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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. A steady state, one-dimensional, multi-component and thermal model is
described and applied to simulate the operation of a passive direct methanol fuel cell.
The model takes into consideration the thermal and mass transfer effects, along with the
electrochemical reactions occurring in the passive DMFC. The model can be used to
predict the methanol, oxygen and water concentration profiles in the anode, cathode and
membrane as well as to estimate the methanol and water crossover and the temperature
profile across the cell. Polarization curves are numerically simulated and successfully
compared with experiments for different methanol feed concentrations. The model
predicts with accuracy the influence of the methanol feed concentration on the cell
performance and the correct trends of the current density and methanol feed

concentration, on methanol and water crossover. The model is rapidly implemented and
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is therefore suitable for inclusion in real-time system level DMFC calculations. Due to
its simplicity the model can be used to help seek for possibilities of optimizing the cell
performance of a passive DMFC by studying impacts from variations of the design
parameters such as membrane thickness, catalyst loading, diffusion layers type and

thicknesses.

Nomenclature

a specific surface area of the anode, cm™

A, active area, cm?

A total area without the holes, cm?

Aroles total area of the holes, cm?

C concentration, mol/cm?®

C, concentration at the AAP/ACP interface, mol/cm?®
Cs concentration at the ACP/AD interface, mol/cm?®
C, concentration at the AD/AC interface, mol/cm®
Cs concentration at the AC/membrane interface, mol/cm?®
C, concentration at the membrane/CC interface, mol/cm®
C, concentration at the CC/CD interface, mol/cm®
C, concentration at the CD/CCP interface, mol/cm®
Coy ref reference concentration of oxygen, mol/cm®

Cp specific heat capacity, J/(molK)

OE /T rate of change of electromotive force, V/K

D diffusion coefficient, cm?/s

D¢ effective diffusion coefficient, cm®/s

Ecen thermodynamic equilibrium potential, V

F Faraday’s constant, 96500 C/mol

G Gibbs free energy, J/mol

g gravitational acceleration, cm*/s

H enthalpy of reaction, J/mol

Pmass mass transfer coefficient, cm/s

Nheat heat transfer coefficient, W/(cmZK)

| cen cell current density, A/cm?

| chson leakage current density due to methanol crossover, A/lcm?
|§'je§°H exchange current density of methanol, A/lcm?

| (?,ief exchange current density of oxygen, A/cm?

ja volumetric current density, A/cm®

k constant in the rate expression (Eq. (27))

Kog partition coefficients

K thermal conductivity, W/(cmK)

L length of the active area, cm

Ng electro-osmotic drag coefficient of water
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Subscripts

A

air

C
CH30OH
i

]

H,O

molar flux, mol/(cm?s)
pressure of air in cathode, atm
heat generated in AC, W/cm?
heat generated in CC, W/cm?
heat transfer, W

gas constant, 8.314 J/(molK)

internal resistance of the fuel cell, cm?/S

conduction resistance, K/W

convection resistance, KIW

total thermal resistance, K/IW

temperature, K

thermodynamic equilibrium potential of methanol oxidation, V
thermodynamic equilibrium potential of oxygen oxidation, V
cell voltage, V

mole fraction of methanol, mol/mol

coordinate direction normal to the anode, cm

variation

net water transport coefficient

anodic transfer coefficient

cathodic transfer coefficient

coefficient of volume expansion, 1/K

thickness, cm

porosity

overpotential, V

ionic conductivity of the membrane, S/cm

constant in the rate expression (Eq. (27)), mol/cm?®

dynamic viscosity, g/(cms)

kinematic viscosity, cm?/s

density, g/cm®

stoichiometric coefficients of oxygen in the cathode reaction
stoichiometric coefficients of water in the cathode reaction
stoichiometric coefficients of oxygen in the undesired cathode

reaction
stoichiometric coefficients of water in the undesired cathode

reaction _ N
electro-osmotic drag coefficient of methanol

anode
air
cathode
methanol
species i
Species |
water
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O oxygen

Superscripts

0 feed conditions

AAP anode acrylic plate
ACP anode copper plate
AC anode catalyst layer
AD anode diffusion layer
CAP cathode acrylic plate
CcC cathode catalyst layer
CCP cathode copper plate
CD cathode diffusion plate
I plate |

M membrane

t plate t

Keywords — Passive Direct Methanol Fuel Cell, Modelling, Heat and mass transfer,
Methanol crossover, Water Crossover

1. Introduction

Conventional batteries are becoming inadequate for the increasing power requirements
of portable electronic devices such as mobile phones, PDA’s, laptops and multimedia
equipment. Direct methanol fuel cells (DMFCs) are promising candidates as portable
power sources because they do not require any fuel processing resulting in a simpler
design and operation, higher reliability and operate at low temperatures. DMFCs offer
high energy densities, longer runtime, instant recharging and lower weight than
conventional batteries. The most significant obstacle for DMFC development is
methanol crossover, since methanol diffuses through the membrane generating heat but
no power. This problem can be limited if the cell operates with low methanol
concentration on the anode. However, this significantly reduces the system energy
density since water will produce no power and will take up a large volume in the fuel

reservoir. Due to the concentration gradient between the anode and cathode, water
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crosses through the membrane. The presence of a large amount of water floods the
cathode and reduces cell performance.

There are two types of fuel and oxidant supply in a DMFC: an active and a passive one.
Active systems use extra components such as a pump or blower, a fan for cooling,
reactant and product control, which allows the operation of a DMFC at favourable
conditions with respect to temperature, pressure, concentration and flow rate. This type
of system supply is more complex, has greater costs and lower system energy densities.
More recently, the passive DMFCs have been proposed and investigated [1-17]. Passive
systems use natural capillary forces, diffusion, convection (air breathing) and
evaporation to achieve all processes without any additional power consumption.
Therefore, the fuel cell system becomes much simpler and more compact being more
suitable for portable power sources. The passive DMFCs have much lower power
density due to the inability to handle the excess water produced on the cathode and
crossed from the anode and to the excess of heat lost from the fuel cell to the ambient
air. Therefore, the key issues in the portable DMFC system is the thermal and water
management [5,12,14-17].

Performance of a passive DMFC relies on a vast number of parameters, including the
methanol feed concentration, efficiencies of methanol and oxygen transport within the
different layers, the release rate of gaseous carbon dioxide and its effect on methanol
transport, the specific area of catalyst in the catalyst layers, the thickness of the
membrane, the gas diffusion layer properties, the rate of methanol and water permeation
and so on. Experimental investigating of the impact of these parameters one by one
through is not time or cost efficient. In order to help understand the operation of a
passive DMFC and locate the key parameters on cell performance, a theoretical model

is essential.
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In a previous work Oliveira et al. [18] report an intensive review on the work done in
DMFC empirical and fundamental modelling. Despite the number of studies in DMFCs
modelling only a few simulate passive DMFCs [6,19-23] and only a small part took into
account thermal effects [6,19,22].

Since thermal management is a key issue in the portable DMFC system it is important
to develop new models accounting for this effect and that can be a simple computer-
aided tool to the design and optimization of passive direct methanol fuel cells.

Chen et al. [19] presented a one-dimensional model to describe a passive liquid-feed
direct methanol fuel cell combining the effects of heat and mass transfer. The model
provides the temperature profile along the different layers of a passive DMFC.

More recently, Chen et al. [22] presented a two-dimensional two-phase thermal model
for passive direct methanol fuel cells (DMFC). The model was based on the unsaturated
flow theory in porous media. The model is solved numerically using a home-written
computer code to investigate the effects of various operating and geometric design
parameters, including methanol concentration as well as the open ratio and channel and
rib width of the current collectors, on cell performance.

As disadvantages, these two models [19, 22] consider the catalyst layers as an interface,
so it is not possible to obtain the temperature and concentration profiles in these layers,
and the authors assumed that the anode side is well insulated so no heat is lost from the
anode side. This assumption may be very unrealistic in a passive DMFC working in a
portable system.

Based on the model developed previously by the same authors [24], the goal of the
present work is the development of a steady state, one-dimensional, multi-component
and thermal model. The model takes into consideration the thermal and mass transfer

effects, along with the electrochemical reactions occurring in the passive DMFC. The
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model can be used to predict the methanol, oxygen, carbon dioxide and water
concentration profiles in the anode, cathode and membrane as well as to estimate the
methanol and water crossover and the temperature profile across the cell. The aim of the
work is to produce a simplified model describing the main heat and mass transfer
effects in a passive DMFC fuel cell and reproducing with satisfactory accuracy
experimental data. The results of a simulation study using a developed model for
passive DMFC’s are presented. The model was validated with data from experiments

conducted in an in-house designed passive DMFC and with recent published data [3].

2. Model development

A schematic representation of a passive-feed direct methanol fuel cell is shown in Fig.

1, consisting of

e an acrylic plate (AAP) containing the fuel tank, a copper plate (ACP), a diffusion
layer (AD) and a catalyst layer (AC) at the anode side;

e apolymer electrolyte membrane (M);

e a catalyst layer (CC), a diffusion layer (CD), a copper plate (CCP), and an acrylic

plate (CAP) at the cathode side.

In a passive-feed DMFC the fuel, methanol or an aqueous methanol solution, and the
oxidant are supplied to the reaction zone by natural convection. From the ACP through
the AD and from the AC through the M, methanol solution is transported primarily by
diffusion. In a similar way the transport of oxygen on the CCP, CD and CC is enhanced
by diffusion. After the electrochemical reaction of methanol oxidation, witch takes
place in the AC, the carbon dioxide produced moves counter-currently toward the AAP.

At sufficiently high current densities carbon dioxide emerges in the form of gas bubbles

Page 7 of 46



from the surface of the AC. In the CC, oxygen reacts with protons and electrons
generating water. The water produced in CC moves counter-currently toward the CCP
and also under some operating conditions, by back diffusion toward the anode.

The direct methanol fuel cell is complex system involving simultaneous mass, charge
and energy transfer. In order to simplify the processes occurring in a DMFC the

following simplifications and assumptions were made:

the fuel cell is assumed to operate under steady-state conditions;

e the transport of heat and mass through the gas diffusion and catalyst layers is
assumed to be a diffusion-predominated process and the convection effect is
negligible;

e mass transport in the diffusion layers and membrane is described using effective
Fick models;

o the thermal energy model is based on the differential thermal energy conservation
equation (Fourier’s law);

e pressure gradient across the layers is negligible;

e only the liquid phase is considered in the anode side, so carbon dioxide remains
dissolved in solution;

e gaseous methanol and water are considered in the cathode;

e solutions are considered ideal and dilute;

o local equilibrium at interfaces is represented by partition functions;

o the catalyst layers are assumed to be a macro-homogeneous porous electrode so
reactions in these layers are modelled as a homogeneous reaction;

e anode Kinetics is described by step mechanism, with a rate expression similar to the

used by Meyers et al. [25];

¢ the anodic and cathodic overpotential is constant through the catalyst layers;
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e cathode kinetics is described by Tafel equation;

e methanol and water transport through the membrane is assumed to be due to the
combined effect of the concentration gradient between the anode and the cathode
and the electro-osmosis force;

e on the anode side, the heat and mass transfer of methanol from the bulk solution to
the ACP is assumed to be driven by natural convection;

e on the cathode side, the heat and mass transfer between the CCP and the ambient
occur by natural convection;

e the heat generation by electrochemical reactions occurring in the catalyst layers is
considered;

e when compared with the heat generated by electrochemical reactions and
overpotential, the heat released by joule effects is ignored;

o the temperatures of the external walls of the cell (To and Ty in Fig. 1) are known;

¢ the heat flux generated in the catalyst layers is assumed to be constant.

2.1 Mass transport

Anode reaction:

Methanol oxidation: CH;OH + H,O — CO, +6H* +6e"

Cathode reaction:

Oxygen reduction: O, +4H " +4e” — 2H,0

Methanol oxidation: CH;OH +§OZ — CO;, +2H,0
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The transport process of methanol and water from the fuel tank to the ACP are

described by

N, =ht, (€5 —ci) )
where j represents methanol or water, N the molar flux, C the molar concentration and

h the mass transfer coefficient.

mass
In the anode copper plate, diffusion and catalyst layer, the methanol and water flux are

related to the concentration gradient by assuming Fickian diffusion [26] with an

effective diffusivity D}"*“" in the ACP, D}"*" in the AD and D;""° in the AC. The

methanol and water flux can be determined from:

dcie® .
N; =-D¢™A? —=L_ | represents methanol or water, (2)
: dx
AD
N. =-D®"*" ——L_jrepresents methanol or water 3
] J dX
and
AC
N, =-DA¢ ——L_ j represents methanol or water 4)
! ’ dx

The concentration at the AAP/ACP, ACP/AD and AD/AC interfaces is given by
assuming local equilibrium with a partition coefficient K, K3 and Ky, respectively. The

boundary conditions for Eq. (2), (3) and (4) are (see Fig. 1)
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At X=X, : C35° =K,CM?, jrepresents methanol or water (5)

At x=x3: C3} =KsCs5", jrepresents methanol or water (6)
At x=xXs: Cz5 =K,Ci5, jrepresents methanol or water (7)
At x=xs: C/°=C2y, jrepresents methanol or water (8)

In fuel cells, all the fluxes can be related to a single characteristic flux, the current

density or charge flux of the fuel cell. In the DMFC, the methanol flux is related to the

current density and the permeation flux of methanol through the membrane, (N, OH
by:

I e
CH,OH — 6CF” + NgIHSOH 9)

where F represents the Faraday’s constant and 1, the cell current density.
At the anode side, the water flux is related to the current density and to the net water
transport coefficient, o (defined as the ratio of the net water flux though the membrane

from the anode to the cathode normalized by protonic flux), by:

N0 = 'g::" (a+1) (10)

The transport of methanol and water through the membrane is assumed to be due to the
combined effect of the concentration gradient and the electro-osmosis force. The fluxes

can be determined from:
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M
dCCH3OH

‘ I,

Nng30H = —ch'g'\o"H » + Eoprom Ic:u (1)
e dac) .

Nio = a1 = D o ICF" (12)

The electro-osmotic drag (&ch.on,Na ), In equations (11) and (12), is defined as the

number of methanol or water molecules dragged by the hydrogen ions moving through
the membrane.

The net water transport coefficient, a, can be calculated using the equation (12).

The concentration at the AC/membrane interface is given by assuming local equilibrium
with a partition coefficient Ks. The boundary conditions for the integration of equations

Eq. (11) and (12) is given by
At x=xs: C& = KsCa5, j represents methanol or water (13)

In the cathode catalyst layer, the methanol, water and oxygen flux are related to the

concentration gradient by assuming Fickian diffusion [26] with an effective
diffusivity D" . The flux can be determined from:

cc

N, =-D¢fce d—)‘(] represents methanol, water or oxygen (14)

i i

It is here considered that the entire methanol crossing the membrane reacts at the
cathode catalyst layer so the concentration at the CC/CD interface is zero. It is assumed
that there is no oxygen crossover, so the oxygen concentration in CC/M interface is
zero. The concentration of water and methanol at the membrane/CC interface and the

concentration of water and oxygen at the CC/CD interface are given by assuming local
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equilibrium with a partition coefficient K¢ and K7, respectively. The boundary

conditions for Eq. (14) are:

At x=xs: Cg5 = KeCdYj, j represents methanol or water and Cgg, =0 (15)

Atx=x: C&., =0,CE =C%  and CE =C& (16)

At the cathode catalyst layer, the oxygen reacts with the electrons and protons to
produce water. However, part of oxygen fed is consumed due to methanol crossover to
form an internal current and a mixed potential. Therefore the oxygen flux is related to

the current density and the permeation flux of methanol through the membrane by:

I Cell
NOQ = Vo, E + Ucross,0, N CMH 3OH (17)

where

Vo, =1land Ucross,0, = %

The v, represents the stoichiometric coefficient of oxygen in the cathode reaction and
the U0, Stoichiometric coefficient of oxygen in the undesired cathode reaction.

At the cathode side, the water flux is related to the water production from the oxygen
reduction reaction and methanol crossover oxidation and to the net water flux

transported from the anode to the cathode by:

I Cen M M
N H,O = UHzO E + UCI’OSS,HzO NCH30H + N H,0 (18)
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where

Up,o = 2, Ucross,H,0 = 2

The v, , represents the stoichiometric coefficient of water in the cathode reaction and
the U 1,0 Stoichiometric coefficient of water in the undesired cathode reaction.

In the cathode diffusion layer and cathode copper plate the oxygen and water flux are

related to the concentration gradient by

dc® .
N, = -Df<P d—' I represents oxygen or water vapour (19)
X
o eff ,CCP dCiCCP ;
Ni =-D; i I represents oxygen or water vapour (20)
X
where DF"“® and D{"°“ s the effective diffusion coefficient of oxygen and water in

the CD and CCP.
The concentration at the CC/CD and CD/CCP interfaces is given by assuming local
equilibrium with a partition coefficient K; and Ks. The boundary conditions for Eq. (19)

and (20) are:

At x=x;: Cy7 =K;;C7y, i represents oxygen or water vapour (21)
At x=xs: Cgi" =Kg;Csi i represents oxygen or water vapour (22)

Like at the anode side, the transport process of oxygen from the air to the CCP is

described by:
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Ni = hr%ass,i (Ci0 - CQCICP ) (23)

where i represents oxygen

We assume that the air at the CCP is in a saturated state, then the water vapour feed

concentration (CQHZO) is equal to water vapour concentration (Cg',fito) and can be

determined from the saturated pressure or moist air.

To account for the effect of methanol crossover on the cathode overpotential it is
assumed that the methanol crossing the membrane completely reacts electrochemically
at the cathode. In this way the internal current ( Icn.on) due to methanol oxidation can

be written as:

ICHgOH = 6FN (';AH3OH (24)

where the methanol flux in the membrane (N, o) is obtained from Eq. (11).

The volumetric current density ( j,) expression for methanol oxidation is taken from
Meyers et al. [25] as
kCéir.on

. CH,0H
JA - a‘IO,ref

aAﬂAF]

F exp( RT
a,n
C(?I—iOH +Aexp (F;\T:C J he

(25)
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where a represents the specific surface area of the anode, 15" the exchange current

density of methanol, «, the anodic transfer coefficient, 7, the anode overpotential,
T,c anode catalyst layer temperature, k and A are constants.

The current density is related to the volumetric current density using the following

equation

AC
kCey SOH

X Xe F
e = | ia = alghe™ - em(ag" j
S

AC

(26)

Equation (26) is used to calculate the anode overpotential for a given lcen, assuming 77
as constant in the anode catalyst layer AC.

At the cathode, the electrochemical reaction is modelled using Tafel equation for the
oxygen reduction taking in account the mixed potential. The cathode overpotential can

then be determined from:

CCC F
ICeII + ICH3OH =12 = eXp(% (27)

0,ref cc
CO2 ref RTCC

I

where 1,7

reprsents the exchange current density of oxygen, «. the cathodic transfer
coefficient, 7. the cathode overpotential and T.. cathode catalyst layer temperature.

The mass transfer coefficient in Eq. (1) and Eqg. (23) can be determined from [27]:
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Sh — hmass L

(28)

2
1/6
[0_825+ 0.387xRa }

1+ (0.492/ sc)e '

where Ra is the Rayleigh number (Ra= Gr x Sc), Sc the Schmidt number (Sc=v/D),

gACL®

2

Gr is the Grashof number (Gr =
Cv

j, L represents the length of the active area, D

the diffusion coefficient, g the gravitational acceleration and v the kinematic viscosity.

2.2 Heat transport
Based on the simplifications and assumptions described previously the following

overall heat transfer equation can be proposed (see Fig. 1):
Q*+Q* =Q:+Q; (29)

The total heat generated in the DMFC is equal to the heat losses to the surrounding
environment at the anode and cathode.

Complementarly, the following heat transfer balances can be written:

Q:=Q% -Q (30)

Q:=Q% +Q; (31)

At the anode, heat generated by the electrochemical reaction in the AC is given by

AH , — AG
QAC = lean?a = lcen (#l

6F (32)

7
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In this equation the first term represents the heat due to the activation and mass transfer
overpotentials at the anode and the second term represents the entropy change of the
anodic electrochemical reaction, with AH, denoting the anodic reaction enthalpy and
AG, the Gibbs free energy.

In a similar way, the heat generated at the CC, can be determined from
AH. - AG AH, — AG
QCC = (ICeII + ICH3OH )770 - (ICeII + ICH3OH )(%j_ ICH3OH (#) (33)

where the first term represents the heat due to the activation and mass transfer
overpotentials and mixed potential caused by methanol crossover through the cathode
and the second term represents the entropy change of the cathodic electrochemical
reaction, with AH¢ denoting the cathodic reaction enthalpy and AGc, the Gibbs free
energy and the third term denotes the entropy change of methanol oxidation reaction on

the cathode due to methanol crossover.
In the anode acrylic plate section I and diffusion layer the heat flux Q. can be related to

the temperature gradient across each layer, using the Fourier’s law, as
dT
- —K'A— 34
Q - (34

where | represents AAPg.iont OF AD, K the thermal conductivity and A, represents the

active area.
In the anode acrylic plate section Il the heat flux Q. can, also, be related to the

temperature gradient across this layer, using Newton’s law, as
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Q = _hheatAaAT (35)

where h,... represents the heat transfer coefficient.

heat

At the cathode side and membrane, the heat fluxes Q,andQs; can be related to the

temperature gradient across the CD and M layers as

(36)
Q=-K'A d_T
dx

where t represents CD or M.

In a passive DMFC the copper plate has holes machined on the surface, to allow the
reactant to reach the catalyst layers (Figure 1). The establishment of the heat transport
equations, in this layer, involved the consideration of two zones. In one zone the heat is
transferred by conduction and in the other (holes) the heat is transferred by convection.

Using the thermal resistance concept [27] we get:

AT
Q=
Rtotal (37)
where
1 1 1 . :
= + since the resistances are in parallel (38)
Rtotal Rcond conv
o
F\)con = 39
A XK (39)
Regw = _ and 40
conv A % h ( )

holes heat
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Aa = Al + Aholes (41)

where R, represents the total thermal resistance, R, the conduction resistance,
R..y the convection resistance, o the thickness, A, .. total area of the holes and

A, total area without the holes.

The differential equations describing the temperature profiles in the anode and cathode

catalyst layers are:

d 2T QAC
dx2 = K AC 5 AC (42)
d 2T QCC
dx? = K € 5CC (43)

where Q”° and Q°° are, respectively, the heat generated in the anode catalyst layer and
cathode catalyst layer.

The boundary conditions for Eq. (42) and (43) are the temperatures at the walls (T4, Ts,
Te and T7)

For these layers. Fourier’s law gives

dT

Atx=Xs: Q =—KACAa& (44)
dT

At X =Xe : Q3:—KCCAa& (45)

daT . . . . : :
where ™ is calculated using the temperature profile obtained from the integration of
X

equations (42) and (43).

0
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Finally, the heat transfer from the AAP section | and CCP to the ambient air can be

described using the Newton’s cooling law as

Q = _hheatAaAT (46)

The heat transfer coefficient, due to natural convection in Eg. (35), can be determined

from [27]:

NU — hheat I—

(47)

2
1/6
_ {0.825+ 0.387xRa }

1+ (0.492/pr)"e '™

where Ra is the Rayleigh number (Ra=GrxPr), Pr the Prandtl number (Pr=v/K)

2

3
and Gr is the Grashof number [Gr = gpATL j
1%

2.3 Cell performance
The determination of methanol and oxygen concentrations at the catalyst layers, the
temperature profiles and the anodic and cathodic overpotentials from the model

equations enables prediction of the cell voltage, which can be expressed as:

Veen = Ecen =74 —1¢ — cen Reen (48)
where

oE
Ecen =Uo, —Uch:on +AT(8_T) (49)

n, and 7. are the anode and cathode overpotencials and the membrane resistance R,
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is given by

5M
RCeII = (50)
K

where 6™ is membrane thickness and x is the ionic conductivity of the membrane.

The results presented in the next section were obtained based on the parameters listed in

Table 1.

3. Experiment

The experimental fuel cell consists of two acrylic end plates (open on the cathode side
and with a reservoir on the anode side), two isolating plates, two gold plated copper
connector plates (with 36 holes with a diameter of 6 mm to allow the reactants supply),
two diffusion layers, two catalyst layers and a membrane. The membrane used was
Nafion 115 the catalyst was Pt-Ru on the anode side with a loading of 4 mg/cm? and Pt-
black on the cathode side with a loading of 4 mg/cm? The anode and cathode gas
diffusion layers used carbon cloth from E-TEK, with a PTFE content of 30 wt.% (Fig
2).

In the experiments, a DMFC with an active area of a 25 cm? was used operating at
atmospheric pressure by feeding aqueous methanol solution to the anode. The fuel cell
temperature was controlled by a digital temperature controller and was set near ambient
conditions, 20°C. Five different methanol concentrations (1M to 5M) were tested in
order to validate the model and analyse the effect of the methanol feed concentration on
fuel cell performance.

The fuel cell test station was manufactured by Fideris Incorporated. The Methanol Test

Kit (MTK) station comprises a methanol handling system, an oxidant gas handling

2
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system and a linear electronic load [31]. The loadbank subsystem acts as a large
variable power resistor which is capable of controlling the amount of impedance by
selecting either how much current is passed through the loadbank, the voltage across the
loadbank or power dissipated by the loadbank. The computer constantly monitors both
current and voltage and these parameters are used to calculate and track the amount of

power that the loadbank is dissipating at any one time.

4. Results and discussion

The developed model for the passive feed DMFC is rapidly implemented with simple
numerical tools: Matlab and Excel.

In this section, examples of model predictions obtained after implementation of the
model are presented. The conditions chosen to generate the simulations are similar to
those used by the authors in their experiments. Since in passive DMFC systems the
temperature rises with time due to the electrochemical reactions, in order to minimize
this effect on the results presented in this section all the experiments were conducted at
a controlled temperature, ensuring a constant temperature value during each experiment.
In Figure 3 the predicted polarization curves for 1M to 5M methanol solutions, are
presented. The open-circuit voltage is much lower than the thermodynamic equilibrium
cell voltage as a result of methanol crossover. It can be seen that the fuel cell
performance increases with an increase of the methanol feed concentration. Although
for a 5M methanol concentration the performance decreases. This is due to the fact that
higher methanol concentrations result in a higher methanol crossover. At the cathode
side, methanol reacts with the oxygen to form a mixed potential. Hence, a higher
methanol concentration leads to a higher mixed potential, thereby causing a lower cell

performance. As we can see in Fig. 3 the present model describes well the experimental
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results for all the range of current densities due to the integration, on the model, of the
mass transfer effects at the cathode side. In Figure 4 data from Pan [3] was used to
validate the model with results from other authors and already published. This work was
chosen since the operating and design parameters used were similar to those reported in
the present work. In Fig. 4 the predicted polarization curves for 1M and 3M methanol
solutions, for a fuel cell temperature of 25°C, are presented. According to this figure
model predictions are close to experimental data presented by Pan [3]. The trends of the
influence of the methanol concentration on fuel cell performance predicted in this paper
are in accordance to the ones proposed by other authors [4,7-12,19,22].

Predicted methanol concentration profiles across de anode and membrane, are depicted
in Figure 5, when the cell is feed with a 3M methanol solution at current densities of 10,
30 and 50 mA/cm?. During the time considered for the analysis, the concentration
profile at the methanol reservoir in the anode acrylic plate slightly decreases near the
interface with the copper plate due to the fact that the diffusion of methanol occurs by
natural convection (see Eg. (1)). In the other layers, the methanol concentration
decreases due to mass transfer diffusion, methanol consumption in the catalyst layer and
the methanol crossover through the membrane toward the cathode side. As can be seen
by the plots of the concentration profile in the membrane presented in this figure the
methanol crossover rate in the membrane decreases with the increase of current density.
Figure 6 shows the predictions of the methanol crossover as a function of current
density for different methanol feed concentrations. As already referred the methanol that
crosses the membrane reacts with oxygen on the cathode side forming a mixed potential
and consequently a parasite current. This parasite current named leakage current
represents fuel losses. According to Eq. (24) the methanol crossover can be expressed in

terms of a leakage current witch gives a more understanding idea of the effect of the
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loss in efficiency due to methanol crossover. As can be seen in Fig. 6, and as expected
the leakage current increases with methanol concentration and decreases with current
density. In this way, the leakage current and consequently the methanol crossover can
be reduced by running the cell at low methanol concentrations and high current
densities. The model predictions presented in this work concerning the methanol
transport through the membrane are in accordance to previous work done by
Abdelkareem et al. [7], Zhao et al. [12], Kho et al. [13] and Chen et al. [22].

Figure 7 show the water concentration across the anode and membrane. As is evident
from this Figure, water diffusion occurs in ACP, AD, AC and M and water consumption
in AC, so the water concentration profile decreases across these layers. The slope of the
concentration profile in the membrane is higher than in the other layers showing a
significant water crossover toward the cathode side.

Model predictions of the net water transport coefficient, a, are presented in Fig. 8 as a
function of current density for different methanol feed concentrations. As can be seen
from the plots, the methanol concentration has a large influence on the water crossover
(ov values). It should be noted that positive o corresponds to a net water flow from
anode to cathode while negative o indicates that the net flow occurs in the opposite
side. Figure 8 shows that for all the methanol concentration tested the values of o are
positive, although low values of a are achieved using high methanol concentrations.
This may be explained by the fact that lower methanol feed concentrations result in
higher water concentrations on the anode side. The concentration gradient of water
between the anode and cathode side is higher, so the transport of water towards the
cathode is dominant. For higher methanol concentrations the amount of water present
on the anode side is smaller and the water production in the cathode gives higher water

concentrations at this side. In this situation, the water transport from the anode to the
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cathode is still dominant (positive o) but, since the water concentration gradient is
smaller less water is transported from the anode to the cathode side corresponding to
smaller values of .

In Figure 9, model predictions of o as a function of methanol feed concentration for
different current densities are presented. It is evident that the methanol concentration
has a large impact on the o values. Higher methanol concentrations result in low values
of a. It is also evident that for higher values of the current density the impact of
methanol concentration decreases. The effect of the methanol concentration on the net
water transport coefficient was studied experimentally by Jewett et al. [5,17],
Abdelkareem et al. [7], Zhao et al. [12], Song et al. [15] and Xu et al. [16]. The trends
of the influence of the methanol concentration on the net water transport coefficient
predicted by the model presented in this paper are in accordance to the ones proposed
by these authors.

Figure 10 shows the oxygen concentration profiles across the cathode side, when the
cell is fed with a 3M methanol solution at current densities of 10, 30 and 50 mA/cm?.
As can be seen from this Figure, the oxygen concentration decreases in CCP, CD and
CC due to mass transfer diffusion. The slope of the concentration profile in the CC is
higher than in the other layers due to oxygen consumption by the cathode reduction
reaction, leading to an oxygen concentration of zero at the interface catalyst
layer/membrane.

Figure 11 shows the temperature distribution in the active section of the cell (anode
diffusion and catalyst layer, membrane and cathode catalyst and diffusion layer) for a
methanol concentration of 3M and operating at different current densities. The data
points represent the temperatures at the different layer interfaces. It can be seen in Fig.

11 that, for the three values of current density chosen, the temperature in the anode side
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is higher than that in the cathode. This is because the heat generation rate by the anodic
overpotential is higher than the endothermic heat demanded by the electrochemical
reaction of methanol oxidation. With an increase in current density the difference

between the anode and the cathode side increases as is evident in Fig. 11.

5. Conclusions

Based on the growing effort on the development of an efficient passive DMFC system
and in order to help understand the operation of a passive DMFC and the key
parameters on cell performance, a steady state, one-dimensional, multi-component and
thermal model is presented, in this paper.

The model predicts the effect of the operating conditions (such as methanol
concentration and fuel cell temperature) and the design parameters (the specific area of
catalyst in the catalyst layers, the thickness of the membrane, the gas diffusion layer
properties and thickness) on the fuel cell performance and power and on the water and
methanol crossover. Due to their simplicity the model can be used to analyze the
performance of a passive DMFC and to determine a single key (operating and design)
parameter or combined parameters that would promote its efficiency most effectively.
The model, also, predicts the methanol, oxygen and water concentration profile across
the cell, as well as the temperature profile.

In this work, special attention is devoted to the effects of the methanol concentrations
and the current density on the methanol and water crossover toward the cathode side.
The model predicts the correct trends of the transport phenomena’s in the passive
DMFC and is in accordance with the experimental results and with published data [3].
As expected, high methanol concentrations achieve lower fuel cell performances due to

the higher methanol crossover rates generated, however using lower methanol
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concentrations significantly reduces the system energy density since more water is
present on the anode side, will produce no power and will take up a large volume in the
fuel reservoir. Thus, reducing the methanol transport from the anode to the cathode and
the water content on the anode side is of significant importance to achieve higher cell
performances and consequently increased power densities. With this easily to
implement model, suitable operating and design conditions can be set-up for tailored
MEAs in order to work at a high methanol concentration level without the sacrifice of
performance. The present work is a starting point for more detailed experimental and
modelling studies aiming the set-up of optimized and tailored MEAs adequate for

DMFC portable applications.
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Caption for figures

Figure 1 - Schematic representation of a passive DMFC.

Figure 2 — «In-house» passive DMFC.

Figure 3 — Comparison of the model predictions of polarization curves for different

methanol concentrations; dots: experimental data, lines: model predictions.

Figure 4 — Comparison of the model predictions of polarization curves for 1M and 3M

methanol concentrations; dots: experimental published data [3], lines: model predictions

Figure 5 — Predicted methanol concentration profiles in the cell for different current

densities. Operating conditions: methanol concentration 3M.

Figure 6 — Model prediction for methanol crossover for different methanol feed

concentrations.

Figure 7 — Predicted water concentration distribution in the cell at different current

densities. Operating conditions: methanol concentration 3M.

Figure 8 — Model predictions of the net water transport coefficient for different

methanol concentrations.

Figure 9 — Influence of methanol concentration on the net water transport coefficient at

different current densities.
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Figure 10 — Predicted oxygen concentration profiles in the cell for different current

densities. Operating conditions: methanol concentration 3M.

Figure 11 — Prediction for the temperature distribution in the cell at different current

densities. Operating conditions: methanol concentration 3M.
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Table 1

Table 1 — Parameter values

Parameter Value Reference
Uo, 124V [28]
oE/oT -1.4 x10™*VIK [19]

K 0.036 S/cm [28]

sM 0.018 cm [28]
5AAPsecti0nI ' 5AAPsectionII 0.50cm assumed
SAP 5P 0.015cm assumed
5°C s¢C 0.0023 cm assumed
gD oCD 0.71 assumed
gAC 0.81 assumed
£C¢ 0.86 assumed
a 1000 cm™ [28]

| SHeoH 9.425x1073 exp((35570/ R)1/353—1/T)) Alem? [19]
102, 4.222x1079 exp((73200/ R1/353-1/T)) Alcm? [19]

k 7.5%x107* [28]

A 2.8x107 mol/cm® [28]

a 0.52 [28]

ac 155 [28]
Ko_s 0.8 assumed
K7-80, 1.25 assumed
Ke 0.001 assumed
K7-8.H,0 0.8 assumed
L 5cm assumed
D(E)f:,CD,CC gCD,CCZ'S [(T 1.75 ><58><1074 )/(27772X P)] szls [30]

DS ocP (727 x5.8x10)/(27.772 x P)| emss [30]
DA, (7.608x107 xT )/(1ar1,0 x9.485)| cm?s [30]

DE A AC £*0A [[7.608x107 xT (11, x9.485)] cms [30]
alasd £ [[r275 «5.8x10 )/(33.904x P)| ems [30]
DM, 4.9x107 exp(2436x(1/333-1/T)) cm?/s [28]

3

D/ |(6.295x107 xT )i(uch,01 x5.833)] cmfs [30]
D404 A2 A*[(6.295x107 xT {0y on x 5.833)] cms [30]

D 0.0 £ [(1175 62 107)/(25.523% P)| cmi¥s [30]
DeffM 2.0x1078 exp(2060 x (1/303 - 1/T ) cm?/s [30]

2

SCH,OoH 2.5% XcH,0H [28]

Ny 2.9exp(1029x (1/333-1/T)) [19]
SACP sCCP 0.05cm assumed
KM 0.0043 W/cmK [29]

K AD 1.95+6,57x107*T W/mK [29]

K P 1.71+2,96x10°T W/mK [29]
KAC (- A€ 86,7+ £ (0,.341+9,26x10~* ) W/mK [29]
K f— 5 71+ £C (0,0084 + 7,60x1075 ) W/mK [29]

Page 35 of 46



Figure 1

Click here to download Figure(s): Figure 1.doc

TO

Tamb

a1

Methanol reserveir

o

Section ||Section 11

13

a1

o1

AAP

ACP

T4

a1

AD

T3

QAC

AC

CH:0H

H" T6
H.0

a3

M

aCccC

CcC

T8

T3

az

02

ch

CCP

a2

Tamb

mmm Ajr

0

®l 2

®3

®d

®5

®b

Figure 1
Oliveira et al. (2010)

HT

e

x9

X

-
b ad

Page 36 of 46


http://ees.elsevier.com/power/download.aspx?id=605116&guid=4383ef6d-2782-468c-97e9-5c735fe1120b&scheme=1

Figure 2
Click here to download Figure(s): Figure 2.doc

Figure 2
Oliveira et al. (2010)

Page 37 of 46


http://ees.elsevier.com/power/download.aspx?id=605117&guid=48690c6a-9cf7-4a7e-8a0f-2ad8f5e61019&scheme=1

Figure 3

Click here to download Figure(s): Figure 3'new.doc

Cell potencial (V)

©
~

©
w
1

©
N
|

©
-
1

IMexp
2Mexp
3Mexp
4M exp
5Mexp
—-—-- 1M model
--------- 2M model
——— 3Mmodel
—-—- 4M model
— 5M model

> O e O N

o
o

0.00

0.01 0.02 0.03 0.04
Current density (A/cm?)

Figure 3
Oliveira et al. (2010)

0.05

0.06

Page 38 of 46


http://ees.elsevier.com/power/download.aspx?id=605123&guid=9ebd00c3-35ab-401b-92d6-6d8d98f6d28a&scheme=1

Figure 4
Click here to download Figure(s): Figure 4 new.doc

0.7 1 B 1Mexp[3]
06 4 —— 1M model
' s 3Mexp[3]
g os 4\ 3M model
©
5 04
c
3
o 0.3
o
3 0.2
0.1 -
0.0 T T T T T 1

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Current density (A/cm?)

Figure 4
Oliveira et al. (2010)

Page 39 of 46


http://ees.elsevier.com/power/download.aspx?id=605124&guid=4287a33c-0401-4e71-a624-417b4f07abd8&scheme=1

Figure 5
Click here to download Figure(s): Figure 5.doc

AAP ACP AD AC M
cr’é‘ 3.0 =
o
o 25
£
S 201
)
©
: 15_
=1
8
S 10 A
E
S 05 -
=
o
E0.0""I""I""I""I
0.45 0.48 0.51 0.54 0.57 0.6
X (cm)
——0.01 Alen? -+ 0.03 Alcm® - —--0.05 Alcn?
Figure 5

Oliveira et al. (2010)

Page 40 of 46


http://ees.elsevier.com/power/download.aspx?id=605118&guid=90fa9383-9206-4bf5-ab6e-cc02d1107848&scheme=1

Figure 6

Click here to download Figure(s): Figure 6.doc

m?)

Leakage current (A/c

T

e :
—o3M

| maM

0.10 - .

" Trme—eel e

0.06 - T T

0.04 +

0.02 - ST

0.00 T T T T T |

0.00 0.01 0.02 0.03 0.04 0.05
Current density (A/cm?)
Figure 6

Oliveira et al. (2010)

0.06

Page 41 of 46


http://ees.elsevier.com/power/download.aspx?id=605119&guid=84a5cba6-0290-49da-8879-bf0ec602cc10&scheme=1

Figure 7
Click here to download Figure(s): Figure 7.doc

50 AAP __ ACP AD AC M
€
S
o 40
£
[
S 30
)
©
= -]
G 20 - |
c \
o
o \
E 10 ~
(¢
=

0""I""I""I""I T

0.45 0.48 0.51 0.54 0.57 0.6

X (cm)
——0.01 Alcm? -+ 0.03 Alcm? —---0.05 Alcn?
Figure 7

Oliveira et al. (2009)

Page 42 of 46


http://ees.elsevier.com/power/download.aspx?id=605122&guid=cf8313c1-f412-4af9-8172-f8153ea909bb&scheme=1

Figure 8
Click here to download Figure(s): Figure 8.doc

—-——-1M
3+ 2M
-——-3M
L \ ——4AM
c )
ko) 30 4 \ — M
o \
= \
D 25 1 \
o Y
o Y
= \ \
S 20 A NN
o \ \'\
8 \\ ‘\\ N
© 15 - N RS
|- \\ e h ~.
 ad e \\\\ \4\'\
GL) 10 N N, \\\\ ~~~~~~~~~~~~~~ T~
ot '~ S~ Tl
CEU T~ TT~— TR
= 51 J st
| T oo _
O T T T T T 1

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Current density (A/cm?)

Figure 8
Oliveira et al. (2009)

Page 43 of 46


http://ees.elsevier.com/power/download.aspx?id=605120&guid=265223dd-840a-499a-b175-58dabeb6d111&scheme=1

Figure 9
Click here to download Figure(s): Figure 9.doc

35 - = 0.01 Alcm?
= 2
E) 30 - ——0.02 A/lcm
o
y— 2
‘% o5 ——0.03 Alcm
o
o
*g 20 A
o
c
S 15
s )
5 10 -
©
= 5 |
D
[
O T T T 1
1 2 3 4 5

Methanol concentration (mol/dm3)

Figure 9
Oliveira et al. (2009)

Page 44 of 46


http://ees.elsevier.com/power/download.aspx?id=605121&guid=3ff68485-cc07-4233-b404-9281034e94f1&scheme=1

Figure 10
Click here to download Figure(s): Figure 10 new.doc

—~ 0010 CCP CD cc
=
2
© 0.008 -
é N
C
.© 0.006 -
@
S 0.004 -
c
o
(&)
S 0.002 A
(@)
>
X
°¢000 b—— o o+ 1
0.03 0.04 0.05 0.06 0.07
X (cm)
——0.01 Alcm?2 - 0.03 Alcm? ———-0.05 Alcm?
Figure 10

Oliveira et al. (2010)

Page 45 of 46


http://ees.elsevier.com/power/download.aspx?id=605125&guid=52298283-ee08-4ada-aa49-92c4a8870db2&scheme=1

Figure 11
Click here to download Figure(s): Figure 11.doc

204 4 AD AC M CC CD

2942 3777
294.0 -
293.8
0936 T i
293.4
293.2

2930 7] -_-'_';';'_‘TF'_'_"_"_‘ e
292.8 T T T T T T T T T T T T T T T T T T T T

1.05 1.07 1.09 1.11 1.13 1.15
x (cm)

Temperature (K)

Figure 10
Oliveira et al. (2010)

Page 46 of 46


http://ees.elsevier.com/power/download.aspx?id=605127&guid=d2a21152-a5ed-49ff-8dfa-b45fe09a375f&scheme=1

