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a b s t r a c t

In order to enhance the performance of the direct methanol fuel cell (DMFC), the product of CO2 bubble
has to be efficiently removed from the anode channel during the electrochemical reaction. In this study,
the materials of Polymethyl Methacrylate (PMMA) with hydrophilic property and polydimethylsiloxane
(PDMS) with hydrophobic property are used to form the anode cannel. The channel is fabricated through a
eywords:
irect methanol fuel cell
icroelectromechanical system

olydimethylsiloxane
ydro-resistance

microelectromechanical system (MEMS) manufacture process of the DMFCs. In addition, some particles
with high hydrophobic properties are added into the PDMS materials in order to further reduce the
hydro-resistance in the anode channel. The performance of the DMFCs is investigated under the influence
of operation conditions, including operation temperature, flow rate, and methanol concentration. It is
found that the performance of the DMFC, which is made of PDMS with high hydrophobic particles, can be
greatly enhanced and the hydrophobic property of the particles can be unaffected by different operation

conditions.

. Introduction

Fuel cell is a type of energy conversion devices with high effi-
iency, which allows the electrochemical reaction between the fuel
nd oxidant to convert the chemical energy of the fuel directly
nto the electricity. The direct methanol fuel cell (DMFC), which
tilizes the methanol solution as a fuel, has been considered as a
romising power source for portable electronic devices. Methanol
as high energy density and specific, superior chemical stability,
hich are important for transport and storage. Thus, compared
ith other fuel cell systems, the DMFC is a simple and compact

ystem and also a potential power source for portable applications
1–3]. This reason has motivated researchers and industry engi-
eers all over the world to study the DMFC. For example, the issue
ssociated with the interactions between pairs of species in a mul-
icomponent membrane was discussed in Refs. [4–8]. Refs. [9–12]
nvestigated the design related to miniaturization. The open circuit
oltage (OCV) and methanol cross-over problems were studied in

efs. [13,14]. Interaction between the catalytic materials of mem-
ranes and the fuel flow field was investigated in Refs. [15–17]. The
hysical parameters of the gas diffuse layer (GDL) such as the thick-
ess, pore size and pore distribution, which affect the dynamics of

∗ Corresponding author. Tel.: +886 6 23924505x8255; fax: +886 6 23932758.
E-mail address: wjluo@ncut.edu.tw (W.-J. Luo).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.033
© 2010 Elsevier B.V. All rights reserved.

two-phase transport had been studied extensively in Refs. [18–20].
The DMFC consists of a proton exchange membrane with an anode
and a cathode catalyst layer on each side. Gas diffusion layers, usu-
ally made of carbon paper or carbon cloth, are used to cover the
catalyst layers and form the membrane electrode assembly (MEA).
The MEA is then sandwiched between two current collectors that
have some flow channels machined on the surface for the supply of
the fuel and oxidant. Typically, the DMFC is operated at a temper-
ature lower than 100 ◦C. Methanol is electrochemically oxidized to
CO2 at the anode and oxygen is reduced to water at the cathode.
The electrochemical reactions in the cell are described as follows:

CH3OH + H2O → CO2 + 6H+ + 6e− (anode reaction) (1)

(3/2)O2 + 6H+ + 6e− → 3H2O (cathode reaction) (2)

The overall combined reaction is:

CH3OH + (3/2)O2 → 2H2O + CO2 (3)

Thus, the overall cell reaction is the electro-oxidation of
methanol and water to CO2. All of the reaction products, includ-
ing gas CO2 at the anode and liquid water at the cathode, should

be removed from the electrode structure and cell as efficiently as
possible to maintain an effective continuous reaction. Similar to
the water management at the cathode, the efficient removal of CO2
at the anode is one of the most important research issues in the
development of DMFCs.

dx.doi.org/10.1016/j.jpowsour.2010.06.033
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wjluo@ncut.edu.tw
dx.doi.org/10.1016/j.jpowsour.2010.06.033
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In the DMFC, methanol solution is fed into the anode flow field
nd diffuses into the catalyst sites through the gas diffusion layer,
hile the reaction-produced gas CO2 at the catalyst layer is trans-
orted backward into the anode channels through the gas diffusion

ayer. Consequently, a counter liquid–gas two-phase flow takes
lace in the diffusion layer. When the quantity of CO2 increases at
igh current density range, the volume fraction of CO2 in the anode
ow field becomes rather large. In such a situation, CO2 removal

rom the catalyst sites is critical to ensure the availability of an
dequate surface area for methanol oxidation. To this end, CO2 has
o be removed effectively from both the diffusion layer and the
node flow field. Otherwise, stagnant CO2 gas slugs that adhere to
he surface of the diffusion layer may block the pores, which in turn
inder the diffusion of methanol solution to the catalyst layer. The
iffusion may also cause a higher pressure in the anode flow field,

eading to an increase in methanol cross-over. Consequently, this
esult can lead to the starvation of the reaction sites and severe
ell performance loss. Hence, the investigation on the removal of
O2 gas bubbles at the anode channels will serve as a guide for

mprovement on the performance of DMFC.
Some studies have reported CO2 bubble behavior in the anode

ow field of DMFCs. Mench et al. [21] examined gas bubble growth
nd ejection from the backing layer and flow channel interface
egion with video microscopy and observed discrete bubbles on
he order of 0.1–0.5 mm evolving from various locations within the
acking layer. Argyropoulos et al. [22] investigated visually the CO2
as evolution process inside an operating DMFC. The effects of oper-
ting parameters including different gas diffusion layer supporting
aterials, flow bed designs, cell sizes, exhaust manifold configura-

ions, and the current density on the system gas management are
nvestigated. Scott et al. [23] visually investigated the CO2 gas evo-
ution and flow behavior with flow beds based on a stainless steel

esh. In their study, a number of the flow designs, based on stain-
ess steel mesh, showed promising behavior in terms of gas removal
haracteristics and electrical performance. Yang et al. [24] reported
visual study of CO2 bubble behavior in a single serpentine chan-
el of a transparent DMFC anode. The study revealed the influence
f current densities, cell orientation, methanol solution flow rates,
nd CO2 bubble distribution for different serpentine channels and

arallel channels at different current densities [24,25]. Bewer et al.
26] reported a novel method of simulating two-phase flow in a
MFC using an aqueous H2O2 solution. The influence of the flow
eld on the bubble formation and flow homogeneity, as well as
he influence of the manifold on the flow homogeneity, was inves-

Fig. 1. Exploded view of the tran
ources 196 (2011) 270–278 271

tigated. Lu and Wang [27] developed a 5 cm2 transparent DMFC
to visualize CO2 bubble flow in the anode and investigated the
effects of pore structure and wettability on two-phase flow dynam-
ics.

In this paper, a visual investigation of CO2 gas bubble behav-
ior in a transparent DMFC with the anode flow field consisting
of three parallel serpentine channels is presented. The dynamic
behavior of CO2 gas bubbles in the anode channels of the operating
cell was recorded in situ, and polarization curves were obtained to
provide a fundamental understanding of the relationship between
the hydrophobic character of the anode channel and the cell per-
formance. A series of parametric studies, including the aqueous
methanol solution flow rate, temperature, and concentration were
performed to evaluate the effects of CO2 gas bubble behavior in
different hydrophobic anode channels as well as on the cell perfor-
mance.

2. Experimental

2.1. Transparent cell

Fig. 1 shows the exploded view of the transparent DMFC test
fixture designed and fabricated for the visualization study in this
paper. The MEA, which is detailed in the subsequent paragraph, was
sandwiched between two bipolar plates with a gasket onto either
side of the MEA. This assembly, including the bipolar plates and
MEA, was clamped between two enclosure plates by using eight M8
screw joints (each having a torque of about 12 KGF-CM). The active
area of the MEA adopted in this paper is 3.5 cm × 3.5 cm, which con-
sisted of two single-side ELAT electrodes from E-TEK and a Nafion®

membrane 117. Both anode and cathode electrodes used carbon
cloth (E-TEK, Type A) as the backing support layer with 30% PTFE
wet-proofing treatment. The catalyst loading on the anode side was
4.0 mg cm−2 with unsupported [Pt:Ru] Ox (1:1 a/o), while the cat-
alyst loading on the cathode side was 2.0 mg cm−2 with 40% Pt on
Vulcan XC-72. Furthermore, 0.8 mg cm−2 Nafion® was applied to
the surface of each electrode. The bipolar plates (shown in Fig. 1)
were made of 316 stainless steel [28–31] plates with a thickness of
2.0 mm in order to avoid corrosion. As shown in Fig. 1, the rectan-

gular bipolar plate consisted of two portions: the channel area and
the extension area. The channel area acted as the distributor for
supplying fuel and oxidant to the MEA. The three parallel serpen-
tine channels, having an area of 2.0 mm × 2.0 mm, were machined
using the wire-cut technology. The width of the ribs was 2 mm.

sparent DMFC test fixture.
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he serpentine channel comprised a total length of 676 mm. The
xtension area of the bipolar plates served as a current collector. In
ddition, a tape heater was attached to the extension area to adjust
he cell operation temperature to a desired value during the exper-
ments. For the purpose of visualization, the two enclosure plates
2.0 cm thick) were made of transparent Lucite material. The two-
hase flow characteristics of gas CO2 and methanol solution in the
node flow field could be distinctly visualized and recorded by the
mage recording system through the transparent enclosure plate.
otice that the transparent Lucite material, having a well-insulated
roperty, can effectively keep the heat in the MEA and the bipolar
lates from dissipating to the surroundings under higher operation
emperatures.

.2. The fabrication of the PDMS channels

Soft lithography is a diverse set of techniques that encom-
asses replica molding using an elastomeric material, specifically
olydimethylsiloxane (PDMS), for the fabrication of microfluidic
evices as well as for the patterning of surfaces using PDMS stamps
microcontact printing). The common procedure used for making
DMS channels involves the fabrication of a silicon master with
atterned features composed of a photoresist (SU-8). In this pro-
ess, silicon wafers were coated with photoresist and then exposed
o ultraviolet (UV) light through a mask with the desired pattern.
igh-resolution transparencies were used as the photomask to

apid prototype SU-8 patterned masters, from which PDMS molds
an be replicated. In the fabrication process, silicone elastomer and
lastomer curing agent (Sil-More Industrial Ltd., USA Sylgard 184A
nd Sylgard 184B) were mixed in a ratio of 10:1 and then poured
nto an SU-8 mold. The interrelated fabrication process can refer
o Luo [32,34]. The PDMS was cured at a temperature of 70 ◦C for
h and then treated using oxygen plasma to change its inherent
ydrophobic surface property to a hydrophilic property. The PDMS

nverse structure was then peeled off the template. Full details of
he fabrication process are presented in Refs. [32–35].

.3. Test loop
The schematic of the experimental setup is shown in Fig. 2.
ethanol solution was driven by a squirm pump, which can pre-

isely control the liquid flow rate from 3 to 15 ml/min with an error
f 2%. Before entering the cell, methanol solution was pre-heated

Fig. 2. Schematic of the e
ources 196 (2011) 270–278

to a desired temperature by placing the methanol solution tank in
a temperature controllable water bath. The mixture of gas CO2 and
unreacted methanol solution was drained from the cell and cooled
down when passing through a cooling system. The gas (CO2) pro-
duced at anode was separated from the methanol solution tank and
released to the atmosphere, while the unreacted methanol solution
was re-collected into a chemical liquid tank. Simultaneously, the
ambient air with almost 80% oxygen as oxidant was provided to
the cathode side of the cell without humidification. The flow rate
of oxygen was controlled by an air mass flow regulator, which has
an error of 5% of the full scale.

3. Results and discussion

The performance of the DMFC is seriously affected by the CO2
bubbles (the electrochemical reaction product) in the anode chan-
nel. The CO2 bubbles must be efficiently removed from the anode
channel to maintain continuous power generation efficiency. In this
study, the materials of PMMA and PDMS, with different hydropho-
bic properties, were used as the substrates of the anode channels
of the DMFCs, which were fabricated via MEMS fabrication. The
effect of hydro-resistance for the supply fuel in the anode channels
was modulated by using different hydrophobic materials as anode
channel substrates.

By using a highly hydrophobic material, PDMS, the hydro-
resistance in the anode channel was smaller, and the product of
the CO2 bubble could be easily removed from the anode channel.
In order to further reduce the hydro-resistance in the anode chan-
nel, small particles of Mobil Composition of Matters-41 (MCM-41)
having a higher hydrophobic property were uniformly added into
the PDMS substrate. A CCD camera was used to capture the CO2
bubble removal procedures. Due to the reflection of the liquid–gas
interface, the CO2 bubble formation, growth, and motions in the
flow channel were distinctly captured by the image recording
system, as shown in Figs. 3 and 4. With the help of a lighter
liquid–gas interface, gas bubbles could be easily distinguished
from liquid methanol solution. The region enveloped by a lighter-
grey liquid–gas interface represents a gaseous area, whereas the

remaining region in the flow field is the liquid area. At each active
nucleation site, gas bubbles formed, grew, and departed from the
surface of the diffusion layer with the help of the cross current
flow of the methanol solution. For a given operation condition, the
process of bubble formation and departure was repeated period-

xperimental setup.
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Fig. 3. CO2 bubble behavio

cally. After departing from the surface of the gas diffusion layer,
he small and spherical gas bubbles traveled upwards to the upper
urface of the channel due to buoyancy. The gas bubbles then
oved towards the outlet of the flow field with the liquid methanol

olution. Traveling along the flow channel towards the outlet, the
ubbles gradually grew via coalescing with the newly produced
mall bubbles from the surface of the gas diffusion layer. Fig. 3
emonstrates the CO2 bubble behavior with an increase in reac-
ion time for the case of PMMA as the substrate under a selected
urrent density (90 mA cm−2). The cell was oriented vertically and
ith 10% methanol solution supplied at a flow rate of 10 cm3 min−1

t 55 ◦C. As shown in Fig. 3, the upper serpentine channel in the
node channel was almost filled with slug bubble due to the buoy-
ncy of the gas bubble. At 80 s, the long slung bubble was divided
nto two segments in the lower left corner of the upper serpen-
ine channel. As time elapsed, the shorter slug near the outlet was
ushed out of the anode channel. The right, longer slug was pushed
orward and occupied the entire upper serpentine channel again
s shown in Fig. 3(e). However, in the middle and lower serpen-
ine channels, the slug bubbles occupied only the right side of the
wo channels and a rather small number of discrete gas bubbles
ere generated and were present in the downstream region of

he channels. As time elapsed, some of small spherical bubbles
radually enlarged and eventually became slug bubbles. Unlike

he small spherical bubbles, slug bubbles are usually long and
pan the entire channel cross-section. As time further elapsed,
he new product slug in the lower left region of the lower ser-
entine channel gradually moved towards the original long slug
ear the inlet of the channel, and the two slugs merged eventu-
g PMMA as the substrate.

ally, at 80 s. Then, the merged long slug became divided into two
segments in the lower right corner of the lower serpentine chan-
nel. At 100 s, the shorter slug in the lower region of the cell was
pushed out of the anode channel. In Fig. 3(a)–(e), it can be seen that
rather long gas slugs formed and occupied almost half of the area
of the serpentine channels and the entire channel cross-section.
This formation caused the effective contact area between the liq-
uid fuel and the gas diffusion layer to be extremely small. Under
such a condition, the long gas slugs may restrict the continuous
supply of methanol through the gas diffusion layer to the cata-
lyst surface, eventually leading to the deterioration of the mass
transfer of methanol. Fig. 4 presents the images of the CO2 bub-
ble behavior with the increase in reaction time. PDMS was used
as the substrate under a selected current density (108 mA cm−2)
when the cell was oriented vertically and with 10% methanol solu-
tion supplied at a flow rate of 10 cm3 min−1 at 55 ◦C. As shown
in the figure, a rather small number of discrete gas bubbles were
generated and distributed uniformly over the whole anode chan-
nel at 35 s. At 60 s, some of the small spherical bubbles gradually
enlarged, merged together, and eventually became segmental slug
bubbles occupying the upper and middle serpentine channels.
At 75 s, due to lower hydro-resistance in the anode flow, these
segmental slugs were pushed forward by the pressure from the sup-
plied methanol and were progressively removed from the anode

channel.

The bubble removal rates from the anode channels with the
increase in electrochemical reaction time were illustrated by cal-
culating the bubble covering area in the anode channel (shown in
Fig. 5). The bubble covering area is relative to the growing size
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Fig. 4. CO2 bubble behavi

f the bubbles and their halting periods in the anode channels.
hen the bubbles gradually grew in size, the area covering the

ubbles also gradually increased. These gradually growing bub-
les obstructed the anode channels and restricted the continuous
upply of methanol to the catalyst. The area covering the bubbles
hen further increased. When the driving force from the sup-
lied methanol surpassed the hydro-resistant force in the anode
hannel, the bubbles were pushed downwards and flowed out of
he anode channels. As a result, the bubble covering area gradu-
lly decreased. For PDMS, the distribution of the bubble covering
rea elevated and fell noticeably, as shown in Fig. 5. Thus, due to
ower hydro-resistance in the anode channel, the driving force from
he supplied methanol surpassed the hydro-resistance force eas-
ly, and the bubbles were easily pushed forward with increasing
overing area. When the bubbles flowed out the anode chan-
el, the covering area decreased suddenly. However, when PMMA
as used, the distribution of the bubble covering area appeared

ore smoothly and gradually increased with the electrochem-

cal reaction time in comparison with the former case (shown
n Fig. 5). This phenomenon indicates that the hydro-resistance
n the anode channel was greater and the halting time of the
ubble was longer in comparison with the former case. The max-
g PDMS as the substrate.

imum covering area in the anode channel could reach a value
of 84% at 70 s from the beginning of the electrochemical reac-
tion.

The efficiencies of the DMFCs with different hydrophobic anode
channels were also investigated under the influence of the environ-
mental temperatures (30–70 ◦C), the fuel supply flow rates in the
anode channels (3–15 cm3 min−1), and the solution concentration
of the methanol in pure water (5–20%).

3.1. The effect of the operation temperature on the efficiency of
the DMFCs

Fig. 6 illustrates the distributions of the power density for
the three different hydrophobic materials as substrates under the
operation conditions of 30 ◦C, 10 cm3 min−1, and a 10% methanol
concentration. Due to lower hydro-resistance in the anode chan-
nel for MCM-41 particles uniformly added into the PDMS substrate

(PDMS1), the new small CO2 bubbles produced in the anode chan-
nel were easily pushed forward and removed from the anode
channel. As the result, the power density for the case was the great-
est among the three cases under any specific load and reached a
maximum value of 21.6 mW cm−2, as shown in the figure. How-
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Fig. 5. Distribution of the bubble converting area in the anode channels.
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Fig. 7. Power densities for the DMFCs under the operation condition of 10%
methanol solution supplied at flow rate of 10 cm3 min−1 at 70 ◦C.

Table 1
Maximum power density of the DMFCs with an increasing operation temperature
under the conditions of a 10 cm3 min−1 flow rate and a 10% methanol concentration.

Temperature (◦C) Material

PMMA
(mW cm−2)

PDMS
(mW cm−2)

PDMS1
(mW cm−2)

T
D

ig. 6. Power densities for the DMFCs under the operation condition of 10%
ethanol solution supplied at flow rate of 10 cm3 min−1 at 30 ◦C.

ver, for PMMA, the hydro-resistance in the anode channel was
he greatest among the three cases. The small CO2 bubbles left
he catalyst layer and gradually grew. The neighboring bubbles

erged into a slug form and halted in the anode channel over

onger periods. Thus, the power density for this case attained a

aximum value of only 16.2 mW cm−2. From the figure, the devi-
tions of the power densities between PDMS and PDMS1 are not
pparent under the operation conditions. Fig. 7 shows the distribu-
ions of the power density for the three cases under the operation

able 2
ifferences of the maximum power densities for the DMFCs under a 10 cm3 min−1 flow r

Temperature (◦C) ((PDMS − PMMA)/PMMA) × 100 (%) ((PDM

30 20.5 33
55 16.7 30
70 7.6 24.7
30 16.220 19.552 21.573
55 19.771 23.070 25.698
70 24.184 26.038 30.156

conditions of 70 ◦C, 10 cm3 min−1, and a 10% methanol concen-
tration. By comparing the results in Figs. 6 and 7, the maximum
power densities for the three cases all increased with an increasing
temperature from 30 to 70 ◦C. Tables 1 and 2 show the maximum
power densities and corresponding differences in the three cases
at a flow rate of 10 cm3 min−1 and a methanol concentration of
10% at different operation temperatures. The power density dif-
ferences, comparing PDMS and PMMA with PDMS1 and PMMA,
both gradually decreased with the increase in the operation tem-
perature. This phenomenon indicates that the increasing operation
temperature weakened the effect of hydro-resistance reduction in
the hydrophobic anode channel. However, the power density dif-
ference between PDMS and PDMS1 gradually increased with the
increase in the operation temperature. For the hydrophobic par-
ticles, the effect of hydro-resistance reduction was essential for
increasing the operation temperatures.

3.2. The effect of the fuel flow rate on the efficiency of the DMFCs
Figs. 8 and 9 illustrate the distributions of the power density for
the three cases with fuel flow rates of 3 and 15 cm3 min−1, respec-
tively, under the operation condition of 55 ◦C and a 10% methanol
concentration. When the flow rate increased, the power densities

ate and conditions of 30 ◦C, 55 ◦C, 70 ◦C and a 10% methanol concentration.

S1 − PMMA)/PMMA) × 100 (%) ((PDMS1 − PDMS)/PDMS) × 100 (%)

10.3
11.4
15.8
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Fig. 8. Power densities for the DMFCs under the operation condition of a 10%
methanol solution supplied at flow rate of 3 cm3 min−1 at 55 ◦C.

F
m

a
f
b
i
a
u
r
p

Table 3
Maximum power density of the DMFCs with an increasing flow rate under conditions
of 55 ◦C and a 10% methanol concentration.

Flow rate (cm3 min−1) Material

PMMA
(mW cm−2)

PDMS
(mW cm−2)

PDMS1
(mW cm−2)

3 16.320 19.511 20.749
10 19.771 23.070 25.698
15 21.633 23.401 26.271
20 – – –

T
D

ig. 9. Power densities for the DMFCs under the operation condition of a 10%
ethanol solution supplied at flow rate of 15 cm3 min−1 at 55 ◦C.

ll increased in the three cases due to the supply of more methanol
uel. The electric power-generating performance of PDMS1 was the
est among the three cases under different flow rates. As shown

n Tables 3 and 4, the power density differences between PDMS

nd PMMA and between PDMS1 and PMMA had maximum val-
es at the flow rate of 10 cm3 min−1. Thus, the hydro-resistance
eduction effect was not significant at a high flow rate of the sup-
ly methanol. However, for PDMS and PDMS1, the increase in the

able 4
ifferences in the maximum power densities for the DMFCs with flow rates of 3 cm3 min−

Flow rate (cm3 min−1) ((PDMS − PMMA)/PMMA) × 100 (%) ((PD

3 16.3 27.1
10 16.7 30
15 8.1 21.4
20 – –
Fig. 10. Power densities for the DMFCs under the operation condition with a 5%
methanol solution supplied at a flow rate of 10 cm3 min−1 at 55 ◦C.

flow rate resulted in an increase in the power density difference.
Thus, the hydro-resistance effect of hydrophobic particles was not
significantly affected by the increase of the flow rate. When the
flow rate was greater than 20 cm3 min−1, the effect of methanol
flow cross-over between anode and cathode sides became signifi-
cant. The power density of the DMFC under this condition was not
measured in this study.

3.3. The effect of the methanol concentration on the efficiency of
the DMFCs

Figs. 10 and 11 illustrate the distributions of the power densi-
ties for the three cases with methanol concentrations of 5% and
10%, respectively, under the operation condition of 55 ◦C and a
10 cm3 min−1 flow rate. From the two figures, the increase in
the methanol concentration from 5% to 10% resulted in power
density increases in the three cases due to the greater amount

of methanol fuel supplied for the electrochemical reaction. The
electric power-generating performance of PDMS1 was also the
best among the three cases. The power density reached a max-
imum value of 25.7 mW cm−2 at a 10% methanol concentration.

1, 10 cm3 min−1, 15 cm3 min−1, and 20 cm3 min−1, using 55 ◦C and a 10% methanol.

MS1 − PMMA)/PMMA) × 100 (%) ((PDMS1 − PDMS)/PDMS) × 100 (%)

10.4
11.3
12.3

–
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Table 5
Maximum power density of the DMFCs with an increasing the methanol concentration under conditions of 55 ◦C and a 10 cm3 min−1 flow rate.

Concentration (%) Material

PMMA (mW cm−2) PDMS (mW cm−2) PDMS1 (mW cm−2)

5 11.478 18.284 20.136
10 19.771 23.070 25.698
15 19.181 21.711 22.148
20 17.244 19.090 20.256

Table 6
Differences of the maximum power densities for the DMFCs at 55 ◦C and a 10 cm3 min−1 flow rate, with 3%, 10%, 15%, or 20% methanol concentrations.

Concentration (%) ((PDMS − PMMA)/PMMA) × 100 (%) ((PDMS1 − PMMA)/PMMA) × 100 (%) ((PDMS1 − PDMS)/PDMS) × 100 (%)

5 59.3 75.4
10 16.7 30
15 13.2 15.5
20 10.7 17.5
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ig. 11. Power densities for the DMFCs under the operation condition of a 10%
ethanol solution supplied at a flow rate of 10 cm3 min−1 at 55 ◦C.

ables 5 and 6 show the maximum power densities and differences
n the three cases at different supply methanol concentrations
nder the operation condition of 55 ◦C and a 10% methanol con-
entration. In Table 5, when the methanol concentration increased
rom 10% to 20%, the power densities in the three cases gradually
ecreased with the increase in the methanol concentration due to
ethanol flow cross-over from anode to cathode side. Under the

ondition of a 10% methanol concentration, the maximum power
ensities in the three cases all reached maximum values. How-
ver, the power density differences between PDMS and PMMA and
etween PDMS1 and PMMA gradually decreased with the increase

n the methanol concentration from 5% to 20%. This phenomenon
ndicates that increasing the concentration of the supply methanol
olution can weaken the effect of the hydro-resistance reduction
n the hydrophobic anode channel. However, in comparison with
DMS and PDMS1, with a methanol concentration below 10%, the
ffect of the hydro-resistance reduction for hydrophobic particles
as significant (as shown in Table 6).

. Conclusions
This study investigated the CO2 bubble removal effect and
he corresponding electric output of the DMFCs with differ-
nt hydrophobic anode channels made of PMMA and PDMS.
MMA material is transparent and hydrophilic, and PDMS mate- [
10.1
11.4

2
6.1

rial is transparent and hydrophobic. The hydro-resistance in the
hydrophobic anode channel is much smaller than that in the
hydrophilic anode channel. In order to further reduce the hydro-
resistance in the anode channel, hydrophobic micro-particles
(MCM-41) were uniformly added into PDMS. DMFCs with an anode
channel made of different materials mentioned above were tested
under different operating conditions, including temperature, fuel
flow rate, and solution concentration of the supplied fuel. The CO2
bubble removal effect and the electric output of the DMFC made of
PDMS anode channels possessing the hydrophobic particles were
always best among the DMFCs under any of the specific oper-
ating conditions tested. However, the increase in the operation
temperature, fuel flow rate, and solution concentration resulted in
decreased hydro-resistance reduction effect of PDMS. In compari-
son with PDMS, the properties of the hydrophobic particles were
more stable under these operation conditions. When hydrophobic
particles were used in the PDMS anode channel, the CO2 removal
effect and the electric output of the DMFC were not significantly
affected by the increase in these operation conditions. The per-
formance of the DMFC still possessed a high efficiency when the
operation conditions were varied. At the operation condition of
55 ◦C, 10 cm3 min−1, and a 5% methanol solution, a maximum dif-
ference in the electric outputs of the DMFCs was achieved. The
electric output of the PDMS1 DMFC was 1.75 times greater than
the PMMA DMFC. The PDMS anode channels can closely adhere to
the anode current collector and prevent the fuel leakage from the
anode channels. Otherwise, the PDMS anode channels are easily
fabricated by using polymerization in a mold such is fully potential
in mass production.
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