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Abstract

Passive direct methanol fuel cells (DMFCs) are promising energy sources for portable electronic devices. Different from DMFCs with active fuel
feeding systems, passive DMFCs with nearly stagnant fuel and air tend to bear comparatively less power densities. In the aspect of cell performance
optimization, there could be significant differences in cell design parameters between active and passive DMFCs. A numerical model that could
simulate methanol permeation and the pertinent mixed potential effect in a DMFC was used to help seek for possibilities of optimizing the cell
performance of a passive DMFC by studying impacts from variations of cell design. The subjects studied include catalysis of the anode and the
cathode, membrane thickness, membrane conductivity, and methanol concentration. In contrast to general understandings on a DMFC with active
fuel and reactant gas, our simulation results for a passive DMFC used in this study indicated that the catalysis of the cathode appeared to be the most
important parameter. The maximum power density was predicted to improve by 38% with the thickness of the cathodic catalyst layer doubled and
by 36% with the catalyst loading doubled. The improvement on cell performance would multiply if we simultaneously adopted the most optimal

parameters during the simulation study.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The advantages of direct methanol fuel cells (DMFC) over
hydrogen fuel cells include easy storage of the high energy den-
sity liquid fuel, direct fuel feeding without reforming, and low
operating temperature. It is therefore considered by many peo-
ple as the most promising alternative power source for mobile
applications and electric vehicles. On the other hand, passive
DMEFCs are promising energy sources for portable electronic
devices. Different from DMFCs with active fuel feeding sys-
tems, passive DMFCs with nearly stagnant fuel and air tend to
bear comparatively less power densities. In the aspect of cell per-
formance optimization, there could be significant differences in
cell design parameters between active and passive DMFCs.

Performance of a DMFC relies on a vast number of param-
eters, including the methanol feed concentration, efficiencies
of methanol transport and oxygen transport within the compart-
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ments, the release rate of gaseous CO» and its effect on methanol
transport, the specific area of catalyst in the catalyst layers, the
thickness of the compartments, the impedance of the catalyst
layer, the impedance of the membrane, the design of flow chan-
nels, the rate of methanol permeation and so on. Investigating
the impact of these parameters one by one through experiments
is not time or cost efficient. In order to help understand the
operation of a DMFC and locate the key parameters on cell
performance, a theoretical model is essential.

Numerous models were found in the literature [1-11], but the
mixed potential effect was unaddressed, calculated in an empir-
ical way, or handled with a simple assumption that the methanol
that permeates the PEM is fully depleted at the cathode. Empiri-
cal approaches are often useful in correlating experimental data
if the model contains sufficient insights of the system, but are less
helpful on the investigation of cell parameters or on the effects
of changing cell designs. We have proposed a mathematical
model [12] which is based upon the description of the physic-
ochemical processes dictating the behavior of electrochemical
systems, namely, mass transport and reaction kinetics. One of
the major discoveries is that the assumption of full depletion
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Nomenclature

Acell cell area
CcH,0H local methanol concentration
CH,0 local water concentration

Co, local oxygen concentration
feed ;
Cci,on methanol feed concentration

nged oxygen feed concentration

CrcelthH reference methanol concentration
C&f reference oxygen concentration

vap .
Ccnon gaseous methanol concentration at saturated
vapor pressure

daf width of the anodic flow channel

des width of the cathodic flow channel

DcH;0H,H,0 bulk diffusion coefficient of methanol in
water

DcH;0H,air bulk diffusion coefficient of gaseous methanol
in air

Dcu,on,pem diffusion coefficient of methanol in PEM

Do, .ir bulk diffusion coefficient of oxygen in air

Décligf(t)ﬂ’ﬂzo effective diffusion coefficient of methanol in
the anodic catalyst layer

Dé%if(f)H,Hzo effective diffusion coefficient of methanol in

the cathodic catalyst layer

effective diffusion coefficient of oxygen in the
cathodic catalyst layer

Dg’ﬁngHszo effective diffusion coefficient of methanol in
diffusion layers

cc,eff
D Oy, air

Ddo’;fiir effective diffusion coefficient of oxygen in diffu-
sion layers

E difference of electrode potentials in a DMFC

F Faraday’s constant

fat methanol flow rate in anodic flow channel

fet air flow rate in cathodic flow channel

Jjo, local current density from oxygen reduction
.a,ref

Jo.cnzon reference exchange current density of methanol
in the anode
j(C)’EeII:hOH reference exchange current density of methanol
in the cathode
.c,ref . .
Jolo, reference exchange current density of oxygen in
the cathode

Jeen cell external current density

Jjéuson local external current density from methanol oxi-
dization

j82 local external current density from oxygen reduc-
tion

jéell cell internal current density

Lt thickness of the anodic flow channel

lac thickness of the anodic catalyst layer

L thickness of the anodic diffusion layer

lec thickness of the cathodic catalyst layer

led thickness of the cathodic diffusion layer

lef thickness of the cathodic flow channel

Im thickness of the PEM

Z%SIOH reference catalyst layer thickness for methanol in

the anode

lég}foﬂ reference catalyst layer thickness for methanol in
the cathode

lg’;ef reference catalyst layer thickness for oxygen in
the cathode

Mch,on molecular weight of methanol

Mp,0 molecular weight of water

ncu;on number of transferred electrons per methanol
molecule

no, number of transferred electrons per water
molecule

Ncu;on local methanol flux

Nn,o0 local water flux

No, local oxygen flux

réeu cell interfacial resistance

Veell cell output voltage

WCH;0H,a decay width of methanol concentration along
the anodic flow channel

wcH;0H,c decay width of methanol concentration along
the cathodic flow channel

wo,,c decay width of oxygen concentration along the
cathodic flow channel

Greek letters
o, cnson anodic transfer coefficient of methanol in the

anode

“ec\,CH3OH anodic transfer coefficient of methanol in the
cathode

o cpson cathodic transfer coefficient of methanol in the
anode

a; cpson cathodic transfer coefficient of methanol in the
cathode

ag’OZ anodic transfer coefficient of oxygen in the cath-
ode

®co, cathodictransfer coefficient of oxygen in the cath-
ode

gd void fraction of diffusion layers

gl volume fraction of solid phase in anodic catalyst
layer

e volume fraction of solid phase in cathodic catalyst
layer

&5 volume fraction of ionomer phase in catalyst lay-
ers

Yénson reaction order of methanol in the anode
V§H30H reaction order of methanol in the cathode

Y0, reaction order of oxygen in the cathode

Y0, reaction order of oxygen

U%H3OH local external overpotential of methanol

10, local overpotential of oxygen

17%2 local external overpotential of oxygen

K@eft effective conductivity of solid phase in the anodic

catalyst layer
effective conductivity of solid phase in the
cathodic catalyst layer
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K&t effective conductivity of ionomer phase in cata-
lyst layers

k3¢ conductivity of solid phase in the anodic catalyst
layer

K€ conductivity of solid phase in the cathodic catalyst
layer

ke conductivity of ionomer phase in catalyst layers

Km specific conductivity of the PEM

AH,0  drag coefficient of water

pcH;0H density of methanol

pH,0  density of water

of the permeating methanol may not always be true, especially
when catalysis of the cathode is not so efficient. Therefore, cal-
culation of the mixed potential effect based on this assumption
is not always reliable. In this study, we go one step further to
demonstrate the capability of this model by seeking possibilities
to optimize the performance of an air-breathing, passive DMFC.
With the increasing attempts of putting DMFCs into portable
electronic devices, passive DMFCs of low power density are
drawing more attention. Due to differences in feeding mode of
the fuel and the reactant gas, optimal design parameters used
in a dynamic DMFC may not be suitable for a passive DMFC
since the methanol oxidation and oxygen reduction efficiencies
at both electrodes may be markedly different. Modeling work
for the passive DMFC on the effect of methanol concentration
was reported by Chen and Zhao, but no parametric studies were
conducted [13]. Parameters other than the methanol concentra-
tion are speculated to influence the performance of a passive
DMEC to an equivalent or even more extent.

In the current study we focus on the following param-
eters which we think are the most significant ones to cell
performances: catalysis, PEM characteristics, methanol feed
concentration. In general, catalysis can be improved in two dif-
ferent ways, increasing the thickness of the catalyst layer or
increasing the catalyst loading. The former one would induce
an addition to the ohmic (IR) loss and the latter might induce
catalyst aggregation and thus reduce the efficiency. The thick-
ness and the conductivity of the PEM play major roles in cell
performances. Thickening the PEM is expected to reduce the
methanol permeation rate and thus alleviate the mixed potential
effect. However, with its low conductivity, this approach may not
be feasible since it induces a higher IR loss. A higher methanol
concentration would lead to higher concentrations of reacting
species within the catalyst layer and hence a greater cell cur-
rent density. This is true only when methanol permeation from
the anode to the cathode does not occur. As pointed out in our
earlier work, the mixed potential effect due to methanol perme-
ation is overwhelming. In contrast to a dynamic DMFC in which
the fuel feeding at the anode is generally operated by an exter-
nal pump, a passive DMFC could experience a different degree
of mixed potential effect due to its stagnant fuel or extremely
slow fuel transport by gravity or capillary force. In the presence
of the foregoing variables and the possible combined effects, a

full simulation is required to understand the total impact since
detailed analyses by physical experiments would be relatively
time-consuming and inefficient.

In this work, we selected an in-house passive DMFC con-
structed with known and estimated parameters as a base cell to
calibrate our model. Modeling work then started with various
parameters such as catalyst loadings, catalyst layer thickness,
PEM thickness, and methanol concentrations. The impacts of
these parameters individually or in combination on the efficiency
of the passive DMFC were analyzed and discussed.

2. Theory and modeling procedures

Since the mathematical model has been presented in details
in [12], only a brief description is given in this paper.

As shown schematically in Fig. 1, the structure a DMFC
consists of seven major compartments namely the anodic flow
channel, the anodic diffusion layer, the anodic catalyst layer,
the proton exchange membrane (PEM), the cathodic catalyst
layer, the cathodic diffusion layer and the cathodic flow chan-
nel. The anodic flow channel is the passage of low concentration
methanol solution. As the solution is pumped through the chan-
nel, a small fraction of methanol diffuses through the anodic
diffusion layer and reaches the anodic catalyst layer. Within
this layer, where Pt-Ru is the most widely used catalyst today,
methanol oxidizes and produces carbon dioxide (CO;) via the
following reaction:

CH30H + H,0 — CO, +6HT +6e~

CO,, then diffuses back into the anodic flow channel and exits
with the solution. The protons, which travel through the PEM,
and the electrons, which travel through some external load, reach
the cathodic catalyst layer, where Pt is the catalyst, to undergo
the following half-cell reaction with oxygen that comes from the
cathodic flow channel:

30, + 6H' + 6e~ — 3H,0
The overall reaction can therefore be written as:

CH3;0H + 30, — CO; +2H,0

.

3 CH/OHH,0/CO;
1
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Jake] )sAjejea olpoue

|auueys Moy

Xar =0 Xad Xoe Xm Xee Xed Xef Xoend

Fig. 1. Schematic of the DMFC which is divided into seven compartments
namely the anodic flow channel, the anodic diffusion layer, the anodic cata-
lyst layer, the PEM, the cathodic catalyst layer, the cathodic diffusion layer and
the cathodic flow channel.
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Despite its advantages over hydrogen fuel cells, a few engi-
neering obstacles of the DMFC remain to overcome. On the
one hand, the sluggish catalytic activity of the anode makes a
higher methanol concentration favorable. On the other hand, the
methanol permeation problem, which does not exist in hydro-
gen fuel cells, generates a mixed potential at the cathode and
adversely lowers the cell output voltage at higher methanol con-
centration. Another important issue is that methanol transport
may be hindered by CO; that diffuses back into the anodic
flow channel after being released within the anodic catalyst
layer.

In this work, the term ‘external currents’ refers to currents that
go through external load and ‘internal currents’ to currents that
do not. How methanol permeation influences the performance
of a DMFC is explained in the following. The cell output voltage
V is related to the potential differential difference E by:

V=E—-m-n—-IR

where n, and 7. are the activation overpotentials of the anode
and the cathode, respectively, and IR is the ohmic loss. Assume
the cathodic catalyst layer is of zero thickness, 7. is related to
the internal current density i’ and the external current density i
by the following Buttler-Volmer equation:

ij +ie =g [exp <ZC> — exp (ZC>}
a C

where i is the exchange current density of oxygen, and b, and b,
are the Tafel slopes of oxygen oxidation and reduction, respec-
tively. If we keep ¢ constant and raise i, . will be raised and
therefore V will be lowered. Because contributions from i and
i® to 1. are mixed together and cannot be separated, 7 is usually
referred to as the mixed potential.

In addition to the conditions described above, our model is
also based on the following set of assumptions:

1. The fuel cell is operated isothermally at 30°C in a steady
state.

2. There is no pressure difference between the compartments.

3. Methanol flux into the anodic flow channel is much greater
than methanol flux into the anodic diffusion layer. This
ensures that methanol concentration variation is small along
the channel. The same assumption applies to oxygen flux in
the cathodic flow channel.

4. The effects of generated products, carbon dioxide and
water, on methanol transport and on oxygen transport are
neglected.

In our model, mass transport of water, methanol and oxygen
are considered all over the cell. Within the flow channels, mass
transport of methanol and oxygen are accounted for by consider-
ing fluid dynamics. Water transport is driven by electro-osmotic
drag. The consumption of water in the anodic catalyst layer
and the creation of it in the cathodic catalyst layer have been
accounted for. Methanol transport is driven by diffusion and con-
vection and is considered in all seven compartments of the cell.
Methanol is assumed to evaporate at the boundary of the cathodic

diffusion layer and the cathodic flow channel, and to exist in
the cathodic flow channel in gas phase. Oxygen is assumed to
exist only in the cathode and its transport is driven by diffu-
sion only. Methanol oxidation is considered in both the anode
and the cathode, but oxygen reduction is considered only in the
cathode. The electrochemical reaction rates for both the external
currents and the internal currents are quantified by appropri-
ate kinetic Tafel expressions. With the physics given above,
a set of differential equations can be derived. An appropriate
set of boundary conditions can also be derived by consider-
ing methanol feed concentration in the anodic flow channel,
oxygen feed concentration in the cathodic flow channel, con-
tinuation of concentrations and flux across every boundary and
methanol evaporation at the boundary of the cathodic diffusion
layer and the cathodic flow channel. The problem can then be

Table 1

Parameter values for the in-house passive direct methanol fuel cell

Parameter Value Reference
Acell (cm?) 4 Measurement
Dcu;0H,H,0 (cm?s™1) 1.93x 1073 [14]
Dciy0H,air (cm?s™!) 1.569 x 10~! [15]
Dcu,on,pem (cm?s™1) 4.9 x107° [8]

Do, air (cm? s71) 1.02 x 10! [14]

dyr (cm) 0.1 Measurement
dcs (cm) 0.1 Measurement
Jaf (cm3 s’l) 0 Measurement
fer (em®s™1) 0 Measurement
j(l)lfz:elthH (Acm™2) 45x%x 1074 Calibration
J§Shon (Aem™2) 45%x 1074 Calibration
lé’;ifOH (cm) 0.03 Measurement
lélffOH (cm) 0.03 Measurement
Jor (Aem™2) 1x107* Calibration
lg;efz (cm) 0.03 Measurement
¢ (cm) 0.1 Measurement
g (cm) 0.03 Measurement
e (cm) 0.001 Measurement
I (cm) 0.015 Measurement
lec (cm) 0.001 Measurement
leq (cm) 0.03 Measurement
Ief (cm) 0.1 Measurement
ri o1 (ohm) 1.4 Calibration
a: CH0H 0.153 Calibration
ag’ CH50H 0.153 Calibration
0‘2, CH0H 0.12 Calibration
“g,CHg OH 0.12 Calibration
asz,Oz 0.0669 Assumption
0‘2,02 0.0669 [9]

yéH3OH 14 Calibration
V(C:H30H 2 Calibration
Yo, 1 Calibration
K3 (Sem™h) 8.13 x 109 [10]

k€ (Sem™1) 8.13 % 10° Assumption
k& (Sem™h) 1.416 x 107! (8]

Kkm (Sem™h) 8.3 x 1072 [11]

&d 7.06 x 107! 2]

g% 6x 107! [2]

g€ 6x 107! Assumption
& 8 x 1072 [2]

AH,0 2.36 [71
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Fig. 2. Experimental and calculated polarization curves of the passive DMFC
operating at 25 °C under atmospheric pressure.

solved by applying Runge-Kutta methanol of order four. The
concentrations and flux of the species all over the cell along
with their reaction rates within the catalyst layers can be known.
The cell output voltage can then be estimated by considering
conservations of power density. Detailed governing equations
and theoretical bases adopted in this model can be found in our
earlier work [12] and are not discussed in this paper.

The features that distinguish our model from the other models
available in the literature [1-6] are:

1. fluid dynamics of the flow channels which may influence the
concentrations of species at the catalyst layers, change the
reaction rates and impact the performance of the cell,

2. mass transport and reaction kinetics of the cathode, and

Table 2
Descriptions and effects of the cases in the current case study

3. ameans to estimating the intensity of the internal current, the
mixed potential effect and consequently the impact on cell
output voltage.

A case study is performed on the basis of the particular cell we
assembled in our laboratory [12] of which the parameter values
are listed in Table 1 [7-11,14,15] and the polarization curve
is shown in Fig. 2. This passive DMFC was an air-breathing
one using 1 M static methanol solution at the anode, and the Pt
loadings at both the anode and the cathode were the same at
0.9 mg cm~2. With the relatively low catalyst loadings, it could
only generate a maximum power density of 6.3 mW cm™2 at
25 °C under atmospheric pressure. The major aim of this work
is therefore to determine through theoretical analyses the most
appropriate approach that would effectively elevate the power
density of this passive DMFC.

Modeling variables studied included the catalyst loadings and
layer thickness at the anode and the cathode, the PEM thickness
and conductivity, and the methanol concentration. Although the
modeling work focused on an air-breathing DMFC, an addi-
tional design parameter of air feeding rate at the cathode was
taken into account to exemplify the benefit of using circulat-
ing air. In fact, dynamic air feeding is possible to engineer if
the passive DMFC is adopted in a laptop computer or some
other electronic device with an internal cooling fan. In addi-
tion, a case of combined, optimal parameters was also modeled.
All the cases are listed in Table 2 along with their respective
descriptions. Case CONTROL is defined to assume the param-
eter values of Table 1, a methanol concentration of 1 M and an
air pressure of 1 atm. Experiments on evaluating the impact of
the foregoing parameters on the performance of various passive
DMEFCs have been carried out by several laboratories around the

Case Description Effect on maximum
power density (%)
CONTROL Assumes the parameter values of Table 1, methanol feed concentration is 1 M, air feed pressure is 1 atm 0
ACLLD The loading of the anodic catalyst layer is decreased by a factor of 0.5 -9
ACLLU The loading of the anodic catalyst layer is increased by a factor of 2 7
ACLTD The thickness of the anodic catalyst layer is decreased by a factor of 0.5 -9
ACLTU The thickness of the anodic catalyst layer is increased by a factor of 2 9
CCLLD The loading of the cathodic catalyst layer is decreased by a factor of 0.5 -27
CCLLU The loading of the cathodic catalyst layer is increased by a factor of 2 36
CCLTD The thickness of the cathodic catalyst layer is decreased by a factor of 0.5 —26
CCLTU The thickness of the cathodic catalyst layer is increased by a factor of 2 38
PEMTU1 The thickness of the PEM is increased by a factor of 2 14
PEMTU2 The thickness of the PEM is increased by a factor of 4 24
PEMTU3 The thickness of the PEM is increased by a factor of 8 26
PEMTU4 The thickness of the PEM is increased by a factor of 16 18
PEMCD The conductivity of the PEM is decreased by a factor of 0.5 -2
PEMCU The conductivity of the PEM is increased by a factor of 0.5 1
MFCD1 The methanol feed concentration is decreased by a factor of 0.5 9
MFCD2 The methanol feed concentration is decreased by a factor of 0.25 5
MEFCD3 The methanol feed concentration is decreased by a factor of 0.125 —16
MFCU The methanol feed concentration is increased by a factor of 2 —14
AFPU1 An air feeding rate of 3.32cm?® s~! was adopted 36
AFPU2 An air feeding rate of 6.64 cm> s~! was adopted 80
COMBINATION ACLLU + CCLLU + PEMTU3 + MFCD1 + AFPU2 140
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world [16—18], and the test results were employed to compare
with our modeling results qualitatively.

Unless otherwise specified, each of the other cases differs
from case CONTROL in only one parameter by a factor of
an exponent of 2. Plots of current—voltage (/-V) characteris-
tic curves and power density curves are made to appraise the
impacts of these cell design changes on cell performance.

3. Results and discussion

The impacts of design parameters on the efficiency of the
passive DMFC are evaluated via the calculated peak power den-
sities. These design parameters were varied to account for the
effects resulted from changes in catalytic activity, PEM charac-
teristics, fuel concentration, and air feeding pressure. The results
of these cases are discussed as follows.

3.1. Catalysis

Catalysis improvement is one of the major goals of current
DMEFC development. For both the anode and the cathode, bet-
ter catalysis means a lower activation overpotential and a higher
operating cell voltage, and it can be achieved either by increasing
specific catalyst loading or by increasing the thickness of the cat-
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Fig. 3. I-V characteristic curves and power densities of cases of different catal-

ysis of the anode.
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alyst layer. Both approaches would increase the total amount and
hence the total active area of the catalyst at the electrode. How-
ever, the first approach does not affect the IR loss much and may
improve the exchange current densities significantly until severe
catalyst aggregation occurs. The second approach would lead to
more active sites of the catalyst layer without causing catalyst
aggregation but could induce a higher IR loss due to increased
thickness. To better understand the effects of these approaches,
we define and study the following cases: ACLLD and ACLLU
for the anodic catalyst loading, ACLTD and ACLTU for the
thickness of the anodic catalyst layer, CCLLD and CCLLU for
the cathodic catalyst loading, and CCLTD and CCLTU for the
thickness of the cathodic catalyst layer.

The results are shown in Figs. 3 and 4 and Table 2. The pas-
sive DMFC selected in this study was an air-breathing one using
1 M static methanol solution at the anode, and it could gener-
ate a current density of 30 mA cm™2 at an operating voltage of
0.21 V (leading to a maximum power density of 6.3 mW cm™2)
at 25 °C under atmospheric pressure, as shown in Fig. 2. In the
same figure it is noted that the polarization curve of case CON-
TROL had been calibrated with the experimental data of the
selected DMFC. Due to the low cell current densities, the two
approaches mentioned above yield very similar effects on both
the anode and the cathode. A higher catalyst loading or a thicker

0.7
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Fig. 4. I-V characteristic curves and power densities of cases of different catal-
ysis of the cathode.
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catalyst layer delivered a similar degree of improvement on cell
efficiency. The IR loss did not play an important role when the
thickness of the catalyst layer was increased by 100%. This is
not surprising since the cell current density was relatively small
in this passive DMFC. In particular, the catalysis of the cathode
appeared to be comparatively more important. The maximum
power density was improved by 38% with the thickness of the
catalyst layer doubled and by 36% with the catalyst loading dou-
bled at the cathode. The respective improvements at the anode
were 7% and 9% only. For this particular passive DMFC, the
catalyst loading at the cathode dominated the improvement in
cell efficiency. Similar phenomena could be found in the exper-
imental work by Bae [16] on investigating the effect of catalyst
loading in the performance of a passive DMFC of low cell current
density.

3.2. PEM characteristics

The thickness of the PEM plays a major role in the mixed
potential effect which is responsible for adversely lowering the
cell voltage especially when the methanol feed concentration is
high. Thickening the PEM is expected to lower the methanol
permeation rate and thus alleviate the mixed potential effect.
However, the low conductivity of the PEM makes this approach
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Fig. 5. I-V characteristic curves and power densities of cases of different thick-
nesses of the PEM.
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Fig. 6. I-V characteristic curves and power densities of cases of different con-
ductivities of the PEM.

less feasible because of the induced addition to the already high
IR loss. Therefore, we defined and studied the following cases to
estimate the effects of varying the thickness and the conductiv-
ity of the PEM: PEMTU1, PEMTU2, PEMTU3 and PENTU4
for thickness variations of the PEM, PEMCD and PEMCU for
conductivity variations of the PEM.

The results are shown in Figs. 5 and 6 and Table 2. Thick-
ening the PEM improved the power densities before the IR loss
became significant, as shown in Fig. 4. The optimal thickness
is found to be about 0.12 cm, eight times as thick as that in
case CONTROL. The maximum power density was promoted
by 26% when this parameter was doubled. On the other hand, the
maximum power density was increased by 18% when the PEM
was further increased to 16 times as the original thickness. For
a DMFC of low power density, this outcome is not surprising
since methanol permeation from the anode to the cathode and
the subsequent mixed potential effect dominated the cell voltage.
Therefore, thickening the PEM actually promoted the cell effi-
ciency by reducing the amount of permeating methanol and the
impact of mixed potential effect at the cathode. The beneficial
effect of a thicker membrane on the performance of a passive
DMEFC of low cell current density was also reported by Liu et
al. [17] in their experimental work. In the meantime, due to the
already low cell current densities, varying conductivity of the
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PEM did not induce significant changes to the cell efficiency, as
is also shown in Fig. 6.

3.3. Methanol concentration

Methanol concentration is more easily controllable than the
other parameters in a laboratory. A higher concentration is
favored if one only consider the anodic activation potential.
However, if the mixed potential effect is taken into account,
a higher concentration usually worsens the cell performance
by lowering the cell voltage. This is particularly true when
the methanol oxidation reaction rate (or the electrocatalytic
activity of the catalyst) at the anode is not high enough and
in turn leads to more methanol permeation to the cathode.
For evaluating the effect of variations in methanol concentra-
tion on cell performance, we define and study the following
cases: MFCD1, MFCD2, MFCD3 and MFCU with methanol
concentrations of 0.5M, 0.25M, 0.125M, and 2M, respec-
tively. The methanol concentration adopted in case CONTROL
was 1 M.

Detailed results are shown in Fig. 7 and Table 2. For the
selected passive DMFC, the mixed potential effect dominated
the cell performance as mentioned earlier. At cell current densi-
ties less than 0.03 A cm~2, lower methanol feed concentrations
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Fig. 7. I-V characteristic curves and power densities of cases of different
methanol feed concentrations.
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Fig. 8. I-V characteristic curves and power densities of cases of different air
feed pressures.

yielded higher power densities before cell current densities
became limited by methanol mass transfer. A higher methanol
concentration of 2 M would instead lower the maximum power
density of the cell by 14%. Our simulation results also indicated
that the optimal methanol feed concentration for this particular
cell was about 0.5 M at which the maximum power density was
promoted by 9% without significantly sacrificing the cell current
density.

3.4. Air feeding rate

Dynamic air feeding at the cathode is possible if the passive
DMEC is adopted in an electronic device with an internal
cooling fan. To investigate the effect of using dynamic air
feeding instead of the air-breathing mechanism on the cell
performance, we studied the following cases: AFPU1 and
AFPU2. Air feeding rates of 3.32 and 6.64cm®s™! were
assumed at the cathode. Simulation results, as shown in Fig. 8
and Table 2, indicated that the impact of dynamic air feeding
was relatively significant. The maximum power densities of the
selected DMFC were increased by 36% and 80%, respectively.
The outcome was consistent with what had been observed in
the case of increased catalyst loading at the cathode. Parameter
changes at the cathode of this particular DMFC seemed to
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Fig. 9. I-V characteristic curves and power densities of case COMBINED and
case CONTROL.

dominate the cell performance more efficiently than those in
the PEM and those at the anode. Through experimental tests,
Abdelkareem and Nakagawa [18] also found for a DMFC of
low cell current density a dynamic air feeding rate tended to
bear a distinctly better cell performance than an air-breathing
one. This part of the simulation implicated that a coupling of
an internal cooling fan with the cathode of an air-breathing
DMEC could have a positively significant impact on the cell
performance.

3.5. Combination of effects

According to the foregoing simulation results, the improve-
ment on cell performance should multiply if we simultaneously
adopt the most optimal parameters during the simulation study,
that is, we double the catalyst loading of both the anode and
the cathode, increase the thickness of the PEM by eight times,
decrease the methanol concentration to 0.5 M, and adopt an air
feeding rate of 6.64 cm3 s™1. For verification, we define and
study case COMBINED. Simulation results, as shown in Fig. 9
and Table 2, indicated that the maximum power density was
promoted by an encouraging 140%.

To demonstrate the usefulness and function of our mathemat-
ical model on the search for key parameters for cell performance
improvement, we performed a thorough case study for our
laboratory-made passive DMFC on parameters of catalysis,
PEM characteristics, methanol concentration and air feeding
rate. With a useful tool such as this mathematical model, one
would be able to determine the key design or environmental
parameter that would significantly influence the performance
of a DMFC, without going through complicated and tedious
laboratory tests.

4. Conclusions

A mathematical model was used to analyze the performance
of a passive DMFC and to determine a single key parameter
or combined parameters that would promote its efficiency most
effectively.

For the selected passive DMFC, the catalysis of the cathode
appeared to be the most important parameter. The maximum
power density was improved by 38% with the thickness of the
cathodic catalyst layer doubled and by 36% with the catalyst
loading doubled.

The improvement on cell performance would multiply if we
simultaneously adopted the most optimal parameters during the
simulation study.

The theoretical model may serve as a useful tool for deter-
mining key design or environmental parameters that would
significantly influence the performance of a DMFC.
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