer
coefficient. Simulation results reveal that high values of
the mass transfer coefficient (kV > 6000 s−1) predict gas
evolution in the anode channels with high gas content (ϕ >
40%). For low mass transfer coefficients (kV < 6000 s−1),
on the other hand, ϕ < 40%. The volumetric mass transfer
coefficient kV = 6000 s−1 used in gas evolution submodel
(31) provides the condition ϕ ≈ 40% in the anode channels,
which is close to the equilibrium condition given by the flash
equation.

As shown in Figure 5, empirical model (31) and new
submodel (32) for gas evolution predict similar trends in
the gas content distribution. In contrast to nonequilibrium
submodel (31) with empirical mass transfer, new rate expres-
sion (32) determines the gas content under equilibrium
conditions without empirical coefficients.

Comparison of DMFC performance with different fuel
composition is given in Table 3. Changing the fuel compo-
sition from 1 M to 1.5 M gives a small improvement in fuel
cell performance. The mass transfer coefficient is presented
in the form of limiting current density. Average current
density approaches the value of limiting current densities
under cell voltage Ecell = 0.2 V. The possible way of DMFC
performance improvement is to intensify mass transfer from
the channels to the catalyst layer.
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Figure 3: Histograms with steady-state simulation results predicted by TSR model for DMFC with coflow mode of fuel and oxidant (Ecell =
0.2 V). Numerical modelling of fuel cell with anode 1.0 M feed of fuel and pure oxygen feed at the cathode. Temperature variation δTS
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Figure 4: Histograms with steady-state simulation results predicted by TSR model for DMFC with coflow mode of fuel and oxidant (Ecell =
0.2 V). Numerical modelling of fuel cell with anode 1.5 M feed of fuel and pure oxygen feed at the cathode. Temperature variation δTS
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Figure 5: Histograms with gas content in anode channels predicted by TSR model for DMFC with (a) empirical mass transfer (31) and
(b) new gas evolution submodel (32) (Ecell = 0.2 V).

Table 3: Single DMFC cell simulation results (Ecell = 0.2V).

Parameter

Outlet gas Mean parasitic Mean limiting Mean anode Fuel Oxidant

content current current current utilization utilization

ϕAout Ipar I
A
lim I

A
FU AU

m3/m3 A/m2 A/m2 A/m2 % %

1.0 M 0.27 39.1 7009 6905.2 0.01 8.1

1.5 M 0.36 329.8 10514 9819.9 0.01 11.8

4. Conclusions

This study presents a TSR model for DMFC operating in
potentiostatic mode. The developed TSR model includes
mass and energy balance equations in anode and cath-
ode compartments together with gas evolution in anode
channels. Modified charge balance equations are defined as
interface boundary conditions. The possibility of evaluating
two-dimensional profiles in the DMFC is one of the main
advantages of the developed TSR model. The simulation
results indicate the strong coupling between concentration,
temperature and current density distribution in coflow
DMFC. Taking into account the assumption of uniform
distribution of fuel and oxidant in channels, the TSR model
predicts the limiting performance of the DMFC under the
given flow regime (number of tanks), mass transfer and cat-
alyst activity. The improved TSR model allows studying the
influence of different parameters on the DMFC performance.
Results can be used to better understand and investigate the
effects of various parameters and operating conditions on
DMFC performance.

Appendices

A. Derivation of Charge Balance Equation

The electric potential fields are governed by the charge
conservation equations. The charge balance at the interface

between electron-conducting and ion-conducting media is
given by [16]

∂Q

∂t
+∇ · is = (I1 − I2), (A.1)

where I1 is the current in electron-conducting media normal
to the boundary, I2 is the current in ion-conducting media
normal to the boundary, is is the superficial current density,
Q is the charge. For the TSR model, the net charge flux is
zero (∇· is = 0). The interfaces between ionic and electronic
media behave like a capacitor in which the charge density
is a function of potential difference across the double layer.
Charge or discharge rate at the electrode-electrolyte double
layer can be represented as

∂Q

∂t
= Cdl

∂η

∂t
. (A.2)

For the difference of potential of the electron conducting
media φ and the potential of the electrolyte phase φm, the
following charge conservation equation is valid:

∂η

∂t
= 1
Cdl

(I1 − I2), (A.3)

where η is potential differences or overpotential, η = φ−φm.
The improved fuel cell models with new charge balance

equation provide a better understanding of main phenomena
governing electrochemical reactions in fuel cells [4–6, 11,
12].
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B. Electrolyte Current

By definition, the electrolyte current is written as follows:

Im = −σm ∂φm
∂n

. (B.1)

Here φm represents the potential in the ionic conducting
media; n is the normal to the interface; σm is the membrane
conductivity. Using linear approximation of the potential
profile in the ionic conducting media, the electrolyte current
is defined as follows:

Im ≈ −σm
(
φCm − φAm
δm

)
, (B.2)

where δm is the membrane thickness; φCm is the mem-
brane phase potential at cathode electrode/membrane inter-
face; φAm is the membrane phase potential at anode elec-
trode/membrane interface. The values of potential in ionic
conducting media at electrode/membrane interfaces can
be expressed through potential difference η given by the
definition of the activation overpotential

ηAact =φA − φAm − ηAeq,

ηCact =φC − φCm − ηCeq,
(B.3)

where φC is the potential at cathode electrode/membrane
interface in the electron conducting media; φA is the poten-
tial at anode electrode/membrane interface in the electron
conducting media.

We note that the reversible Nernst potential at the
electrode/membrane interface is linked with anodic and
cathodic equilibrium potential differences:

ηCeq − ηAeq = EOCV. (B.4)

It is known that the difference of the anodic and cathodic
electric potential is equal to the cell voltage

ECell = φC − φA. (B.5)

The values of potential in ionic conducting media at
electrode/electrolyte interfaces can be expressed from (B.3)
as follows:

φAm = φA − ηAact − ηAeq,

φCm =φC − ηCact − ηCeq.
(B.6)

Taking into account equations (B.2)–(B.6), we obtain the
next expression for the electrolyte current density:

Im =
(
EOCV − Ecell − ηAact + ηCact

)
ROhmic

, (B.7)

where ROhmic is the ohmic resistance, ROhmic = δm/σm.
Application of new expression for electrolyte current

with fuel cell models is shown in our papers [4–6, 11, 12].

C. Definition of Mixture Concentration

Mass balance equations for channels and catalyst layer are
defined with molar component concentration. In view of
gas-liquid flow in channels, the physical meaning of com-
ponent concentration corresponds to mixture concentration.
By definition, the mixture concentration is

C∗ = C∗GϕG + C∗L
(
1− ϕG

)
, (C.1)

where C∗ is mixture concentration, kg/m3; C∗G is concentra-
tion in gas phase, kg/m3; C∗L is concentration in liquid phase,
kg/m3. Dividing both parts by molecular weight, we transfer
to molar mixture concentration

C∗

M
= C∗GϕG

M
+
C∗L
(
1− ϕG

)
M

(C.2)

or

C(k) = y(k)ϕGρmol,G + x(k)(1− ϕG)ρmol,L, (C.3)

where C is mixture concentration, mol/m3; CG is con-
centration in gas phase, mol/m3; CL is concentration in
liquid phase, mol/m3. The condition of thermodynamic
equilibrium in multicomponent gas-liquid mixture gives the
relationship among species concentrations in phases

x(k) = C(k)

K (k)
(
1− ϕG

)
ρmol,G +

(
1− ϕG

)
ρmol,L

. (C.4)

Equation (C.4) is used for calculating the driving mass
transfer force in mass transfer equation.

Abbreviations

Latin Letters

C: Molar concentration/mol m−3

CdL: Double layer capacitance
Cp: Specific heat/J mol−1 K−1

Cm: Water content in membrane/mol m−3

Ecell: Cell voltage/V
Eocv: Open circuit voltage/V
FA,FC: Anode and cathode volumetric flow rate/m3 s−1

F: Faraday’s constant/96485 C mol−1

K: Distribution coefficient
kV : Volumetric mass transfer coefficient/s−1

h: Enthalpy/J mole−1

ΔHR: Reaction enthalpy/J mol−1

I: Current density/A m−2

I0: Exchange current density/A m−2

MEA: Membrane electrode assembly
N: Component molar flux/mol s−1

n: Number of tanks
nd: Net drug coefficient
ne: Number of electrons
P: Pressure/Pa
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r: Mass source term/mol s−1

R: Ideal gas constant/J mol−1 K−1

Rohmic: Ohmic resistance/Ω m2

q: Energy source term/J s−1

S: Electrode area/m2

t: Time/s
T: Temperature/K
TSR: Tank in series reactor
V : Volume/m3

x: mole fraction in liquid phase
y: mole fraction in gas phase.

Greek Symbols

α: Heat transfer coefficient/W m−2 K−1

αAA: Anodic charge transfer coefficients for anode

αAC : Cathodic charge transfer coefficients for anode

αCA: Anodic charge transfer coefficients for cathode

αCC : Cathodic charge transfer coefficients for cathode

βeff: Effective mass transfer coefficient/m s−1

ν: Stoichiometry coefficient

η: Potential difference/V

ρmol: Molar density/mol m−3

σ : Conductivity/Ω−1m−1

δm: Membrane thickness/m

δcat: Catalyst thickness/m

ϕG: Gas content/m3m−3.

Subscripts/Superscripts

in: Inlet
out: Outlet
eff: Effective
i,j: i,j tank
A: Anode
C: Cathode
cell: Fuel cell
G: Gas phase
lim: Limiting
mol: Molar
m: Membrane
par: Parasitic
ref: Reference
S: Interface; solid
sat: Saturated
MeOH: Methanol
O2: Oxygen
H2O: Water
N2: Nitrogen
CO2: Carbon dioxide.
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Electrolyte nanocomposite membranes for proton exchange membrane fuel cells and direct methanol fuel cells were prepared by
carrying out a sulfonation of poly(vinyl alcohol) with sulfosuccinic acid and adding a type of organically modified montmorillonite
(layered silicate nanoclay) commercially known as Cloisite 93A. The effects of the different concentrations (0, 2, 4, 6, 8 wt. %) of
the organoclay in the membranes on water uptake, ion exchange capacity (IEC), proton conductivity, and methanol permeability
were measured, respectively, via gravimetry, titration, impedance analysis, and gas chromatography techniques. The IEC values
remained constant for all concentrations. Water uptakes and proton conductivities of the nanocomposite membranes changed with
the clay content in a nonlinear fashion. While all the nanocomposite membranes had lower methanol permeability than Nafion115,
the 6% concentration of Cloisite 93A in sulfonated poly(vinyl alcohol) membrane displayed the greatest proton conductivity to
methanol permeability ratio.

1. Introduction

Fuel cells are a type of electrochemical device that converts
chemical to electrical signals and are used in many of
today’s applications including hybrid vehicles, laptop and cell
phone batteries, and GPS systems. Because of their greater
efficiency than combustion engines and the high possibility
of zero-emissions in generating electricity, there has been
a considerable interest to advance the development of fuel
cells. A direct methanol fuel cell (DMFC), a type of proton
exchange membrane fuel cell (PEMFC) (Figure 1), produces
electricity through the direct addition of methanol liquid
(CH3OH) at the anode. Methanol splits into protons that
are transferred through the electrolyte polymeric membrane
and electrons that travel through an external circuit. Carbon
dioxide is also produced as a byproduct. As protons become
oxidized at the cathode with the combination of oxygen
and electrons, water is released as another by-product, and
consequently, energy is generated.

The most common electrolyte polymeric membrane
used in proton exchange membrane fuel cells is Nafion, a
perfluorinated polymer that contains sulfonic acid groups
which are essential for the presence of SO3H operates as
the proton exchange mechanism within the membrane.
Nafion often serves as the membrane in PEMFCs because
of its high proton conductivity and high thermal stability.
However, for the DMFCs, resistance to methanol perme-
ability of the Nafion membrane has yet to be improved.
This might be achieved by developing Nafion composite
membrane using zeolite [1–3] and/or mordenite [4] as fillers.
Alternatively, some new electrolyte polymeric membranes
are being developed to use as a replacement of the Nafion-
based membrane in DMFC applications including sulfonated
poly(etheretherketone) [5], poly(vinylidene fluoride)-graft-
sulfonated polystyrene (PVDF-g-SPS) [6], sulfonated poly-
sulfone [7], and sulfonated poly(vinyl alcohol) (PVA) [8].
The sulfonated PVA membrane is of high interest to use
for DMFCs due to its relatively low cost and its inherent
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Figure 1: Schematic diagram illustrating the operating principle of
a direct methanol fuel cell (DMFC).

properties of low methanol permeability as the PVA mem-
brane has been previously used to separate alcohol from
water through pervaporization [9]. Although the PVA mem-
brane lack of proton conductivity, such a problem may be
edited through the sulfonation process [10]. Sulfonating
agents, some that could also serve as crosslinking agents,
include sulfoacetic acid, 4-sulfophthalic acid, poly(acrylic
acid), and sulfosuccinic acid. In this experiment sulfosuc-
cinic acid is used as both the sulfonating and crosslinking
agent for the PVA membrane.

Yet, earlier studies suggest that methanol permeability of
sulfonated PVA membranes could have been further reduced
[11]. To do so, nanofillers such as layered silicates may
be added into the membrane to improve the properties of
the nanocomposite membranes. The effects of adding lay-
ered silicate nanoclay have been researched, showing that
methanol crossover through the electrolyte membrane de-
creased by the addition of about 1-2% sodium montmori-
llonite (CloisiteNa) nanoclay with respect to Nafion mem-
branes [12, 13]. Noteworthy, besides the CloisiteNa nanoclay
which is a kind of an unmodified layer silicate, many
other types of organically modified nanoclays are available
and their effects upon the performance of the electrolyte
polymeric membranes have yet to be investigated.

In this study, rather than using the unmodified nanoclay,
sulfonated PVA-layered silicate nanocomposite membranes
with the addition of a commercially available organoclay,
namely, Cloisite 93A are of interest. The objective is to
investigate the effects of the organoclay content on water
uptake, ion exchange capacity, proton conductivity, and
methanol permeability of the membranes.

2. Experiment

2.1. Materials. Sulfosuccinic acid (70% solution) was pur-
chased from Aldrich (Steinheim, Germany). Montmori-
llonite nanoclay Cloisite 93A was obtained from Southern
Clay Products (Gonzales, TX). Sodium hydroxide (ana-
lytical-reagent grade) was obtained from LabScan (Gliwice,
Poland), sodium chloride (analytical-reagent grade) from

Carlo Erba Reagentic (Rodano, Italy), and methanol (ana-
lytical-reagent grade) from Fisher (Loughboroug, UK). All
of the above chemicals were used as received. Sulfonated
poly(vinyl alcohol) was prepared by carrying out a sulfo-
nation of poly(vinyl alcohol) (PVA) (88% hydrolysis, Mw=
72,000 g/mol, Buchs, Switzerland), using sulfosuccinic acid
which serves as both a sulfonating agent and a cross-linking
agent.

2.2. Sulfonation of PVA. Firstly, 10% aqueous solution of the
PVA was prepared and refluxed at 90◦C for six hours. Simul-
taneously nanoclay Cloisite 93A (0%, 2%, 4%, 6%, 8% wt.)
was dissolved in deionized water at room temperature for
one hour. After mixing and stirring the two components
together to achieve a homogenous solution, 20% by wt. of
sulfosuccinic acid was added and then stirred at room tem-
perature for 24 hours. To follow some changes in chemical
structure of the polymer product after the sulfonation, a
fourier transform infrared spectroscopy (FTIR) may be used.
More details concerning characterizations of the sulfonated
PVA have been previously demonstrated and those can be
found in our earlier report [13].

2.3. Membrane Preparation. Once the sulfonation of PVA-
layered silicate nanocomposite was finished, the solution was
casted onto acrylic sheets. The casted membranes were first
allowed to dry at 60◦C until constant weight and then cured
at 120◦C for one hour to complete the sulfonation and cross-
linking reactions. Afterwards, the cured membranes were
peeled off from the acrylic plates, rinsed in deionized water
to remove residual acid, and then stored in deionized water
to test other properties of the polymeric membranes.

2.4. XRD. Intercalation and exfoliation of the nanoclay in
the PVA membrane were investigated with an X-ray diffrac-
tion (XRD) technique with a D8 Discover diffractometer
from Bruker (Madison, WI) Axis. The operation was in the
θ-θ geometry. The instrument used radiation from a copper
target tube (Cu Kα radiation wavelength = 1.541 Å). The
XRD data were collected between 2 and 60◦ in steps of 0.02◦

with an X-ray generator.

2.5. Water Uptake. Water uptake of the sulfonated PVA
nanocomposite membranes was measured by first obtaining
the dry weights of the membranes. After the membranes
had been immersed in deionized water for 24 hours at
room temperature and wiped with tissue paper, another
weight measurement was immediately taken. Water uptake
was calculated with the following:

W (%) =
⎡
⎣
(
Wwet − Wdry

)

Wdry

⎤
⎦× 100, (1)

in whichW is water uptake measured as a percentage,Wwet is
the wet weight of the membranes, and Wdry is the dry weight
of the membranes.



International Journal of Electrochemistry 3

2.6. Ion Exchange Capacity. A titration technique was con-
ducted to measure ion exchange capacity (IEC) of the
membranes. Approximately 0.3–0.5 g of the sample was
soaked in 0.1 M NaCl solution for 24 hours to allow the
exchange of protons and sodium ions. Afterwards, a titration
was performed using 0.1 M NaOH aqueous solution with
phenolphthalein as the indicator to evaluate the amount of
ions generated from the exchange process. IEC was calculated
with the following:

IEC = mNaOH

Wdry
, (2)

in which mNaOH is the moles equivalent of NaOH and Wdry

is the dry weight of the membrane.

2.7. Proton Conductivity. Proton conductivities of the
composite-sulfonated PVA membranes were measured by
using a four-point probe technique. The impedance of
the membrane was measured using an impedance analyzer
(Autolab, PGSTAT 30) at a frequency of 10 kHz. The
membrane was cut into a 3× 3 cm2 square and immersed in
the deionized water for 12 hours, prior to measurement. The
hydrated membrane was mounted onto the cell and an AC
current of 0.35 mA was applied to the cell. The conductance
of the sample was obtained from the AC potential difference
between the two inner electrodes. The conductivity (s) was
calculated by using the following:

σ = l

RS
, (3)

where σ is the proton conductivity (S/cm), R is the bulk
resistance of the membrane, S is the cross-sectional area
of the membrane (cm2), and l is the distance between the
counter electrode and the working electrode (cm).

2.8. Methanol Permeability. Methanol permeability which is
related to the membranes’ resistances to methanol crossover
was measured by setting up a two identical compartment
glass cell to serve as a diffusion cell. The composite
membrane was placed in between the two compartments
and securely clamped. 30 mL of methanol solution (2.0 M)
and 30 mL of deionized water were respectively, added to
compartments A and B. After the setup, both compartments
were magnetically stirred at room temperature for 100
minutes with a 2 mL sample drawn out from compartment
B every 20 minutes. These samples were then used to
measure the concentration of methanol in compartment B
as a function of diffusion time by using gas chromatog-
raphy (GC) (Shimadzu GC-9A, containing BX-10 column,
Haverhill, MA) with an injection temperature of 120◦C,
column temperature of 85◦C, and detection temperature of
150◦C. The area under the methanol peak from each GC
chromatogram was combined with a calibration curve to
evaluate the methanol concentration. Methanol permeability
was then calculated from the following:

P = VB × L× dCB/dt

CA ×A , (4)
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Figure 2: XRD patterns of sulfonated PVA membranes varying in
concentration of Cloisite 93A.

in which P is methanol permeability (cm2/s), VB is the
volume of deionized water (cm3), L is the thickness of the
membrane (cm), A is the area of the membrane (cm2), CA

and CB are concentrations of methanol in compartments A
and B, respectively, and (dCB)/dt is the slope of the methanol
concentration (%) over diffusion time (s).

3. Results and Discussion

3.1. Characterization of the Modified Membranes. An XRD
analysis of the modified sulfonated membranes, along with
pure Cloisite 93A and pure PVA, is shown in Figure 2.
The XRD pattern of pure Cloisite 93A contains a peak at
2θ = 3.4◦ corresponding to a basal spacing of 2.03 nm.
When 8% of the clay was added to the PVA, XRD pattern
of the composite membrane shows a peak at 2θ = 2.8◦.
This can be translated to the clay basal spacing of 3.12 nm.
Of note, this peak has been shifted to a lower 2θ angle,
suggesting that a basal spacing between layers of the clay
has been increased. In other words, the above result implies
that the Cloisite 93A layer silicates are intercalated within
the PVA matrix. Furthermore, XRD peak of the composite
membrane containing 4% clay shifted to a lower angle
(2θ = 2.6◦). Intensity of the peak is also decreased as
compared to that in the former case, suggesting that the
layer silicates are partly intercalated and exfoliated within
the polymer matrix. Of note, for the membranes containing
2% and 6% clay, the characteristic XRD peak of the clay
cannot be seen. It is apparently that there was no layer
silicate exists at the particular spot during the XRD analysis.
It might be possible that the clays are exfoliated in the
nanocomposite membranes. However, additional evidences
from other technique such as TEM should be considered to
support the above XRD results.

3.2. Water Uptake and Ion Exchange Capacity of the Mem-
branes. Figure 3 shows the effects of Cloisite 93A content
on water uptake. The water uptake initially decreases with
the addition of 2–4% nanoclay. However, as the amount of
nanoclay increases even more, to 6%, the water uptake value
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increased. The similar nonlinear trend was also observed for
the sulfonated PVA membranes containing CloisiteNa [13].
These effects were described in the light of a difference in
water affinity between the clay and the sulfonated polymer.
In addition, polar-polar interaction between the polymer
and the layer silicate could also be taken into account.
These factors tend to limit polymer chain mobility and
diffusibility of water molecules into the membrane, and
ultimately decreasing water uptake. On the other hand,
degree of crystallinity of the polymer might decrease when
the sufficient amount of organoclay was presence. As a
result, there are more free volume for the water to diffuse
into and thus increasing water uptake of the membrane.
As the amount of Cloisite 93A increase to 8%, a slight
decrease in water uptake was observed again. At this stage,
some of the nanoclay might be aggregated and interferes
with decreasing the crystallinity-thus explaining the higher
water uptake of 8% than those of 2% and 4% but lower
than 6% membrane. By comparing water uptake values of
the PVA/Cloisite 93A membranes in this study to those of
the PVA/CloisiteNa membranes [13], it was found that the
uptake values of the former membrane system are higher
than that of latter membrane system, provided the same
clay content. For example, water uptake of the composite
membranes containing 2% and 4% CloisiteNa are 30 and
36%, respectively [13]. The differences could be related to
a greater hydrophilicity of the CloisiteNa, which promote
a stronger polar interaction between the polymer and the
clay. Consequently, diffusibility of water molecules into the
PVA/CloisiteNa membranes is lower.

Figure 4 shows the IEC values of the sulfonated PVA
nanocomposite membranes. It can be seen that the IEC gen-
erally remained constant with the different concentrations
of Cloisite 93A with standard deviation values taken into
account. Such results may be due to the constant amount of
sulfosuccinic acid used for a sulfonation of each membrane,
regardless of the concentration of nanoclay. These IEC values
are, however, lower than the reported value of Nafion115
membrane, which is approximately 0.91 mmol/g [14]. The
difference might be due to the discrepancy in degree
sulfonation between the two membrane systems.

3.3. Proton Conductivity and Methanol Permeability. Figure 5
shows proton conductivity of the modified membranes.
Again, it can be seen that the relationship between conduc-
tivity and the clay content was not in a linear fashion. The
conductivity initially decreased with an addition of 2 to 4%
of the organoclay. However, when the clay concentration was
increased, the proton conductivity increases to the maximum
value at 6% and then decreases again at 8% concentration.
The above trend is analogue to the water uptake properties
previously discussed. This similarity may be so since proton
conductivity is directly related to water uptake; that is, water
molecules serve as the vehicles to transfer protons through
the membrane, and thus, the greater amount of water uptake,
the greater the proton conductivity of the membrane for
there are more vehicles to transport the protons. Noteworthy,
proton conductivity of the PVA/Cloisite 93A membranes
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Figure 3: Water uptake values of sulfonated PVA membranes with
varying concentrations of Cloisite 93A.
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Figure 4: IEC values of sulfonated PVA membranes with varying
concentrations of Cloisite 93A.

herein is slightly higher than that of the PVA composite
membranes containing 2% and 4% CloisiteNa which are
8.5× 10−3 S/cm and 10.0 ×10−3 S/cm, respectively [13]. The
differences could be attributed to the greater water uptake
values of the former composite membranes system.

Figure 6 shows methanol permeability of the various
PVA/Cloisite 93A composite membranes. In general, it can
be seen that methanol permeability of the nanocomposite
membranes is lower than that of the bare PVA membrane,
regardless of the clay content. The effect is attributed to
a steric hindrance effect provided by the presence of the
nanoclay. The above statement was supported by results from
the above XRD patterns (Figure 2) which suggested that
some of the nanoclay has been intercalated and exfoliated. Of
note, relationship between methanol permeability and clay
content is nonlinear. The addition of the organoclay initially
decreases the methanol permeability. However at 6 and 8%
clay, the permeability increased. In this regard, changes in
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Figure 5: Proton conductivity values of sulfonated PVA membranes
with varying concentrations of Cloisite 93A.
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Figure 6: Methanol permeability values of sulfonated PVA mem-
branes with varying concentrations of Cloisite 93A.

water uptake of the membranes with the clay content could
also come into play. This was because in the experiment-
utilized methanol solution, the aqueous form accounts
for greater methanol solubility in a higher water uptake
environment. Water uptake of the composite membranes
containing 6% and 8% clay is higher than that of the 2% and
4% clay; therefore, the greater methanol permeability could
be expected. Interestingly, methanol permeability values of
the PVA/Cloisite 93A membranes herein are higher than
those of the PVA/CloisiteNa membranes containing the
same amount of clay [13]. The above discrepancies can be
attributed to the higher water uptake values and a better clay
exfoliation of the latter membrane system.

Finally, the results of proton conductivity and methanol
permeability are combined to yield the C/P (conductiv-
ity/permeability) ratios of the developed DMFC membrane.
Evaluating the C/P ratio, the most effective membrane

86420

Concentration of Cloisite93A (%)

0

10

20

30

40

50

60

70

80

90

100
×103

C
/P

ra
ti

o

Figure 7: C/P ratios of sulfonated PVA membranes with varying
concentrations of Cloisite 93A.

developed in this study would have the maximum ratio—
displaying the ability to transfer protons in an efficient man-
ner with less methanol permeability to increase the efficiency
of DMFC. Figure 7 displays that the maximum C/P ratio
lies within the 6% concentration of the organoclay Cloisite
93A within the sulfonated membrane. For a comparison
purpose, conductivity and permeability of the Nafion115
membrane were determined by using the same techniques
it was found that the C/P ratio of the sulfonated PVA
membrane containing 6% of Cloisite 93A was 89.05 × 103

which is approximately three times greater than that of
Nafion115 membrane (29.49× 103).

Last but not least, by comparing with the previous
work [13] based on the same membrane system-utilized
CloisteNa clay, it was found that the maximum C/P ratio
could be obtained by using only 2% of the CloisiteNa layer
silicate. The different optimum clay content suggests that
the sulfonated PVA membrane is more compatible with
the natural form nanoclay (CloisiteNa) than the organically
modified clay (Cloisite 93A) used in this study. This could
be ascribed to the fact that sulfonated PVA is highly polar
containing both hydroxyl groups and sulfonic acid groups
within the molecules.

4. Conclusions

The incorporation of the montmorillonite organoclay
Cloisite 93A upon sulfonated PVA membranes strongly
affected properties of the polymer membranes. Water uptake,
proton conductivity, and methanol permeability of the mem-
branes changed with the clay content in a nonlinear fashion.
The optimum concentration of the organoclay Cloisite 93A
within the sulfonated PVA membrane, corresponding to the
maximum C/P ratio, was 6%. This C/P ratio value is also
higher than that of the commercial Nafion115 membrane,
determined by using the same techniques in this study.
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