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a b s t r a c t

A significant advantage of direct methanol fuel cells (DMFCs) is the high specific energy of the liquid fuel,
making it particularly suitable for portable and mobile applications. Nevertheless, conventional DMFCs
have to be operated with excessively diluted methanol solutions to limit methanol crossover and the
detrimental consequences. Operation with diluted methanol solutions significantly reduces the specific
energy of the power pack and thereby prevents it from competing with advanced batteries. In view of this
fact, there exists a need to improve conventional DMFC system designs, including membrane electrode
assemblies and the subsystems for supplying/removing reactants/products, so that both the cell perfor-
irect methanol fuel cell
oncentrated fuel
ethanol crossover
ater crossover
ater recovery

mance and the specific energy can be simultaneously maximized. This article provides a comprehensive
review of past efforts on the optimization of DMFC systems that operate with concentrated methanol.
Based on the discussion of the key issues associated with transport of the reactants/products, the strate-
gies to manage the supply/removal of the reactants/products in DMFC operating with highly concentrated
methanol are identified. With these strategies, the possible approaches to achieving the goal of concen-
trated fuel operation are then proposed. Past efforts in the management of the reactants/products for

app
implementing each of the

. Introduction

A direct methanol fuel cell (DMFC) directly converts the chem-
cal energy stored in methanol to electricity. Because of its
ignificant advantages, including its simple structure as well as
asy storage/handling and the high specific energy of the liquid
uel, DMFCs have been identified as a leading contender to com-
ete with conventional battery technology for powering portable
lectronic devices. Although extensive efforts have been made in
eveloping DMFC technology over the past decade, the overall cell
erformance has not reached the expected level for powering most
nergy-hungry electronic devices [1–4].

Technically, besides the sluggish kinetics of the methanol oxi-
ation reaction (MOR) [5–7], the permeation of methanol from the
node to the cathode, which is known as methanol crossover, is
key barrier that has hampered the development of DMFC tech-
ology [8]. Methanol crossover not only causes a mixed potential

n the cathode, decreasing the cathode potential, but also leads
o a waste of fuel which lowers the overall efficiency of the cell.
he ultimate solution to the problem of methanol crossover calls
or the development of low-methanol-crossover membranes [9,10]
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roaches are also summarized and reviewed.
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and highly active anode electrocatalysts [5–7]. Extensive efforts
have been expended to modify existing Nafion® membranes to
limit methanol crossover, but almost all the measures taken so
far to suppress methanol crossover have caused a side effect that
decreases the proton conductivity and increases the cell internal
resistance, hence degrading the cell performance. On the other
hand, although Pt–Ru has exhibited the best performance for the
MOR among all the catalysts currently available, its activity is still
not sufficiently high to reduce the rate of methanol crossover.
Under such a circumstance, a simple method to alleviate the impact
of methanol crossover on cell performance is to feed a diluted
methanol solution (i.e., 1–2 M for active fuel-supply systems and
3–5 M for passive fuel-supply systems) [11–15] to DMFCs. Although
a DMFC operating with diluted methanol solutions can yield fairly
high performance, a serious problem with this operation is that the
low specific energy of the fuel cell system, annuls the most strik-
ing feature of the high specific energy of liquid fuel. This problem
can further be understood by referring to Fig. 1, which compares in
the specific energy between Li-ion batteries and DMFCs operating
with different methanol concentrations. The variation in the spe-
cific energy of the methanol solution with the fuel concentration,
represented by the dashed line, indicates that the specific energy

of methanol solution with a concentration greater than 2.0 M will
be higher than that of existing Li-ion batteries (∼350 Wh L−1 [3])
and the specific energy of pure methanol is as high as 4900 Wh L−1

[16,17], i.e., 14 times higher than that of Li-ion batteries. However,
the data in Fig. 1 also show that when the overall energy-conversion
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cathode potential, with the result that less power is generated by
ig. 1. Variation in specific energy of a DMFC system with methanol concentration.

fficiency of the DMFC system (�overall) is taken into account, only
small portion of the energy stored by the fuel solution can be

onverted into net power output and the overall specific energy of
he DMFC system will be greatly reduced. Taking the system effi-
iency of 20% as an example, the specific energy of a DMFC system
an be higher than that of Li-ion batteries only if the concentration
f the methanol solution in the fuel cartridge is higher than 9.0 M.
ence, it is important to recognize that the high specific energy of a
MFC would become remarkable only if this type of fuel cell would
perate with concentrated fuel (>9.0 M).

In conventional DMFC designs, an increase in the feed methanol
oncentration will lead to an increase in the rate of methanol
rossover, thereby decreasing the cell voltage. As the rate of
ethanol crossover depends primarily on the methanol concentra-

ion in the anode catalyst layer, the strategy to increase the specific
nergy of the DMFC system is to use concentrated methanol, but
n the meantime to maintain the fuel concentration in the anode
atalyst layer at an appropriate level so that the rate of methanol
rossover can be minimized and thus the cell voltage can be max-
mized. Although this strategy is challenging, some progress has
een made over the past few years. The purposes of this article are
o review the recent efforts in developing DMFCs that operated with
ighly concentrated methanol to maximize both the specific energy
f the fuel cell system and cell performance and to provide an
verview of this emerging research direction. The remainder of this
rticle is organized as follows: Section 2 gives a general description
f DMFC systems; key issues associated with transport of the reac-
ants and products in DMFCs operating with concentrated fuel are
laborated in Section 3; Section 4 presents possible approaches to
chieving the goal of concentrated fuel operation and reviews past
fforts on the management of the individual reactants and prod-
cts for implementing each of the presented approaches. Several
MFC prototypes that operate with pure methanol are presented

n Section 5. Finally, a summary is given in Section 6.

. General description of DMFC systems

Typical DMFC systems include a fuel cell stack that consists of
number of unit cells, a fuel reservoir, and other components to

upply/remove and manage reactants/products. As the heart of a
MFC system, the unit cell, as illustrated in Fig. 2, typically consists
f a membrane electrode assembly (MEA) that is sandwiched by

n anode and a cathode bipolar plate (BP). The BP not only func-
ions as a flow-field to deliver reactants and to remove products,
ut also collects the current generated in the cell. The MEA is an

ntegrated multi-layered structure that is composed of, in the fol-
Fig. 2. Illustration of transport processes of different species in a liquid-feed DMFC
system.

lowing order, an anode diffusion layer (DL), an anode catalyst layer
(CL), a polymer electrolyte membrane (PEM), a cathode CL, and a
cathode DL. The function of the membrane is to conduct protons
from the anode to the cathode, and it simultaneously serves as an
electronic insulator between the anode and the cathode. Typically,
perfluorinated sulfonic acid ion exchange membranes developed
by DuPont and trademarked as Nafion® are used in DMFCs. The
function of each DL is to provide support for the corresponding CL,
to evenly distribute reactants over the CL, and to conduct electric-
ity to the current-collector, i.e., BP. The DLs at both the anode and
cathode usually consist of two layers, a backing layer that is made
of carbon cloth or carbon paper, and a micro-porous layer (MPL)
that is composed of hydrophobic polymer and carbon powder. Dif-
ferent from the DLs, both the CLs are made of catalysts mixed with
ionomer to provide triple-phase boundaries for the methanol oxi-
dation and oxygen reduction reactions and thereby facilitate the
simultaneous transport of protons, electrons, reactant and prod-
ucts. A methanol/water solution is directly supplied to the anode
as the fuel, while oxygen/air is supplied to the cathode as the oxi-
dant. At the anode, methanol reacts with water in the presence of
a catalyst, typically a Pt–Ru catalyst, to produce carbon dioxide,
protons and electrons, i.e.:

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

The protons migrate to the cathode through the polymer electrolyte
membrane, while the electrons travel to the cathode through an
external circuit where electric power is delivered. At the cathode,
the protons, electrons and oxygen molecules are combined in the
presence of a catalyst, typically a Pt catalyst, to form water, namely:

6H+ + 6e− + (3/2)O2 → 3H2O + heat (2)

The two electrochemical reactions (1) and (2) form the following
overall cell reaction:

CH3OH + (3/2)O2 → CO2 + 2H2O + heat (3)

In addition, in a DMFC, methanol may permeate through the mem-
brane from the anode to the cathode, which is known as ‘methanol
crossover’. The methanol that crosses over reacts with oxygen
at the cathode, which reduces the fuel utilization efficiency and
the fuel cell. In addition to methanol, water also crosses through
the membrane. This ‘water crossover’ is driven at least in part by
electro-osmotic drag and diffusion, with the result that significant
amounts of water are lost from the anode.
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ig. 3. Illustration of transport process of methanol in a diluted methanol-feed
MFC.

A typical active DMFC system also includes a liquid pump to
upply/remove the anode reactant (fuel)/product (CO2) to/from the
node flow-field, and a gas blower/compressor to supply/remove
he cathode reactant (oxygen)/product (water) to/from the cath-
de flow-field. This type of DMFC system with liquid pumps and
as blowers/compressors is known as an active DMFC. On the
ther hand, a DMFC system that does not include liquid pumps
nd gas blowers/compressors is referred to as a passive DMFC. In
assive DMFCs, the reactant supply and product removal fully rely
n passive forces such as diffusion, capillarity, gravity, and natural
onvection.

. Critical issues in the supply/removal of
eactants/products in DMFC systems

This section describes the supply, removal and transport of
eactants and products in a DMFC that include methanol, water,
xygen, and carbon dioxide. The emphasis is placed on identifying
he critical issues for managing the supply/removal of the reac-
ants/products so that both the cell performance and the specific
nergy of DMFCs can be maximized.

.1. Methanol

The transport of methanol in a conventional DMFC design is
hown in Fig. 3. Methanol stored in the fuel reservoir (CM,0) is sup-
lied to the anode flow-field. It then transfers through the anode
L to the anode CL, where the concentration of methanol drops to
M,1 due to the mass-transport resistance in the anode DL. In the
node CL, part of the methanol is consumed by the anode MOR,
s indicated by Eq. (1), while the remainder permeates through the
embrane and arrives at the cathode, where it is oxidized to create
so-called mixed potential, which decreases the cathode potential.
ence, the rate of methanol crossover needs to be minimized in
rder to achieve a higher cell voltage. As the transport of methanol
hrough the membrane is dominated by molecular diffusion, reduc-
ng the methanol concentration in the anode CL can thus reduce the
ate of methanol crossover. On the other hand, too low-methanol
oncentration in the anode CL will result in a large concentration
verpotential, which also decreases the cell voltage. Therefore, it is
ritical to maintain an adequate methanol concentration (CM,1) in
he anode CL, which depends on the methanol concentration in the
uel reservoir (CM,0) and the mass-transfer resistance in the anode
L.

For a given conventional DL made of carbon paper/cloth, the
aintenance of an adequate methanol concentration in the anode

L requires the methanol concentration in the fuel reservoir (CM,0)
o be relatively low (i.e., 1–2 M for active fuel-supply systems
11,12] and 3–5 M for passive fuel-supply systems [13–15]) so that

he cell performance can be maximized. On the other hand, a low
uel concentration in the fuel reservoir means that the specific
nergy of the fuel cell system will be low. To increase the spe-
ific energy of the fuel cell, more concentrated methanol or pure
ethanol is desired. Hence, how to maintain an adequate methanol
urces 195 (2010) 3451–3462 3453

concentration (CM,1) in the anode CL with highly concentrated
methanol carried in the fuel reservoir is critical to achieve both
high cell performance and high system specific energy. Unfortu-
nately, it is difficult to achieve this balance point, as the transport
of methanol is intrinsically coupled with the transport of water
and CO2. A change in one of the three mass-transport processes of
methanol, water and CO2 will cause a change in the other two.

3.2. Water

As indicated by Eqs. (1) and (2), water is a reactant on the DMFC
anode, but a product on the cathode. In addition, water is also
needed in the membrane to ensure the transport of protons. Eq.
(1) suggests that the MOR requires the molecular ratio of water to
methanol to be 1:1. It is known, however, that the molecular ratio
of water to methanol has to be much higher than the stoichiometic
1:1 ratio so that a complete 6-electron anodic oxidation to CO2 can
be completed [18]. Otherwise, if the water level in the anode CL is
insufficient, the MOR will be incomplete to form either formic acid
or formaldehyde, i.e.,

CH3OH + H2O → HCOOH + 4H+ + 4e− + heat (4)

CH3OH → H2CO + 2H+ + 2e− + heat (5)

The above partial MORs suggest that insufficient water in the anode
CL not only results in low cell performance, but also leads to the gen-
eration of other hazardous products, for example, formaldehyde.
Hence, the molecular ratio of water to methanol must be main-
tained to be much higher than 1:1. This requirement can be readily
met in conventional DMFCs operating with diluted methanol solu-
tions, as sufficient water is contained in the fuel solution. When,
however, a DMFC is fuelled with pure methanol or a highly con-
centrated methanol solution, in which no or little water is carried
by the fuel cell system, a critical question is: what is the source of
the water required for the MOR?

The cathode ORR, shown in Eq. (2), indicates that 3 mole of water
are produced when 1 mole of methanol and 1 mole of water are
consumed in the MOR (Eq. (1)). This fact suggests that if one of the
3 mole of water produced on the cathode could be recovered to
the anode, the DMFC would operate with pure methanol without
additional water to the anode fuel. The critical issue then is how
to recover part of the water produced on the cathode and return it
back to the anode.

Another issue related to water in a DMFC is the potential prob-
lem of water flooding at the cathode, which is particularly true for
DMFCs with low-concentration methanol feed [19–21]. Under typi-
cal operating conditions, the product water on the cathode needs to
be transported to the flow channel and vented out of the cell. If the
mass-transport resistance of water from the cathode catalyst layer
to the flow-field is too large, the liquid water will accumulate on the
cathode to give rise to the so-called water flooding problem, which
increases substantially the mass-transfer resistance of oxygen and
lowers the cell voltage. In particular, the water flooding problem
becomes more serious with increasing current and may eventu-
ally lead to a limiting current due to the mass-transport limitation
of oxygen. It should be recognized that for a DMFC fed with low-
concentration methanol, the presence of high water content at the
anode will increase the rate of water crossover through the mem-
brane, thus exaggerating the cathode flooding problem. Therefore,
water management that suppresses water crossover and reduces
water flooding in the cathode is another critical issue in sustaining

DMFC operation.

In summary, in order to make a DMFC operate with concen-
trated fuel, water in the fuel cell system needs to be managed (i)
to maintain a new water balance in a cell when the total water
removal from the cell does not exceed the net production of water,
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nd (ii) to recover some of the produced water from the cathode to
he anode.

.3. Carbon dioxide

As a product of the anode MOR, CO2 needs to be vented from
DMFC system. If a diluted methanol solution is fed to a DMFC,

he presence of gas CO2 in the anode flow-field and anode DL may
ead to an increase in the methanol-transport resistance from the
node flow-field to the anode CL, resulting in the concentration loss
f methanol [22,23]. Also, the presence of gas CO2 in the anode flow-
eld can increase the flow resistance, thus increasing the pumping
ower of the auxiliary liquid pumps [24] and thereby decreasing the
verall efficiency of the fuel cell system. Hence, under the condition
f diluted methanol operation, in order to reduce the concentration
oss of methanol and the extra pumping work, a faster removal of
as CO2 from the DMFC anode is necessary. It should be recog-
ized, however, that if a DMFC operates with pure methanol or
ighly concentrated methanol, a faster removal of gas CO2 from
he DMFC will not be required for the following reason. If highly
oncentrated methanol is supplied to the anode flow-field, a large
ass-transport resistance of methanol from the anode flow-field

o the anode CL is needed to make the methanol concentration in
he anode CL adequate (i.e., sufficiently low to reduce the rate of

ethanol crossover). As the presence of gas CO2 in the anode flow-
eld and anode DL can increase the mass-transport resistance of
ethanol from the flow-field to the CL, appropriately controlling

he CO2 removal from the DMFC anode makes it possible for a DMFC
o be operated with a higher concentration of methanol. In addition,
large amount of gas (CO2) coverage in the anode CL can greatly

educe the local water concentration in the anode CL so that the dif-
usion flux of water to the cathode can be reduced [25–28], which
ot only reduces the anode water loss, but also alleviates the prob-

em of cathode flooding. The above discussion indicates that for a
iven methanol concentration, a proper control of gas CO2 removal
s required to maintain an adequate methanol concentration in the
node CL. Hence, the critical issue is how to manage the CO2 trans-
ort process to achieve an optimum gas CO2 distribution in the
MFC anode so that a DMFC can operate with concentrated fuel
nd yield high performance.

.4. Oxygen/air

At the cathode, oxygen/air is transported from the cathode
ow-field to the cathode CL, where it reacts with the protons and
lectrons, coming from the anode, to form water. At high current
ensities, the mass-transport loss of oxygen through the DMFC
athode may become a factor that limits cell performance. Since
he concentration of oxygen/air is fixed, the mass transport of this
pecies depends on the mass-transport resistance only. Hence, the
ritical issue in the design of the DMFC cathode is how to minimize
he oxygen transport resistance from the flow-field to the cathode
L.

Oxygen transport is coupled to the counter-current water trans-
ort in the cathode DL. Cathode water flooding in the cathode DL
nd the flow-field can increase the mass-transport resistance of
xygen from the flow-field to the cathode CL [19–21,29]. A com-
on method to alleviate water flooding is to increase the flow rate

f cathode gas to enhance the removal of water and to force oxy-
en/air flow into the cathode CL so that the overall mass-transport
esistance of oxygen through the cathode can be lowered [30]. It

hould be pointed out that in a DMFC operating with highly con-
entrated methanol, increasing the gas flow rate to alleviate water
ooding may not be a good choice since it will lead to an increase

n the rate of water removal from the cathode. As discussed in Sec-
ion 3.2, however, water is an anode reactant and therefore has to be
urces 195 (2010) 3451–3462

recovered from the cathode under pure methanol or highly concen-
trated methanol operations. Hence, the increased water removal as
a result of the cathode gas flow rate will cause the fuel cell operation
to move away from the water-neutral operation point. Hence, it is
critically important to recognize that in a DMFC operating with pure
methanol or highly concentrated methanol, the enhancement of
oxygen/air transport has to be considered together with the issue of
the water recovery from the cathode so that both oxygen transport
loss and water loss can be minimized.

4. Approaches to achieving concentrated fuel operation of
DMFCs

The discussion in the preceding section suggests that with given
catalyst and electrolyte materials, the maximization of both the
system specific energy and cell performance in a DMFC system can
be achieved if the following design requirements can be met.

(i) The fuel cell system carries a high-concentration fuel or pure
methanol, but little or no water.

(ii) The fuel cell system should control the delivery of the fuel in
such a way that the fuel concentration in the anode CL can be
maintained at the appropriate level to minimize the voltage
losses due to methanol crossover and methanol transport.

(iii) The fuel cell system should change ‘water crossover’ in conven-
tional dilute-methanol operating systems to ‘water recovery’
from the cathode to the anode to compensate for the water
consumed in the MOR.

Based on these design requirements, three possible approaches
that enable DMFCs to operate with pure methanol are described as
follows.

Approach I: A diluted methanol recirculation loop with an active
water-recovery subsystem.

As is illustrated in Fig. 4a, pure methanol is stored in a reservoir,
but no additional water is carried in the fuel cell system. To bring
the methanol concentration in the anode CL to an appropriate level,
a diluted methanol recirculation loop is interposed between the
reservoir and the anode flow-field, in which pure methanol from
the reservoir is diluted by the water recovered from the cathode
through an active water-recovery subsystem. The diluted methanol
(1.0–2.0 M) is then directed to the anode flow-field. The key issue
in this approach is how to devise an active water-recovery system
such that sufficient water can be collected from the cathode and
externally pumped back to the diluted methanol loop. The disad-
vantage of this system design is that while neat methanol can be
carried in the cartridge, the system suffers from excessive complex-
ity due to the need for condensing, pumping and recirculating the
water, which results in significant parasitic power losses and an
increase in system volume. Such power losses can be particularly
severe, relative to fuel cell power output, in the case of small-scale
power sources.

Approach II: A diluted methanol recirculation loop with passive
water recovery through the membrane.

As show in Fig. 4b, the second approach is essentially similar
to Approach I, except that the active water-recovery system in
Approach I is changed to a passive process: the water consumed by
the anode MOR is provided by pushing liquid water from the cath-
ode back to the anode CL through the membrane. This passive water
recovery from the cathode can be realized by an optimum design of

MEA, such as increasing the hydrophobicity of the cathode micro-
porous layer (MPL) and DL and utilizing a thinner membrane. In
Approach II, since the cathode water is directly recovered to the
anode CL (unlike in Approach I) and consumed by the anode MOR,
the methanol concentration (i.e., 1.0–2.0 M) in the diluted methanol
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Fig. 4. Illustration of three approaches to operate a DMFC with pure methanol. (a)
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pproach I: diluted methanol recirculation loop with active water-recovery sub-
ystem; (b) Approach II: diluted methanol recirculation loop with passive water
ecovery through the membrane; (c) Approach III: pure methanol feed with passive
ater recovery through the membrane.

ecirculation loop can be maintained by pure methanol taken from
he fuel reservoir. The key issue in the success of this approach is
ow to configure the MEA to ensure that sufficient of the water gen-
rated at the cathode can be pushed back to the anode to achieve
he water-neutral operation point. As compared with Approach I,
pproach II does not include a pumping system to recover the water

rom the anode to the cathode, thus making the parasitic power
osses smaller.

Approach III: A pure methanol feed with passive water recovery
hrough the membrane.

As illustrated in Fig. 4c, the third approach is to introduce pure
ethanol directly to the anode flow-field, thereby eliminating the

iluted methanol recirculation loop in Approaches I and II. As the
ethanol concentration gradient from the reservoir to the anode

L is excessively steep in this design, the key to the success is how
o devise a methanol mass-transport barrier that provides an opti-

ized rate of fuel delivery from a reservoir to the anode CL such
hat the methanol concentration in the anode CL is maintained at
n adequate level. Compared with Approaches I and II, Approach III
liminates both the diluted methanol recirculation loop and the
ctive pumping system to recover the water from the cathode.
ence, Approach III provides the most compact fuel cell system
ith no parasitic power losses resulting from pumping and recir-
ulation subsystems.
In principle, the three approaches described here enable a DMFC

o operate with pure methanol. Practically, however, it is not easy to
chieve these approaches, as the transport of methanol and water
n a fuel cell needs to be well managed. Moreover, as the transport
Fig. 5. An example of Approach I to operate a DMFC stack with pure methanol
passively diffused into the diluted methanol-feed tube [32].

of the methanol and water is intrinsically coupled to the transport
of CO2 and oxygen, attention has to be paid to carbon dioxide and
oxygen management. Specifically, the transport of gas CO2 should
be well optimized such that both the methanol and water can be
appropriately distributed in the DMFC anode to maximize cell per-
formance; at the same time, oxygen/air should be supplied at such
a flow rate that minimizes the concentration loss of oxygen and
the water loss from the cathode so that sufficient water can be
recovered to the anode to sustain the anode MOR. It should be
mentioned that each of the approaches described in this article has
specific advantages that are best realized in specific situations. In
the following, the past efforts to manage the transport of each of
the reactants and products (methanol, water, carbon dioxide and
oxygen) to achieve the goal of operating DMFCs with concentrated
fuel are summarized and discussed.

4.1. Methanol management

This section reviews the past efforts to manage the supply and
transport of methanol in such a way that maintains the methanol
concentration in the anode CL at an appropriate level. Past work is
reviewed by dividing it into two subsections. Section 4.1.1 deals
with methanol management in a DMFC system with a diluted
methanol recirculation loop (i.e., Approaches I and II), while Sec-
tion 4.1.2 focuses on methanol management in a DMFC system with
pure methanol introduced directly to the anode (i.e., Approach III).

4.1.1. Systems with diluted methanol recirculation loops
(Approaches I and II)

The key to realizing both Approaches I and II is how to utilize
the water produced from the fuel cell system to dilute the pure
methanol carried by the fuel cell system before being directed to
the anode flow-field. A number of DMFC systems [31–39] that use
Approaches I and II have been reported in the open literature. Xie et
al. [31] demonstrated a 2-W active DMFC system, in which before
being fed to the anode flow-field, a diluted methanol solution was
obtained from a mixing chamber where pure methanol from the
fuel cartridge was mixed with the liquid water that was actively
pumped from the cathode and with the exhausted methanol solu-
tion recovered from the anode outlet. A methanol sensor was used
to monitor the resulting methanol concentration from the mixing
chamber. If the concentration was below the pre-set value (e.g.,
1.0 M), the liquid pump was started to add pure methanol to the
mixing chamber. Another liquid pump was then used to feed the
diluted methanol solution to the stack.

A similar diluted methanol recirculation loop was proposed by

Oedegaard and Hentschel [32] and is illustrated in Fig. 5. The low-
concentration methanol solution from a diluted methanol tank was
pumped through a tube to the stack. The novelty of this design was
that a portion of the tube was made of a methanol-permeable mate-
rial (Nafion® tube) and it was passed through a pure methanol tank



3456 T.S. Zhao et al. / Journal of Power Sources 195 (2010) 3451–3462

F
(
m
g

s
p
p
t
p
m
f
t
m
t
[
c

4
(

t
c
a
p
t
a
h
a

o
r
r
e
c
w
m
i
4
t
d
m
d
c
t
c
c
a
f
m

ig. 6. Performance of passive DMFC with fuel reservoir filled with hydrogels [40]:
a) operation with 4.0-M methanol without hydrogels; (b) operation with 8.0-M

ethanol without hydrogels; (c) operation with 4.0-M methanol soaked in hydro-
els; (d) operation with 8.0-M methanol soaked in hydrogels.

uch that pure methanol could passively diffuse into the tube. This
assive methanol addition eliminates the use of the pure methanol
ump in the system described in Ref. [31]. Hence, the overall sys-
em can be more compact and consumes less parasitic power. The
roblem with this system design is that the methanol in the pure
ethanol tank is continuously diluted by the water permeated

rom the low-concentration loop, which causes the methanol solu-
ion fed to the stack to be gradually reduced. Note that, in order to

aintain high and stable cell performance, the methanol concen-
ration in the diluted methanol recirculation loop in DMFC systems
31–39] using Approaches I and II should be accurately and stably
ontrolled at an appropriate level.

.1.2. Systems without diluted methanol recirculation loops
Approach III)

As discussed earlier, in Approach III, pure methanol is directly
ransported to the anode CL without going through a diluting pro-
ess as in Approaches I and II. Hence, the key to the success of this
pproach is how to devise a methanol mass-transport barrier that
rovides an optimized rate of fuel delivery from a reservoir so that
he methanol concentration in the anode CL can be maintained at an
ppropriate level. In line with this understanding, various strategies
ave been proposed [18,40–52] and some of them are highlighted
s follows.

Kim et al. [40,41] developed passive DMFC systems that could
perate with 6.0–8.0 M methanol solutions. In their design, the fuel
eservoir was filled with hydrogels soaked with methanol. As the
elease of methanol from the methanol-soaked hydrogels can be
xtremely slow, the methanol transfer rate to the anode electrode
an be very small. Fig. 6 [40] compares the performance obtained
ith methanol supplied by the methanol-soaked hydrogels or by
ethanol solutions. For methanol supplied by methanol solutions,

t is seen that the maximum power density decreases from 14 to
mW cm−2 when the methanol concentration is increased from 4.0

o 8.0 M; the substantial reduction in the performance is obviously
ue to the problem of methanol crossover. By contrast, when the
ethanol is supplied by methanol-soaked hydrogels, the power

ensity increases from 16.5 to 21.5 mW cm−2 when the methanol
oncentration is increased from 4.0 to 8.0 M. This result indicates
hat the formation of methanol-soaked hydrogels is one way to

ontrol the methanol transport from the fuel reservoir to the fuel
ell. Another study by the same authors [41] indicated that when
passive DMFC was used to power a cellular phone, it could run

or about 40 min at a maximum power of 2.4 W with 18 cm3 6-M
ethanol-soaked hydrogels.
Fig. 7. Passive DMFC with fuel deliver rate controlled with a pervaporation film
(Nafion® 112 herewith) [42].

Another way to control the fuel-delivery rate from a pure
methanol reservoir is to evaporate the liquid methanol into the
vapour phase and control the evaporation rate. A simple way to
evaporate the liquid methanol is to use a so-called “pervaporation”
membrane [53], which allows a liquid to permeate through it and
evaporate into the vapour phase. For instance, Kim [42] devised the
concentrated fuel feed system shown in Fig. 7, which consists of a
porous foam, a Nafion® 112 membrane (the pervaporation film), a
barrier, and a buffer. With the membrane and a proper design of
the barrier and buffer, the fuel cell was able to operate with pure
methanol and achieved a maximum power density of 36 mW cm−2.
It was also shown that the fuel cell could continuously operate
at power densities that ranged from 25 to 30 mW cm−2 for 360 h
which indicated that the system could well control the transport
rate of methanol from the pure methanol reservoir to the anode
CL. Another example is the work by Eccarius et al. [43,44]. In their
designs, in addition to the use of a phase separation membrane as
the pervaporation film, a perforated plate was attached to the mem-
brane so that the methanol delivery rate could be finely controlled
by adjusting the open ratio of the perforated plate. A similar idea
of using a pervaporation membrane to evaporate the liquid fuel to
the vapour phase and to limit the fuel-delivery rate has also been
described in some patents [18,45].

The fuel-delivery rate can also be controlled by managing the
release of the CO2 that is produced on the anode CL. For instance,
Nakagawa and his co-workers [47–50] devised a fuel-delivery
system that consisted of a fuel reservoir, a porous plate, and a
perforated current-collector, as shown in Fig. 8a. During operation,
methanol can be transported from the fuel reservoir to pass
through the porous plate and the openings of the current-collector
to arrive at the anode. Simultaneously, the CO2 produced at the
anode electrode is transported through the same components but
in the reverse direction. When the pore size of the porous plate is
sufficiently small, the resistance of CO2 release becomes large. As
such, with proper design of the pore size of the porous carbon plate
and the pore size of the perforated current-collector, CO2 can be
accumulated in the holes of the current-collector to form a gas slug
in each hole of the current-collector and thereby create a gas-rich
barrier. Consequently, methanol and water in the reservoir have
to diffuse as a vapour phase through this gas-rich barrier to the
anode electrode such that the transport rate of the methanol to the
anode CL can be limited. Hence, a higher methanol concentration
can be used. Fig. 8b [49] shows the transient current density of
a passive DMFC with the fuel-delivery system shown in Fig. 8a,
in which the 1-mm porous plate is made of amorphous carbon
(referred to as PCPY1). It is interesting to note that this DMFC
system can operate with almost pure methanol (22.0 M) to give
fairly high performance. The stable discharge behaviour indicates
that the rate of methanol delivery to the anode electrode can be

stably regulated by the system. Nevertheless, it should be pointed
out that one disadvantage of the above-described fuel-delivery
system is that methanol crossover can be serious at low current
densities and under open-circuit conditions, because the rate
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ig. 8. Passive DMFC with fuel delivering rate controlled by managing release of CO2

sing a porous plate [49]: (a) sketch of cell structure; (b) discharge current densities
t constant voltage of 0.3 V for different methanol-feed concentrations.

f CO2 generation is too low to form the gas-rich barrier in the
node.

Still, another way to limit the rate of methanol transport from a
uel source to the anode CL is to increase the mass-transport resis-
ance of the anode DL by using porous materials with excessively
mall pores and by thickening the layer [51,52]. For example, Zhang
nd Hsing [51] developed an active DMFC system, in which a single
exible graphite plate was used to form the anode flow-field and
L. As the permeability of this material is rather small, the anode
iffusion layer can significantly resist methanol transport from the
ow-field to the anode CL. It should be pointed out that the way to

ncrease the mass-transport resistance of the anode DL is limited
y the availability of excessively low permeability, electronically
onducting, porous materials and by the fact that the DL cannot be
oo thick.

In addition to the management of methanol delivery and trans-
ort discussed above, the successful operation of a DMFC with
oncentrated fuel also depends on the management of the water.
his is addressed next.

.2. Water management
This section reviews the past work on water management
n DMFC systems that are operating with pure methanol. More
pecifically, consideration is given to the recovery of the water
hat is produced on the cathode to the anode. The discussion is
Fig. 9. Typical profiles of water concentration and pressure across the membrane
in a DMFC operating with diluted methanol solution.

divided into two subsections. Section 4.2.1 deals with an active
water-recovery system (i.e., Approach I), whereas Section 4.1.2 is
concerned with passive water recovery through a membrane (i.e.,
Approaches II and III).

4.2.1. Active water recovery (Approach I)
In accordance with the concentrated fuel DMFC operation

described in Approach I, the water required for the anode MOR is
recovered actively from that produced at the cathode. Examples of
actively recovering the water from the cathode include the work by
Xie et al. [31] and that by Oedegaard and Hentschel [32], in which
the product water (mostly in the vapour phase, but also including
the liquid water droplets), along with the exhausted air, flowing
through the cathode flow-field was pumped to a mixing chamber
on the anode. The water vapour was then condensed into the liq-
uid phase and delivered to the diluted methanol recirculation loop,
whereas the remaining gases were vented. One disadvantage of
this type of active water-recovery subsystem is that it suffers from
excessive complexity due to the pumping and condensing compo-
nents that not only result in significant parasitic power losses, but
also increase the system volume. Such power losses can be partic-
ularly severe, relative to the fuel cell power output, in the case of
small-scale power sources.

Different from the above-described active systems, Yao et al.
[54] developed an air-breathing DMFC system, in which water
was collected by the cathode current-collector. The water vapour
vented from the cathode was condensed at the outer surface of the
current-collector and flowed towards a collecting point under the
influence of gravity. The liquid water was pumped to the anode.
One disadvantage of this system is that the cathode is exposed to
the ambient environment and some water may be lost to ambient
environment. As a result, the recovered water might not be suf-
ficient to dilute the methanol solution on the anode. Hence, the
system cannot operate when the fuel is too concentrated. Another
problem with this water-recovery design is that the system ren-
ders an orientation-dependent operation, as the water is collected
by taking the advantage of gravity. Moreover, the presence of liquid
water on the cathode surface may hinder the transport of oxygen
to the cathode electrode, thus lowering the cathode potential.

It should be recognized that in the DMFC systems using
Approach I, such as [31–37,54], a diluted methanol solution is actu-
ally fed to the fuel cell stack although the fuel cell system carries
highly concentrated or pure methanol. The typical distributions
of water content and pressure across the MEA when its anode is

fed a diluted methanol solution are illustrated in Fig. 9. A higher
water content at the anode can significantly increase the rate of
water crossover from the anode to the cathode through the mem-
brane although a slightly higher liquid pressure can be built up
on the DMFC cathode by the capillary action that tends to force
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ater to flow back to the anode [55–60]. A higher rate of water
rossover means a higher rate of water loss from the anode. This
act means that the rate of water recovered from the cathode needs
o be increased in response to the anode water loss. Hence, water
rossover increases the pumping work of the active water-recovery
ystem and this results in a lower overall fuel cell efficiency. In
ddition, a higher rate of water crossover can exaggerate the prob-
em of cathode flooding, thus deteriorating the cell performance.
or these reasons, the rate of water crossover has to be reduced.
heoretically, the rate of water crossover is determined by electro-
smotic drag (EOD), the water concentration gradient (�·CW,N) and
he hydraulic pressure difference across the membrane (�pW,c–a)
s expressed by [25]:

W,CR = nd
Icell

F
︸ ︷︷ ︸

EOD flux

− DW,N∇ · CW,N
︸ ︷︷ ︸

diffusion flux

− �lKmem

MW�l

�pW,c–a

ımem
︸ ︷︷ ︸

convection flux

(6)

here nd is the electro-osmotic drag coefficient which can reach
s high as 2.5 when the membrane is fully hydrated [55]. There-
ore, lowering the water content and liquid pressure in the anode
L, or increasing the water content and liquid pressure in the cath-
de CL can help limit water crossover to the cathode. It has been
ound [25,61,62] that the water content and liquid pressure in both
he anode and the cathode CL can be manipulated by changing
he DL, MPL, and CL material properties such as hydrophobicity,
ermeability and porosity. Based on this understanding, extensive
fforts [26–28,52,61,63,64] have been made to reduce the rate of
ater crossover by optimizing the MEA structure. If the rate of
ater crossover in the DMFC systems using Approach I can be

educed, the need to recover water from the cathode by an active
ater-recovery subsystem can be alleviated, thereby minimizing

he parasitic power losses associated with the pumping device.
urther, if a net flux of water can be internally pushed through
he membrane back to the anode by the hydraulic pressure dif-
erence created between the anode and cathode DL, the active
ater-recovery system in Approach I can then be eliminated. This
assive water recovery is desired, as the fuel cell system parasitic
ower losses can be minimized.

.2.2. Passive water recovery through the membrane
Approaches II and III)

In Approaches II and III, the water required for the anode MOR
s internally recovered from the cathode through the membrane.
q. (1) indicates that to sustain the anode MOR, one of the 3 mole
f the water produced by the cathode ORR needs to be recovered,
hich means that only 2 mole of the water produced on the cath-

de are allowed to be vented from the cathode (known as cathode
ater loss). In other words, a critical point in DMFC systems oper-

ting with concentrated fuel with the passive water recovery is
hat the cathode water loss cannot be too large to ensure that suf-
cient water is recovered to the anode to sustain the MOR. Several
tudies [43,44,48] have confirmed the importance of controlling
he cathode water loss in the DMFCs with a passive water recov-
ry configured MEA. For instance, Eccarius et al. [44] examined the
nfluence of cathode air flow rates (at stoichiometries of 2, 4 and 6

ith a minimum flow rate of 40 sccm) on both the anode and cath-
de potential losses (or cathode overpotential) in a vapour-feed
MFC operating with concentrated fuel. As shown in Fig. 10a, the
athode potential loss decreases with increasing air flow rate as a
esult of the enhanced mass transport of oxygen to the cathode CL.

y contrast, however, Fig. 10b shows that the anode potential loss

ncreases with the air flow rate, as a higher air flow rate leads to a
arger cathode water loss which, in turn, causes the water recovery
rom the cathode to the anode to become insufficient. More inter-
stingly, Fig. 10b shows that the limiting current density of the MOR
Fig. 10. Effects of cathode air flow rates (at stoichiometries of 2, 4 and 6 with min-
imum flow rate of 40 sccm) on: (a) cathode voltage loss; (b) anode voltage loss
(temperature: 50 ◦C) [44].

dramatically decreases from 130 to 60 mA cm−2 when the cathode
air stoichiometry is tripled. As the supply of methanol vapour to the
anode CL remains the same, the decrease in limiting current den-
sity is solely attributed to the decrease in the water flux recovered
from the cathode. The result implies that an increase in the cath-
ode air flow rate will increase the water loss from the cathode, thus
annulling the water flux recovered from the cathode. As a result,
measures should be taken to control the rate of cathode water loss
in DMFC systems with passive water recovery MEA.

With a minimum cathode water loss or sufficient water avail-
ability at the cathode, the issue now is how to create a sufficiently
large pressure between the anode and cathode CL to drive water
to the anode. Special attention should be paid to DMFCs that use
Approach II, in which the higher water content at the anode cre-
ates a potential for water crossover from the anode to cathode as a
diluted methanol is fed to the anode CL. In this case, a much higher
cathode liquid pressure is required to drive the water flow to the
anode to counteract both the water fluxes by EOD and diffusion.
Several studies [65,66] have been reported to recover passively
water from the cathode to the anode by designing the optimum
cathode structure for low-concentration liquid-feed DMFCs. Peled
et al. [65] proposed a highly hydrophobic liquid-water-proof struc-
ture for the DMFC cathode that was formed by coating several
hydrophobic sub-layers on both sides of the cathode current-
collector. Each sub-layer was a paste that consisted of 20–50 wt.%
Teflon and carbon powders with a thickness of 20–50 �m. This

structure can create very high hydraulic liquid pressure at the
cathode. By applying such a liquid-water-proof structure to the
air-breathing cathode of a low-concentration liquid-feed DMFC,
Blum et al. [66] managed to decrease the factor W (the ratio of the
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ig. 11. Fully integrated DMFC for powering a laptop computer by PolyFuel Inc. [39].

olecules of water vented out from the cathode to the molecules
f methanol consumed by the anode MOR) from 7 to 2. This means
hat the water required for the anode MOR at a certain discharg-
ng current is recovered internally from the cathode and only the
emaining water is vented from the cathode diffusion mediums to
he ambient environment. This result indicates that a water-neutral
peration point can be achieved in a low-concentration liquid-feed
MFC by the optimized cathode structure, which enables the suc-
essful operation of a DMFC described in Approach II. PolyFuel Inc.
39] has recently demonstrated a DMFC prototype for powering
laptop computer, as shown in Fig. 11. The design of this proto-

ype is based on Approach II, in which a novel MEA enables passive
ater recovery from the cathode to achieve operation with pure
ethanol [38].
Unlike Approach II, in which diluted methanol is fed to the

node CL, in Approach III, pure methanol is delivered directly to the
node CL. Consequently, the water distributions across the MEA for
he two approaches are different. Fig. 12 shows the typical distri-
utions of water concentration and hydraulic pressure across the
EA when the anode is directly fed with pure or highly concen-

rated methanol. Since little or no water is fed to the anode, the
ater content at the anode becomes relatively lower than that

t the cathode, where water is produced by the cathode ORR and
y the oxidation of the permeated methanol, and then water can
aturally diffuse from the cathode through the membrane to the
node. In this case, water recovery by modifying the cathode DL
ecomes much easier [67,68]. For instance, Guo and Faghri [67]
roposed a water-management system for a DMFC, in which the

ntegration of the MPL, the hydrophobic backing layer and an air
lter created a high water concentration and high liquid pressure

t the cathode to recover water to the anode, thus enabling the
MFC to operate with pure methanol. With a charge of 5.1 g of
ure methanol, the prototype system demonstrated a continuous
peration of 18 h with a total power output of 1.56 Wh. Another
xample is the work by Kim [42], who developed a vapour-feed

ig. 12. Typical profiles of water concentration and pressure across the membrane
n a DMFC operating with pure methanol.
urces 195 (2010) 3451–3462 3459

passive DMFC that operated with pure methanol; after starting the
fuel cell with pre-humidifying the MEA, it could run for 15 days at a
stable power density of around 25–30 mW cm−2. This proved that
the water required by the MOR could be continuously supplied by
passive water recovery from the cathode.

In summary, it has been demonstrated that in DMFC systems
using pure or highly concentrated methanol, the water required by
the MOR can be supplied by either active or passive water-recovery
systems. Passive water recovery is more desirable for cases where
the system volume and weight, as well as the minimization of par-
asitic power losses, are critical.

4.3. Carbon dioxide management

As the transport process of CO2 from the anode CL to the
anode flow-field is intrinsically coupled with the transport of
methanol and water, achieving an appropriate distribution of
CO2 at the anode by controlling CO2 removal from the cell can
help to obtain the distributions of methanol and water that are
necessary for achieving high-concentration methanol operations
[25–28,47–50,69–71]. For example, several studies [25–28] have
indicated that increasing the gas-void fraction in the anode CL
by optimizing the structures of the anode DL, MPL and CL, which
decreases both the methanol concentration and the water content
in the anode CL, can greatly reduce the rates of water crossover and
methanol crossover. As discussed earlier in Section 4.1 and shown
in Fig. 8a, the anode structure created by Nakagawa and his co-
workers [47–50] was to control the delivery rate of the methanol
from the reservoir to the anode electrode by controlling the trans-
port of CO2 and its distribution in the anode. As a result, the DMFC
could operate with pure methanol. In addition, the CO2 produced
by the anode MOR was utilized to feed the methanol solution to the
cell [69–71], which thus made the use of a liquid methanol pump
in the DMFC system unnecessary, thereby offering the benefit of
reducing both the system volume and the parasitic power losses.

4.4. Oxygen/air management

The oxygen management in a DMFC system operating with
highly concentrated fuel is somewhat different from that operat-
ing with a diluted methanol solution. In conventional active DMFC
systems operating with diluted methanol, as water crossover is
more serious and tends to exaggerate the cathode flooding prob-
lem, a high cathode gas flow rate is usually needed to enhance the
oxygen transport and minimize the cathode potential loss asso-
ciated with oxygen transport. A high gas flow rate will, however,
cause a problem for the passive water recovery in DMFC systems
operating with concentrated fuel as described in Approaches II
and III, because increasing the cathode gas flow rate will augment
the cathode water loss, which can cause the flux of water recov-
ery to be insufficient for the MOR. Abdelkareem and Nakagawa
[48] examined the impacts of both air-breathing and active oxy-
gen supply modes on the flux of water recovery and the flux of
methanol crossover through the membrane. The results are shown
in Fig. 13a. It is interesting to note that when the oxygen flow
rate was increased from 100 to 1000 sccm, the flux of the water
recovery through the membrane reduced by half, but the flux of
methanol crossover was nearly doubled. On the other hand, the
air-breathing mode resulted in the largest flux of water recovery,
but the smallest flux of methanol crossover. The transient cell dis-
charging current density at a constant voltage corresponding to the

different oxygen supply modes is shown in Fig. 13b [48]. As can be
seen, for the DMFC that operates with 16.0-M methanol solution,
the air-breathing mode results in the best performance, but the
active oxygen supply at 1000 sccm leads to the worst performance
although the high gas flow rate enhances the oxygen transport.
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ig. 13. Effect of oxygen flow rate on: (a) fluxes of methanol crossover and water
ecovery; (b) discharge current density of passive DMFC operating with 16 M and
ischarging at a constant voltage of 0.1 V [48].

ence, in DMFC systems operating with concentrated fuel with pas-
ive water recovery (i.e., Approaches II and III), a low cathode gas
ow rate or an air-breathing mode is preferable.

. Prototypes

This section describes some DMFC prototypes that operate with

ure methanol. Examples use the three approaches illustrated in
ig. 4. The 2-W DMFC system by Xie et al. [31] (Motorola Lab)
elongs to Approach I, as sketched in Fig. 4a. Because of its active
peration, the performance of such as system can be easily moni-
ored. More importantly, the system capacity can be easily scaled

able 1
echnical specifications of some DMFC prototypes.

Application (power) System volume-base
(see Eq. (7))

Motorola Lab [31] Charger (1 W) 77 Wh L−1 (62 h with
Charger (2 W) 155 Wh L−1 (48 h wit

PolyFuel Inc. [39] Laptop computer (15 W) 325 Wh L−1 (10 h on a
MTI Micro Fuel Cells Inc. [73] Charger (1 W)

LG Chem [75] Laptop computer (25 W) ∼250 Wh L−1 (10 h w
Toshiba [76] Handheld device (1 W) 143 Wh L−1 (20 h wit
Samsung [77] Laptop computer (100 Wh on a single f
SFC Smart Fuel Cell [78] Electric vehicle (11.1 kWh on a single
Fig. 14. Micro charger with removable fuel cartridge by MTI Micro Fuel Cells Inc.
[73].

up by sandwiching more cell units together to service higher-power
applications. To sustain the operation of such a system, however,
several ancillary subsystems including a methanol dilution subsys-
tem, a low-concentration methanol recirculation subsystem and
active water-recovery subsystem, are required. By estimation, the
ancillary subsystems take up almost 42% of the overall system vol-
ume. This reduces not only the specific energy and overall efficiency
but also the design flexibility when the required size of the fuel cell
system is small. To achieve 48-h continuous operation, a volume
of 200-cc pure methanol will be required and the total system vol-
ume (including the fuel) will reach 0.694 L. The DMFC system can
only provide a specific energy of 155 Wh L−1 and the overall system
efficiency of 20%.

The DMFC prototype, as shown in Fig. 11, developed PolyFuel
Inc. [39] belongs to Approach II shown in Fig. 4b. The prototype was
applied for powering an all-day true wireless laptop computer. As
the design allows passive water recovery through the membrane
instead of using an active water-recovery subsystem, the DMFC
system is greatly simplified and the overall system efficiency is
improved. The prototype produced a net output of 15 W with a
run time of 10 h with a single fuel cartridge. The system achieves
a specific energy of 325 Wh L−1 with a single fuel cartridge and
435 Wh L−1 with two cartridges.

MTI Micro developed several DMFC prototypes [72–74] that

belong to Approach III; the system is sketched in Fig. 4c. In this
design, pure methanol is directly fed to the anode electrode by a
novel fuel methanol delivery subsystem and the water required for
the MOR is passively recovered through the membrane. Their lat-
est prototype, a charger with a removable fuel cartridge is shown

d energy Fuel volume-based energy
(see Eq. (8))

Conversion efficiency
(see Eq. (9))

100-cc methanol) ∼620 Wh L−1 ∼13%
h 200-cc methanol) ∼956 Wh L−1 ∼20%

single fuelling)
∼1800 Wh kg−1

∼1420 Wh L−1
∼29%

ith 200-cc methanol) ∼1250 Wh L−1 ∼26%
h 25-cc methanol) ∼800 Wh L−1 ∼16%
uelling) ∼1000 Wh L−1 ∼20%
fuelling) ∼1110 Wh L−1 ∼23%
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n Fig. 14 [73]; it is capable of providing up to 25 Wh of handheld
ower with a single, pure methanol cartridge. The specific energy
f this prototype can be as high as 1800 Wh kg−1 (i.e., an energy
ensity of about 1420 Wh L−1) at an overall energy-conversion effi-
iency of 29%. It should be mentioned here that in-series connected
uel cell stacks can be classified into two types: a bipolar stack and a

onopolar stack. Passive DMFC stacks usually adopt the monopolar
rrangement as this arrangement allows the air-breathing cathode
o be completely exposed to ambient air to maximize oxygen trans-
ort. A monopolar stack has a smaller volumetric power density
han a bipolar design. For this reason, the DMFC systems based on
pproach III are more suitable for low-power applications.

In addition to the prototypes introduced above, many other
ompanies [75–78] have also unveiled DMFC prototypes for
owering different devices, such as handheld electronics, laptop
omputers, and even electric vehicles. The specifications of these
rototypes are presented in Table 1, in which the second column
hows the applications of the prototypes, the third column gives
he system volume-based energy on a single fuelling, the fourth
olumn is the fuel volume-based energy, and the fifth gives the
verall energy-conversion efficiency. The system volume-based
nergy, the fuel volume-based energy, and the energy-conversion
fficiency are defined, respectively, as:

System-volume

= electrical energy output with a single fueling (Wh)
volume of system including fuel cartridge (L)

(7)

Fuel-volume

electrical energy output for an infinite number of fueling (Wh)
volume of fuels (L)

(8)

nd

conversion = electrical energy output (Wh)
energy input of methanol (Wh)

(9)

As shown in the Table 1, the fuel volume-based energies of the
rototypes operating with pure methanol are much higher than the
nergy density of a state-of-art Li-ion battery (about 350 Wh L−1

3]). Since the total volume of a stand-alone DMFC system is dom-
nated by the volumes of the fuel cell stack and the ancillary
ubsystems (or components), the system volume-based energies
i.e., energy density) on a single fuelling of the DMFC prototypes
re typically low. Hence, it is critically important to make the fuel
ell system more compact. Moreover, it has been found that the
nergy-conversion efficiency of all the prototypes presented in the
able 1 is still low (below 30%). Therefore, effort is also needed to
ncrease the energy-conversion efficiency of DMFC systems.

. Concluding remarks

With a state-of-the-art polymer electrolyte membrane and elec-
rocatalyst materials, the ability to use highly concentrated or pure

ethanol in direct methanol fuel cells with fairly high performance
rings this type of fuel cell closer to commercialization, particularly
or portable and mobile applications (e.g., notebook computers,

obile phones, personal data assistants). This article has provided a
omprehensive review of past efforts on the design and optimiza-
ion of DMFC systems that operate with concentrated methanol.

ased on the understanding of the key issues associated with the
ransport of the reactants (methanol and water at the anode, as well
s oxygen at the cathode) and products (CO2 at the anode and water
t the cathode) in the DMFC system structure, the strategies to oper-
te DMFCs with concentrated fuel are: (i) limiting the delivery rate
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of the fuel so that the fuel concentration is at the appropriate level
when it comes into contact with the anode CL; (ii) changing ‘water
crossover’ in conventional diluted methanol operating systems to
‘water recovery’ from the cathode to the anode to compensate for
the water consumed by the MOR; (iii) optimizing the removal of
CO2 from the cell to help maintain the methanol concentration and
the water content in the anode CL at an appropriate level and (iv)
controlling the cathode oxygen flow rate to an appropriate level
that minimizes the concentration loss of oxygen and the exces-
sive water loss from the cathode so that sufficient water can be
recovered for the anode.

The strategies for operating highly concentrated DMFCs have
now become clear and some advances have been made over the
past few years. Nevertheless, a number of published works to real-
ize these strategies are limited. A rapid growth in publications
about operating DMFCs with highly concentrated fuel is antic-
ipated. Issues dealing with methanol transport from the highly
concentrated fuel source to the anode CL have been addressed, but
more extensive work in this direction is anticipated. Particularly,
the understanding of the mechanisms of methanol evaporation
and transport in counter-convected and diffused CO2 in a porous
electrode structure is limited. Attention also needs to be paid to
how the fuel-delivery rate can be controlled in response to the fuel
cell discharging current. With respect to water management, more
extensive work has to be undertaken to optimize the MEA struc-
ture in such a way that both water recovery and removal can be
managed to ensure sufficient water recovery for the MOR and also
to avoid the problem of cathode water flooding. Little research has
been conducted on the control of CO2 release and transport to real-
ize the desirable distributions of methanol and water in the anode
for pure methanol operation. The key issue concerning the cathode
oxygen/air supply in DMFCs operating with highly concentrated
fuel is how to minimize both the concentration loss of oxygen and
the water loss from the cathode. In addition, thermal management
in DMFCs operating with concentrated fuel has still to be addressed.
Particular attention needs to be directed towards finding a means to
maintain an appropriate cell operating temperature that can maxi-
mize the cell performance. Finally, a scientifically sound numerical
approach for designing and optimizing DMFCs operating with con-
centrated fuel should be developed to guide future efforts.
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