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a b s t r a c t

As an alternative or supplement to small batteries, the much-anticipated micro-direct methanol fuel cell
(�DMFC) faces several key technical issues such as methanol crossover, reactant delivery, and byproduct
release. This paper addresses two of the issues, removal of CO2 bubbles and delivery of methanol fuel, in a
non-prohibitive way for system miniaturization. A recently reported bubble-driven pumping mechanism
is applied to develop active �DMFCs free of an ancillary pump or a gas separator. The intrinsically gener-
ated CO2 bubbles in the anodic microchannels are used to pump and circulate the liquid fuel before being
promptly removed as a part of the pumping mechanism. Without a discrete liquid pump or gas separator,
the widely known packaging penalty incurred within many micro-fuel-cell systems can be alleviated so
that the system’s power/energy density does not decrease dramatically as a result of miniaturization.
ubble pumping Since the power required for pumping is provided by the byproduct of the fuel cell reaction, the parasitic
power loss due to an external pump is also eliminated. The fuel circulation is visually confirmed, and
the effectiveness for fuel cell applications is verified during continuous operation of a �DMFC for over
70 min with 1.2 mL of 2 M methanol. The same device was shown to operate for only 5 min if the pumping
mechanism is disabled by blocking the gas venting membrane. Methanol consumption while utilizing
the reported self-circulation mechanism is estimated to be 46%. Different from common pump-free fuel

repor
delivery approaches, the

. Introduction

Because of their superior energy density, micro-direct methanol
uel cells (�DMFCs) are considered as a promising power sup-
ly for extending the operation time of portable electronics,
emote sensors, and autonomous devices. Despite significant recent
dvancements, the development of �DMFCs has encountered seri-
us challenges in system miniaturization. For example, within a
imited space, it is difficult to accommodate all the essential compo-
ents, such as the fuel delivery system, phase separator, membrane
lectrode assembly (MEA), interconnection components, and sys-
em housing. Also, the conventional way to remove CO2 gas bubbles

rom small fuel cells is to pump them, together with the fuel, to

downstream open tank. Thus, the gas is separated from liquid
y buoyancy and released to the environment. Such a separation
ethod is orientation-dependent and subjected to liquid leakage

� The manuscript has been updated and expanded from the work presented at the
EEE International Conference on Micro Electro Mechanical Systems, Kobe, Japan,
anuary 2007.
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ted mechanism delivers the fuel actively and is independent of gravity.
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in portable devices. The CO2 gas bubbles cause serious clogging
problems in �DMFCs [1], due to the scaling-enhanced surface
tension force in the anodic microchannel. Once the microchan-
nel of a �DMFC is blocked, the effective mass-transfer area is
reduced and the cell performance will decline [2]. Therefore,
parasitic power needed for the pump to remove the bubbles is
relatively high. Moreover, generation of gas bubbles in the sealed
anodic microchannels may elevate the pressure significantly and
increase detrimental methanol crossover [3]. Existing lateral vent-
ing approaches to remove gas bubbles from microfluidic devices
[4,5] are prone to leakage when the medium is methanol, especially
under pressure fluctuation during operation. This problem may be
addressed by employing a thin polymer membrane to allow gas
diffusion [6] or designing microchannel of specific geometries to
temporarily alleviate the bubble clogging [7,8]. However, producing
a sufficiently high removal rate of the continuously generated gas
bubbles, for a fuel cell under high loads, presents serious technical
challenges.

In terms of fuel delivery, various micropumps [9–11] have

been proposed to actively and precisely deliver methanol fuel for
�DMFCs. However, the discrete pump is a significant source of
packaging penalty for the miniaturization of fuel cells, not to men-
tion the loss of power to run the pump. Pressurized fuel cartridges
[12,13] can help deliver the fuel without power-consuming com-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dmeng@mtu.edu
dx.doi.org/10.1016/j.jpowsour.2009.05.037
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ig. 1. It is proposed that the anode configuration can be greatly simplified for m
onventional configuration (shown left) and integrating the functionalities into an e
ar been proven by providing gas bubbles extrinsically through electrolysis and inje

onents but cannot circulate and recycle the fuel. The pressure
pplied to the anodic microchannels also needs to be controlled
autiously to prevent an excessive methanol crossover. At the same
ime, an array of technologies has been explored to passively deliver

ethanol fuel to the anodic reaction chamber. Diffusion through
orous media [14–16] and surface tension-induced transportation
17] present promising solutions to mix pure methanol with water
nd supply the mixture to the reaction chamber. However, it is
ifficult to achieve sufficient agitation and in situ control of fuel
oncentration at the reaction chamber by passive fuel delivery
eans. It has been proposed, although merely suggested, that the

as byproduct from the anode of a �DMFC system be fed back to
he cartridge to power the fuel delivery [18]. A circulation system
y buoyancy-based natural convection has also been proposed to
eliver fuel without energy consumption [19]. An important advan-
age of pumping with reaction-generated gas bubbles is that the
ower generation may be automatically regulated by the exter-
al load. Higher loads induce a faster electrochemical reaction in
rder to generate a larger electric current. Thereby generating the
O2 bubbles at a faster rate and accelerating the fuel circulation.
owever, the surface tension effect (i.e., bubble clogging) will dom-

nate over the gravity effect (i.e., buoyancy) in a microchannel.
herefore, the performance of this natural-circulation mechanism
s expected to decline with further miniaturization. Meng et al.
ave previously demonstrated orientation-independent venting
echnology to remove gas bubbles rapidly through a hydropho-
ic nanoporous membrane, which can tolerate pressure as high
s 200 kPa for both deionized (DI) water and 10 M methanol (the
ighly concentrated fuel for �DMFC) [20]. Based on this technol-
gy, we developed a microchannel structure that allows a built-in
iquid-pumping mechanism via directional growth and selective
enting of gas bubbles. The concept has been proven with gas
ubbles generated by two different means—electrolysis and gas

njection [21]. In this paper, based on and expanding from [22],

e verify that the CO2 gas byproduct from the fuel-cell reac-

ion can also be employed to pump liquid fuel and be released
hrough the venting membrane. The microchannel structure that
nduces self-pumping is integrated into the anodic microchannels
f a �DMFC to circulate liquid fuel with minimal packaging penalty.

Fig. 2. Schematic description of the embedded self-circ
re fuel cells (e.g., �DMFC) by eliminating gas separator and liquid pump from the
ded self-circulation structure (shown right). The self-circulation mechanism has so
in a controlled manner [19].

The parasitic energy loss by discrete micropumps is also avoided.
Similar to [19], the inherent relationship between the pumping rate
and the bubble generation rate is also expected to support self-
regulation of fuel delivery by external electric load. Unlike [19],
however, the reported mechanism does not rely on gravity effect
and is therefore orientation-independent. Since the mechanism
is based on the surface tension of the solid–liquid–gas interface,
it will operate more efficiently in smaller microchannels, which
is advantageous for miniaturization. The pumping mechanism is
conceptually embedded into the microchannel, without calling for
any multi-compartment configuration or piston components used
in [18]. Differing from the passive fuel delivery approaches (e.g.,
[14,15,17]), the reported mechanism pumps the fuel actively, which
is advantageous for fuel agitation and the reaction kinetics in
microchannels. By taking advantage of the gas byproduct, which has
been hindering the development of �DMFC systems, the embedded
self-circulation mechanism eliminates two ancillary components
simultaneously, i.e. the gas separator and the fuel pump. The sys-
tem configuration on the anode side can thus be greatly simplified
and seamlessly integrated, as envisioned in Fig. 1.

2. Working mechanism

The working principle of self-circulation mechanism is illus-
trated in Fig. 2. Based on the general bubble-pumping mechanism
reported in [21], it is specifically applied to a �DMFC in this paper.
The bubble pumping is accomplished by following three major, self-
induced actions of the bubbles within a liquid-filled microchannel:
directional growth of bubbles by the virtual check valve, direc-
tional displacement of bubbles by the hydrophilic–hydrophobic
microchannel junction, and nondirectional venting of bubbles
through the hydrophobic nanoporous membrane.

Let us first consider a microchannel (e.g., a glass tube) whose

inner surface is wetted by the liquid (e.g., water) in hand. It is known
that water can be automatically primed into a dry microchannel by
capillary action. On the other hand, it takes a positive pressure to
push air into the microchannel already filled with water. From the
Laplace equation, the maximum pressure required to squeeze gas

ulation of liquid fuel by intrinsic CO2 gas bubbles.
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nto the water-filled microchannel is calculated as

Pmax = 4�

d
cos �rec (1)

here � is the surface tension of the liquid–gas interface, �rec is
he receding contact angle of the liquid on the inner surface of the

icrochannel, and d is the hydraulic diameter of the microchannel.
ince the pressure �Pmax is inversely proportional to the size of
he microchannel (d), the entrance to a smaller microchannel (i.e.,
hannel neck) may serve as an efficient virtual check valve against
ubble intrusion where liquid is present. This kind of virtual check
alves has been utilized for various microdevices [23–26].

Fig. 2 shows a fuel-filled microchannel with the fuel inlet on the
eft end and outlet on the right end, both of which are connected to
fuel cartridge via necessary additional microchannels (not shown

n the figure). One set of channel necks is placed at the inlet and
he other set at the outlet to regulate the flow direction, working
ogether with the junction between hydrophilic microchannels and
ydrophobic nanoporous membrane. When the fuel-cell reaction
tarts and CO2 gas is generated between the two necks, a bubble
ill be pushed against the channel necks at the inlet. According to

q. (1), this small gas bubble will block the leftward liquid back flow
hile allowing the rightward liquid forward flow. A virtual check

alve is thus provided as long as the channel necks are hydrophilic.
ther CO2 bubbles inside the hydrophilic microchannel will only
row forward (i.e., to the right), pushing the liquid fuel to the right
ogether with them. Once a bubble grows and is pushed to touch
he hydrophobic part of the microchannel, the surface energy dif-
erence across the hydrophilic–hydrophobic junction induces an
dditional rightward displacement of the bubble. The bubble is then
aptured by the hydrophobic membrane and removed through its
anoscale pores selectively (i.e., gas is vented out while the liq-

id fuel is retained [27]). Since the bubble removal capacity of the
anoporous membrane is sufficient for the bubble generation rate

n any practical �DMFC system, the virtual check valve periodically
pens to take the fresh fuel in. The particular membrane we use
as been proven to withstand overpressures of as high as 200 kPa

ig. 3. Schematic drawings of the assembled self-circulating �DMFC device. (a) Cross-sect
iew).
r Sources 194 (2009) 445–450 447

for both water and 10-M methanol, fulfilling the requirement of
the current, as well as next-generation �DMFCs [20]. Therefore,
the directional (asymmetric) bubble growth/displacement and the
nondirectional (symmetric) bubble removal will result in the net
effect of a directional (forward, or rightward in the figure) pump-
ing of the liquid fuel in the anodic microchannel. Such a directional
pumping allows a fuel circulation if the fluid loop is closed for
a �DMFC system. The set of channel necks at the fuel outlet is
employed to prevent bubbles from accidentally entering down-
stream microchannels and impeding the liquid flows.

3. Device fabrication

The schematic views of the assembled self-circulating �DMFC
are shown in Fig. 3. Microchannels of the anode chip, the cathode
chip, and the breather cover are fabricated by deep reactive ion
etching (DRIE) of a 400-�m-thick (1 0 0) silicon wafer, followed by
metal evaporation (0.01 �m Cr, 3 �m Cu and 0.5 �m Au). A total of
11 microchannels are etched into the anode and cathode chips. Each
channel forms a cross-section of 400 �m × 400 �m and an effec-
tive length of 11 mm. The anode and the cathode chips are then
each anodically bonded to a piece of Pyrex® glass to form anode
and cathode plates. A Plexiglas® fixture is then used to sandwich
MEA (E-TEK®) between the anode and the cathode plates. The pro-
ton electrolyte membrane is Nafion® 117. The anode is applied with
standard 4 mg cm−2 total metal (TM) loading using 80% high per-
formance (HP) Pt:Ru alloy (1:1 atomic ratio) on optimized carbon.
The cathode is applied with 4 mg cm−2 TM loading using unsup-
ported HP Pt Black. Sufficient clamping force is required to ensure
good electrical contact and to prevent fuel leakage. In order to
prevent fracture of the fragile silicon chips during clamping, two
silicone rubber sheets are inserted between the Plexiglas® fixture

and the �DMFC device as mechanical buffer layers to distribute
the clamping pressure. A piece of nanoporous polypropylene mem-
brane (Chemplex®) is sandwiched between the anode chip and the
breather cover and fixed by epoxy. The breather outlet is connected
to a small mechanical manual valve (Upchurch®) via tubing. The

ional view (A–A plane of the top view); (b) top view (B–B plane of the cross-sectional
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ig. 4. Characterization of the MEA used for the �DMFC. The tests were per-
ormed under room temperature with 3 mL min−1 methanol flow at anode and
100 mL min−1 oxygen flow at cathode.

ubble removal can be disabled to perform a control experiment by
losing the valve and thus blocking the venting during the fuel-cell
peration.

In order to decrease flow resistance and avoid bubble clogging,
uel inlet and fuel outlet 1 (Fig. 3b) are connected directly to a fuel
artridge, completing a fluidic loop that can be driven by the self-
irculation mechanism. However, during MEA activation, water and
ethanol fuel should be delivered into the device and circulated by

n external pump. In this case, the whole fuel cartridge is used as
n inlet, and the used fuel can be discharged through fuel outlet
. After the activation of MEA, outlet 2 will be closed, the exter-
al pump stopped, and the connection between the external pump
nd the fuel cartridge shut off. The fuel-cell reaction is expected
o automatically start the self-pumping mechanism, circulate the
uel, and exchange it with the cartridge through inlet and outlet 1.
t should be noted that the main reason for the complexity of our
urrent device is to fabricate transparent fuel-cell devices so that
e can observe and study the flows in the microchannels during

uel-cell operation. Once the principle is proven and visual char-
cterization completed, next generation devices as well as future,
ractical products can adopt much simpler design and fabrication
ecause they will not need to be transparent.

. Activation and characterization of MEA

After assembly, the MEA of the fuel cell is activated according to

he procedure provided by the manufacturer (E-TEK®). The effec-
ive active area is about 2.5 cm2. The main purpose of the first step
f the activation is to humidify the proton exchange membrane
PEM). Hot deionized (DI) water at 90 ◦C is first flowed through the
nodic microchannels for 1.5 h with a flow rate of 3 mL min−1. Then,

ig. 5. Self-circulation mechanism is verified by measuring the current output of a given �
ver 70 min with the self-circulation of fuel, while it lasted less than 5 min with the self
xternal fuel pump delivering an unlimited amount of fuel is shown as a top reference.
r Sources 194 (2009) 445–450

the second step is performed to activate the catalyst, during which
2-M methanol at 80 ◦C is flowed through the anodic microchan-
nels for 3 h with a flow rate of 3 mL min−1. Meanwhile, oxygen
is blown through the cathodic microchannel at ∼100 mL min−1.
The cell voltage is controlled at ∼250 mV by a Keithley 2425
SourceMeter® as the electrical load. During activation, an external
pump (Masterflex® C/L® variable-speed tubing pump by Cole-
Parmer®) is used to deliver the anodic liquid (i.e., water in the first
step and 2-M methanol in the second step) from the “fuel cartridge”
to the “fuel outlet 2”, as shown in Fig. 3. A pressurized oxygen tank
is used to flow oxygen into the cathodic microchannels. After MEA
activation, the Keithley 2425 SourceMeter® is used to character-
ize the MEA. The tests were performed under room temperature
with 3 mL min−1 methanol flow at anode and ∼100 mL min−1 oxy-
gen flow at cathode. The polarization and power density curves are
shown in Fig. 4. Both 1-M and 2-M methanol solutions were tested,
with the latter showing higher voltage and power output.

5. Verification of fuel circulation

In order to verify the fuel circulation, the assembled and acti-
vated �DMFC was tested with a 1.3 � resister as the electric load.
Measurements of voltage output over time are shown in Fig. 5.
When an external pump was used to deliver the 2-M methanol at a
stable flow rate of 3 mL min−1, the voltage output was measured to
be a steady 220 mV, as expected. While using an external pump, a
large external methanol source was used so that the methanol con-
centration remained constant over the testing time period. Then,
the fuel cell was brought to self-circulation mode by closing “fuel
outlet 2”, turning off the external pump, and closing the connec-
tion between the external pump and the fuel cartridge. Now, the
gas bubbles generated by the electrochemical reaction start to cir-
culate the fuel in the anodic microchannels and fuel cartridge. This
self-sustained fuel cell operation was observed under room tem-
perature, with 1.2 mL of 2 M methanol in the fuel cartridge and the
anodic microchannel. The cartridge and the anode were pressurized
at 11 kPa over atmosphere in order to ensure rapid bubble removal
through the nanoporous membrane. The pressure was equally
applied to both the inlet and the outlet of the anode microchannels.
It was observed that the liquid flow stopped immediately when
the external circuit was disconnected, while the pressure was still
applied. This verified that the pressure did not contribute to fuel cir-
culation. Rather, the pressure helps removing the bubbles when the
total volume of the liquid decreases towards the end of the fuel cell
operation. The fluctuation observed in the current output during

the first 20 min is likely due to the bubbles trapped in certain parts
of the microfluidic loop. After this transient period, a relatively sta-
ble current output, which is comparable to the top reference case
obtained with an external pump (∼167 mA), was observed until
the voltage started to drop gradually (at ∼60 min) as the fuel was

DMFC device under three different scenarios for fuel delivery. The device operated
-circulation disabled (i.e., under passive operation). The device operation with an
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sed up. The following equation is used to estimate the methanol
tilization (Faraday efficiency):

=
∫

I dt

6CVF
× 100% (2)

here C and V are the concentration (2 M) and volume (1.2 mL)
f the methanol solution, respectively, F is the Faraday con-
tant (9.65 × 104 C mol−1); and

∫
I dt is the total charges extracted

rom the fuel during discharging (1.07 × 104 mA min = 642 C). The
ethanol utilization under the reported self-circulation mecha-

ism is therefore estimated to be 46.2%, which is very close to the
alue reported in the literature (49.7% for 2 M methanol) [28].

The fuel cell operation over a considerable time span (over
0 min) indicated that the fuel was indeed circulated by the
roposed self-pumping mechanism. As a bottom reference, an
xperiment was performed by closing the valve connected to the
reather outlet. The venting of CO2 bubbles was thus blocked
o disable the self-circulation mechanism. In this passive mode,
e observed gas bubbles growing and filling the entire anodic
icrochannel and power output dropped rapidly after about
min. The oxygen flow in the cathodic microchannel was kept at
53 mL min−1 for all testing modes.

The anodic microchannels in the tested �DMFC were made
ransparent to allow a visual confirmation of fuel circulation and
etailed observation of flows for future improvement. A bubble
isplacement pattern similar to that in [21] has been observed
hroughout the flow field, confirming the pumping mechanism we
ad envisioned. Fig. 6 demonstrates the bubble motion near the end
f an anodic microchannel, as well as the successful bubble removal.
e also observed that the speed of bubble motion increased along

he microchannel (left to right in Fig. 2 or Fig. 3). The self-circulation
echanism also holds the potential to be self-regulated by the fuel

ell load. Regulation of the flow rate by the bubble generation rate
as been observed in a similar pump-loop driven by electrolysis
21]. Expecting that the flow rate in the �DMFC (i.e., fuel deliv-
ry rate) is also regulated by the bubble generation rate, which is
utonomously determined by the external electric load, we envi-
ion a device whose power generation can be self-regulated by

he applied loading. Ye et al. [19] has experimentally verified self-
egulation of their buoyancy-driven fuel delivery system, which
lso employed the CO2 bubbles generated by fuel-cell reaction.

A limitation on the current �DMFC device is the need to keep
he anodic microchannels at pressures above atmosphere to ensure

ig. 6. A sequence of video frames shows a CO2 bubble being removed through the
reather (i.e., nanoporous venting membrane).
r Sources 194 (2009) 445–450 449

rapid gas removal, which may introduce additional crossover. We
used 11 kPa in our tests, an arbitrary value, to satisfy the venting
need of the given test device. When the pores of the venting mem-
brane and the venting section in the microchannels are optimized in
the future, we expect that the required pressure will be decreased.
Further research is expected to reduce the anodic pressure so that
it can be comparable to or lower than that produced by an external
pump or pressurized fuel cartridge.

6. Discussion: balance of plant for �DMFC

A major limiting factor in the development of �DMFC is
methanol crossover, which not only leads to fuel waste but also
produces mixed potential [29–31]. The voltage output is thus
decreased, and the energy and power density of the �DMFC sys-
tem significantly reduced. Over the past decades, great research
efforts have been devoted to develop new PEMs with high methanol
resistance to reduce crossover [32–35]. However, the low-crossover
PEM technology is far from mature today. The typical maxi-
mum fuel concentration of �DMFC is still much lower than
10 M, which means that over 60 vol.% of the fuel in the anodic
reaction chamber should be water. Obviously, carrying highly
diluted fuel in the �DMFC fuel cartridge will greatly diminish
the system’s energy density. On the other hand, the fuel-cell
electrochemical reactions have provided a clue to a potential
solution. For every one water molecule consumed at the anode
(CH3OH + H2O → 6e− + 6H+ + CO2↑) three water molecules will be
generated at the cathode (1.5O2 + 6e− + 6H+ → 3H2O). Therefore,
the fuel-cell reaction at the cathode can generate enough water
to dilute the fuel in the anodic chamber and supply the reaction. If
the water from the cathode can be recycled and mixed with pure
methanol from the cartridge, even the current PEM technology may
provide a �DMFC with much higher energy density.

As described in Section 1, another practical issue to be resolved
in a �DMFC is the intrinsically generated CO2 gas bubbles. In a large-
scale stationary direct methanol fuel cell, the gas bubbles can be
pumped together with the used fuel to a gas separator, essentially
an open tank, where bubbles are released. The performance of the
system is not affected significantly by gas generation. However, in
a �DMFC the tiny CO2 gas bubbles cause serious bubble clogging
problems so that the effective mass-transfer area is reduced, par-
asitic power loss is increased, and the methanol crossover effect
deteriorates.

Since problems such as methanol crossover and gas bubble
removal are usually coupled with each other, the solution has to
be considered on the system level, with an essential balance of
plant components to handle reactants and byproducts of �DMFCs
efficiently. Various system configurations [36] have been proposed
for �DMFCs. Passive configurations are always attractive for these
small power generators because elimination of active components
reduces both the volume ratio of inactive material (i.e., packaging
penalty) and parasitic energy losses. These effects become more
significant as the system becomes smaller because the volume and
energy consumption of active components remain relatively con-
stant even though the reactants and the total energy available in
the system are reduced. To give an example of the simplest config-
urations, a �DMFC system without active components is shown in
Fig. 7a with the anode completely immersed in the fuel reservoir
and cathode directly opened to the air [37]. In spite of its poten-
tial advantages for small applications, all the factors that limit the
performance of �DMFC systems remain challenging in such a con-

figuration. Diluted fuel (e.g., 5 M or 20 vol.%) has to be used to reduce
methanol crossover and CO2 gas bubbles remain in the fuel reser-
voir. Also, removal of water byproduct from the cathode relies on
natural evaporation. In addition, the performance of the system
under the unpredictable operation conditions of practical applica-
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ig. 7. Two exemplary configurations for �DMFC systems. (a) A completely passive
ystem (drawn according to [37]); (b) A completely active system (drawn according
o [38]).

ions can be further undermined, provided that no mechanism is
esigned to regulate the system according to the variable operation
onditions. On the other hand, relatively large DMFC systems tend
o adopt a completely active configuration [9,38], as Fig. 7b illus-
rates. A liquid pump is used to recycle the used fuel from the anodic
hamber, mix it with the water recovered from cathodic chamber
nd the pure methanol from the fuel tank, and then feed the fuel
ack to the anodic chamber. The optimum fuel concentration can be
btained according to the operation conditions under the control
f a fuel concentration regulation system, including the methanol
ensor and the relevant electronic circuit. The CO2 byproduct is
emoved through the gas separator. An air pump or fan is employed
o deliver oxygen to the cathode. Completely active configurations
an provide optimum performance at the cost of complex auxiliary
omponents and the associated parasitic power loss, which usually
annot be afforded in a �DMFC system.

It would be ideal if the advantages of passive and active
pproaches can be combined by employing a series of integrated
assive components that can fully or partially realize active reac-
ant handling and regulation functionalities. In this paper, we have
rovided an example of such a balance of plant components on the
nodic side of �DMFC system, so as to provide a basis for the fur-
her realization of similar functionalities on the cathode side and
ventually the whole system.

. Conclusions

An embedded self-circulation structure is integrated into a
DMFC to actively deliver liquid fuel to the anode microchannel and
gitate the fuel without any discrete power-consuming pumping
omponent. The structure also achieves orientation-independent
as removal, without introducing an additional gas separator.
imultaneous elimination of the two ancillary components (i.e., the
as separator and the liquid pump) will greatly reduce the pack-
ging penalty and increase the ratio of active material as well as

he energy and power density of the system. Without the external
uel pump, parasitic power loss on fuel delivery can be avoided,
o that the total efficiency of the system can be improved. The
elf-circulation mechanism also holds the potential to regulate the
eaction autonomously per the electric load without any control cir-

[

[

r Sources 194 (2009) 445–450

cuit. The fuel circulation has been verified by continuous operation
of the system for over 70 min, as well as visual confirmation. The
proposed mechanism provides an anode-side example for passive
balance of plant components for the next-generation �DMFCs.
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