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In this  work,  a  novel  nanostructure  membrane-electrode  assembly  (MEA)  has  been  successfully  prepared
by employing  of the  polyaniline  (PANI)  modified  anode  for  DMFC  and  characterized  by SEM  and  polar-
ization  curves  in DMFC  under  different  conditions.  PANI  modified  anode  made  by  electro-polymerization
of  aniline  and  trifluoromethane  sulfonic  acid  (TFMSA)  under  galvanostatic  conditions  on  the  surface  of
conventional  DMFC’s  anode.

The  DMFC  test  results  under  steady  state  conditions  indicate  that  the  novel  nanostructure  MEA exhibits
irect methanol fuel cell (DMFC)
ovel nanostructure MEA
olyaniline modified anode
ethanol crossover

higher  performance  compared  to  the  conventional  MEA  in  term  of  maximum  power  density  and  resis-
tivity  against  methanol  crossover  from  the  anode  side  to  the  cathode  side.  Maximum  power  density  of
105  mW  cm−2 was  obtained  by new  PANI  modified  anode  compared  to  75  mW  cm−2 by  conventional
anode in  the  same  conditions.  The  enhanced  performance  could  be attributed  to  the higher  activity  of
the  PANI  modified  anode  and  lower  methanol  crossover  caused  by  the  PANI  as  barrier  in  the  modified
anode.
. Introduction

Direct methanol fuel cells (DMFCs) are promising and low
emperature power source for portable applications due to their
dvantages, such as simple construction, compact design, high
heoretical energy density, and relatively high energy-conversion
fficiency [1,2]. However, DMFCs have several barriers to commer-
ialization: (a) deactivation and poisoning of anode catalyst by CO
r other methanol oxidation byproducts, (b) crossover of methanol
hrough the membrane from the anode side to the cathode side
nd (c) high cost electrode because of high loading of noble metal
n both anode and cathode sides.

Up to now many efforts have been directed at improving poison
esistance of Pt by its alloying, catalyst surface modifying, overall Pt
ontent reducing and finally decreasing of the methanol crossover
rom anode side to the cathode side by employing of the composite

embranes in DMFC [3–7]. Researchers finding indicates Pt-Ru
as remained the most commonly used catalyst in the anode of

irect methanol fuel cells [8]. Regardless of which type of catalyst
an be used, reduction of the noble metal content is essential for
he decreasing of the electrode cost and generation of high power

∗ Corresponding author. Tel.: +98 311 3913263; fax: +98 311 3912350.
E-mail addresses: m zhiani@cc.iut.ac.ir, mohammad.zhiani@gmail.com

M.  Zhiani).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.081
© 2012 Elsevier B.V. All rights reserved.

density [9].  By considering of methanol crossover articles, they
have led to not only a significant reduction in methanol transport
within membrane but also result in an undesirable reduction of
proton conductivity both key factors in determining overall DMFC
performance.

A review on recently methanol oxidation on modified electrode
articles indicates polyaniline (PANI) modified anode has a high
potential for employing in DMFCs. PANI is one of the most impor-
tant and widely studied conducting polymers which is a conductor
in its partially oxidized state, which occurs in the potential range
where most organic fuels oxidize [10–13].

Herein after several electrochemical and morphological studies
on activity and stability of PANI modified electrodes in different
reactions, mostly in three electrodic compartments, which have
been done by us and others [14–22],  we  report on first time our
successful attempts to employ new nanostructure PANI modified
anode in DMFC under different operational conditions.

2. Experimental

2.1. Preparation of DMFC anodes
A mixture comprised of a homogeneous suspension of Pt-Ru/C
(20–10%) (electrochem), nafion solution 5% (Aldrich), isopropanol
(Merck) and water was homogenized using a sonicator for 20 min

dx.doi.org/10.1016/j.jpowsour.2012.02.081
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:m_zhiani@cc.iut.ac.ir
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Fig. 1. Top view of scanning electron microscopy micrograph of the conventional
anode.
M. Zhiani et al. / Journal of

nd then painted onto carbon cloth LT1200 (E-Tek) and lets it to dry
fter painting of each layer in oven at 60 ◦C. The resulting composite
tructure was dried in air at 120 ◦C for 1 h and divided into two iden-
ical parts. The amount of catalyst loading in both electrodes was

 mg  cm−2. One electrode was modified by electrochemical poly-
erization of aniline and trifluoromethane sulfonic acid (TMFSA)

nd the other was used as conventional anode to make conven-
ional MEA. In order to modify the surface of the first anode, it was
laced as a working electrode together with a Pt counter electrode
nd Ag/AgCl electrode in an electrolytic cell containing an elec-
rolytic polymerization solution 0.1 M aniline (Merck) and 0.5 M
FMSA (Merck). The temperature of the electrolytic polymeriza-
ion solution was maintained at 0 ◦C. An electric current was passed
etween the electrodes at a fixed amperage of 2 mA  cm−2 for 1 s and
hen at a fixed amperage of 20 mA  cm−2 for 2 s to effect the elec-
rolytic polymerization, where a potentiostat–galvanostat (EG&G
rinceton Applied Research Model 273A) was used to control the
lectropolymerization. This process led to the formation of a thin
lm having TFMSA retained within a PANI network on the surface
f the catalyst particles as we studied it in our previous publications
14–18].

.2. MEAs fabrication and DMFC testing

Conventional MEA  fabricated by as-prepared conventional
node and commercial cathode (Fuel Cell store) on Nafion 117
embrane electrolyte without hot pressing. Nafion 117 (Fuel Cell

tore) was used after usual pretreatment with 3% of H2O2, 0.5 M of
2SO4 and water for 30 min  at 80 ◦C.

Novel MEA  fabricated by PANI modified anode and the same
ommercial cathode on Nafion 117 without hot pressing. Both MEA
ubsequently installed in a homemade gold plated fuel cell test fix-
ure made by one channel serpentine flow pattern on SS 316 end
lates with 5 cm2 of active areas. Both cells were later connected to

 test station Scribner compact 850C and performed under differ-
nt conditions. Most experiments have been done in the optimized
ethanol concentration of 1 M which gave better performance and

ed to lesser methanol crossover compared to other methanol con-
entrations. The methanol was recycled during the experiments.
xygen with purity of 99.8% was used as oxidant in the cathode

ide. The experiments were carried out by keeping the anode and
athode at atmospheric pressure. The anode and cathode flow rates
ere kept constant at the rate of 1 ml  min−1 of the methanol solu-

ion and 200 ml  min−1 of the oxygen respectively.
To investigate the possible effects of PANI on durability of DMFC,

he durability of the conventional anode and PANI modified anode
as tested in a single cell at 80 ◦C. The DMFCs were discharged

t a constant voltage of 0.45 V for a period of time. During the
ischarging process, methanol solution was recycled.

. Results and discussion

.1. Anodes structure investigation

Fig. 1 indicates the conventional anode catalyst layer made by
tRu/C and 30% Nafion ionomer within. Fig. 2a and b demonstrates
he formation of PANI nanofibers within the anode catalyst layer
nd confirms the PANI nanofibers formation within the electrode.
uch nanofibers layer improve mechanical properties of catalyst
ayer and alleviate their migration and agglomeration during exper-

ments and even after a long time of methanol electrooxidation,
o catalytic properties, performance and life time of the modified
atalyst would be increased as it has been demonstrated recently
17].

Fig. 2. Top view of scanning electron microscopy (SEM) image of the PANI modified
anode (a). SEM image of the PANI modified catalyst layer (b).
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ethanol concentrations: 1, 2 and 3 M,  PO2 : ambient, O2 flow rate: 0.2 ml min−1,
node and cathode catalyst loading: 4 and 2 mg  cm−2, respectively.

The effect of the polyaniline nanofibers on the electrochemical
ctivity of the electrode in methanol oxidation, electrode struc-
ure morphology and its anti-poisoning effect have been studied
n full details previously [14–19] so herein does not present any
lectrochemical three electrodic compartment results.

.2. Performance comparison in DMFC

Fig. 3 shows the performance of the new MEA  made by
ANI/PtRu/C anode in DMFC with different feeding methanol con-
entration compared to conventional MEA  performance in the same
onditions. Results indicate the conventional MEA has lower per-
ormance than the modified MEA  over the entire current density
egion. As it has been pointed out in Fig. 3 by increasing methanol
oncentration in the anode side of the conventional MEA  the
ell performance reduces gradually because methanol crossover
ncreases through the membrane and cell performance reduces.
ut in case of the novel MEA  by increasing methanol concentration

n the anode side cell performance increases in spite of expect-
ng performance decreasing. It can be pointed to the effect of the
olyaniline nanofibers in decreasing of the methanol crossover
hrough the membrane and increasing of the electrochemical activ-
ty of the PANI modified anode in methanol oxidation reaction [17].
t seems PANI acts as barrier against methanol crossover from the
node side to cathode side.

Fig. 4 shows the polarization and power density curves of the
MFC containing new MEA  at 60, 70 and 80 ◦C. The fuel solution
ontaining 1.0 M methanol was pumped to the anode at a rate of
.0 ml  min−1 and dry oxygen was fed to the cathode at a flow rate
f 200 standard cubic centimeters per minute (sccm).

As shown in Fig. 4, both power density and open-circuit voltage
OCV) increase significantly with increasing of the cell tempera-
ure. The power density and OCV of the DMFC increase from 74 to
6 mW cm−2 and from 755 to 822 mV,  respectively, when the tem-
erature is increased from 60 to 80 ◦C. The increased performance
an be attributed to the improved kinetics of the reactions on both
node and cathode electrode at higher temperatures.

The cell performance results in Figs. 3 and 4 are also comparable

o typical DMFCs performance and PANI employed DMFCs listed in
able 1. A review of this table shows that identical performance
an be obtained by novel MEA  at lower temperature or lower pre-
ious metal in the anode side, translating into a low cost power Ta
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ig. 4. Performance of the novel MEA  made by PANI modified anode at different cell
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athode feed: dry O2 by flow rate of 200 ml  min−1 and ambient pressure.

ource based on PANI modified anode for DMFC can be achieved. By
onsidering the obtained results in this study and other reported
rticles on DMFC which employed PANI as catalyst support or as
embrane composite agent [11,23,25],  it seems the employment

ANI as surface catalyst modifier is more effective procedure than
he employment of the PANI as a catalyst support or as a membrane
omposite agent.

.3. Durability test of DMFC with conventional and PANI
odified anodes

Since the addition of PANI into anode catalyst layer of the MEA
ignificantly improves DMFC performance, thus it is necessary to
nvestigate its durability under constant current or voltage dis-
harge for a long-term operation.

Fig. 5 shows the variation of the cell current density as a func-
ion of time at a constant voltage of 0.45 V under a normal operating
ondition without any recovery process. In this set of experiments,
 time period of 6 h has been chosen since substantial performance
oss occurred during the first few hours in discharge operating

odes.
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The discharge curves for PANI modified anode can be divided
into two regions. At the early stage the current density of MEA
made by PANI modified anode is higher than the conventional
MEA  within 125 min. Then, the current density slightly decreases
roughly in the same range of conventional anode performance.
Higher current density in the first part of curves might be attributed
to an increase in methanol crossover resistance and anode activity
caused by employing of PANI modified anode which is consistent
with polarization curves results.

However it clearly decays with time probably due to decreas-
ing of the methanol concentration in the reservoir, not optimized
modified anode and MEA  structures and/or irreversible catalyst or
membrane degradation itself [29].

As it can be seen in Fig. 5 there was  no significant performance
degradation of the conventional anode cathode. However, there is
still a gradual and slow performance loss, which might be related
to decreasing of the methanol concentration in the reservoir or
catalyst poisoning and/or MEA  components degradation.

4. Conclusion

This work demonstrates the performance of the novel nano-
structure MEA  based on polyaniline modified anode in DMFC
under real condition. PANI was  deposited on the surface of the
PtRu/C anode catalyst as a methanol-blocking by over oxidation
of methanol. It effectively reduces methanol crossover at elevated
methanol concentration compared to conventional MEA.

Obtained results also indicate the employment of the PANI
nanofibers as surface catalyst modifier (this study) is more effec-
tive than the employment of the PANI as a catalyst support (Pt/PANI,
Pt/PANI-C) or as a membrane composite agent.

It can therefore be concluded that MEA  based on PANI/PtRu/C
anode could be a good alternative anode catalyst for methanol elec-
trooxidation which is highly desirable for the small-scale DMFC
importable devices and micro electromechanical systems.

However to realize the employment of PANI modified DMFC
anode for practical applications a deeper understanding of various
degradation routes and identification of performance restoration
techniques are needed.
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