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bstract

A theoretical analysis is performed in this study for a novel MEMS-based design of micro-direct methanol fuel cell which was proposed by
otokawa et al. [S. Motokawa, M. Mohamedi, T. Momma, J. Electrochem. Commun. 6 (2004) 562–565]. The system comprises two parallel
icrochannels and is fabricated by a series of steps of MEMS techniques. The methanol stream occupies one channel as fuel and the saturated

xygen liquid stream flows in the other channel as oxidant. Both reactants are dissolved in dilute sulfuric acid solution. The top of the system
s covered by a layer of Nafion membrane as the electrolyte layer. Such a novel design eliminates the complicated water management problem

nd could potentially enhance the volume power density. The cell performance is investigated in detail by examining the effects of several system
arameters. The present results provide significant physical insights for the system and benefit the further optimal design of this novel MEMS-based
esign of microfuel cell for the fulfillment of practice application in portable power sources.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Microfuel cells based on MEMS technology have received
uch attention recently due to their widely promising appli-

ations in portable power sources [1–15]. Particularly, many
tudies focused on the development of low power direct
ethanol fuel cells (DMFCs) and provided several different

esigns [1–11]. However, most researches in the literature were
xperimental investigations and the system performance was
ested by limited operation conditions only. In order to explore
he overall system characteristics, it is necessary to perform

theoretical investigation and find the best way to optimize
he cell performance. In this study, we develop a theoretical
odel to simulate a novel design of micro-MFC which was
roposed by Motokawa et al. [1]. The system comprises two
arallel microchannels and could be fabricated by a series of

∗ Corresponding author. Tel.: +886 2 25925252x3410/512;
ax: +886 2 25997142.
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teps from MEMS techniques. One channel is for the methanol
tream as fuel and the other is for the saturated oxygen liquid
tream as oxidant. Both reactants are dissolved in dilute sulfuric
cid solution and flow in parallel through the microchannels.
he top of the system is covered by a layer of Nafion membrane
s the proton exchange layer. Such a novel design possesses
any merits: the planar structure allows it possible to integrate

he anode and cathode onto the same side of a substrate; both
he fuel and oxidant streams are isolated in different microchan-
els and thus avoid the possible fuel crossing problem; the path
or the protons to travel from anode to cathode stream is short
hich reduces the effect of ohmic losses; the catalyst layer can
e coated on the bottom and side-walls of the microchannel
hich increases the reaction surface. Therefore, it is important

o understand the characteristics of this novel microfuel cell
ystem.

Accordingly, we perform a numerical study to investigate the

pecies transport in this system and explore the characteristics
f cell performance. The effects of several critical parameters
re examined in detail. The results provide an overview of phys-
cal insights for the transport phenomena in the system and will

mailto:mhchang@ttu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2007.12.048
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e helpful for the further improvement of this novel design of
icro-DMFC.

. Theoretical model and formulation

The detailed system configuration is shown in Fig. 1(a) and
he cross-sectional view including the insulated silicon substrate
s indicated in Fig. 1(b). Both methanol and oxygen streams
nter the system at two separate inlets and flow in parallel
hrough the microchannels. The system dimensions indicated
n Fig. 1(a) are the same as those used in the experimental study
1]. Both methanol and oxygen are dissolved in 0.5 M sulfuric
cid solutions. The assumption of natural laminar flow within the
icrochannel is employed and the catalyst layers in both anode

nd cathode microchannels are assumed to be coated on the sur-
ace of substrate in U-shape as shown in Fig. 1(b). It is assumed

hat electrochemical reactions occur in these layers only. In the
node side, the methanol will react as the half-reaction below

H3OH + H2O → CO2 + 6H+ + 6e−, E0 = 0.02 V (1)

ig. 1. (a) The diagram of system configuration; (b) the cross-sectional view of
ystem and indication of working principle.
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The protons will be transferred to the cathode side through
he covered Nafion membrane and the released electrons will
each the cathode via an external circuit. The oxygen dissolved
n the cathode stream will react with the protons and electrons
nd result in the half-reaction in the cathode side

3
2 O2+6H++6e- → 3H2O, E0 = 1.23 V (2)

By combining both half-reactions (1) and (2), this device can
enerate electricity and the overall electrochemical reaction is
he same as the conventional DMFC below

H3OH+ 3
2 O2 → CO2+2H2O, E0 = 1.21 V (3)

In order to simplify the simulation model, the cell is assumed
o operate under 1 atm, 25 ◦C and the flows are isothermal
nd incompressible. Accordingly, the governing phenomena
n this micro-DMFC system involve the transports of mass,

omentum, reactant, and charge. Within the microchannels, the
overning equations of liquid streams can be described by the
ontinuity equation, Navier–Stokes equation, and Fick’s law as
iven below

· U = 0, (4)[
∂U
∂t

+ ∇ · (UU)

]
= −∇p + μ∇2U, (5)

[
∂

∂t
Yi + ∇ · UYi

]
= ∇ · Ji, (6)

here ρ is the fluid density, U the flow velocity, p the pres-
ure, and μ the dynamic viscosity, Yi the mass fraction of i-th
pecies, and Ji is the diffusion flux. As for the catalyst layers
nd membrane, the governing equations can be expressed by

∂

∂t
(ερ) + ∇ · (ερU) = 0, (7)

∂

∂t
(ερU) + ∇ · (ερUU) = −ε∇p + ∇ · (ετ) − ε2μU

κ

−ε3CFρ√
κ

|U|U, (8)

∂

∂t
(ερYi) + ∇ · (ερUYi) = ∇ · Ji + ω̇i, (9)

here ε is the porosity, � the shear force tensor, κ the perme-
bility, CF the quadratic drag factor, and ω̇i is the production
ate of the i-species. The last two terms of Eq. (8) represent the
ffect of additional drag force imposed by the pore walls on
he fluid within the pores, which usually results in a significant
ressure drop across the porous structure. It is noted that in the
ase of pure fluid with ε → 1 and κ → ∞, these equations could
e reduced to the same forms as Eqs. (4)–(6). The term ω̇i in
q. (9) is the source term due to electrochemical reaction in the

atalyst layer. It should be zero in the membrane domain. The
harge transport is characterized by the electric field and in the
iquid streams the electric field can be described by

· i = 0, (10)
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Table 1
Parameters used in anode and cathode microchannels [1,16-18]

Anode Cathode

Inlet flow rate (�l min−1) 10 10
Concentration of methanol (M) 2 –
Concentration of oxygen (mM) – 4
Conductivity of solution (l 
−1 m−1) 20.692 20.42
Density of solution (kg m−3) 1004.909 1021.819
Diffusion coefficient (m2 s−1) 1.28 × 10−9 2.42 × 10−9

Porosity of catalyst layer 0.4 0.4
Thickness of catalyst layer (�m) 0.5 0.5
Tortuosity of catalyst layer 1.5 1.5
Charge transfer coefficient 0.15 0.25
Exchange current density (A m−2)

for Pt catalyst
5.41 × 10−4 5 × 10−4

Exchange current density (A m−2)
for Pt–Ru catalyst

10−3 –

Table 2
Parameters of proton exchange membrane [1,19]

Conductivity of ion (l 
−1 m−1) 8.3
Permeability of membrane (m2) 1.8 × 10−18

P
T

l
c
t
s
c
e

t
d
a
Obviously, the variation of methanol concentration is insignifi-
cant down the stream under steady state as indicated in Fig. 3(a).
We also observe that the methanol indeed diffuses gradually into
F. Chen et al. / Journal of Po

here i is the vector of current density. This equation indicates
he continuity of current within the liquid streams. While in the
atalyst layers and membrane, the electric fields can be defined
y

· iF + ∇ · iS = 0, (11)

here iF is the current density in the polymer electrolyte (ionic
hase), and iS is the current density in the solid or electronic
hase of the porous matrix. Since the electrochemical reaction
ccurs within the catalyst layer only, for a catalyst layer with
orous structure the current densities iF and iS should satisfy the
elationship below

∇ · iF = ∇ · iS = S, (12)

here S is the reaction rate in terms of unit A m−3. Further-
ore, the Bulter–Volmer equation is used to estimate the loss of

vervoltage and can be written in the general form

i=aj0

(
Ci

C0
i

)βi
[

exp

(
αanF

RT
η

)
− exp

(
−αcnF

RT
η

)]
, (13)

here a is the density of the catalyzed active area on the elec-
rode, j0 the exchange current density at the reference reactant
oncentration C0

i , Ci the concentration of species i, βi the
eaction order, αa and αc are the charge transfer coefficient,
espectively for the anode and cathode reactions, n the num-
er of electrons transferred in the reaction, R the universal gas
onstant, T the absolute temperature, and η is the overvoltage.
he commercial CFD package, CFD-ACE+, is employed in the
resent investigation to perform the numerical analysis. The sys-
em is discretized with structured grids and then solved by the
pwind scheme based on the finite volume method. In order to
ake sure the numerical accuracy, several sets of grid number

ave been tested and finally the converged results are determined
y an economic consumption of CPU time.

. Results and discussion

In this section we first compare the numerical results with
he experimental data [1] and subsequently analyze the effect
f each system parameter on the cell performance. The param-
ters used in both anode and cathode microchannels are given
n Table 1 and the properties of membrane are list in Table 2.
ll the parameters are acquired from the literature [1,16–19]

nd the same as the operating condition in Ref. [1] except the
orosity of catalyst layer which is assumed to be 0.4. As shown
n Fig. 2, the present numerical results are in good agreement
ith the experimental data [1]. Note that during the simulation
rocess, the flow rate and reactant concentrations at the inlets
ust be specified first. An assigned cell potential is then given

o determine its corresponding current density. This process is
epeated several times to obtain the polarization curve. In Table 1
he inlet flow rate, concentration of reactant, and porosity and

hickness of catalyst layer are adjustable. Their effects on cell
erformance will be demonstrated in this section. The results
n Fig. 2 also indicate that the cell performance depends on the
ctivity of anode catalyst layer. In the case of anode catalyst

F
e
a

orosity 0.28
ortuosity 7

ayer composed of elements Pt and Ru, the surface exchange
urrent density is higher than the case of containing Pt only and
hus results in better cell performance. In the following discus-
ions, the operating condition of Table 1 with the Pt–Ru anode
atalyst layer is taken as the base state to explore the effect of
ach parameter.

The effects of reactant concentrations are first examined and
he variations of concentrations down the microchannels are
emonstrated in Fig. 3(a) and (b), respectively, for methanol
nd oxygen at a typical condition with cell potential 230 mV.
ig. 2. Comparisons of present results with the experimental data of Motokawa
t al. [1], where case 1 is the Pt–Ru anode catalyst layer and case 2 is the Pt
node catalyst layer.
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is operated under a higher flow rate, the liquid stream passes
the microchannel more quickly and the growth of concentra-
tion boundary layer down the stream is relatively slower, which
results in a thinner concentration boundary layer at the outlet and
ig. 3. The concentration variations of reactants down the stream at cell potential
30 mV; (a) the methanol concentration; (b) the oxygen concentration.

he covering membrane layer. However, it never enters the cath-
de stream and due to the U-shaped coating of catalyst layer
s shown in Fig. 1(a), the fuel crossover problem which occurs
n conventional DMFC could be ignored in this novel design.
n contrast, the oxygen concentration varies significantly down
he stream as shown in Fig. 3(b). The concentration boundary
ayer adjacent to the catalyst layer develops significantly down
he flow direction. It will increase the resistance of mass transfer
f reactant to the reaction site especially in the region near the
utlet of microchannel. This result implies that the mass trans-
er loss of cell potential would be primarily dominated by the
athode stream. Therefore, how to reduce the mass transfer loss
n cathode stream would be a critical issue for this design of

icrofuel cell.
The effects of methanol and oxygen concentrations on the

ell performance are shown in Fig. 4(a) and (b), respectively.
n Fig. 4(a), one can see that the cell performance is almost
ndependent of the variation of methanol concentration, while
t depends heavily on the variation of oxygen concentration as
ndicated in Fig. 4(b). These results reveal that the cell perfor-

ance can be improved greatly by using a higher concentration
f oxygen solution. The limiting current density is almost in
roportion to the oxygen concentration. However, it is generally
ifficult to raise the oxygen concentration in a liquid solution
nless the system can operate under high pressure conditions.
hus, in order to reach the objective that the cell performance of

his design would be comparable to an air-breathing DMFC, it
s quite important to find an efficient way for the raise of oxygen

oncentration in cathode stream.

The volumetric flow rate is also a vital factor in the operation
f microfuel cell. Its influence on the cell performance is shown

F
m

ig. 4. The effect of reactant concentration on the cell performance; (a) three
ypical cases of methanol concentration; (b) three typical cases of oxygen con-
entration.

n Fig. 5. Obviously, the cell performance can be enhanced by
perating the microfuel cell with a higher volumetric flow rate.
he main reason can be explained by observing the variations of
xygen concentration down the stream for two typical volumet-
ic flow rates as illustrated in Fig. 6(a) and (b). When the cell
ig. 5. The variations of I–V curve and power density for three assigned volu-
etric flow rates.
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Fig. 7. The variations of limiting current density with volumetric flow rate for
three assigned oxygen concentrations.
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c
T
have better cell performance as shown in Fig. 8. Similarly, a
thicker cathode catalyst layer will provide more reacting sites
for the electrochemical reaction and thus the density of catalyzed
active area will increase on the electrode surface. It is clear from
ig. 6. The variations of oxygen concentration down the stream for two typical
olumetric flow rates at cell potential 230 mV; (a) 20 �l min−1; (b) 5 �l min−1.

higher oxygen concentration in the central flow. Accordingly,
he transport resistance of oxygen to the catalyst layer will be
educed and more oxygen can be transferred to the region near
he outlet. The concentration losses will decrease significantly
nd therefore the cell performance will be improved. While in the
ase of lower flow rate in Fig. 6(b), it takes more time for the flow
assing through the microchannel and the liquid stream will have
ore time to be in contact with the catalyst layer. Apparently,

he concentration boundary layer grows more rapidly down the
tream which makes a quite low oxygen concentration in the
ear part of microchannel. This result will cause severe concen-
ration losses as we have discussed in Fig. 3(b). As a result, we

ay conclude that a higher volumetric rate is necessary for the
aise of cell performance. However, this effect is limited when
he volumetric flow rate is over a certain critical value. As shown
n Fig. 7, for a given oxygen concentration in cathode stream, it
s found that the limiting current density will increase quickly at
rst with the volumetric flow rate but approach a constant grad-
ally once the flow rate is large enough. Similar phenomena
an be observed in all three typical cases of Fig. 7. This result
eveals that the effect to compensate the concentration losses
n the rear section of microchannel decays gradually with the
olumetric flow rate and an over high flow rate is not necessary
nd beneficial for the cell performance.

The porosity and thickness are both important characteristics

f the catalyst layer especially in the cathode side. Their influ-
nces on the cell performance are demonstrated in Figs. 8 and 9,
espectively. A higher porosity may reduce the transport resis-

F
c

ig. 8. The variations of cell performance for three assigned porosities of cath-
de catalyst layer.

ance of oxygen because the reactant can penetrate into the
atalyst layer more easily to react with the catalytic particles.
hus, the catalyst layer with higher porosity will appear to
ig. 9. The variations of cell performance for three assigned thicknesses of
athode catalyst layer.
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Fig. 11. The variations of cell performance for three assigned aspect ratios of
microchannel.
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he Bulter–Volmer equation that the cell potential losses will
ecrease with the same current density under this condition. So
thicker cathode catalyst layer will effectively increase the cell
erformance as illustrated in Fig. 9.

The oxygen consumption rate λ is also an important param-
ter to evaluate the cell performance. It can be defined as

= ṁi − ṁe

ṁi

× 100%, (14)

here ṁi and ṁe are respectively the mass flow rate of oxygen
t the entrance and outlet of the microchannel. It is found that
he variations of λ are insignificant in all the adjustments of sys-
em parameters discussed above except the thickness of cathode
atalyst layer. The results are shown in Fig. 10 for three typical
hicknesses. As seen in this figure, a thicker cathode catalyst
ayer will also enhance the oxygen consumption rate with the
ame volumetric flow rate. Note that the value of λ will decrease
rst and then tend to be a constant with increasing of flow rate.
lthough the cell has high oxygen consumption rate under low
ow rate conditions, the cell performance is still poor due to the
erious concentration losses as we have discussed in Fig. 6(b).
n comparison with Fig. 7, it is obvious that when the volumetric
ow rate exceeds the critical value, both limiting current density
nd oxygen consumption rate will become independent of the
olumetric flow rate.

The improvement of geometric design is also a feasible
ethod to enhance the cell performance. One possible way is

o lengthen the length of microchannel. Since the overall reac-
ion area increases, the total power output will also increase.
owever, it is predictable that under the same flow rate con-
ition, the mass transfer losses will be more pronounced for a
onger microchannel and thus the average current density will
ecrease as well as the cell performance. The other possible
ay is to adjust the aspect ratio of the cross-sectional view of

he microchannel. Here we consider three typical aspect ratios

nd the results for cell performance and oxygen concentration
t the outlet of microchannel are shown in Figs. 11 and 12,
espectively. The aspect ratio is defined as the ratio of channel
eight over channel width. Note that the cross-sectional area

ig. 10. The variations of oxygen consumption rate with volumetric flow rate
or three typical thicknesses of cathode catalyst layer.
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ig. 12. The profiles of oxygen concentration at the outlet of microchannel for
hree typical aspect ratios with the same volumetric flow rate.

nd the volumetric flow rate are fixed in these cases. One can
ee that the concentration loss is slightly higher in case (a) as
ndicated in Fig. 12, and the case (c) with lower aspect ratio
eems to possess better cell performance as shown in Fig. 11.
ut the changes indeed are quite small which indicate the cell
erformance is not quite sensible to the variation of aspect
atio.

. Conclusions

We have implemented a theoretical analysis for the novel
esign of micro-DMFC proposed by Ref. [1]. The results show
hat the cell performance is mainly restricted by the cathode
tream in which the oxygen concentration is relatively too low
o provide sufficient power output. A higher volumetric flow
ate is found to be able to reduce the transport resistance of
xygen as well as the induced concentration losses. However,
his effect is limited and there exists an optimal volumetric flow

ate that an extra increase of flow rate over this optimal value is
ot necessary. Raising the oxygen concentration in the cathode
tream is the most efficient way to enhance the cell performance.
ut it is generally difficult to dissolve more oxygen in a liquid
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olution. A possible treatment is to operate the system under
igh pressure condition. However, it will result in a potential
ifficulty in practical applications for portable power systems.
he properties of catalyst layer are also the dominant factors

or the cell performance. A catalyst layer with high porosity
ill benefit the improvement of cell performance. Besides, an

ncrease of thickness of catalyst layer will provide more reaction
ites on the electrode surface per unit area and thus the cell
erformance could be improved. As for the geometric design,
t is found that the aspect ratio of microchannel does not play
n important role in the factors affecting the cell performance.
urther studies focusing on how to raise the cell performance as
igh as an air-breathing DMFC will be the most critical issue in
he future.
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