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ABSTRACT 

 

The DMFC is a promising option for backup power systems and for the power supply of 

portable devices. However, from the modeling point of view liquid-feed DMFC are 

challenging systems due to the complex electrochemistry, the inherent two-phase transport 

and the effect of methanol crossover. In this paper we present a physical 1D cell model to 

describe the relevant processes for DMFC performance ranging from electrochemistry on the 

surface of the catalyst up to transport on the cell level. A two-phase flow model is 

implemented describing the transport in gas diffusion layer and catalyst layer at the anode 

side. Electrochemistry is described by elementary steps for the reactions occurring at anode 

and cathode, including adsorbed intermediate species on the platinum and ruthenium 
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surfaces. Furthermore, a detailed membrane model including methanol crossover is 

employed. The model is validated using polarization curves, methanol crossover 

measurements and impedance spectra. It permits to analyze both steady-state and transient 

behavior with a high level of predictive capabilities. Steady-state simulations are used to 

investigate the open circuit voltage as well as the overpotentials of anode, cathode and 

electrolyte. Finally, the transient behavior after current interruption is studied in detail. 

 

Keywords: Direct methanol fuel cell (DMFC), modeling, performance, transient. 

 

 

1. INTRODUCTION 

 

Direct methanol fuel cell (DMFC) technology is promising as a power source for portable and 

uninterruptible power supply applications, due to the direct use of a high energy density liquid 

fuel, quick recharging by refilling and low operating temperature[1,2].  

However, the use of a methanol/water liquid mixture as fuel, as required by electrochemistry, 

increases the complexity of the system and entails some additional challenges:  

- a complex two-phase and multi-component flow has to be managed at the anode side;  

- the methanol oxidation is a complex multi-step mechanism leading to a strong CO 

poisoning of the platinum catalyst: to improve the capability of methanol oxidation 

platinum-ruthenium catalysts are used for DMFC anodes; 

- methanol permeates through the membrane and the resulting methanol oxidation at the 

cathode side leads to waste of fuel and significantly affects cathode potential, forming a so 

called mixed potential. 

In addition, other technical issues must still be overcome to enter into the market, among 

which is the severe performance degradation over operation time. DMFC performance losses 
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show a permanent and a temporary contribution at both anode and cathode[3-5]. The former 

is due to irreversible degradation mechanisms, such as platinum dissolution and 

agglomeration at the cathode, while the latter is partially recovered by utilizing appropriate 

operating strategies[6]. Usually these strategies consist of a period of continuous operation 

interspersed by a sequence of OCV and/or cathode air feeding interruption. 

Current research activities aim at studying DMFC transient behavior to improve and 

consolidate the understanding of system operation and to set the basis for reducing DMFC 

degradation. Due to the complex and nonlinearly-coupled processes taking place in DMFCs, 

modeling and simulation are highly useful tools [7-12]. 

Wang and Wang[7] presented a two-phase model, taking into account the effect of methanol 

crossover, but considering only global reactions for methanol oxidation reaction (MOR) and 

oxygen reduction reaction, i.e., did not take into account the effect of CO poisoning. 

Siebke et al.[8] developed a DMFC model, in which a multi-step mechanism for the MOR is 

considered at the anode side while at the cathode MOR and oxygen reduction reaction (ORR) 

are modeled using Tafel equations. The model was used to investigate the limiting processes 

at high current densities depending on the operating conditions. 

Casalegno et al. considered a 1D+1D steady-state model including two-phase transport, where 

the reaction kinetics of MOR and ORR is given by Tafel equations and validated the model 

for a wide range of operating conditions and with diffusion layer configurations [9]. 

Gerteisen[10] presented a multi-step model for MOR and ORR including oxygen bleeding to 

remove the CO poisoning at the cathode. The model was used to discuss transient effects, e.g., 

the dynamics of CO poisoning after current interruption. However, the model did not include 

two-phase transport. 

Kulikovsky[11] developed an analytical model for cathode mixed potential based on Butler-

Volmer kinetics of the ORR. 
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From the modeling point of view, only very limited work has been carried out concerning the 

simulation and experimental validation of both DMFC steady-state and dynamic behavior, 

that is fundamental to couple performance and degradation models [13].  

 

Hence, the aim of this work is to develop a physical DMFC model which is capable of 

describing the performance of DMFC during steady-state as well as transient operation. In 

this paper we first present a detailed cell model based on the in-house modeling framework 

DENIS[14,15] which provides several models for high and low temperature fuel cells as well 

as different types of batteries. This framework has been complemented by the DMFC model 

presented in this paper by including the relevant mechanisms mentioned before, i.e., two-

phase-flow, a multi-step mechanism for the methanol oxidation as well as methanol crossover 

and multi-step MOR and ORR at the cathode. All implemented model equations are presented 

in the first part of this paper. Next, we show validation of the model with respect to different 

experimental measurements, i.e., polarization curves, methanol crossover measurements and 

electrochemical impedance spectra. Finally, after validation, the relevance of the different 

mechanisms on the cell performance and on the transient behavior of the cell is discussed. In 

particular, the effects of current interruption are investigated. 

 

2. MODEL 

 

In the following we describe the developed DMFC model including all model equations and 

parameters. A 1D continuum approach is used to model the Membrane Electrode Assembly 

(MEA). The model is isothermal and is composed of several sub-models for the different 

components (gas diffusion layers (GDLs), catalyst layers (CLs) and membrane (MEM)). The 

different domains are spatially resolved in through plane direction, i.e., gradients along the 
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channel are neglected. This assumption is justified for sufficiently high stoichiometries which 

are considered in the model validation experiments. For low stoichiometries gradients along 

the channel might become important. This would require the description by a 2D model, 

which is beyond the scope of this work. In the following sections, the model equations used to 

describe all physical processes in the different layers are introduced and the boundary 

conditions are presented in Section 2.3. Symbols are defined in the nomenclature Table. The 

model parameters (e.g. thicknesses of the components, transport parameters, etc.) are listed in 

Table 4. The simulation methodology is described in Section 2.6. 

 

 

2.1. Transport in gas diffusion layers and catalyst layers 

 

Within the porous electrode at the anode side, we consider a two-phase transport model[16]. 

The governing equations for the mass transport in GDL and CL are formally identical. Both 

layers differ only with respect to parameters like the volume fractions of the respective bulk 

phases, porosity, PTFE-loading etc. 

The species conservation in the gas phase is given by[14] 
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where the diffusive flux is described in implicit form by the Stefan-Maxwell law 
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and the pressure driven Darcy flow is given by 
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where gµ is the mean gas viscosity and gk  is the permeability of the gas phase.  

In the chemical source term V
kA  denotes the volume-specific surface area of surface k and A

is  

is the corresponding surface chemical reaction rate of species i. Note, that also in the GDL we 

can have such a source term for methanol and water due to the phase transition between liquid 

phase and gas phase (see below). 

For the cathode side, we consider the gas phase only, i.e., equations (1)-(3) are sufficient to 

describe the transport behavior, as long as flooding phenomena are not taken into account. 

However, since liquid methanol-water mixture enters the anode and gaseous CO2 leaves 

through the channel, it is crucial to use a two-phase model at the anode side. 

In this case, the governing equations for the liquid-phase transport are very similar to those of 

the gas phase. Species conservation again includes diffusion, convection and chemical source 

terms 
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We assume Fickian diffusion within the liquid phase 

y
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(5) 

 

The convective flux is determined by the liquid pressure gradient within the GDL/CL 

according to 

lconvconv l,
ii vj ρ=   , (6) 
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with the convection velocity 
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Here lµ denotes the viscosity and lk  the permeability of the liquid phase. 

The temperature dependent viscosity is taken to be similar to pure water and described by[17] 
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The permeabilities lk and gk are calculated as the product of relative and absolute 

permeability 
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p
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 (9) 

 

The relative permeabilities[18] depend on the liquid saturation εε ls =  and are calculated as 

5.3l
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5.3g

rel )1( sk −=   , (10) 

 

whereas the absolute permeability follows from the Kozeny-Carman relationship[19] 
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The pressure of liquid phase and gas phase are connected with each other by the capillary 

pressure pc=pl-pg, which is described by a Leverett function according to 
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We fitted this Leverett function based on the experimental data of Hao and Cheng[20] and 

obtained  

( ) ( )0.5)-11.19(s-0.00397exp-0.5)-10.5(s0.00498exp+0.18)( =sJ   . (13) 

The surface tension of water against air is calculated as[16] 

1247.01078.1 4 +⋅−= − Tγ   . (14) 

 

Equation (4) is solved with respect to the variables llporel,
ii ρερ = . From these densities the 

volume fraction of the liquid mixture can be calculated as  

∑=
i

iii MV /porel,ll ρε   , (15) 

 

with the respective partial molar volumes l
iV in the liquid phase. 

Both, methanol and water can undergo a phase transition from liquid to gas phase according 

to 

H2O(gas)  ⇄  H2O(liquid)  . (16) 

CH3OH(gas)  ⇄  CH3OH(liquid)  . (17) 

 

For the kinetics of these phase transitions we apply the Hertz-Knudsen equation[15,21]. The 

net rate of evaporation is given by  
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where )(0, Tpi denotes the respective saturation pressure. Using the Clausius-Clapeyron 

equation, the saturation pressure is related to the enthalpy of evaporation H∆  according to 
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where p1 is the vapor pressure at temperature T1. 

 

2.2. Membrane  

 

Within the membrane, water transport is described by means of the water content λ , which is 

the local number of water molecules per SO3 site. We assume that the transport of methanol 

and water through the membrane is driven by diffusion and electro-osmotic drag[9,10]. 

Therefore, water transport is calculated according to 
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Here, the temperature dependent diffusion coefficient is calculated according to the model of 

Weber and Newman[22] 
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where the volume fraction of water in the membrane is defined as 
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with the molar volume of water H2OV and the molar volume of the dry membrane memV . 

The drag coefficient for water[23] is given as 
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The methanol transport through the membrane is also driven by diffusion and electro-osmotic 

drag 
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with the drag coefficient mem
CH3OHCH3OH 5.2 xd = for methanol[24]. 

Concerning the ionic transport, the λ -dependent proton conductivity of the membrane is 

given by[23] 
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This expression is used to calculate the potential within the membrane (cf. Sec. 2.4.). 

 

 

 

2.3. Boundary conditions 

 

We choose Dirichlet boundary conditions for all species at the channel sides of the GDL. 

At the anode side we fix the concentrations of methanol and water in the liquid phase. 

For the gas phase at the channel boundary we assume saturation pressure for both methanol 

and water. Furthermore, we fix the liquid pressure at the channel side of the GDL. Therefore, 

the capillary pressure at the GDL boundary is determined by 

LaLmLcyLaLmLcyLaLmLcy
ppp

++=++=++=
−= glc

  , 
(27) 
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which equals a fixed saturation as boundary condition. In the literature the saturation at the 

boundary is sometimes assumed to be unity[25], which is not very realistic for the 

hydrophobic GDL since produced CO2 leaves the GDL through the channel in the gas phase.  

Our model includes crossover of methanol and water through the membrane. Due to the high 

liquid volume fraction, we assume that water transport from anode to the membrane is 

determined by the liquid phase, i.e., for water the boundary flux into the membrane reads 

)22(H2O −=
+=

λαwLmLcy
J   , (28) 

 

where 22 is the equivalent lambda for the liquid phase. wα is an empirical parameter 

describing the water exchange between membrane and catalyst layer.  

Since we consider only the gas phase at the cathode side, the boundary flux for water between 

cathode and membrane reads 

)( eqH2O λλα −=
= wLcy

J   , (29) 

 

where eqλ is a temperature-dependent equivalent lambda for the gas phase at the last CL 

compartment, which has been fitted using data from Neubrand[26]. 

For methanol, we apply similar boundary conditions at the membrane, i.e., on the anode side 
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ccJ CH3OHCH3OH CH3OH
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+=
α   . (30) 

 

At the boundary between membrane and cathode we apply Henry’s law, 
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We require continuity of all fluxes at both membrane boundaries. 
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At the GDL boundary to the cathode channel, the Dirichlet boundary condition is 

in

0 iy

g
i pp =

=
  . (32) 

 

2.4. Current-voltage relations 

 

We use a physical model[14] which does not require the Nernst equation to calculate the 

relation between cell voltage and current density. The cell voltage is given by the potential 

difference between the electrodes,  

)()()( anelde,caelde, iiiE φφ −=   . (33) 

 

This potential difference is determined by the potential steps between electrode and 

electrolyte, 
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which in turn follow from electrochemical thermodynamics and kinetics (Section 2.5), and a 

potential drop due to the resistance of the electrolyte. Combining the continuity equation and 

Ohm’s law yields the governing equation for the potential steps within the porous electrodes, 
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where V
Fi  is the volumetric Faradaic current due to charge-transfer reactions (cf. Sec. 2.5.2.), 
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and V
dli is the current due to double layer charging/discharging 
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Within the membrane, there are no source terms, i.e., the continuity equation for the 

electrolyte potential reads 
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The overpotentials of the anode, cathode and electrolyte are defined as the deviation from the 

respective potentials at OCV, 
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Note, that the overpotentials have been defined such that their sign under normal operating 

conditions is positive, to allow for easier comparison. 

  

2.5. Electrochemistry 

 

2.5.1. Reaction kinetics 

 

The production rates of all species are calculated based on the rate equations 

∑ ∏∏ 







−=

m j
jmr

j
jmfmii

mjmj akaks
products,

,
educts,

,,
,, ννν   , 

(43) 



14 
 

 

where mi ,ν  is the stoichiometric factor of species i in reaction m. 

For all reactions we consider thermodynamically consistent forward and backward reaction 

kinetics. 

The kinetics of the forward reaction is given by the Arrhenius equation 







 ∆−
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whereas the kinetics of the backward reaction is determined by the thermodynamic 

consistency equations 

HEE fr ∆−= actact   . (45) 
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The preexponential factor 0
fk  is given by the attempt frequency 

h
TkB . 

Eq. (45) and (46) can also be combined to 
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where ∆G is the Gibb’s energy of reaction. 

The coverages of surface species are calculated based on the production rates as 
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where kΓ is the site density of surface k and iσ is the number of sites occupied per surface 

species. 

 

With this approach quasi irreversibility for certain reactions naturally occurs due to the 

thermodynamics of the involved species. In case of a single electrochemical reaction, 

equations (43)-(46) would yield the Nernst equation. In case of multiple electrochemical and 

chemical reactions, as present in DMFCs, this generalized framework allows to account for 

effects such as mixed-potential formation, CO poisoning, etc. 

 

2.5.2. Reaction mechanism 

 

The electrochemical reactions occurring in the CLs are described by elementary kinetics using 

the thermodynamically consistent approach described above. The oxidation of methanol 

(MOR) is a complex multi-step process. In literature different possible pathways are 

proposed. Here we restrict ourselves to one of these pathways, considering the most stable 

intermediate species based on DFT calculations published by Ferrin et al.[27]. 

First, methanol adsorbs on the platinum surface 

 

CH3OH + (Pt) ⇄  (Pt-CH3OH)  , (49) 

 

 

followed by four oxidation steps up to adsorbed CO, which is the most stable intermediate 

species, leading to a strong CO poisoning of the catalyst. 

 

(Pt-CH3OH)  ⇄  (Pt-CH2OH) + H+ + e-  , (50) 
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(Pt-CH2OH)  ⇄  (Pt-CHOH) + H+ + e-  , (51) 

 

(Pt-CHOH)  ⇄  (Pt-CHO) + H+ + e-  , (52) 

 

(Pt-CHO)  ⇄  (Pt-CO) + H+ + e-   . (53) 

 

 

In order to remove the CO from the platinum surface, we assume the following bi-functional 

mechanism.  

Water can form adsorbed hydroxyl on the ruthenium surface according to  

 

H2O + (Ru) ⇄ (Ru-OH) + H+ + e-  . (54) 

 

 

This hydroxyl can subsequently react at the three-phase boundary with the CO adsorbed on 

platinum to form CO2 

 

(Pt-CO) + (Ru-OH) ⇄ CO2 + H+ + e- + (Pt) + (Ru)  . (55) 

 

 

The main mechanism at the cathode side is the oxygen reduction reaction (ORR), which is 

described by an elementary step mechanism based on DFT calculations[28,29]. However, in 

order to reduce the complexity when taking into account ORR and MOR at the cathode side, 

again we consider only one of the possible ORR pathways. This pathway is dominating the 
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ORR at the potentials relevant for DMFC[29]. Furthermore, we consider the Eley-Rideal 

reaction steps only, since they have been shown to be the dominant pathway[29]. 

In the first step oxygen adsorbs on the surface 

 

O2 + 2 (Pt)  ⇄  (Pt-O2)  ,  (56) 

 

followed by the dissociation of the oxygen molecule, 

 

(Pt-O2)  ⇄  2 (Pt-O)  . (57) 

 

Two reduction steps lead to adsorbed water, which in the final step desorbs from the platinum 

surface 

 

(Pt-O) + H+ + e-  ⇄  (Pt-HO)  , (58) 

 

(Pt-HO) + H+ + e-  ⇄ (Pt-H2O), (59) 

 

(Pt-H2O)  ⇄  H2O + (Pt)  . (60) 

 

 

Due to methanol crossover through the membrane, methanol oxidation occurs not only at the 

anode, but also at the cathode CL. The first steps leading to the CO poisoning are similar to 

the anode side (49)-(53), so we include these identical reactions also at the cathode.  
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However, as no ruthenium is present at the cathode, the adsorbed CO has to be removed by a 

different mechanism, the so called oxygen bleeding using the adsorbed oxygen on the 

platinum surface, which we include as 

 

(Pt-CO) + (Pt-O) ⇄ CO2 + 2 (Pt)  . (61) 

 

 

The kinetics and thermodynamics used for the ORR is based on the work of Eberle and 

Horstmann [29], only the kinetics of (58) and (59) and the enthalpy of (Pt-HO) have been 

adjusted based on the impedance measurements described below. Even though there exist 

some DFT studies for the MOR on PtRu, the resulting activation energies depend on the 

method and the conditions considered. Therefore, the parameters for the MOR have been 

fitted based on the polarization and impedance measurements described in the next section, in 

order to get a good agreement with the experimental data. The parameters used in this 

simulation can be found in Table 1 and Table 2. 

The reaction kinetics is evaluated in the CANTERA software developed by Goodwin and 

coworkers [30], which is coupled with our in-house software DENIS as described in the next 

section. 

 

Table 1. Kinetic parameters for the reactions (49)-(61) 

Reaction act
fE  /  kJ mol-1 α  

CH3OH + (Pt) ⇄  (Pt-CH3OH)   48.0+25.0·θCO - 

(Pt-CH3OH)  ⇄  (Pt-CH2OH) + H+ + e-  0.0 0.5 

(Pt-CH2OH)  ⇄  (Pt-CHOH) + H+ + e-  5.2 0.5 

(Pt-CHOH)  ⇄  (Pt-CHO) + H+ + e-  37.0 0.5 



19 
 

(Pt-CHO)  ⇄  (Pt-CO) + H+ + e-  48.0 0.5 

H2O + (Ru) ⇄ (Ru-OH) + H+ + e- 143.0 0.9 

(Pt-CO) + (Ru-OH) ⇄ CO2 + H+ + e- + (Pt) + (Ru)  134.0 0.24 

O2 + 2 (Pt)  ⇄  (Pt-O2)  0.0 [29] - 

(Pt-O2)  ⇄  2 (Pt-O)  65.61 [29] - 

(Pt-O) + H+ + e-  ⇄  (Pt-HO) 33.0 0.46  [29] 

(Pt-HO) + H+ + e-  ⇄ (Pt-H2O)  13.01 0.54 

(Pt-H2O)  ⇄  H2O + (Pt)  0.0 [29] - 

(Pt-CO) + (Pt-O) ⇄ CO2 + 2 (Pt)  14.5  - 

 

Table 2. Thermodynamic parameters 

Species Molar Gibbs energy G /  kJ mol-1 

(Pt) 0.0 [29] 

(Pt-O2) -234.03 [29] 

(Pt-O) -199.51 [29] 

(Pt-HO) -295.18 

(Pt-H2O) -354.52 [29] 

(Pt-CH3OH) -354.93 

(Pt-CH2OH) -297.47 

(Pt-CHOH) -250.22 

(Pt-CHO) -233.84 

(Pt-CO) -248.58 

(Ru-OH) -260.26 

 

2.6. Simulation methodology 
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The model presented in this paper is mathematically represented by a differential-algebraic equation 

(DAE) system that describes the mass and charge transport as well as the electrochemistry of the 

DMFC as described in the previous sections. 

The model was implemented into the in-house software package DENIS (detailed electrochemistry 

and numerical impedance simulation) [14,15]. DENIS includes various models for batteries and fuel 

cells such as lithium-sulfur (Li-S) cells, lithium-oxygen (Li-O) cells, solid oxide fuel cells 

(SOFC), polymer electrolyte membrane fuel cells (PEMFC) and, based on the model 

presented in this manuscript, also DMFC. In order to evaluate the chemical source terms for the 

reactions described in Sec. 2.5 we use the software CANTERA developed by Goodwin and co-

workers [30]. CANTERA is an open-source software written in C++ and allows to define arbitrary 

reaction mechanisms and species in an ASCII input file, which enables a convenient implementation 

of complex reaction systems without any modification of the source code itself. CANTERA is coupled 

to our in-house software DENIS (written in C/C++), making the full CANTERA functionality 

available during DENIS runtime.  

In the presented DMFC model, the computational domain is spatially discretized using the finite-

volume method in 1D through the MEA. The numbers of control volumes is 15 in the cathode, 9 in the 

membrane and 10 in the anode domain. 

The DAE system is numerically integrated using the fully implicit solver LIMEX [31, 32]. The time 

discretization in LIMEX is based on the elementary linearly implicit Euler discretization and allows 

for adaptive time step size. This is a very important feature especially for the impedance simulations 

which have to capture processes over a large range of time scales. 

 

3. EXPERIMENTAL 

 

This section briefly describes the experimental measurements used for model validation, 

consisting of galvanostatic polarization curve measurements, Electrochemical Impedance 
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Spectroscopy (EIS), methanol crossover measurements, Linear Sweep Voltammetry (LSV), 

and current interruption (CI).  

The experimental setup for the single cell DMFC characterization has been previously 

described in[4,5]. The single cell DMFC of 25 cm2 active area was manufactured by IRD Fuel 

Cells A/S. Nafion® 115 is used as membrane. Anode catalyst loading is 1.8 mg cm–2 (PtRu) 

and cathode catalyst loading (Pt) is 1.2 mg cm–2. Both anode and cathode diffusion layers are 

SGL35DC and the reactants are fed through a triple serpentine graphite flow field. 

The polarization curves shown here are composed of nine single measurement points 

collected following one-way curves with increasing current (Table 3). Each single acquisition 

point was performed at constant current, measuring voltage and current at 0.5 Hz frequency 

for 600 s. After this time period impedance spectra were recorded with an Autolab PGSTAT 

30® provided with a frequency response analysis module. The impedances were measured 

under galvanostatic control and the amplitude of the sinusoidal current signal was adjusted so 

that the potential amplitude does not exceed 10 mV. Excitation frequency was varied between 

10 kHz and 50 mHz with a logarithmic distribution. The obtained experimental values were 

processed by a retrospective use of Kramers–Kronig relations[33] in order to verify the 

validity of the measurements. The impedance values that did not satisfy such relations were 

considered not meaningful. As a proxy for methanol crossover, CO2 measurements are 

performed at the cathode exhaust with a Vaisala sensor GMP70 (uncertainty 50 ± 2% ppm) in 

a vessel of 0.5 dm3 volume provided with a liquid-gas gravity separator and a thermocouple 

[34]. The CO2 crossover through the membrane is negligible as previously shown by one of 

the authors [35]. Therefore, assuming a complete methanol oxidation at cathode side, 

methanol crossover is equal to CO2 flow rate at cathode outlet subtracted by CO2 flow rate at 

cathode inlet, due to ambient concentration. Linear Sweep Voltammetry (LSV) was 

performed to estimate the magnitude of the internal short circuit current[36], calculated from 
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the inverse of the slope in the linear region between 0.25 V and 0.55 V. During this 

measurement hydrogen was supplied to the anode (3.5 Nml min-1) and 80°C saturated 

nitrogen was supplied to the cathode (0.6 Nl min-1). The cathode potential over the anode was 

increased from 0.085 V up to 0.55 V with a speed rate of 1 mV s−1, in order to avoid current 

peaks and achieve the equilibrium between hydrogen crossover and oxidation. The resulting 

membrane electric resistance is equal to 1.1 kΩ cm2 (cf. Fig. 1), leading to a short circuit 

current in OCV of about 0.616 mA cm-2. 

Moreover, in order to study the dynamic evolution of cathode potential during the change 

between continuous operation and OCV, a specific current interruption test was performed. 

The test consists of 10 minutes of continuous operation followed by few minutes of OCV, 

until voltage reached a steady-state value.  

 

Table 3. Investigated operating conditions. 

Temperature °C 75 

Methanol concentration mol/l 1 / 2 

Anode mass flow g min-1 3.86 (λ = 6 at 0.25 A cm–2, 1 M) 

Cathode airflow Nl min-1 0.336 (λ = 6 at 0.25 A cm–2, Tsat = 30°C ) 

Current density A cm–2 0.01/0.05/0.1/0.15/0.2/0.25/0.3/0.35/0.4 
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4. MODEL RESULTS 

 

4.1 Model validation 

 

The model was parameterized and validated with respect to the experimental measurements 

described in Sec. 3, i.e., polarization curves, impedance spectra and methanol crossover 

measurements, in order to ensure that all important processes are correctly described by the 

model. Especially the electrochemical impedance spectra are very sensitive to the kinetics of 

the oxygen reduction and the methanol oxidation reaction, allowing to determine the kinetics 

of the rate determining steps. To simulate impedance spectra, we use a potential step and 

current relaxation method[37]. Fig. 2 exemplarily shows the effect of the kinetics of CO 

oxidation, water activation and HO-reduction on the impedance spectra at 0.05A cm-2. The 

low frequency arc as well as the inductive loop are attributed to the bifunctional mechanism 

of the methanol oxidation while the high frequency peak is related to the ORR at the cathode.  

 

All simulations shown in the following were carried out with the identical parameter set 

(Tables 1, 2 and 4), demonstrating the effectiveness of the model in the understanding of 

DMFC operation. 

 

Table 4. Model parameters. 

Parameter Symbol Value Ref. 

Temperature T 75 °C measured 

Thickness GDL cathode LGDL,Ca 350µm MEA data sheets 

Thickness CL cathode LCL,Ca 30µm MEA data sheets 

Thickness GDL anode LGDL,An 350µm MEA data sheets 
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Thickness CL anode LCL,An 40µm MEA data sheets 

Thickness membrane  LM 127µm MEA data sheets 

Porosity electrodes ε  0.75 assumed 

Platinum ECSA anode  V
AnPtA ,  7.5·106 m2 m-3 assumed 

Ruthenium ECSA anode  V
AnRuA ,  7.5·106 m2 m-3 assumed 

Triple phase boundary 

length anode 

V
Anl  6·1011 m m-3 assumed 

Platinum ECSA cathode  V
CaPtA ,  1.0·107 m2 m-3 measured 

Double layer capacitance 

anode 

Cdl,An 5·107 F m-3 fitted 

Double layer capacitance 

cathode 

Cdl,Ca 2·107 F m-3 fitted 

Site density platinum PtΓ  2.5·10-5 mol m-2 [38] 

Site density ruthenium RuΓ  2.71·10-5 mol m-2 [39] 

Equivalent weight of 

membrane 

EW 1100 g eq-1 [22] 

Diffusion coefficient 

methanol in membrane 

mem
CH3OHD  9.46·10-10

 m2 s-1 [10] 

Diffusion coefficient 

methanol in liquid phase 

l
CH3OHD  2.8·10-9 m2 s-1 [40] 

Partial molar volume 

methanol 

CH3OHV  4.0·10-5 m3 mol-1 [41] 

Water exchange coefficient wα  2·10-2 mol m-2s-1 assumed 

Methanol exchange mα  2·10-6 mol m-2s-1 fitted 
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coefficient 

Henry constant Methanol H 2.27·exp(5200(1/T-

1/298.15)) mol m-3 Pa-1 

[42] 

 

 

Fig. 3 shows experimental and simulated polarization curves for cells operated at 1M and 2M 

methanol concentrations. At low current densities, the cell voltage is slightly lower for 2M 

due to the higher methanol crossover and the consequential mixed potential at the cathode. 

However, at high current densities a mass transport limitation sets in, leading to a stronger 

decrease of the cell voltage at 1M. This behavior can be fully reproduced by the simulations. 

 

Fig. 4 shows experimental and simulated methanol crossover rates for both fuel 

concentrations. Methanol crossover decreases almost linearly with current density in both 

cases1. Again, the simulation reproduces the linear behavior. 

Fig. 5 and Fig. 6 show experimental and simulated impedance spectra for various current 

densities. Model results reproduce experiments with good accuracy. In the literature only few 

modeling analyses on DMFC impedance can be found[43-45], but none of them are validated 

considering both anode and cathode contribution. According to our simulations, the higher 

frequency arc can be attributed to the cathode and strongly depends on the kinetics of the rate 

determining step in the ORR, reaction (59), while the lower frequency arc can be assigned to 

the anode as shown by the parameter variations in Fig. 2. Our model is also able to reproduce 

the typical inductive behavior of the DMFC at very low frequencies, which is caused by the 

bifunctional mechanism at the anode side. Furthermore, there is good agreement between 

                                                 
1 The 2M data show a deviation from linear behavior since the 2M data has been recorded after the 1M data and 
the initial transitory of the vessel for CO2 measurement was not finished.   
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simulated and measured relaxation frequencies (Fig. 6); therefore, the involved major 

physical phenomena are described accurately by the model. 

 

 

 

4.2 Steady-state performance 

 

A reliable model-based prediction of the cell voltage during operation is crucial not only for 

assessment of the cell performance, but also for predicting the cell degradation since, e.g., 

platinum dissolution strongly depends on the cathode potential.  

Fig. 7 shows the simulated polarization curve at 1M methanol and 75°C together with the 

simulated overpotential contributions. The voltage drop during polarization is dominated by 

the anode overpotential, while cathode and electrolyte overpotentials only show a rather small 

increase with current density. Our simulation predicts an OCV of about 0.93V, which is much 

lower than the thermodynamic value of 1.21V. This 0.28 V difference is consistent with the 

experimental values reported in a recent work by the authors [46]. The reason for this 

difference is the effect of methanol crossover to the cathode which leads to the formation of 

the so-called mixed potential. This reduction of OCV occurs naturally in our model due to the 

reversible formulation of all reactions including the methanol oxidation at the cathode side. 

To demonstrate the effect of the crossover, we run a simulation with the same parameters, but 

assuming that the membrane has no permeability for methanol. The corresponding cell 

voltage and overpotentials are also shown in Fig. 7. In this case, the calculated OCV is about 

1.2V. However, similar to the behavior in PEMFC the cathode overpotential strongly 

increases at low current densities due to the sluggish ORR kinetics. Therefore, at intermediate 

current densities the cell voltage is comparable to the case with crossover. An effect of 
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crossover is mainly observed at low current densities where the reduction of cell voltage is 

more pronounced due to the higher crossover.  

In the simulation case with methanol crossover, the calculated OCV of 0.93V is still 

significantly higher than the typical OCV of about 0.7V observed in experiments. The 

discrepancy can be explained by taking into account the effect of the internal short circuit 

current, which has been determined by LSV measurements to have a value of about 6.16 A m-

2 (cf. Sec. 3). The effect of the short circuit is negligibly small under normal operation due to 

the high membrane electric resistance of 1.1 kΩ cm2, but it is important for the OCV. The 

short circuit current is not explicitly included in the model. Nevertheless, we can easily 

calculate its effect on the OCV. At OCV, the total current density is not zero but equals the 

short circuit current density (no external load). Thus, the measured OCV is given by U(i=ishort-

circuit) instead of U(i=0). 

 

As shown in Fig. 7 the model predicts a very strong increase of the anode overpotential at low 

current densities, due to the fact that already very low current densities lead to a high CO-

poisoning of the catalyst surface. Therefore, the low internal short circuit current density is 

already enough to reduce the OCV from the theoretical value of 0.93V, which is obtained for 

platinum without CO-poisoning, down to about 0.7V (the voltage obtained from the 

simulation at 6.16 A m-2 is 0.72V). Voltages higher than this value can only be obtained for 

short time periods, e.g., after current interruption (see below), by temporary reducing the 

methanol crossover or the CO-poisoning.  

 

4.3 Transient behavior 
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Our model also allows investigating transient effects. An important issue is the effect of 

cycling on cell performance and degradation. In fact, DMFC are typically operated with 

dynamic operating strategies characterized by operation interruption. Therefore, 

understanding the effect of current interruption is important to predict cell performance and 

durability. In order to study this effect, we performed a transient simulation switching 

between different current densities and internal short-circuit current of 6.16A/m2 

(corresponding to going to OCV as discussed above). The resulting simulated cell voltage is 

shown in Fig. 8(top). The cycling leads to significant transient effects of cell potential 

especially at OCV. After current interruption the cell voltage increases up to about 0.88V, 

which is much higher than the steady-state OCV of 0.7V. The maximum voltage as well as 

the duration of this overshoot depends on the current density before the interruption. Fig. 

8(bottom) shows the anode and cathode overpotentials for a single current interruption. As 

one can see, the main contribution of the overshoot is due to the anode side. 

A similar behavior after current interruption has been observed also experimentally (Fig. 9). 

However, compared to the model the experimentally observed relaxation is slower. To 

understand this difference, we have to understand the physical origin of the transient 

behavior. 

 

At the anode, high current densities lead to a reduction of the CO-poisoning due to a faster 

CO oxidation. Going back to OCV the CO and OH coverages have to relax to their 

equilibrium values.  This leads to an overshoot in anode potential, causing the peak in cell 

voltage after current interruption. The size and duration of the anode overshoot is strongly 

dependent on the kinetics of the bifunctional mechanism, i.e., of the CO oxidation and water 

activation reactions. Fig. 10 shows the effect of the reaction kinetics on the overshoot. Fig. 11 

shows the corresponding evolution of the (Pt-CO) and (Ru-OH) coverages. 
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The change of cathode potential can be attributed to the variation of methanol crossover. At 

high current densities, most of the methanol is consumed at the anode side, consequently the 

methanol concentration in the membrane and at the cathode side is low. Going back to OCV, 

two effects occur. First, the contribution of electro-osmotic drag to methanol crossover 

vanishes. This leads to an even lower methanol crossover for a short period of time. However, 

at the same time the methanol concentration at the anode side increases causing an increased 

methanol diffusion through the membrane, eventually leading to an increase in methanol 

crossover. Fig. 12 shows the transient behavior of methanol crossover during cycling and 

after current interruption. As long as the methanol crossover is lower than the equilibrium 

value at OCV, methanol oxidation at the cathode side is reduced leading to a lower (negative) 

cathode overpotential, i.e., a potential overshoot (cf. Fig. 12). 

 

In our simulation with methanol standard diffusion coefficient from the literature, this 

overshoot at the cathode side is relatively short (approx. 100 seconds) and not very 

pronounced, while in experiments a slower relaxation of potential has been observed as 

shown in Fig. 9. There are two possibilities explaining this difference. First, in our model we 

do not consider the micro-porous layer (MPL) at the anode and cathode side. The MPL at the 

anode can lead to a slower relaxation of the methanol crossover after current interruption, i.e., 

a longer and higher overshoot of the cathode potential. To illustrate this effect, simulations 

with exactly the same parameters except for a lower methanol diffusion coefficient through 

the membrane were performed and the results are also shown in Fig. 12. In this case, the 

oscillations in methanol crossover and consequently the potential overshoot are strongly 

increased. 
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Another mechanism which leads to a decrease of the cathode potential with time is the 

platinum oxide formation[47]. This mechanism is often discussed in the literature in the 

context of platinum dissolution, which is affected by Pt-oxide formation[48]. Pt-oxide 

formation as a reversible degradation mechanism and its effect on the platinum particle 

growth is currently investigated by the authors and will be published elsewhere. 

 

5. CONCLUSIONS 

 

We have presented a detailed DMFC performance model including two-phase transport for 

the methanol water mixture, methanol crossover through the membrane and elementary 

kinetics formulation of the reactions on the catalyst surfaces. This cell model allows not only 

polarization curve simulations, but also studying the transient behavior of the cell as well as 

impedance simulations. 

 

The model was validated by means of different experimental methods using one single set of 

model parameters, demonstrating the reliability of the results. After validation, the effect of 

methanol crossover and CO poisoning on the cell performance during steady-state and 

transient operation was studied. Under steady state conditions both mechanisms strongly 

affect the OCV, leading to a value of about 0.7V.  

Furthermore, transient simulations demonstrated that cycling has a significant effect on both 

cathode and anode overpotentials due to the transient behavior of methanol crossover and CO 

poisoning. These transient effects are very important when studying potential-dependent 

reversible and irreversible degradation phenomena, e.g., platinum oxide formation and 

platinum dissolution. An accurate model for the catalyst degradation of DMFC by means of 
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platinum particle growth mechanisms coupled to platinum oxide formation is currently under 

development by the authors and will be presented elsewhere. 
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NOMENCLATURE 

Symbol Unit Meaning 

V
kA  m2·m–3  Volume-specific surface area corresponding to reaction k 

ci mol·m–3 Concentration of species i in a bulk phase 

Cdl
 F·m2 Area-specific double layer capacitance 

id   Drag coefficient of species i 

pd  m Average particle diameter 

p
iD  m2·s–1 Diffusion coefficient of species i in phase p 

E V Cell voltage 

EW kg·eq-1 Equivalent weight of membrane 
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act
fE  J·mol–1 Activation energy of forward and reverse reactions 

fσ  Ratio of ionic conductivity of porous over bulk electrolyte 

F  C·mol–1 Faraday’s constant 

H mol·m-3·Pa Henry’s constant 

i A·m–2 Current density 

diff l,
ij  kg·m–2·s–1 Mass diffusion flux of species i in liquid phase 

conv l,
ij  kg·m–2·s–1 Mass convection flux of species i in liquid phase 

diff g,
iJ  mol·m–2·s–1 Molar diffusion flux of species i in gas phase 

conv g,
iJ  mol·m–2·s–1 Molar convection flux of species i in gas phase 

pk  m2 Permeability of phase p 

absk  m2 Absolute permeability 

p
relk   Relative permeability of phase p 

V
nl  m·m–3 Volume-specific three-phase boundary length corresponding to 

reaction n 

La m Thickness of anode (GDL + CL) 

Lc m Thickness of cathode (GDL + CL) 

Lm m Thickness of membrane  

Mi kg·mol–1 Molar mass of species i 

cp  Pa Capillary pressure 

gp  Pa Gas pressure 

g
ip  Pa Partial pressure of species i in gas phase 

lp  Pa Liquid pressure 

pp  Pa Pressure of phase p averaged over channel length 
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R J·K–1·mol–1 Ideal gas constant 

s  Liquid saturation 

k
is  mol·m–2·s–1 

mol·m–1·s–1 

Chemical production rate of species i in reaction k (in units of 

m–2 for two-phase reactions and m–1 for three-phase reactions) 

cond
is  

mol·m–2·s–1 Production rate of species i due to condensation 

ms ,electron  mol·m–2·s–1 

mol·m–1·s–1 

Electron production rate in reaction m (in units of m–2 for two-

phase reactions and m–1 for three-phase reactions) 

t s Time 

T K Temperature 

convv  m·s–1 Convection velocity in liquid phase 

H2OV  mol·m–3 Molar volume of water 

memV  mol·m–3 Molar volume of the dry membrane 

p
ix   Mole fraction of species i in phase p 

z   Number of electrons transferred in charge-transfer step 

α  Symmetry factor of charge transfer reaction 

wα  mol·m–2·s–1 Water exchange coefficient 

mα  
mol·m–2·s–1 Methanol exchange coefficient 

iΓ  mol·m-2 Site density of surface i 

H∆  J·mol–1 Reaction enthalpy 

S∆  J·K–1·mol–1 Reaction entropy 

∆φ V Electric potential difference between electrode and electrolyte 

ε  Porosity 

εi  Volume fraction of phase i 

φ V Electric potential 
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gµ  kg·m–1·s–1 Gas-phase viscosity 

lµ  kg·m–1·s–1 Liquid-phase viscosity 

l
iρ  kg·m–3 Density of species i 

σmem S·m-1 membrane conductivity 

τ   Tortuosity of porous electrode 
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Fig. 1: LSV measurement to determine the short circuit current. The dashed line shows the linear fit 

leading to a resistance of 1100 Ω cm2. 
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Fig. 2: Effect of the reaction kinetics on the impedance at 0.05A cm-2. Top: Variation of CO oxidation 

Eq. (52) kinetics. For sufficiently slow CO oxidation the inductive feature of the impedance vanishes. 

Middle: Variation of water activation Eq. (51) kinetics. Faster kinetics leads to significantly smaller 

capacitive and inductive arcs without significant change of the total resistance. Bottom: Variation of 

(Pt-HO) reduction step Eq. (56) kinetics. Even though the effect on the impedance is quite small, this 

reaction is the rate determining step of the ORR at cathode potentials relevant for DMFC and strongly 

affects the cell performance. Variations of the kinetics for this reaction mainly lead to a translation of 



39 
 

the polarization curves. For example, at 0.05A cm-2 the difference between the ten times higher and 

ten times lower kinetics is about 73mV. 

 

 

 

 

 

 

 

 

Fig. 3: Polarization curves at 1M and 2M methanol concentration at T = 348 K. The symbols represent 

experimental data, the lines corresponding simulations (green 1M, red 2M). 
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Fig. 4: Comparison of measured and simulated methanol crossover for 1M and 2M methanol 

concentration. The symbols represent experimental data, the lines corresponding simulations. 

 

 

 

 

Fig. 5: Nyquist plot of simulated and measured impedance spectra at 1M methanol for various current 

densities. The symbols represent experimental data, the lines corresponding simulations. 
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Fig. 6: Real part (top) and imaginary part (bottom) of simulated and measured impedance spectra. The 

symbols represent experimental data, the lines corresponding simulations. Same data as in Fig. 5. 
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Fig. 7: Simulated polarization curve at 1M with respective overpotentials of anode, cathode and 

electrolyte. To demonstrate the effect of methanol crossover, the dashed lines correspond to the 

simulation without methanol permeation through the membrane. 
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Fig. 8: Top: Simulated cell voltage (solid line) after current interruption at (from left to right) 0.25A 

cm-2, 0.2 A cm-2, 0.15 A cm-2, 0.1 A cm-2 and 0.05 A cm-2. After 60 seconds under OCV conditions the 

cell voltage is switched to the next lower current density (dashed line). Bottom: Simulated 

overpotentials of the cathode (solid line) and the anode (dashed line) after interruption of the current 

density of 0.25A cm-2. 

 

 

Fig. 9: Current interruption experiment: transient behavior of cell voltage after interruption of the 
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current density of 0.25A cm-2. 

 

Fig. 10: Effect of the reaction kinetics on the anode overshoot: the red line corresponds to a ten times 

slower water activation reaction (Eq. (51)) and the green line to a ten times slower CO oxidation 

reaction (Eq. (52)) compared to the standard parameters (black). 
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Fig. 11: Simulated evolution of the (Pt-CO) (thick lines) and (Ru-OH) (thin lines) coverages 

during current interruption for the different kinetics corresponding to Fig. 10. 

 

 

Fig. 12: Simulated methanol crossover (top) and cathode overpotential (bottom) during cycling 

between 0.25A cm-2 and short circuit current and after current interruption for two different methanol 

diffusion coefficients within the membrane. 
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