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We demonstrate state-of-the-art room temperature operation of silicon microchannel-based micro-direct
methanol fuel cells (WDMFC) having a very high fuel use efficiency of 75.4% operating at an output
power density of 9.25 mW cm~2 for an input fuel (3 M aqueous methanol solution) flow rate as low as
0.55 wLmin~'. In addition, an output power density of 12.7 mW cm~2 has been observed for a fuel flow
rate of 2.76 pLmin~'. These results were obtained via the insertion of novel hydrophilic macroporous

layer between the standard hydrophobic carbon gas diffusion layer (GDL) and the anode catalyst layer of
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a WDMEFC; the hydrophilic macroporous layer acts to improve mass transport, as a wicking layer for the
fuel, enhancing fuel supply to the anode at low flow rates. The results were obtained with the fuel being
supplied to the anode catalyst layer via a network of microscopic microchannels etched in a silicon wafer.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Microtechnology is enabling the miniaturization of methanol
fuel cells into compact micro-direct methanol fuel cells (WDMFC)
[1-5]. Fully optimized wDMFCs would have a large impact for pow-
ering a wealth of portable electronic good now available to the
consumer; the potential market is quite simply huge. w.DMFCs have
potentially a high energy density and can hence supply powerin the
milliwatt range for a long time. In addition, refueling time is rapid,
quasi-instantaneous, compared to the several hours recharge time
for lithium-ion type batteries. On the other hand, current WDMFC
prototype systems suffer from mass transport issues [6-13]; we
address here fuel supply mass transport at the anode of a minia-
turized WDMFC by the modification of the diffusion layer stack via
the insertion of a novel hydrophilic macroporous layer which is
believed to equalize the fuel concentration over the whole anode
catalyst cell area and aid carbon dioxide bubble removal at low fuel
flow rates.

2. Experimental

Our basic set-up used to perform the fuel cell measurements
(with and without the macroporous layer) is shown in Fig. 1.
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Porous gas diffusion layers (GDL) carbon-based sheets GDL-24BC
and LT-1400 were obtained from (ETEK, USA) and (SGL Carbon,
Germany)and were used for the fuel and air diffusion layers, respec-
tively, a gold mesh (Goodfellow, UK) as electrodes and a membrane
electrode assembly (MEA) composed of a three layer MEA3 opti-
mized Nafion® 117 PFSA (DuPont, USA) having a Pt-Ru anode.
These elements were stacked between two 3-in. silicon wafers (Sil-
tronix, France) which had pre-etched microscopic microchannels
on their surface to supply fuel and air to the anode and cathode,
respectively. The silicon wafers, diffusion layers, macroporous lay-
ers, spacer layers, electrodes and Nafion®117-based PEM were in
turn stacked and held together by two rigid acrylic glass plates
(thickness = 0.5 cm) held together by screws to regulate the pres-
sure. Spacer layers were stacked according to macroporous layer
thickness. A micrometer was used to ensure uniformity and regu-
late thicknesses, e.g. the macroporous layer thickness. The system
contained thru-holes to enable connections with the Nanoport™
connectors. Polydimethylsiloxane (PDMS) layers (0.5 mm) were
employed between the acrylic glass plates and the silicon wafers to
prevent possible wafer cleaving. Standard silicon-based microtech-
nology was employed to fabricate the microchannels in the anode
and cathode silicon wafers. Photolithography and deep reactive
ion etching (DRIE) techniques (Surface Technology Systems, UK)
were optimized to etch microchannels silicon wafers. For the anode
a single serpentine shaped microchannel was designed to sup-
ply the fuel. The channel width was 100 wm and channel height
100 wm whilst the total channel length was 8 cm running over
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Fig. 1. Micro-DMFC experimental set-up. (a) With and (b) without macroporous
layer showing the silicon wafer (black), the gas diffusion layers (dark grey), a poly-
meric spacer layer, the MEA (red), the electrodes (gold) and the macroporous layer
(blue). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

an active cell surface of 0.25 cm?2. The interior microchannel sur-
face contained in the active fuel cell area was made hydrophilic by
masking techniques during the rendering of the silicon wafer sur-
face hydrophobic via a plasma deposition of a fluorocarbon layer
(~1 wm). The fuel solution (3M CH30H:H,0) and the oxidant air
(21% 03) are introduced via thru-holes pierced by DRIE in each
Si wafer which directly join the microchannels on the opposite
wafer side to provide microfluidic and gas flow inputs and outputs.
The fuel cell had an effective anode catalyst surface of 0.5cm by
0.5cm (0.25 cm?); the catalysis area is located underneath the sin-
gle serpentine microchannel area through the fuel diffusion layer
and collector electrode. For the cathode, four serpentine shaped
microchannels for air were arranged in parallel; the microchannels

had a width of 200 pm and a height of 150 wm with a total length
of 4 cm, the microchannel surface and the wafer surface was ren-
dered hydrophobic via a plasma deposition of a fluorocarbon thin
film (~1 wm). A high precision tubing pump and a mass flow con-
troller were employed to control the fuel mixture flow and air flow,
which were connected to the fuel and air inlets on the Si wafers with
microchannels. Electrical and microfluidic circuits were imple-
mented for the fuel cell measurements. The standard electrical
circuit used for fuel cell measurements employed a current source
(0-50 mA) and 3441 A digital multi-meters (Agilent, USA). The tips
of probes were carefully brought into contact with the gold mesh
sheet collector electrodes. The microfluidic circuits employed plas-
tic tubing (OD=1587 wm; ID=762 pm) supplied from (Cluzeau,
France) which was connected to the Nanoports™ on the fuel and
air-side of the silicon wafers. The fuel flow rate was controlled by
an IPC4 high precision multi-channel dispenser peristaltic pump
(Ismatec, Switzerland) having a mass flow range of 0-39 wL min~!
and an STEC SEC-7300 mass flow controller (Horiba, Japan) was
employed for the air having a mass flow range from 2 to 50 sccm.

3. Results and discussions

Measurements were conducted in the following sequence: (i)
initial reference measurements without a macroporous layer and
(ii) measurements using various macroporous layers. All measure-
ments were taken at room temperature (~300 K); the output power
density (mWcm2) is plotted as a function of current density
(mAcm~2) and was evaluated from the measured current (mA)
versus voltage (mV) characteristics. Finally, the subsequent fuel use
efficiency ¢ (%) of the fuel cell was evaluated at a given fuel flow rate
(mols—1). The fuel use efficiency of the cell is calculated from the
current density at the maximum output power, the fuel flow rate,
the fuel concentration and the cell area. It should be noted that
great care was taken to repeat the measurements several times;
repeated I-V measurements were taken for a given microfluidic
test set-up and also following dismantling and reassembling the
microfluidic set-up to further ensure repeatability of the electri-
cal results; this is very important as variations in set-up can cause
leaks in the microfluidic/gas circuit which can lead to erroneous
measurements thus causing incorrect conclusions to be drawn.

The results of the initial reference measurements without the
inclusion of the macroporous layer [see Fig. 1 for set-up] are shown
in Fig. 2; (a) shows output voltage as a function of applied current,
and (b) shows power density versus current density. A maxi-
mum output power of 8mW cm~2 was observed for a fuel flow
rate of 2.76 wLmin~!. Following this, a single macroporous layer
(A=0.25cm?) was inserted between the standard anode diffusion
layer and anode collector electrode. A total of five macroporous
layer candidate materials (A-E) have been investigated in this
study. By carefully selecting various fibrous materials, we were
able to experiment into the effect of layer porosity, hydropho-
bicity and layer thickness. Scanning electron microscopy (SEM)
images of the five fibrous materials used in this study, plus the
standard hydrophobic anode diffusion layer (GDL-24) which was
used throughout, are shown in Fig. 3. Macroporous layer A is actu-
ally a combination of two fibrous layers; one surface layer (see
Fig. 3(a)) consisting of polyester fibers and polypropylene fibers
whose surface (<10 wm thick) is hydrophobic (wetting contact
angle 6. for 3M methanol solution was measured to be 120°+5
using a wetting contact angle meter supplied by DigiDrop, France);
incidentally, the wetting contact angle the fuel makes with the
GDL-24 diffusion layer was determined to be 134° and 107° after
multi-use via the same technique. The other side, which made up
the volume of macroporous layer A, is shown in Fig. 3(a, inset)
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Fig. 2. Standard reference electrical measurements of the micro-DMFC prior to
the insertion of the macroporous layers: (a) voltage-current and (b) output
power-current density as a function of input fuel flow rate at a constant air-flow
rate of 30 sccm to the cathode.

and consists of cellulose-based fibers which have an ultra absorp-
tion property (having a hydrophilic surface; 8. < 10°). The fibers on
the hydrophilic side have a specific shape which radiate locally
from central point to promote liquid spreading in the plane of
the sheet. Macroporous layer B (Fig. 3(b)) is a very low porosity
fibrous paper which is commonly used for testing perfume and
macroporous layer C shown in Fig. 3(c) is a cotton-based fibrous
material. Macroporous layers D and E are both relatively hydropho-
bic glass fiber-based papers having low (D) and high (E) porosity
(Fig. 3(d) and (e)). The SEM image for diffusion layer (GDL-24) is
Fig. 3(f).

The fuel cell power output performances were measured with
different macroporous layers present; the V-I and P-J results are
shown in Fig. 4. All measurements were conducted at a constant
input fuel flow rate of 2.76 wL min~! and an air flow rate of 30 sccm;
a high air flow rate was chosen at the cathode to avoid mass trans-
port problems and enable us to observe the effect of changing the
anode conditions. It is clear from Fig. 4(b) that the insertion of two
macroporous layers A [in configuration 1=A1, i.e. the hydrophilic
surface in contact with the anode catalyst layer] and C improves
cell performance (in terms of maximum power output) compared
to the reference measurements without the macroporous layer

whilst the insertion of two macroporous layers (B and E) reduces
the cell performance; the maximum output power with macrop-
orous D remains approximately the same. In terms of thickness,
macroporous layer layers A and D have approximately equal thick-
nesses, namely 480 + 10 wm and 460 + 10 wm experiments were
able to show that there is a correlation between the properties
of the inserted macroporous layer and the power output of the
fuel cell as layers A and C gave the best results (9.9 mWcm~2 at
2.76 wL min~! with macroporous layer A in configuration A1) and
layer D gave result similar to having no macroporous layer inserted
(8.6 mWcm~—2 at 2.76 wL min~1).

In order to interpret the results we characterized the macro-
porous layers; in terms of wetting contact angle, a contact
angle meter (EWS, France) can be used to characterize the
hydrophilic/hydrophobic nature of the macroporous layer. Con-
tact angle measurements were repeated several times to ensure
reproducibility of +5°. In terms of porosity, the SEM images can
be used to rank the macroporous layers in terms of pore size. It
can be seen from the SEM images that a precise value of the pore
diameter is difficult to extract, however, observations enable us to
estimate the pore size in terms of dp <10 pm, 10 um<dp <50 wm
and d, >50 pm. In addition to this we can use absorption measure-
ments to estimate the absorption ratio and the liquid/solid volume
ratio. The absorption ratio is defined as the ratio of the wet macrop-
orous layer weight against the dry weight. The liquid/solid volume
ratio, i.e. the ratio of the available liquid volume in the macro-
porous layer V; over the total volume of the macroporous layer
Vi, of the layers was estimated using the volume/density method;
wetting, weighing and drying was repeated a several times after
excess fluid removal giving a measurement reproducibility of +10%.
Table 1 shows the measured thickness of the macroporous layers,
the absorption ratio, the measured liquid/solid volume ratio and the
wetting contact angle of the fuel (3 M aqueous methanol solution)
on the macroporous layer surface.

If we rank the macroporous layers in terms of most hydrophilic
to most hydrophobic then we have: A1, B, C, D and E. If we now
rank the macroporous layers in terms of pore size d, from the most
porous to the least porous we have: E, A, C, D and B. In terms
of the absorption ratio and liquid/solid volume ratio ranking we
have A, C, E, D, B and A, C, D, E and B, respectively. Combining
these observations with those of the fuel cell performances we can
clearly conclude that enhanced performance is brought about by
the use of a highly hydrophilic macroporous layer having a rel-
atively high porosity d, >50 wm confirmed by a high liquid/solid
volume ratio. Interestingly, macroporous layer D has comparable
properties (pore size and hydrophobicity) to the standard GDL used
in the experiment and leads to a similar performance as the ref-
erence performance. It is important to note that the absorption
results given in Table 1 be defined as ex situ; when the various
macroporous layers are being used in the experiment, i.e. in situ,
they could be compressed and their absorbency properties could
vary from those presented in Table 1. However, with reference to
Fig. 1(b) we assume that the inclusion of the polymeric spacer

Table 1
Measured properties of the macroporous layers A-E used in the experiments.

Layer Thickness Absorption Liquid/solid Contact angle, 6.
(pm) ratio volume ratio

A 480 53 0.87 <10° (120° £5)?

B 380 0.9 0.29 <10°

C 1400 33 0.68 <10°

D 460 1.9 0.48 115°+£5

E 250 29 0.36 120°+5

2 Contact angle measured on hydrophobic surface.
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Fig. 3. (a-e) Scanning electron microscopy images of macroporous layers A-E and (f) carbon sheet; inset to (a) shows hydrophilic side of macroporous layer A.

layer(s) (light grey) having a similar thickness to the macroporous
layer minimizes the compression of the macroporous layer.

In addition to the porosity, as previously stated, macroporous
layer A is not symmetrical in a microfluidic sense; Fig. 5(a) shows
the output power of the fuel cell with the hydrophobic surface
in contact with the anode catalyst layer (configuration A1), corre-
sponding to the previous set-up, and secondly with the hydrophilic
surface in contact with the anode catalyst layer (configuration A2),
see Fig. 5(b). A higher output power was observed for the second
scenario; i.e. the hydrophobic surface of the macroporous layer in
contact with the diffusion layer. To explain the effect of the macrop-
orous layer at the anode we consider (i) the fuel supply distribution
over the fuel cell surface and (ii) the effect of carbon dioxide bub-
bles exhaust. The increase in power density upon insertion of the
high porosity strongly hydrophilic macroporous layer can be partly
explained by the fact that the fuel performance is governed by

the ability of the anode set-up (fuel flow rate, fuel concentra-
tion, microchannel dimensions, anode diffusion layer properties,
e.g. porosity) to meet the anode catalyst layer’s methanol require-
ment. Methanol concentration is known to fall along the length of
the microchannel, i.e. over the surface of the cell. By inserting the
high porosity hydrophilic macroporous layer between the anode
diffusion layer and the anode catalyst layer one can create a fuel
reservoir which leads to a more uniform methanol concentration
over the whole fuel cell surface; allowing lateral flow of the fuel
along the macroporous layer via capillary filling even at low fuel
flow rates. As the macroporous layer has the same dimensions
as the anode catalyst layer lateral fuel spreading does not occur
beyond the anode catalyst layer and the fuel is localized over the
active fuel cell surface.

Analytical fuel cell models given in the literature [14-18] can
be very useful to predict the effect of fuel distribution along the
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Fig.4. Electrical measurements of the micro-DMFC after the insertion of the various
macroporous layers: (a) voltage—current and (b) output power—current density.

canal in the absence of the macroporous layer. The fuel cell can be
described by the following equations:

dcc _ wdy

dx ~Q W

Bcd _ (pd

0z - Dd (2)
_ ocm  of

(pm = _Dmﬁ + F (3)

where ¢ is the methanol concentration in the x direction of the
microchannel, w is the width of the microchannel, @, is the
methanol flux from the microchannel to the diffusion layer, Q is
the input flow rate into the microchannel, ¢4 is the molar methanol
concentration in the z direction the diffusion layer, Dy is the diffu-
sion constant of methanol in the diffusion layer, @, is the methanol
crossover flux, Dy, is the diffusion coefficient of methanol in the
PEM, cp, is the methanol concentration across the PEM, « is the
electro-osmotic drag coefficient of methanol, Jis the current density
and F is the Faraday constant. The models assume that there is no
lateral flow in the diffusion layer and do not consider carbon dioxide
production at the anode. We have implemented a multi-parameter
analytical solution based on Ref. [18] which enables the determina-
tion of the methanol concentration in the anode microchannels and
at the anode catalyst layer as a function of microchannel length at
various anode overpotentials using the Tafel equation. The model

is a relatively simple analytical model which does not take into
consideration carbon dioxide generation. In as much, it generates
a ‘best case scenario’ for the output power as a function of input
fuel flow. Despite this, the model demonstrates three important
predictions: (1) at the fuel flow rates used the output is a strong
variation of the input fuel flow rate and (2) a low fuel flow rate (e.g.
0.55 pLmin~1) results in a low power output (e.g. ~1.1 mW cm~2)
even when carbon dioxide is not taken into account and (3) there
is a power output saturation effect as a function of input fuel rate.
Fig. 6(a) and (b) shows the methanol concentration at the anode
catalyst layer for different input flow rates at an anode overpo-
tential of 0.1 and 0.3V. It is important to note here that in the
absence of the macroporous layer (i) the methanol concentration
falls rapidly along the microchannel especially when the overpo-
tential is increased and (ii) the initial methanol concentration at the
start of the microchannel falls with increasing anode overpotential.
Fig. 6(c) shows the variation of output power density as a function of
current density when the input fuel flow rate is varied from 0.55 to
8.28 wLmin~!. Clearly, the maximum power output is a strong vari-
ation of the input flow rate and as is observed here in the absence of
the macroporous layer; c.f. Fig. 2. Fig. 6(b) also predicts (i) low out-
put (1.1 mW cm~2) for low input flow rate (0.55 pLmin—1) and (ii)
the output power is not a linear function of the input fuel flow rate;
a power output saturation effect can be expected as the input flow
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rate is increased; e.g. even if the input flow rate is increased beyond
10 pLmin~! the power output will not exceed 12 mW cm~2 (for a
given oxygen flow rate to the cathode; 30 sccm in this case). In the
absence of the macroporous layer the fuel concentration reduces
along the microchannel as it is used up at the anode catalyst layer.
The concentration at the anode catalyst layer reduces also with
increasing microchannel length and is always less than the concen-
tration in the microchannel directly below the diffusion layer. The
insertion of a high porosity hydrophilic macroporous layer effec-
tively leads to the possibility of a horizontal wicking of the fuel
beneath the diffusion layer. In this case, a high fuel concentration at
the anode catalyst layer can be maintained over the whole fuel cell
surface, even at low fuel flow rates. The effect of the macroporous
layer is to preserve the methanol concentration at the anode cata-
lyst layer as the anode overpotential is increased, i.e. as methanol
is being used up at the anode.

All surfaces (and we assume volumes) which were hydrophilic
to the 3 M methanol/water fuel solution act as wicks and are filled
by capillary action. The exception is one surface of macroporous
layer A (hydrophobic to the solution) and macroporous layers D
and E. This capillary filling will promote a lateral spreading of the
fuel along the macroporous layer, under the diffusion layer and over
the anode catalyst layer surface effectively equalizing the fuel con-

centration. If the porosity of the macroporous layer is very low (as
is the case with macroporous layer B) then the macroporous layer
can act to reduce the amount of fuel which reaches the anode cat-
alyst layer. As the porosity of the macroporous layer is increased
then fluid flow increases and lateral fluid flow via capillary filling is
promoted. It is important to note that the macroporous layer must
be finite and the same size as the anode catalyst layer to ensure that
the fuel is localized over the anode catalyst layer otherwise the fuel
would spread beyond the active surface effectively leading to fuel
loss. As an analogy, the macroporous layer is acting similarly to a
wick in a candle; ensuring fuel is sufficiently present for oxidation
over the whole anode catalysts area much as the wick draws liquid
wax to the flame via capillary action.

In addition to fuel wicking one must also consider the effect of
carbon dioxide (predominantly in bubble form) at the anode [19].
Carbon dioxide bubbles must be removed from the anode catalyst
layer by the anode microchannel flow. If this is not the case, car-
bon dioxide bubbles will build up on the anode catalyst layer and
reduce the mass transport; this can be important in micro-DMFC.
Theoretically in micro-direct methanol fuel cells, the detachment
diameter of the carbon dioxide bubbles dco, from the macroporous
layer surface is governed by surface tension effects [20]. The value
of dco, is proportional to the pore diameter via d:,/3 and the wetting
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Table 2

Summary of our results and modeling and comparison with values found in the literature. P4, = maximum output power density, ] =current density at maximum output

density, A=cell area, Q;, =input fuel flow rate, c=fuel concentration.

Prnax (Mw cm~2) J at Py (MAcm~2) A (cm?) Qin (RLmin~") (nMs1) c(M) Fuel use efficiency % Ref. [18] Ref.
9.25 48 0.25 0.55 28 3 75.4 A2
11.1 56 0.25 1.38 69 3 351 A2
12.7 64 0.25 2.76 138 3 20.0 A2
7.36 32 0.25 0.55 28 3 50.3 Al
8.16 44 0.25 1.38 69 3 275 Al
9.9 50 0.25 2.76 138 3 15.6 Al
4.8 24 0.25 0.55 28 3 37.7 Ref
6.4 36 0.25 1.38 69 3 22.5 Ref
8 40 0.25 2.76 138 3 12,5 Ref
1.2 35 0.25 0.55 28 3 55 a
3 60 0.25 1.38 69 3 37.6 &
5.6 80 0.25 2.76 138 3 25 C
12 80 0.25 2000 16,667 0.5 0.2 [22]
14.3 80 16 283 4,717 1 47 (23]
0.29 2.5 0.25 0.166 17 6 6.5 [25]
16 75 1.625 283 9,433 2 2.2 [27]
34 150 1 800 13,333 1 1.9 31]
9 55 0.28 2b 100 3 26.6 [32]
4.9 30 1 10 333 2 15.5 [35]

2 Calculated using model.
b Flow rate estimated (100 p.l over 50 min).

contact angle via sin'/3 6. [20] implying that carbon dioxide bubble
detachment diameter is smaller if (i) the macroporous pore diam-
eter is smaller and (ii) the wetting contact angle of the fuel is low,
i.e. the macroporous layer is hydrophilic to the fuel. Experimentally,
these effects have been observed recently by Lu and Wang [8] using
a transparent DMFC by comparing single layer high-pore-diameter
carbon paper with a low-pore-diameter carbon cloth; they con-
cluded that a hydrophilic layer should lead to improved carbon
dioxide exhaust. We can now interpret why macroporous layer A
gives a better output performance when the hydrophobic surface is
in contact with the fuel diffusion layer. In this case one can predict
that carbon dioxide bubble detachment will occur for smaller bub-
bles which can be transported away and avoid blocking and mass
transport problems. When the hydrophobic layer is in contact with
the anode catalyst layer, carbon dioxide bubbles will need to attain
a greater diameter before detachment occurs, thus increasing mass
transport issues.

In order to compare results we calculate a figure of merit, given
in Eq. (4), termed fuel use efficiency ¢ (%) according to Ref. [21]:

__A
~ nF Qmol

where J is the current density (A m~2) of the cell, A is the fuel cell
surface area (m?), n is the number of electrons per exchange, F is
the Faraday constant (9.648 x 10* Cmol~') and Q,,,; is the molar
fuel supply rate (mols~1). Our results presented here and those in
the literature using silicon-based microsystems [22-35] are sum-
marized in Table 2 where values can be extracted. It is clear that
our high output power density achieved at a low fuel flow rate
(0.55 wLmin~1) means that the calculated fuel use efficiency is
high: 75.4% in the best case with the high liquid/solid volume
ratio macroporous layer in configuration A1 we have a factor of
1.3 increase in the cell’s fuel use efficiency compared to the refer-
ence value, i.e. without the macroporous layer and a factor of ~2
increase in the cell’s fuel use efficiency and power output for con-
figuration A2 compared to the reference value. Table 2 can also be
used to compare the model [18] and the reference data; the model
predicts a higher fuel use efficiency which can be explained by the
absence of carbon dioxide generation and exhaust in the model.
Previous values of the fuel use efficiency [21] using silicon-based
micro-direct methanol fuel cells are and 26.6% [32] and 15.5% [35]

4] (4)

can be explained, as with our results, by the use of a low flow rate
to achieve a 5-10mW cm~2 output power density. Higher output
power density can be achieved, e.g. ref [31], but only by using a
high input fuel flow rate, as high as 800 L min~! in the case of Ref.
[31], but this large fuel flow rate, >1000 times used here, leads to a
reduction in the fuel use efficiency.

4. Conclusion

Microtechnology can be applied to address mass transport
issues in micro-direct methanol fuel cells. We have modified the
diffusion layer stack on the anode side of a micro-direct methanol
fuel cell; an improved power density output is observed with the
insertion of a hydrophilic macroporous layer between the standard
anode diffusion layer and the anode catalyst layer compared to
results obtained in the absence of this layer. The maximum power
density output can be increased by a factor of ~2; we interpret the
effect of this hydrophilic macroporous layer as (i) an equalization
the methanol concentration via a wicking effect over the whole
anode catalyst layer surface to ensure that the methanol needs of
the anode are met even at a low input flow rate and (ii) an improved
carbon dioxide bubble removal rate due to the hydrophilic nature of
the macroporous layer. In addition, a maximum fuel use efficiency
of 75.4% is observed; this result is comparable to values found in the
literature dealing with silicon-based micro-direct methanol fuel
cells.
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