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ABSTRACT 

The performance of a direct methanol fuel cell (DMFC) is complicated due to the 

complex interactions of kinetic and transport processes. As a result, changes in one aspect 

of the cell have consequences in other aspects, which are difficult to elucidate from the 

full-cell polarization (i.e. voltage vs. current) behavior that fuel cell researchers often use 

to characterize the performance of their systems. The objective of this work was to 

develop a strategy to use current and voltage relationships from anode half cells, cathode 

half-cells, and a hydrogen pump, coupled with methanol crossover data and a 

mathematical model, to quantify the individual losses within a DMFC.  In this way, all 

the kinetic and transport processes are quantified and the cell voltage can be 

deconstructed (i.e. individual voltage losses quantified).  This data analysis accounts for 

all of the voltage losses observed during the operation of the full cell. As expected, the 

anode and cathode overpotentials accounted for most of the losses (i.e. 92% average). 

Also, the cathode flow rate has been shown to affect the methanol crossover by diffusion. 

Cells operated at constant stoichiometry or where the cathode flow rate is small can show 

a parabolic shape in the methanol crossover because the electroosmotic drag dominates 

over diffusion as the primary transport mechanism for methanol through the membrane. 

Decrease in the methanol crossover was observed for cells with high compression and 

thicker cathode electrodes. The one-dimensional model, developed previously [1], was 

improved by including: (1) methanol transport from the anode flow channel to the 

backing layer using a mass transfer resistance; and (2) accounting for the unreacted
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methanol transport through the cathode.  The model was able to reasonably predict the 

anode, cathode, full-cell polarization, and methanol crossover data for methanol 

concentrations between 0.05 M and 2 M at all operating currents. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Direct Methanol Fuel Cells (DMFCs) have significant voltage losses in both the 

anode and cathode due to the slow kinetics of methanol oxidation and oxygen reduction, 

respectively, and substantial loss of methanol across the membrane (i.e. methanol 

crossover). The complex interactions of these transport and kinetic losses complicate the 

process of isolating these phenomena and quantifying the effect of components (e.g. 

catalysts, membrane, backing layer), cell assembly (e.g. clamping pressure), and 

operating conditions (e.g. temperature, methanol concentration, flow rate). Understanding 

the magnitude of the individual losses in a DMFC provides the opportunity to optimize 

cell design and operating conditions and to understand the interactions between the anode 

and the cathode. 

Extensive work has been done to understand the DMFC behavior and to address 

the two major effects: methanol oxidation kinetics and methanol crossover. Reviews in 

these subjects can be found elsewhere [2-4]. In order to improve the methanol oxidation 

kinetics several catalysts have been explored [5]. The most common catalysts used for the 

methanol oxidation at the anode are based on Pt-Ru. Research has focused on synthesis 

of bimetallic particles [6, 7], optimization of the support [8-10], the catalyst particle size 

[11, 12] and the atomic ratio [13, 14]. However, in the search for more active and less 

expensive catalysts than Pt-Ru, researchers have also evaluated non-Pt catalyst and other
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 Pt alloy catalyst for the anode [15]. Another problem effect that requires a solution is the 

methanol crossover, which not only reduces the fuel utilization in the cell, but also 

contributes to the voltage loss in the cathode via a mixed potential. The membrane is the 

major control for methanol crossover. Although Nafion® (DuPont), the most frequently 

membrane used in DMFCs, poses high conductivity and stability, it suffers from high 

methanol crossover. Consequently, thicker versions of Nafion® (e.g. 117) are often used. 

Although thicker membranes reduce methanol crossover, they add more ohmic 

resistance. Therefore another major area of research is focused on the development of a 

methanol resistant membrane, including non-Nafion fluorinated membranes, composite 

fluorinated membranes, non-fluorinated membranes [16-18], and composite Nafion/PVA 

membranes [58].   

Research directions have also concentrated in the development of mathematical 

models to understand the design parameters and the effect of the operating conditions in 

DMFCs. Extensive work in this area can be found in the literature and has been reviewed 

by several authors [17, 19-23]. The vast majority of these models are developed using a 

one-dimensional, steady state, isothermal, and single phase approach. Also, many models 

focused on the overall performance of the DMFC or are validated using only full-cell 

polarization data [24-30]. Some models are used to investigate in-depth a specific key 

area of the DMFC. These studies include the anode polarization [31-33], methanol 

crossover [34-37], with some authors separating the of electro-osmotic and diffusion 

fluxes [34, 37], and the effect of mixed potential in the cathode [38-40].  

Yang, et al. investigated methanol and air flow rates to develop a model on the 

relationship between DMFC operating parameters and performance measures based on 
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equations developed in previous work.  Sub-models looked at ohmic overpotential, open 

circuit voltage, and the total overpotential, while the semi-empirical model calculated 

coefficient values through numerical data fitting.  Although the model was found to be 

effective for predicting DMFC performance based on the influences of temperature, 

methanol concentration, methanol flow rate, and air flow rate, it was limited to the 

TekStak DMFC and does not provide coefficient values for a wide range of DMFCs [52]. 

Jeong et al., in an effort to reduce fuel consumption and enable DMFCs to operate 

more efficiently, developed a model based on modifications of Sundmacher et al. and 

Zhou et al., which focuses on the entire operating procedure.  Steady-state cell 

performance was determined based on the feed concentration of methanol, and a dynamic 

simulation verified the behavior of the DMFC from start-up to shut-down operation.  

Residual methanol fuel waste occurred in shut-down operation where the anode reaction 

rate drops.  The model developed, which formulates the optimization problem as a non-

linear programming problem, maximizes the performance of the DMFC under a given 

power density load [53]. 

Oliveira et al. looked at different parameters and their influence on the net water 

transport coefficient, yet another challenge in DMFC performance optimization.  Low 

coefficient values were obtained when cathode air humidification was increased, as well 

as during decreases in membrane thickness and increases in the catalyst loading.  The 

resulting model provides useful information for future high concentration or pure 

methanol DMFC systems [54]. 

In yet another analysis of performance losses within the DMFC, Escudero-Cid et 

al. looked at the degradation of a synthesized PtCoRu/C cathode compared to a Pt/C 
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cathode during short- and long-term cell operations.  Rotating disk electrode studies 

showed that, in the presence of methanol, the oxygen reduction reaction performance is 

greatly affected with the use of the Pt/C cathode, whereas the PtCoRu/C cathode has only 

a minor affect.  Electrochemistry impedance analysis also identified that the resistance 

associated to the anodic process increases with the severity of the overall degradation 

performance of the cells [55]. 

A more comprehensive analysis by Rosenthal et al. provides an isothermal model 

that accurately predicts experimental data established by Chiu et al.  Based on an 

extensive list of parameters, the model provided for a good fit with data from Chiu et al. 

when looking at the effect of methanol feed concentration on DMFC performance.  The 

model was also used to study the predicted methanol crossover current density at 

different operating temperatures, as well as to predict cathode and anode polarization.  By 

controlling the methanol feed concentration, the model could be used to develop optimal 

operating condition control algorithms [56]. 

More recently, Casalegno et al. have looked at the dependence of methanol 

crossover on operating conditions and on membrane and gas diffusion layer (GDL) 

characteristics, such as morphology, thickness, PTFE content, and presence of a 

hydrophobic mictroporous layer at the cathode side and/or the anode side.   Through 

experimental and modeling analyses, Casalegno et al. determined that methanol crossover 

decreases considerably in continuous operation [59], CO2 measurement at the cathode is 

a reliable indicator of crossover, cathode feeding has very slight effects on crossover, and 

taking advantage of vapor methanol transport for the electrochemical reaction can have 

an effect on reducing crossover [60]. 
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Many theoretical DMFC models have been developed to cover a broad range of 

performance optimization.  However, little attention has been given to understand the 

individual voltage losses in the cell simultaneously with methanol crossover.  This thesis 

presents a strategy to couple mathematical simulations with anode and cathode half-cell 

experiments, methanol crossover data, and hydrogen pump experiments to quantify 

individual losses in a DMFC. This approach breaks down the fuel cell losses and 

correlates the results with the parts of the model for each of the reaction elements to show 

the relation to the whole cell performance. A 1D analytical model was used in order to 

make quick predictions of the data, and experimental conditions were selected for which 

this model is applicable. The batch of tests prescribed allows not only the anode and 

cathode overpotentials to be quantified, but also for estimation of the voltage and fuel 

losses due to crossover of methanol. The model also captures the effect of cathode flow 

rate on methanol crossover and performance. 
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CHAPTER 2 

MODEL DESCRIPTION 

2.1 Voltage Loss Analysis 

The cell voltage for a DMFC can be divided into voltages resulting from the 

anode, cathode, and membrane-electrode assembly (MEA) resistances, and is written as: 

      
2 2Cell O O X over MeOH MeOH Cell M IonV U U I R R          [1] 

This equation suggests that these individual terms can be measured separately using 

anode half-cell, cathode half-cell, and hydrogen-pump experiments. It also assumes that 

the individual losses do not interact. For example, the methanol reaching the cathode 

creates a mixed cathode overpotential but does not affect the oxygen kinetics. The model 

parameters specific to these experiments can then be estimated and used in the full-cell 

model to predict cell performance as a function of operating conditions (e.g., current, 

methanol concentration, flow rates). The methodology and the assumptions made are 

discussed below. 

The voltage measured in an anode half-cell experiment ( ,A expV ) can be expressed 

as: 

      
2 2, ,A exp MeOH MeOH H H red Cell M IonV U U I R R        [2] 

The voltage measured in the hydrogen pump experiment ( ,IR expV ) can be expressed as: 

      
2 2 2 2, , ,IR exp H H ox H H red Cell M IonV U U I R R        [3]
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The voltage measured in the cathode half-cell experiment ( ,C expV ) can be expressed as: 

      
2 2 2 2, ,C exp O O H H ox Cell M IonV U U I R R        [4] 

From Eq. [3] it can be see that the results from the hydrogen pump experiment 

gives not only the MEA resistance ( M IonR R ), but also the overpotentials for hydrogen 

oxidation and reduction. However, these terms are small since the kinetics for these 

reactions are facile. In addition, when data from the hydrogen-pump experiment are 

subtracted from the anode-half cell data, the result is: 

 
2, , ,A exp IR exp MeOH MeOH H oxV V U       [5] 

where the overpotential for hydrogen reduction is eliminated. Therefore, the left hand 

side of Eq. [5] underestimates the anode overpotential value by the hydrogen oxidation 

overpotential. Again, this error is expected to be small relative to the error in the data and 

parameters estimation. The anode half-cell data is then fit to the following kinetic 

methanol oxidation expression [41]: 

 0,

A
MeOH

A
MeOH

FA
MeOH MeOH RT

ref F

A RT
MeOH

kc
j ai e

c e













 [6] 

Similarly, the overpotential of the cathode can be estimated by the equation: 

 
2 2 2, , ,C exp IR exp O O H redV V U       [7] 

Again, the left hand side of Eq. [7] underestimates the absolute value of the cathode 

overpotential, but the error introduced is expected to be small. The cathode half-cell data 

is then fit to the following Tafel expression: 

 
222

2

2

0,

,

e
C

O

F
OO RT

O ref

O ref

c
i i

c




  [8] 
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2.2 Methanol Mass Transport 

The mathematical model developed previously [1, 34] was modified to include 

the effect of mass transfer resistance in the anode and the unreacted methanol transport 

through the cathode on cell performance and methanol crossover. Specifically, the mass 

transfer resistance between the anode flow channel and the ABL was estimated using an 

empirical expression for flow in rectangular channel from Newman and Thomas-Alyea 

[42]. 

 

1/3 1/3 2/3
/ /ScRe

Sh 1.6151 1.2 0.28057
/ ScRe ScRe

Ch H Ch H

Ch H

D D
O

D

     
        

    
 [9] 

where the Sherwood, Reynold, and Schmidt numbers are defined respectively as: 

 Sh  Ch H

MeOH

k D

D
 [10] 

 Re



 HD v

 [11] 

 Sc





MeOHD
 [12] 

The O  in the last term of Eq. [9] indicates order of magnitude of the quantity in 

parenthesis. 

From the dimensions of the flow channel, the hydraulic diameter can be 

determined as follows: 

 
 

4 2Cross Ch Ch
H

Wet Ch Ch

A w
D

P w




 


 [13] 



9 

 

For the model simulations the properties of the solution and the geometry of the 

flow channel are constant; only the velocity changes. Therefore, Eqs. [9] to [12] can be 

rearranged to give: 

 
1 1 2

3 3 3
1 2 3 4Chk C v C C v O C v

  
     

 
 [14] 

where 

 

1/3
2

1 1.6151
 

  
 

H

MeOH Ch

D
C

D
 [15] 

 2 1.2 MeOH

H

D
C

D
 [16] 

 

1/3

3 2
0.28057

 
  

 

MeOH Ch

H

D
C

D
 [17] 

 

2/3

4 2

 
  
 

MeOH Ch

H

D
C

D
 [18] 

This mass transfer resistance between the anode flow channel and the ABL is in series 

with the resistance of the ABL. Therefore, an additional resistance (1/ Chk ) is added to the 

resistance of the ABL ( /B BD ) in the previous model [1]. Otherwise, the equations 

governing the anode are the same. 

The methanol crossover is controlled by diffusion and electroosmotic drag 

through the membrane and is given as
 
[1]: 

 
 

,

M II IIIM Cell
MeOH z MeOH

M

D c c i
N

F





   [19] 
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where IIc  and 
IIIc  are the methanol concentrations at anode and cathode side of the 

membrane as shown in Figure 2.1. As it will be shown later, the gas flow in the cathode 

changes the methanol diffusion flux through the membrane by affecting 
IIIc . 

Consequently, 
IIIc  is used as an adjustable parameter in the model in order to fit the 

methanol crossover data. However, this concentration can be expressed as a fraction,  , 

of the methanol concentration at IIz  as follows: 

 III IIc c  [20] 

Combining Eqs. [19] and [20] gives: 

 
 

,

1M IIM Cell
MeOH z MeOH

M

D c i
N

F







   [21] 

Thus, 1   represents the fraction of methanol concentration that drops across the 

membrane. At open circuit the electroosmotic flux term in Eq. [21] is zero, and there is 

no consumption of methanol in the ACL. 

 Ch

II MeOHc c  [22] 
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Figure 2.1: Schematic of the DMFC layers considered in the model showing the 

resistance at the anode flow channel – backing layer interface.
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Consequently, by measuring the methanol crossover at open circuit for different methanol 

concentration it is possible to determine   from the slope of ,

M

MeOH zN  vs Ch

MeOHc . 

The leakage current due to methanol oxidation in the cathode catalyst layer is 

given by 

  , ,6 M C

Leak MeOH z MeOH zi F N N   [23] 

In Eq. [23], the unreacted methanol is calculated as 

 ,

C

MeOH z C IIIN k c  [24] 

where Ck  is the mass transfer coefficient. As discussed above, at open circuit the 

electroosmotic flux term in Eq. [19] is zero. Also, since there is no reaction in the anode 

and the cathode, Eq. [22] holds true and 

 , ,

M C

MeOH z MeOH zN N  [25] 

Therefore, combining the first term of Eq. [19] with Eqs. [22], [24], and [25] gives: 

 

1

,

Ch

MeOH M
C M

MeOH z M

c
k

N D




 
   
 

 [26] 

Using Eq. [26], the mass transfer coefficient was determined from measurements of 

methanol crossover at open circuit as function of cathode flow rate for different 

concentrations. This does not mean that the flux of unreacted methanol is the same at 

open circuit than it is under load. Rather, assuming that Ck  is the same under load than it 

is at open circuit just means that the resistance to mass transfer is the same under the two 

conditions. 

A portion of the methanol crossing the membrane is oxidized at the cathode. This 

is the leakage current defined by Eq. [23]. Coupling the measured total methanol 
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crossover to the kinetics given in Eq. [8] enables an accurate estimate of the overpotential 

caused by crossover as: 

 2

2

2

,

0,

ln
O ref Leak

X over O

C O ref

c iRT

F c i





 
   

 
 

 [27] 

The value of 
X over 

 estimated from Eq. [27] can be used with Eq. [1] to approximate the 

full-cell voltage. 
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CHAPTER 3 

EXPERIMENTAL 

3.1 Cell Preparation 

Tests were performed using a fuel cell of 25 cm
2
 from Fuel Cell Technologies. 

The membrane electrode assembly (MEA) was constructed with a Nafion® 117 

membrane and E-TEK gas diffusion electrodes prepared according to the decal method of 

Wilson [43]. The anode loading was 3 mg/cm
2
 of 40 wt% 1:1 PtRu/C catalyst and the 

cathode loading was 5 mg/cm
2
 of 40wt% Pt/C. Tests were conducted using an 890C load 

cell from Scribner Associates Inc. with a methanol fuel system and the software package 

FuelCell
®
 (Scribner Associates Inc.) was used to control the station. The membrane was 

hydrated with water for 24 hours with a 40 ccm flow of water in the anode and a 20 sccm 

flow of oxygen at 2 atm (absolute) in the cathode. The cell temperature and inlet 

temperatures were 70°C. All reagents were certified as ultra high purity. 

3.2 DMFC Testing 

For the full-cell polarization, the cell was operated as shown in Figure 3.1. Prior 

to running tests with a given concentration of methanol, the system was flushed with 1.5 

L of methanol solution. The flow rate in the anode was set to maintain a 20 

stoichiometric excess ratio with a minimum flow rate of 2 sccm. The flow rate in the 

cathode was set to maintain a 20 stoichiometric excess ratio with a minimum flow rate of
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Figure 3.1: Schematic of a DMFC. 
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20 sccm. These conditions were selected such that the 1D analytical model approach is 

valid. Polarization curves between 0.2 V and open circuit were run at constant voltage 

and the current was allowed to equilibrate at each condition for 15 minutes before 

recording the current. 

3.3 Anode Half-Cell Testing 

For the anode half-cell polarization, the cell was operated as a methanol 

electrolysis cell as shown in Figure 3.2. At the anode, methanol and water were oxidized 

to CO2, protons and electrons. At the cathode, protons were reduced to form hydrogen. 

Hydrogen also flowed through this electrode to serve as a reference electrode. The flow 

rates of methanol and hydrogen were set to be the same as the flow rates of methanol and 

oxygen during a full-cell test, respectively. An HP 6032A (Hewlett-Packard) DC power 

source was used to apply a current between the anode and cathode. The voltage necessary 

to maintain a specific current was measured by the power supply and checked using a 

digital multimeter. The limiting current was determined when the voltage necessary to 

maintain a particular current reached 1 V. 

3.4 Hydrogen Pump Testing 

A hydrogen pump experiment was run by switching the terminals on the power 

supply while running the cells in the setup for the anode half cell experiment. A diagram 

of the experimental setup for the hydrogen pump test is shown in Figure 3.3. At the anode 

(the cathode under anode half-cell conditions), hydrogen was oxidized to protons and 

electrons. At the cathode, protons were reduced to form hydrogen back. The flow rates of
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Figure 3.2: Schematic of the anode half cell. 



18 

 

22 2H e H  

Anode:

Cathode:

2 2H HOverall:

3CH OH

2H O 2H

2H O

H 

Pt/Ru

cathode

Pt

anode

Membrane

2H

2H O
ee

2 2 2H H e  

2H

2H O
3CH OH

22 2H e H  

Anode:

Cathode:

2 2H HOverall:

3CH OH

2H O 2H

2H O

H 

Pt/Ru

cathode

Pt

anode

Membrane

2H

2H O
ee ee

2 2 2H H e  

2H

2H O
3CH OH

 

 

Figure 3.3: Schematic of the hydrogen pump cell. 
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 methanol and hydrogen were set to be the same as the flow rates of methanol and oxygen 

during a full-cell test, respectively.  

3.5 Cathode Half-Cell Testing 

For cathode half-cell polarization, the cell was run similar to a PEMFC with a 

hydrogen anode and an oxygen cathode. Figure 3.4 shows a diagram of the cathode half-

cell experimental setup. Dry oxygen was flowed through the cathode at the same 

stoichiometry as for the full-cell DMFC experiments. In the anode, saturated hydrogen 

with a dewpoint of 80°C was flowed at a stoichiometry of 4. Condensing conditions were 

used to simulate the environment in a DMFC where liquid water in the anode saturates 

the membrane. High stoichiometric flow was used to minimize concentration 

overpotential in the anode. 

3.6 Methanol Crossover 

The methanol crossover was determined by measuring the amount of CO2 in the 

cathode exhaust. In the analysis of the crossover experiments, the measured CO2 comes 

from the methanol that is oxidized at the cathode as described by the parasitic reaction 

shown in Figure 3.1 and the unreacted methanol that is oxidized in the gas 

chromatograph (GC). Gas samples from the cathode outlet were collected using a SGE 

GAV-200 gas sampler after condensed water was removed from the line. A GC Buck 

Scientific model 910 equipped with a molecular sieve 5A column was used to measure 

the CO2 concentration from the gas samples. The volumetric flow rate of the gas at the 

cathode outlet was measured using a digital bubble flowmeter Agilent Optiflow 650.  
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Figure 3.4: Schematic of the cathode half cell. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The methanol crossover reported in the literature is commonly based on cells that 

use a constant flow in the cathode. However, this work addresses the difference between 

constant stoichiometry and constant flow on methanol crossover. This is important 

because the cathode flow affects the methanol crossover as shown in Figure 4.1. This 

figure shows the methanol crossover at open circuit as function of cathode flow. Since no 

electroosmotic drag exists at open circuit, the increase in the methanol crossover 

observed in the figure is due to increased concentration gradient across the MEA. At 

higher cathode flow rates, the methanol concentration gradient has reached a maximum 

and thus the methanol transport by diffusion has as well. 

As discussed previously, the mass transfer coefficient was calculated from Eq. 

[26] and using the measured methanol crossover as function of cathode flow rate from 

Figure 4.1. The results were fitted to the following equation: 

      13 3 11 2 67 10 2 10 1 10C C C Ck x Q x Q x Q       [28] 

where CQ  is the inlet volumetric flow rate at the cathode flow channel. 

As described in the experimental section, the full-cell polarization and the 

individual voltage losses were measured under the same conditions. The parameters used
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Figure 4.1: Methanol crossover at open circuit as function of the inlet cathode flow rate 

with model simulations (lines) for different methanol concentrations. 
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 to fit the model to data are shown in Table 4.1. Model parameters were chosen using 

literature values and from fitting the experimental data. In Eq. [6], 0,

MeOH

refi  was obtained 

from Wang and Wang [24] while the parameters a , k ,  , and A  were used to fit the 

anode half-cell data. In addition, the methanol diffusion coefficients in the anode backing 

layer (ABL) and anode catalyst layer (ACL), BD  and AD  respectively, affect the 

methanol concentration at the ACL, A

MeOHc . These values are critical in the mass transfer 

limited region for either the anode half-cell and full-cell polarizations. Consequently, BD  

and AD  were estimated in order to fit the limiting current density from the anode half-cell 

and the full-cell polarizations. In Eq.[8], 2

0,

O

refi  was obtained from Parthasarathy et al. [44] 

while C  was used to fit the cathode half-cell data. In Eq. [19], the diffusion coefficient 

of methanol, MD , is obtained from Scott et al.[45] and the electroosmotic drag 

coefficient is obtained from Ren et al.[46] 

The experimental full-cell polarization results obtained at 343 K using different 

methanol concentrations are shown in Figure 4.2 with model predictions of the 

experimental data. The results show that the cell with 1 M produces a power around 25 

mW/cm
2
 at 0.5 V. This performance is below the optimum seen in literature but is a 

reasonable value for a DMFC. The model is able to predict the cell polarizations for 

concentrations of methanol between 0.05 M and 2.0 M. However, the model appears to 

show the most error in predicting the mass transfer limitations for the higher methanol 

concentrations.
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Table 4.1. Model parameters used throughout 

 

Parameter Value 
Reference or 

Experimental Data Fitted 

ak  0.75 cm
-1 

Anode half-cell & full polarization 

AD  
2

5 cm
2.3 10

s
x   Anode half-cell & full polarization 

BD  
2

5 cm
1.85 10

s
x   Anode half-cell & full polarization 

MD  
1 1 22436

6 333 cm
4.9 10

s

Tx e

 
     Scott et al.[45] 

0,

MeOH

refi  
35570 1 1

3 353

2

A
9.425 10

cm

R Tx e

 
     Wang and Wang[24] 

2

0,

O

refi  
73200 1 1

3 353

2

A
4.222 10

cm

R Tx e

 
     Parthasarathy et al.[44] 

Ch  155 cm ----- 

M IonR R  14.2 m  H2 pump 

T  343.15 K ----- 

0

MeOHU  0.03 V Wang and Wang[24] 

2

0

OU  1.24 V Wang and Wang[24] 

Chw  0.08 cm ----- 

A  0.64 Anode half-cell & full polarization 

C  0.94 Cathode half-cell & full polarization 

  0.94 MeOH crossover at OCV 

A  0.0025 cm ----- 

B C   0.028 cm ----- 

Ch  0.1 cm ----- 

M  0.018 cm ----- 

  5.8x10
-9

 mol/cm
3 

Anode half-cell & full polarization 

MeOH  4 MeOHx
 Ren et al.[46] 
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Figure 4.2: Experimental cell polarization (symbols) and model simulations (lines) for 

different methanol concentrations. 
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Figure 4.3 shows the anode overpotential using different methanol concentrations. 

The anode overpotential was obtained by correcting the anode polarization data for the 

ohmic potential drop and the proper thermodynamic reference as shown in the left hand 

side of Eq. [5]. Then the data was fitted using Eq. [6]. Although k  and   affect the 

anode overpotential curve, it is 
A  that shows a significant effect. The model has the 

most error in predicting the behavior for the cell near the mass transfer limited region for 

high concentrations of methanol. The error of the model in this region could be due to 

formation of CO2 bubbles that could alter the mass-transfer in this region. 

The cell voltage during the hydrogen pump experiment is shown in Figure 4.4. If 

the losses due to hydrogen oxidation and reduction are small, the slope obtained from a 

linear regression of the hydrogen pump data gives an approximation of the ohmic 

resistance in the membrane and electrode ionomer. The resistance obtained from these 

experiments was used to calculate the amount of voltage drop caused by the ionomer and 

membrane. 

The absolute value of the cathode overpotential is shown in Figure 4.5. The 

cathode overpotential was obtained by correcting the cathode polarization data for the 

ohmic potential drop and the proper thermodynamic reference as shown in the left hand 

side of Eq. [7]. Then the data was fitted using Eq. [8]. Using a similar approach to the 

anode, the higher cathode overpotential observed for cell 2 was fitted by using a lower 

C  in Eq. [8]. This overpotential is the overpotential of the cathode without the mixed
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Figure 4.3: Experimental anode polarizations (symbols) and model simulations (lines) for 

different methanol concentrations. 
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Figure 4.4: Voltage response as function of current for the hydrogen pump experiment. 
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Figure 4.5: Experimental cathode polarization (symbols) and model simulation (line). 
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potential effect caused by the crossover of methanol. Cyclic voltammetry experiments 

performed on the cathode during the cathode half-cell experiments showed no signs of 

residual CO adsorbed to the cathode catalyst. 

During the measurement of CO2 in the cathode to determine methanol crossover, 

it has been argued that CO2 coming from the anode can interfere with the measurements 

[47-49]. To quantify the amount of CO2 crossover in the cell, crossover measurements 

were taken during anode half-cell experiments. The amount of CO2 measured was very 

small compared to the total CO2 measured in the full cell experiment to determine the 

methanol crossover. Although as much as 20% error has been found in the leakage 

current by neglecting CO2 crossover [34], the compression pressure of the cells used in 

this work is 1380 kPa as compared to the cell used in Eccarius et al. [34] which has a 

significant lower compression pressure of 285 kPa. The high compression in the cell can 

significantly affect the crossover as will be discussed later. Consequently, in this work 

the CO2 effect from the anode was neglected for determining the methanol crossover. 

At open circuit the methanol crossover is only by diffusion, and the slope of the 

line of ,

M

MeOH zN  vs Ch

MeOHc  shown in Figure 4.6 is used to determine 0.94  . 

Consequently, IIIc  is 94% of IIc  which means there is only a 6% drop of methanol 

concentration across the membrane. 

The predictions of the methanol crossover for different methanol concentrations 

are compared to experimental crossover measurements in Figure 4.7. These plots of
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Figure 4.6: Methanol crossover at open circuit as function of methanol concentration with 

model simulation (line). 



32 

 

0

0.02

0.04

0.06

0.08

0.1

0 0.1 0.2 0.3 0.4 0.5

Current density (A/cm
2
)

M
e
th

a
n

o
l 

cr
o
ss

o
v
e
r 

(A
/c

m
2
)

1 M≤ 0.2 M

0.5 M

2 M

 

 

Figure 4.7: Experimental methanol crossover (symbols) and model simulations (lines) for 

different methanol concentrations. 
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 methanol crossover are generally parabolic in shape and show a maximum in the 

crossover current at intermediate current densities. The maximum in crossover current is 

seen because electroosmotic drag, rather than diffusion, is the primary transport 

mechanism for methanol through the membrane. This is illustrated in Figure 4.8 for the 

case of 1 M methanol. 

Typical methanol crossover curves shown in literature do not show a maximum in 

the crossover current [47, 49-51]. Conversely, they show a monotonically decreasing 

methanol crossover with increasing current, which suggest diffusion is the primary 

transport mechanism. Diffusion rates are affected by cell compression, cathode catalyst 

layer thickness, cathode flow rate, or a combination of these parameters. 

To understand the effect of cell compression, methanol crossover measurements 

at open circuit were performed using the cell described in the experimental section (cell 

1), which has an internal compression pressure of 1380 kPa, and another cell with 

identical conditions (cell 2), except that it is compressed to 480 kPa. Results show a 

methanol crossover equivalent to 63 and 185 mA/cm
2
 for the cells 1 and 2 respectively. 

In this case, the decrease in cell compression allows higher diffusion of methanol through 

the membrane. However, the performance of cell 2 was not significantly lower than the 

performance of cell 1. 

In addition to cell compression, the effect of cathode catalyst loading in the 

methanol crossover was studied. It was observed that generally the methanol crossover
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Figure 4.8: Methanol crossover for 1 M methanol at a constant stoichiometry of 20 in the 

cathode. 
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 decreases as the cathode catalyst loading increases. This effect can be explained by the 

fact that the cathode catalyst layer thickness increases with loading. A thicker cathode 

catalyst layer will increase the resistance to methanol diffusion and hence decreases the 

methanol crossover through the membrane. The high cathode catalyst loading used in this 

work, as well as the high cell compression, contribute to the lower methanol crossover 

observed in Figure 4.7 as compared to the literature. 

With all the kinetic and transport processes quantified, the cell voltage can be 

deconstructed. For example, using the previous experimental data for the case of 1 M 

methanol, it is possible to account for the individual losses in order to provide further 

understanding about the cell performance as shown in Figure 4.9. The thermodynamic 

value for the DMFC is 1.21 V. The anode overpotential, the ohmic drop in the membrane 

and electrode ionomer, the overpotential of the cathode, and the loss due to crossover are 

subtracted from 1.21 V to obtain the polarization curve. The final curve represents the 

calculated cell polarization which matches the experimental polarization curve. It can be 

observed that the anode overpotential accounts for most of the losses in the cell followed 

by the cathode overpotential. The losses from crossover can be seen to be relatively small 

and only contribute significantly to the cell losses near open circuit.  The voltage loss 

from methanol crossover would increase if a high flow rate is used in the cathode.
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Figure 4.9: Individual voltage losses from cell polarization with 1 M methanol 

concentration. 
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CHAPTER 5 

CONCLUSIONS 

The one-dimensional model, developed previously, was improved by including: 

(1) methanol transport from the anode flow channel to the backing layer using a mass 

transfer resistance; and (2) accounting for the unreacted methanol transport through the 

cathode. These improvements enable the effect of cathode flow rate on cell voltage and 

methanol crossover to be predicted. 

Cathode flow rate has been shown to affect the methanol crossover by diffusion. 

Cells operated at constant stoichiometry, or where the cathode flow rate is small, can 

show a parabolic shape in the methanol crossover due to the electroosmotic drag 

dominance over diffusion as the primary transport mechanism for methanol through the 

membrane. Conversely, sufficient high cathode flow rate will increase the methanol 

transport by diffusion which can dominates the electroosmotic drag of methanol through 

the membrane. This will make the methanol crossover curves more linear in shape. 

By using anode half-cell, cathode half-cell, hydrogen pump, and methanol crossover 

experiments, the individual losses in a DMFC were investigated. The individual voltage 

losses for a cell operated at 343 K with an O2 cathode at 2 atm absolute pressure 

accounted for all of the voltage loss observed during the operation of the full cell. The 

anode activation accounted for most of the losses in the cell followed by the cathode 

activation. The model was able to reasonably predict the anode, cathode, full-cell
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 polarization, and methanol crossover data for methanol concentrations between 0.05 M 

and 2 M at all operating currents. The ability to identify individual losses allows for 

better analysis of losses in the catalyst layer and allow for more effective catalyst 

optimization.  Future research on fuel cells can benefit from this model by analyzing the 

performance of other fuel cells, identifying where the individual voltage losses are 

occurring, and optimizing the performance of said cells in each voltage loss area.  
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