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a  b  s  t  r  a  c  t

Operating  a  passive  direct  methanol  fuel cell  (DMFC)  with  concentrated  methanol  is  to achieve  its  inher-
ently  appealing  feature  of  high  specific  energy.  The  objective  of  this  work  is  to understand  and  identify
key  system  design  parameters  that  influence  the performance  of the  passive  DMFC  operated  with  con-
centrated  fuel  at  different  operating  temperatures.  The  design  parameters  that  were  investigated  include
the open  ratios  of the  perforated  polytetrafluoroethylene  (PTFE)  sheet,  and  the  anode  gas  diffusion  lay-
ers (GDL)  and  the  cathode  filters.  Experimental  results  show  that  with  the neat  methanol  operation,  a
medium  open  ratio  is required  to achieve  high  cell  performance.  It is  interesting  to  find  that  unlike  the
passive  DMFC  operating  with  diluted  fuel,  an  increase  in  the  operating  temperature  from  40  to  60 ◦C
results  in  a decrease  in  the  cell performance  due  to water  starvation.  In  addition,  it  is  demonstrated  that
the  anode  GDL  has  little  influence  on the  cell  performance,  but the effect  of cathode  filters  is  much  more
significant.  Finally,  the constant-current  discharge  test indicates  that  the  supply  of  methanol  becomes  a
key factor  leading  to performance  degradation  during  the  long-term  operation.

© 2014  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

With the unprecedentedly rapid development of personal
mobile electronic devices such as smart phones, laptops and tablets,
the use of conventional batteries becomes a bottleneck for power-
ing high-performance devices due to their relatively short runtime
and low specific energy. Among various candidates to replace bat-
teries, the direct methanol fuel cell (DMFC) has been recognized
one of the strongest contenders because of its simple design, quiet
operation, usage of liquid methanol, high energy-conversion effi-
ciency and large specific energy [1–3]. Nevertheless, conventional
DMFCs have to utilize diluted fuel (< 4 M)  to minimize the cathode
mixed potential caused by methanol crossover from the anode to
cathode. As a consequence, the specific energy of a conventional
DMFC is far away from its theoretical value, about 6000 Wh  kg−1.

To realize the high specific energy, concentrated fuel must be
utilized in a DMFC system. One solution to operate a DMFC with
concentrated fuel is to collect the water produced in the cathode
and pump it to the anode mixing chamber where water is mixed
with neat methanol to produce diluted methanol solutions [4].
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Obviously, such a design will complicate the system and consume
additional power. Another way  is to vaporize the liquid methanol
and take advantage of the carbon dioxide produced from the anode
reaction to dilute methanol vapor before it enters into the anode
electrode. As compared to the first approach, such a system design
is much more attractive due to its simplicity and zero additional
power consumption. To vaporize concentrated methanol solutions,
a variety of methods have been proposed in the literature [5–16].
These approaches include the usage of hydrogels [5], the intro-
duction of a porous carbon plate with a high methanol transfer
resistance [6,7], the modification of an anode flow field [8] and the
employment of a pervaporation membrane [9–15].

In addition to developing novel methanol delivery schemes,
water management in the DMFCs operating with concentrated
methanol solutions is also of critical importance [1,3,16]. In fact,
water plays double roles in a DMFC: 1) the Nafion® membrane, the
most commonly used proton exchange membrane, needs water to
increase its proton conductivity; 2) the methanol oxidation reac-
tion (MOR) taking place in the anode must consume water to form
carbon dioxide. The demand of water can be readily met  when
diluted methanol solutions are fed to a DMFC, while water starva-
tion may  happen if concentrated methanol is utilized because no or
little water is fed to the anode directly. Recently, increasing efforts
[16–26] have been spent on understanding and alleviating the
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water starvation problem. Wu and Zhao [17] experimentally inves-
tigated the water transport characteristics under various operating
conditions and structural designs. Wu  et al. [16] developed a
chromatography-based method to determine the water concentra-
tion in the anode catalyst layer (CL) of a DMFC and studied the effect
of water concentration on the MOR  performance. Xu and Faghri [18]
developed a two dimensional, two-phase, non-isothermal model
to investigate the water transport phenomenon in a passive DMFC
operating with concentrated fuel. Zhang el al. [20] modified the
cathode backing layers (BL) by increasing the polytetrafluoroethy-
lene (PTFE) content to 40 wt. % and an energy density of 438 Wh
L−1 was attained. Rather than optimizing the cathode gas diffusion
layer (GDL), adding a hydrophobic air filter [21] and a perforated
cover [22] onto the cathode were also proposed to enhance the back
flow of water from the cathode to anode.

Our literature review indicates that both methanol delivery
and water management are critical to the performance of a DMFC
operating with concentrated fuel. Tackling these two  issues relies
closely on the enhanced understanding in the effects of fuel cell
structural parameters on the transport of methanol and water.
However, for passive DMFCs, such knowledge is far less suffi-
cient. In this work, the effects of the structural parameters such
as the open ratios of the perforated PTFE sheet, anode GDLs and
cathode filters on the performance of a passive DMFC fed with
concentrated fuel, are experimentally investigated under different
operating temperatures with the assistance of a reference elec-
trode. For the sake of guiding future work on system optimization,
special focus is placed to identify the key factors that govern the
fuel cell performance and operating stability.

2. Experimental

2.1. Preparation of membrane electrode assemblies (MEA)

A 50 �m-thick Nafion® 212 membrane from Dupont® was used
to fabricate the MEA  in this work. Hispec® 10000 PtRu/C (atomic
ratio of Pt to Ru is 1:1 and the total metal content is 60 wt. %) and
Hispec® 9100 Pt/C (60 wt. % Pt) from Johnson Matthey® were used
as catalysts for the anode and cathode electrodes, respectively. The
catalyst loading and Nafion® ionomer content were maintained to
be 4 mg  cm−2 and 20 wt. % for both electrodes. The GDLs used in
each electrode consisted of a Toray® 090 carbon paper (280 �m)
pretreated with 5 wt. % PTFE and a microporous layer (MPL). Three
types of MPLs were applied in the present work: 1) hydrophobic
MPL  with a carbon loading of 2 mg  cm−2 and a PTFE content of
20 wt. %; 2) hydrophilic MPL-I with the same carbon loading as the
hydrophobic ones and a Nafion® ionomer content of 20 wt. %; 3)
hydrophilic MPL-II with the same carbon loading and ionomer con-
tent as the hydrophilic MPLs-I and an additional 5 wt.  % nanoporous
SiO2 (5-15 nm,  Aldrich®). Except for the investigation of the anode
GDL, hydrophobic MPLs were employed throughout this work. To
form a compact MEA, an anode and a cathode electrode with the
active areas of 2.0 cm × 2.0 cm were hot pressed onto two sides of
the membrane at a temperature of 135 ◦C and a pressure of 4.0 MPa
for 3 minutes.

2.2. Single cell fixture with a built-in reference electrode

Fig. 1 shows the single cell design of the passive vapor feed
DMFC applied in the present work. As shown in Fig. 1, the fixture
consists of an anode end plate, a fuel tank with a of volume of
9.2 mL,  a pervaporation membrane, a perforated PTFE sheet, a
vapor chamber with a CO2 venting hole, an anode current collector,
an MEA, a cathode current collector and a cathode end plate. A
Tokuyama® A201 membrane with a thickness of 28 �m was

employed as the pervaporation membrane. The perforated PTFE
sheet with a thickness of 300 �m was  used to control the methanol
delivery rate by adjusting its open ratio. To investigate the effect
of open ratios, 5 open ratios (6%, 15%, 40%, 60% and 80%) were
employed in this work. The combination of the pervaporation
membrane and the perforated PTFE sheet can effectively depress
the methanol crossover so that concentrated methanol solutions
can be directly used. The current collectors applied in the anode
and cathode were made of 316L stainless steel with the open ratios
of 47.8%. For convenience of temperature control, the cathode end
plate was made of aluminum block with 2 holes for electrical heat-
ing rods and 1 hole for a thermal couple. It should be mentioned
that the cell temperature was controlled only in the study of the
temperature effect and the long-term discharge test.

To understand the effect of the structural parameters on the
anode MOR, the anode potential was  in-situ measured during the
performance tests. A reversible hydrogen electrode with an active
area of 1.0 × 1.0 cm2 was used as the reference electrode and was
built in the single cell fixture for the measurement of anode poten-
tial. The construction of the reference electrode was similar to our
previous works [23,26]. The compositions of the GDLs and CLs in
the reference electrode were the same as those used in the cath-
ode electrode of the DMFC except that the catalyst loading was
1 mg  cm−2. The hydrogen inlet and outlet (not shown in Fig. 1) were
located on the top and bottom surfaces of the cathode end plate,
respectively. Humidified hydrogen was fed into the inlet by an
Omega® FMA-2619A mass flow controller at a flow rate of 10 sccm.
The current collectors for the reference electrode were also made
of 316L stainless steel and formed with serpentine flow channels;
the channel width, rib width and depth were 1.1 mm,  1.1 mm and
1.5 mm,  respectively. The voltage between anode electrode of the
DMFC and the reference electrode was  recorded by an Agilent®

34970A data acquisition unit with a sampling time of 10 seconds.

2.3. Electrochemical instrumentation and test conditions

An Arbin® BT-5HC multiple independent channel test station
was employed to control the discharging current, measure the
transient voltage and determine the internal resistance of the
DMFC under various operating conditions and structural designs.
The measurement of internal resistances was based on the cur-
rent interruption technique. For the test of current-voltage (I-V) or
current-power (I-P) characteristic, the passive DMFC was first kept
at open circuit condition (OCC) for 40 minutes to attain a stable
open circuit voltage (OCV), and then the DMFC was  controlled to
discharge at each preset current for 1 minute. After each test, the
fuel was extracted and the DMFC was  kept at OCC for 24 hours to
remove the produced water inside the MEA and make it in equi-
librium with the ambient water vapor. This was to ensure that the
initial water content within the MEA  was  similar for each test. The
ambient temperature and the relative humidity for all the experi-
ments were about 15-17 ◦C and 50-60%, respectively.

3. Results and discussion

3.1. Effect of methanol concentrations

The feeding methanol concentration is an important parameter
that needs to be optimized for the passive DMFC system since it will
influence the performance and the specific energy simultaneously.
Fig. 2 shows the effect of methanol concentrations on the perfor-
mance of the passive vapor feed DMFC, in which the open ratio of
the perforated PTFE sheet is 40%. It can be seen that at low current
densities, the cell performance decreases slightly with an increase
in the methanol concentration; the OCV is 0.441 V, 0.433 V, 0.427 V
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