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ABSTRACT

Direct methanol fuel cell (DMFC) is an attractive power source for portable
applications in the near future, due to the high energy density of liquid methanol.
Towards commercialization of the DMFC, several technical and economic challenges
need to be addressed though. The present study aims at developing and characterizing
high performance membrane electrode assemblies (MEAs) for the DMFCs by using a
hydrocarbon type membrane (PolyFuel 62) and supported catalysts (PtRu/C).
First, methanol and water transport properties in the PolyFuel 62 membrane were
examined by various material characterization methods. Compared with the currently
used perflurosulfonated Nafion 212 membrane, the PolyFuel membrane has lower
methanol crossover, especially at high testing temperature. In addition, based on results
of water diffusivity test, water diffusion through the PolyFuel membrane was also lower
compared with the Nafion membrane.
In order to check the possible impacts of the low methanol and water diffusivities
in the PolyFuel membrane, a MEA with this new type of membrane was developed and
its performance was compared with a Nafion MEA with otherwise identical electrodes
and GDLs. The results showed anode performance was identical, while cathode
performance of the PolyFuel MEA was lower. More experiments combined with a
transmission line model revealed that low water transport through the PolyFuel
membrane resulted in a higher proton resistance in the cathode electrode and thus,
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leading to a low cathode performance. Thus increasing the water content in the cathode
electrode is critical for using the PolyFuel membrane in the DMFC MEA.
Then, a low loading carbon supported catalyst, PtRu/C, was prepared and tested
as the anode electrode in a MEA of the DMFC. Compared with performance of an
unsupported MEA, we could find that lower performance in the supported MEA was due
to methanol transport limitation because of the denser and thicker supported catalyst
layer. Accordingly, an addition of a pore former, Li2CO3, was proposed during the
catalyst ink preparation. This was proved to be very effective, largely improving anode
performance with only 1/3 of catalyst loading.
Finally, the PolyFuel membrane and supported catalysts were ready to be applied
in the new MEA for the DMFCs. The new made MEA, with the catalyst loading of 2.6time lower than a reference MEA, showed a very promising result, about only 10mV
performance loss under the current density of 150mA/cm2 compared with the reference
MEA. Moreover, a short-term decay test indicated that the new MEA may have better
durability and life because of its low methanol crossover on the cathode electrode due the
PolyFuel membrane.
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Chapter I INTRODUCTION

With increasing demands for development of next-generation power sources, fuel
cell technology has drawn extensive attention as one of the most promising alternatives
due to its great potential for high power density and long running time compared with
traditional combustion and battery systems1-3. Among all types of fuel cells, the direct
methanol fuel cell is presently regarded as a leading contender for portable applications,
since it offers a simple, stable and efficient energy conversion solution due to the usage
of liquid fuel.

1.1.

Background

Although the concept of fuel cells can be traced back to the 1800s4-6, the National
Aeronautics and Space Administration (NASA) had chosen alkaline fuel cells to provide
electricity as the main power sources for the Apollo missions until the 1960s, after which
fuel cell technology began to receive more and more attention from both industry and
government as a valuable candidate for the next generation of clean energy. Currently,
four types of fuel cell are being energetically pursued: polymer electrolyte fuel cells
(PEFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and
solid oxide fuel cells (SOFCs) 1, 7-8.
Depending on the fuel used, there are two primary types of fuel cells in the
category of PEFCs: hydrogen proton exchange membrane fuel cells (PEMFCs) and direct
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methanol fuel cells (DMFCs), both usually operating under 100°C. Although the
hydrogen reaction is very fast, its gaseous nature under ambient conditions requires either
novel hydrogen storage methods or indirect fuel conversion techniques9-10, which largely
undermine portability. However, DMFCs can overcome these issues and become a very
attractive power source for portable applications due to the advantages of using liquid
methanol:
1) Readily available at low cost;
2) Easy storage and high storage efficiency (95% for methanol tanks compared
with 0.6% for H2 at 300bar pressure in cylinders) 1;
3) High energy density (18.9MJ/kg for methanol tanks compared with
0.72MJ/kg for H2 at 300bar pressure in cylinders) 1;
4) Lower weight resulting in a vastly reduced weight for a portable system
5) Simple system design without the need for humidification and thermal
management;
6) Fast and convenient refueling.

1.2.

1.2.1.

Fundamentals of Direct Methanol Fuel Cells

Working Principle of DMFC

Like batteries, DMFCs can convert the chemical energy of methanol fuel directly
into electrical energy in a clean, pollution-free and efficient way. The working principle
and species transport of a DMFC are shown in Figure I-1.
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In a typical liquid feed DMFC, an aqueous methanol solution is fed into the anode
where it is oxidized into protons and electrons as shown in Reaction 1-1. Protons can pass
through the electrolyte membrane and reach the cathode catalyst, while electrons must
travel through an external circuit to reach the cathode. Meanwhile, air is fed into the
cathode, where oxygen can combine with protons and electrons to generate water as
shown in Reaction 1-2. The electron flow (from anode to cathode) through the external
circuit will electrically power the load by direct current (DC). The overall DMFC
reaction is the sum of the two half reactions on the anode and cathode, shown in Reaction
1-3, in which the final products of water and carbon dioxide need to be exhausted out of
the fuel cell. Therefore, unlike batteries, the DMFC can generate electricity continuously
as long as fuels are provided.

1.2.2.

Anode:

CH 3OH + H 2 O → CO2 + 6 H + + 6e −

(1-1)

Cathode:

6 H + + 6e − + 3 2 O2 → 3H 2 O

(1-2)

Overall:

CH 3 OH + 3 2 O2 → CO2 + 2 H 2 O

(1-3)

Operational cell voltage

By calculating the Gibbs free energy changes in Reactions 1-1-1-3, we can
determine the equilibrium electrical potential of the DMFC. Based on the
thermodynamics data11, the change of standard Gibbs free energy in the anode is shown
as follows:

4

0

( ) − (g )
0 CO2

Δg a = g a

0 MeOH
a

( )

0 H 2O

− ga

= −394.38 − ( −166.29) − ( −237.18)

(1-4)

= 9.09kJ / mol
Thus the anode standard potential can be can be calculated by
0

− Δg a
− 9.09kJ / mol
E =
=
= −0.016V
6F
6 × 96485C / mol
0
a

(1-5)

Similarly we can determine the cathode standard potential as
0

− Δg c
711.54kJ / mol
E =
=
= 1.229V
6F
6 × 96485C / mol
0
c

(1-6)

Thus the equilibrium potential of the DMFC can be determined as follows

E eq0 =

702.45kJ / mol
− Δg 0
=
= 1.213V
6F
6 × 96485C / mol

(1-7)

The equilibrium potential of the DMFC is close to that of the hydrogen PEMFC,
which is 1.23V at room temperature and ambient pressure1. However, the DMFC cannot
run close to the equilibrium potential due to certain irreversible losses. Specifically, the
major voltage losses are shown in Figure I-2:
1) Methanol Crossover. As to a commonly used electrolyte membrane, Nafion,
methanol molecules can permeate through it and thus react easily with
supplied oxygen on the cathode side. This crossover leads to two negative
impacts on cell performance: lower fuel utilization and higher cathode mixing
potential12-16. The fuel crossover occurs in some extent for all types of
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PEMFCs. Compared with the hydrogen PEMFC, which may have negligible
H2 permeation through the electrolyte membrane17-18, methanol losses due to
crossover could be as high as 40% under typical operating conditions19. Thus
in DMFCs, the actual open circuit voltage is much lower than the theoretical
value of 1.21V.
2) Activation losses. For the H2 PEMFC, the major activation loss is due to the
slow oxygen reduction reaction on the cathode side, while for the DMFC, the
sluggish methanol oxidation kinetics also limit cell performance. This is
mainly because of complicated intermediate processes for the methanol
oxidation reaction20-21. Meanwhile, the methanol crossover issue may further
deteriorate the cathode oxygen reduction reaction due to lower oxygen
concentration22.
3) Ohmic losses. These losses include resistance to the flow of electrons through
various components of the electrodes and interconnections of the component,
and resistance to the transportation of protons through the electrolyte
membrane1. The potential drop due to ohmic losses is proportional to the
operating current density.
4) Mass transport losses. Mass transport losses are caused by insufficient
reactants for the reactions and/or inefficient removal of the products from the
reactions around the reactive sites of the electrode, also known as
concentration losses. This part of voltage loss is shown as a steep drop in the
cell voltage at high operating current until a limiting current density I lim at
which the reactant is used up.
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1.2.3.

Efficiency of DMFCs

The thermodynamic efficiency, η th , under reversible conditions of a DMFC is
defined as the ratio of maximum possible electrical work (i.e. standard Gibbs free energy

ΔG 0 ) to the total chemical energy (i.e. standard enthalpy of the reaction ΔH 0 ).
Calculated through the thermodynamics data for a DMFC according to Equation 1-3, we
can determine that the theoretical thermodynamics efficiency of a DMFC is 96.7% at
25°C, as shown in Equation 1-8, higher than that of the H2 PEMFC, which is 83%2.

η th =

ΔG 0
×100% = 96.7%
ΔH 0

(1-8)

As discussed above, the operational DMFC may suffer several voltage losses. The
overall efficiency of the DMFC, η , is then the product of thermodynamics energy
efficiency, voltage efficiency and fuel efficiency as shown in Equation 1-9,

η = ηth × η volt × η fuel = 0.967 ×

Vcell
I
×
0
E eq I + I xover

(1-9)

where Vcell , I and I xover are the cell voltage, operating current density and crossover
current density, respectively. Due to the irreversible kinetics effects in the fuel cell and
methanol crossover effect as described in the last section, the practical energy efficiency
is always much lower after accounting for voltage and fuel utilization losses. For
example, if a DMFC runs at 0.4V with the fuel efficiency of 80%, the overall efficiency
of the DMFC is calculated as Equation 1-10,
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η == 0.967 ×

0.4
× 80% = 25.6%
1.213

(1-10)

This means that 74.4% of the energy is wasted during cell operation and only 25.6% of
the energy transfers to electric energy. Therefore, in order to achieve higher energy
conversion efficiency in a DMFC, it is critical to operate the cell at the highest possible
voltage, and at the same time, to minimize methanol crossover through the membrane.

1.3.

Technical Challenges of DMFCs

At present, DMFCs show several advantages over traditional power systems such
as batteries and combustion engines. However, there are still significant technical
challenges that prevent the DMFC technology from commercialization, as listed as
below23.
1) Sluggish methanol oxidation, one of the major factors limiting the practical
deployment of DMFCs. Slow electrooxidation of methanol is due to the complicated
intermediate processes of anode electrochemical reaction, especially under the ambient
operating conditions of portable applications20, 24. Furthermore, the intermediates of the
reduction reaction, such as carbon monoxide, CO, could be attached on the active catalyst
sites, and thus, impeding continuous reactions. Although high loading of precious PtRu
metals (such as 8mg/cm2)25-27 is currently used to improve the reaction activities of the
methanol oxidation reaction, this represents a significant material cost in the final
commercial product. A critical challenge in DMFC research is reducing catalyst loading
without sacrificing cell performance. Current research efforts include seeking new active
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and stable alloy catalysts, using supported material in the catalyst, and optimal structural
and material design of the electrodes in order to improve electrochemical kinetics.
2) Facilitated mass transport. An well designed electrode must guarantee easy and
constant access to the reactants, relying heavily on both effective reactant supply and
timely product removal28. For example, on the anode side, CO2 can build up a large gas
volume in the anode, possibly in both flow channels and porous electrodes, especially
under the high current conditions. This large amount of CO2 may block the methanol
transport paths to the catalysts, wherein the cell performance would be suppressed by
insufficient reactant supply. Similarly, on the cathode side, water production and
crossover from anode to cathode due to electroosmotic drag and diffusion also need to be
addressed, in order to ensure enough oxygen available for the cathode reaction29. In fact,
efficient control of water in the DMFC represents a very challenging research topic30-32.
In addition to control of reactant feeding conditions, an optimized porous catalyst
structure design is also critical to ensure effective species transport, since the catalyst
loading of a DFMC is several times that of a H2 PEMFC, making the electrode even
thicker.
3) Methanol crossover. As introduced, undesired methanol crossover through the
electrolyte membrane from the anode to cathode imposes two critical effects on the cell
overall performance: low fuel utilization and an additional mixing potential which
deteriorates cathode performance. Although a dedicated design of a membrane-electrodeassembly (MEA) and careful selection of the working conditions could mitigate the
methanol crossover effect on DMFC performance33-34, the deployment of a polymer
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electrolyte membrane with lower methanol crossover rate could be most useful for
eliminating methanol crossover effect. In addition, development of both an active anode
catalyst and a high methanol tolerance cathode catalyst could mitigate the adverse effects
of methanol crossover as well35-36.

1.4.

Literature Survey on DMFC Research

In order to overcome the technical challenges mentioned above, great efforts have
been dedicated to development of new catalyst and membrane materials, as well as
manufacturing and optimization of MEAs.

1.4.1.

The Polymer Electrolyte Membranes

The polymer electrolyte membrane not only works as an electrical insulator to
separate the anode and cathode electrodes, but also allows protons to be transferred from
anode to cathode through vehicle migration (low water contents) or a “hopping”
mechanism (high water contents) that acts as a short bridge45-46. Although recently
explored polymers are made of different backbones and side chains, a simple model can
be used to describe the microstructure of the polymer electrolyte membrane, as shown
in Figure I-347. This model is based on a three-phase clustered system with
interconnecting channels within the polymer. The three regions consist of (A) a
hydrophobic backbone, (B) an interfacial region of relatively large fractional void volume
containing some pendant side chains, some water, and those ionic groups and counter
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ions which are not in clusters, and (C) the hydrophilic clustered regions where the
majority of the ionic exchange sites, counter ions, and adsorbed water exists. While the
connected hydrophilic domain is responsible for the transport of protons and water, the
hydrophobic domain provides the polymer with morphological stability and prevents the
polymer from dissolving in water. The current state-of-the-art proton exchange
membrane Nafion (®Dupont) is most widely studied and used in the research for fuel cell
applications.
Nafion has the same backbone as polyetrafluoroethylene (PTFE) which forms the
hydrophobic region as the model mentioned above, with long flexible vinyl ether side
chains ending with sulfonic acid groups SO3H (the hydrophilic region), as shown
in Figure I-41,48. The backbone consisting of fluorine and the carbon, which have very
strong bonds between them, provides a durable and stable structure for the membrane.
The SO3H molecules in the side chain are highly hydrophilic and can absorb large
quantities of water to maintain adequate conductivity of the membrane. In a well
hydrated electrolyte, the H+ ions are relatively weakly attached to the SO3- groups, and
can freely move within the membrane. However, methanol when used as a fuel, mixes
very readily with water, and as stated above, water is an essential part of the structure of
the polymer electrolyte membrane. With the transportation of water in the membrane, the
methanol can easily reach the cathode side, as well causing the problem of methanol
crossover, resulting in a drop in efficiency of fuel utilization up to 50%19. Considering the
unavoidable adverse effects of methanol crossover for Nafion membranes, there is
increasing demand for seeking alternative proton exchange membranes in order to reduce
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methanol permeability while also maintaining reasonable proton conductivity. Research
has focused on non-fluorinated membranes which not only show desirable properties due
to their distinct chemical composition and microstructure but also offer relatively low
cost compared with perfluorinated membranes49-50.
Given the backbone composition of the polymer membrane, most non-fluorinated
membranes can be considered as hydrocarbon membranes, such as sulfonate
poly(styrene)51-53,

polybenzimidazole54,

poly(arylene)56,

poly(etherketone)57

and

poly(imides)55. The different microstructure of this class of membrane gives rise to
certain characteristic perspectives for fuel cell applications50. As a result of the smaller
hydrophilic/hydrophobic difference (the backbone is less hydrophobic, and the sulfonic
acid functional group is less acidic) and the smaller flexibility of the polymer backbone,
the separation into hydrophilic and a hydrophobic domains is expected to be less
pronounced for non-fluorinated membrane compared to fluorinated membrane such as
Nafion. The narrower channel and stiffer backbone structures of the non-fluorinated
membrane lead to lower methanol permeability of the membrane which is the key
advantage for the DMFC application. However the low proton conductivities and
chemical instability limit their applications. Some currently commercialized hydrocarbon
membranes show improved proton conductivity comparable to Nafion58-61. Meanwhile
their chemical and thermal stability proves acceptable for commercialization considering
their low cost. Hence, the use of hydrocarbon polymers has attracted renewed interest.
In addition to the material requirement of the proton exchange membrane itself,
the ease of membrane electrode assembly fabrication and the resulting properties of the

12

MEA are also critical. Dissimilar polymer materials in membrane and ionomer in
electrodes, the interface between membrane and electrode, as well as transportation of
protons and water from new polymer membranes to the electrode are emerging areas of
interests.

1.4.2.

Catalysts

Almost all the electrochemical reactions require the presence of platinum or
platinum-based catalysts in low-temperature, acid media characteristic of proton
exchange membrane fuel cells. The electrooxidation of methanol is a sequential process
which involves adsorption of the reactants, intermediate steps of dehydrogenation of
methanol, dissociation of water and oxidation of carbon monoxide, as shown below20.
Adsorption:

Pt + (CH 3 OH ) sol → Pt − (CH 3OH ) ads

(1-11)

Dehydrogenation:

Pt − (CH 3 OH ) ads → Pt − (CH 2 OH ) ads + H + + e −

(1-12)

Pt − (CH 2 OH ) ads → Pt − (CHOH ) ads + H + + e −

(1-13)

Pt − (CHOH ) ads → Pt − (COH ) ads + H + + e −

(1-14)

Pt − (COH ) ads → Pt − (CO ) ads + H + + e −

(1-15)

Dissociation of water: Pt + H 2 O → Pt − (OH ) ads + H + + e −
Oxidation of CO:

(1-16)

Pt − (CO) ads + Pt − (OH ) ads → 2 Pt + CO2 + H + + e − (1-17)
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As can be seen from equations above, a complete oxidation of methanol gives rise
to the transfer of six electrons and carbon dioxide. With such a complicated intermediate
step of oxidation, the liquid fuel oxidation reaction proceeds with much more difficulty
compared with the oxidation of hydrogen, thus there are considerable activation
overvoltages at both anode and cathode in a DMFC. This is the main reason for relatively
lower performance of the DMFC compared with a hydrogen fuel cell. Furthermore, the
strongly adsorbed carbon monoxide (CO) in reaction 1-15 is the main poisoning species
that blocks active sites of platinum from further participation in oxidation process. In
order to relieve the CO-poison effect on the anode catalyst, Pt is usually paired with one
or more oxophilic metals to form bimetallic or ternary catalyst system. The incorporation
of more active metals would facilitate the dissociative adsorption of (CO)ads on the
surface of Pt according to a “bifunctional catalysis” reaction mechanism62-63. Basically,
Pt sites adsorb methanol through dehydrogenation and the alloying metal adsorbs
oxgenerated species from water. The methanolic residues adsorbed on Pt sites can react
with the oxygenated species adsorbed on the second element in the alloy to produce CO2
thereby releasing the Pt sites for the next round of reaction. Although many of potential
metals were examined as Pt alloys, currently a custom-prepared mixture of platinum (Pt)
and ruthenium (Ru) is by far the most promising anode catalyst63-64.
However, even by using the optimal PtRu as the anode catalyst, DMFC operation
still requrires high overpotential to completely release six electrons during methanol
oxidation. In order to improve the anode performance, several approaches usually
precede research. The first approach, development of a more active catalyst, proposes to
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use a ternary alloy based on Pt-Ru formulation to improve the rate of electrooxidation.
The ternary alloy such as tungsten (W)65 or gold (Au)66 is supposed to promote ready
adsorption of CO-like species or oxidation of methanolic residues via an effective redox
mechanism63,67. Although some of the reports showed improvement of catalyst activity
by the addition of ternary alloys, the problem of ink preparation and mass production of
the catalyst make the replacement of PtRu with new anode catalyst not feasible under
current conditions. The second approach is to increase the number of active sites of the
PtRu electrodes in order to reduce the anode overpotential, as well as to mitigate CO
poisoning on the anode. The easiest way is to use high loading of precious-metal
catalysts, typically 10-fold higher than loading used in a hydrogen/air fuel cell. This
represents a significant cost issue when using DMFCs as commercial-ready portable
power sources. Therefore the majority of research work for high-performance catalysts is
currently devoted towards using some support materials to increase catalyst utilization.
Presently, the most common catalyst support material is highly dispersed carbon (C), by
which electrochemical reaction area may be increased while keeping low loading of
precious metal. More recently, much research effort towards use of supported materials,
such as carbon nanotube(CNT)68-70 or carbon nanocoil71-72, has been undertaken in order
to improve catalyst performance. Because of potential for very high area-volume aspect
ratio of carbon nano-structures, Pt can be selectively deposited on the carbon surface, and
thus achieve higher catalyst utilization by facilitating mass transport in the electrode.
There is thus much interest in characterization and design of optimal catalysts
using both more active catalytic materials and better distributed catalyst support
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structures. Obviously, the most important factor in a high performance electrode is not
just catalyst materials, but the efficient “triple access” of reactants, electrons and protons
to available active catalyst sites, as well as effective removal of product water and CO2.
The cathode catalysts for oxygen reduction reaction commonly employ Pt or Ptbased alloys, similar to H2/air PEM fuel cells. Due to a vast body of literature on H2 fuel
cells, no discussion on the cathode catalysts is repeated here.

1.4.3.

MEAs

The performance of a DMFC is strongly dependent on the performance of each
part of the membrane electrode assembly (MEA) and their fabrication procedures37-39.
The MEA consists of 5 layers: one proton exchange membrane (electrolyte) sandwiched
between two catalyst layers (anode and cathode), and two gas diffusion layers on both
sides. PTFE-treated carbon paper or cloth can be used as the backing layer. Usually the
backing layer surface is coated with a thin layer of carbon powder and PTFE mixture to
create a microporous layer (MPL). The combination of the MPL and backing layer is
called a gas diffusion layer (GDL). The function of the GDL is to provide support for the
catalyst electrode, the transport path of electrons to the outer electric load, and reactants
to the catalyst sites. The selection of diffusion media materials and wettability of the
MPL proves to have strong effect on MEA performance40-42. The catalyst layer (CL)
where the electrochemical reaction takes place plays an important role in a MEA. For a
typical DMFC, the anode catalyst is Platinum Ruthenium alloy (PtRu), while the cathode
catalyst is Platinum (Pt) or carbon supported Platinum (Pt/C). The porous electrode is
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mainly composed of catalyst particles surrounded by a hydrophilic ionomer (usually
Nafion solution), which must fulfill three functions: proton conduction, electron
conduction and reactants access43. Thus a good electrode must maximize the active
surface per unit area of electrode and minimize barriers to both reactants transport
(electrode with micro-pores) and proton transport (easy path provided by the ionomer
network). The proton electrolyte membrane used for the DMFC is a non-conducting
porous polymer diaphragm. The function of the electrolyte is to transport protons from
anode to cathode, while blocking the electrons going through in order to prevent a short
circuit in the DMFC. Since the solid electrolyte is not as permeable as liquid electrolyte,
Wilson et al.

38-44

proposed to add electrolyte solution in the structure of electrode, thus

forming a complete electrolyte matrix through the electrode and electrolyte to facilitate
proton transport. The most popular and widely used polymer membrane is
Nafion(®Dupont), which shows both great advantages over other polymers and
also insurmountable limitations. Detailed discussion has been given in the above section.

1.5.

Motivation and Objectives

Given both great potentials and existing technical and cost challenges, the main
purpose of this study is to explore the possibility of utilizing an alternative, low-cost
membrane material, and a carbon supported catalyst with low loading of precious metal
in order to develop a high performance, low-cost MEA for liquid-feed DMFCs.
Despite the fact that many theoretical and experimental investigations have been
attempted either on the new membrane materials or catalyst materials, they are mostly
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separate studies independent of practical fuel cell environment and thus, neither
conclusive nor persuasive. As discussed, the technical challenges to be overcome for
successful commercialization of DMFC require a systematic study of the MEA, instead
of just its basic materials as used in the DMFC. Moreover, the detailed process of MEA
manufacture and the realistic operating conditions, such as reactant feeding, transport and
by-product removal make the work of MEA development and evaluation more
complicated. Therefore, the methods used in this study will be focused on material and
electrochemical characterization/evaluation of the MEA. In addition, we propose to tailor
the MEA design in order to match and exceed performance of a traditional MEA made of
the Nafion membrane and unsupported catalysts.
Specifically, in the following chapters, the first aim is to gain comprehensive
understanding of the fundamentals of hydrocarbon membranes (manufactured by
PolyFuel) through both in- and ex-situ methods, in order to determine how significant
factors such as methanol and water permeability, as well as proton conductivity in the
membrane may affect the MEA performance. The second aim is to develop and evaluate
a newly designed MEA based on the PolyFuel membrane and carbon supported PtRu
catalyst. Finally, the conclusions of this study will be summarized and suggestions for the
direction of further research will be given.
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Figure I-2: Schematic of DMFC polarization curve73.
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Figure I-3 Schematic of DMFC and microstructure model for polymer electrolyte
membrane47, 50.
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Figure I-4 Structure of a perflurosulphonic acid polymer electrolyte1.
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Chapter II Methanol Diffusivity Measurements in Membranes

2.1.

Introduction

The development of new proton exchange membranes is an important area of fuel
cell research. The principal goal is to seek a new membrane that complies with the basic
functionalities for a fuel cell, including high proton conductivity, good chemical and
physical stability, easy processing capability and low cost. Moreover, especially for a
liquid feed DMFC, the last but not least requirement is the low methanol permeability. In
this chapter, the methanol diffusivity through a hydrocarbon membrane of 62 µm
thickness, PolyFuel 62, was measured by both ex-situ (diffusion cell) and in-situ (fuel
cell) methods at different temperatures. The ex-situ tests were conducted on the half and
whole MEAs in order to examine the methanol transport properties through the
membrane and electrodes, respectively. The results were compared with those of the
Nafion membrane in order to evaluate the potential of this new PolyFuel membrane as a
viable PEM for the DMFC.

2.2.

2.2.1.

Experimental

Material Preparations

The tested membranes are Nafion 212 and PolyFuel 62 provided by Dupont and
PolyFuel Companies, respectively. For each membrane, the methanol diffusivity through
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the membrane only, a half MEA (composed of a GDL with MPL, an anode electrode and
the membrane) and a full MEA were measured. The detailed MEA preparation procedure
is described as follows.
Unsupported Pt/Ru black (HiSPEC 6000, Pt:Ru = 1:1 atomic ratio, Alfa Aesar)
and carbon-supported Pt catalyst (50% Pt/C; Tanaka, Kikinzoku Kogyo K.K. Japan) were
used as catalysts for the anode and cathode, respectively. The catalysts were first wetted
by a small amount of DI water, following by addition of iso-propanol (IPA), ionomer
solution (5 wt% Nafion solution, 1100 EW, Dupont) and ethylene glycol. After sufficient
magnetic stirring, the mixed ink was treated ultrasonically for 1 ~ 2 minutes. The anode
catalyst ink was sprayed onto a Teflon sheet, while the cathode paste was applied by tape
casting onto the Teflon sheet. The loadings of Pt/Ru and Pt/C in the anode and cathode
CLs were around 8 and 1 mg/cm2, respectively. The Nafion content in the catalyst ink
were maintained at 25% and 22% for both anode and cathode, respectively.
The GDLs used in the MEAs for the anode were carbon paper (TGPH-090, ETEK) with microporous layer (MPL). The MPL of approximately 30μm in the thickness
was coated by a gap-adjustable blade onto the substrate (FEP wet-proofed carbon paper)
with a mixture solution containing Vulcan XC72R carbon black and 40wt% of Teflon
(TFE 30, Dupont). The prepared anode GDL was dried in the oven at 100ºC for 1 hour
and 360ºC for 30 minutes. Carbon and PTFE loading of MPL was controlled at 2mg/cm2.
The cathode diffusion layer was MPL coated on carbon cloth provided by Gore
Company.
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Catalyst-coated membranes (CCMs) were prepared by decal transfer method. The
anode and cathode CLs were hot-pressed to both sides of the membrane at 100kgf/cm2
for 3 minutes. The hot-press temperature was 125ºC and 140 ºC for Nafion 212 and
PolyFuel 62 membranes, respectively. After decal transfer of the CLs onto the
membrane, the anode and cathode backing layers were also hot pressed onto their
corresponding sides at 125ºC and 50kgf/cm2 for 1 minute to obtain a complete MEA.
Similarly for the half MEA, the material preparation and hot press procedure were
exactly the same as for the full MEA preparation, while only anode CL and GDL were
hot pressed on one side of the membrane only.

2.2.2.

Microstructural Analysis

All SEM images were obtained using an Environmental Scanning Electron
Microscopy (ESEM, FEI Quanta 200). Samples were prepared for cross section imaging
by immersing into liquid nitrogen first for 15 minutes, then by cutting with a sharp
scalpel. The SEM images were taken at the low vacuum mode in order to avoid the
charging effect of the non-electronic membrane.

2.2.3.

Ex-situ Diffusivity Measurement

The methanol diffusivity of each sample was measured using a lab-made glass
diffusion cell which was immersed into the water bath of a thermal jacket, shown
in Figure II-1. For each experiment, a sample hydrated in DI water overnight was

25

clamped between two separate glass diffusion cells which were named as donor and
receptor compartments. The diffusion cell had a test area of 4.75cm2 exposed to the
solutions in both compartments. The receptor compartment with a volume of 25ml was
initially filled with DI water, while the donor compartment with a volume of 20ml was
charged with 2.0M methanol. Both compartments were fully stirred during the test. The
concentration of methanol that permeated through the tested sample was measured in the
flow-through receptor side with the use of a low-flow pump (Waters HPLC 1500 Pump)
and a real-time refractive index detector (Waters 2414 Series) for detection. The
refractive index (RI) data (calculated as the ratio of velocity of light in a vacuum to the
velocity of light in the medium) was continuously recorded throughout each experiment
at one-second intervals. In all experiments, the side-by-side diffusion cell was
temperature controlled by adjusting the temperature controller of the thermal jacket.
In order to calculate the diffusivity of the sample, first we assume that the flux
across the sample quickly reaches its steady-state. This steady-state flux is approached
even though the concentrations in the receptor and donor compartments are changing
with time. In the pseudo-steady state, the flux across the sample is that given

j=

[Dm K m ] (C
l

1, donor

− C1,receptor )

(2-1)

where C1,donor and C1,receptor are methanol concentration of donor and receptor
compartments respectively, l is the thickness of the tested sample which is measured
after each experiment, Dm is the diffusivity coefficient of the tested sample, K m is the
partition coefficient (the ratio of methanol concentration inside the membrane to that in
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the adjacent solution). The methanol diffusivity, Pm , is defined here as the product of
Dm K m .

The overall mass balance on the adjacent compartments is written as follows:

Vreceptor

dC1,receptor
dt

= − Aj1

Vdonor

dC1,donor
dt

= − Aj1

(2-2)

where A is the test area of the liquid diffusion cell. If these mass balances are divided by
Vdonor and Vreceptor which is the volume of donor and receptor compartments respectively,

and the Eq. (2-2) are subtracted, one can combine the result with flux equation to obtain
d
(C1,donor − C1.receptor ) = Dm β (C1,receptor − C1,donor )
dt

in which β =

AK m
l

⎛ 1
1
⎜
+
⎜V
⎝ recepotr Vdonor

(2-3)

⎞
⎟ is a geometrical constant. Integrating the
⎟
⎠

differential equation with an initial condition
at t = 0,

C1,receptor − C1,donor = C10,receptor − C10,donor

we can get the diffusion coefficient of the sample

Dm =

0
0
1 ⎛⎜ C1,recepotr − C1,donor
ln
βt ⎜⎝ C1,recepotr − C1,donor

⎞
⎟
⎟
⎠

(2-4)
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Based on Eq. (2-4), we can find that Dm β is directly equal to the slope of
⎛ C10,recepotr − C10,donor ⎞
⎟ versus time. Thus, we can get the diffusivity of the sample as
ln⎜
⎜C
⎟
−
C
1,donor ⎠
⎝ 1,recepotr

Pm = Dm K m =

2.2.4.

Dm β
1 ⎞⎟
A ⎛⎜ 1
+
l ⎜⎝ Vdonor Vreceptor ⎟⎠

(2-5)

In-situ Diffusivity Measurement

MEAs were mounted between two identical graphite flow plates with two-path
serpentine channels. A digital pump (Series I digital pump, Laballiance) with flow rate
ranging from 0.01 to 10ml/min was used to deliver methanol solution and control its
flow rate. The flow rate of gas was controlled by a flow meter (Omega Engineering Inc).
The cell temperature was controlled by a custom-built digital temperature controller at
the ambient pressure.
In order to evaluate the methanol crossover through the tested membrane in
DMFC configuration, the 2M methanol was fed into the anode side with a methanol
pumping rate of 2.5ml/min. At such a high methanol feed rate, the limiting current
density became independent of methanol flow rate. Thus we could ignore the effect of
methanol consumption along the flow field and assume the methanol concentration to be
uniform from inlet to outlet. Meanwhile nitrogen was fed into the cathode inlet where
the electro-oxidation of methanol permeated though the MEA took place. The
electrochemical reaction for the test is shown as below:
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Cathode:

CH 3OH + H 2 O → CO2 + 6 H + + 6e −

(2-6)

Anode:

6 H + + 6e − + 3 2 O2 → 3H 2O

(2-7)

Please note that for convenience, we still used the anode and cathode to indicate
the electrode positions/sides in terms of a traditionally operating DMFC, despite
theoretical definitions of anode and cathode in electrochemistry.
During the in-situ methanol crossover measurement, methanol crosses through the
membrane by diffusion as well as electro-osmotic drag (EOD). Contrary to a normally
operated DMFC, such EOD is in the opposite direction to the diffusion74. In other words,
the net methanol crossover flux in the in-situ measurement should be less than pure
methanol diffusion in the ex-situ measurement for the same MEA and under the same
operating conditions. The methanol EOD flux through the membrane can be written as,

jEOD = −ξx meoh

I
F

(2-8)

where ξ is the electro-osmotic drag coefficient for water in the membrane, xmeoh the
methanol molar fraction and I operating current density. Moreover, for the interest of
the methanol concentration range between 0 ~ 2 M, xmeoh can be linearly derived in
terms of the methanol concentration, C meoh , as,
xmeoh = 0.01886Cmeoh − 0.00027

(2-9)

Therefore, the overall methanol crossover flux through the membrane can be
written as,
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j = jDiff + jEOD = Pm ∇Cmeoh − ξ (0.01886Cmeoh − 0.00027)

I
F

(2-10)

Moreover, by using a limiting current, I lim , attainable from the methanol crossover
measurement, we may rewrite Eq. (2-10) under the limiting current condition as,

jlim =

I lim
I
= Pm ∇Cmeoh − ξ (0.01886Cmeoh − 0.00027) lim
6F
F

(2-11)

Assuming a constant methanol concentration in the membrane, say, 0.5M since
2M methanol is used in the anode channel and almost zero methanol at the cathode
catalyst under the limiting condition, we can estimate the methanol EOD flux should be
equivalent to about 13% of methanol limiting current if using EOD coefficient of 2.5. In
other words, the pure diffusion rate, jDiff , should be about 113% higher than the limiting
methanol rate.

2.3.

2.3.1.

Results and discussion

Ex-situ Methanol Diffusivity of Single Membrane

In order to measure the concentration of methanol in the receptor side of the
diffusion cell using the in-line refractive index technique, the change of the refractive
index ΔRI was calibrated with respect to the methanol concentration. Figure II-2 shows
the measurement of ΔRI versus time. During the calibration, five reference solutions
with methanol concentration of 0, 0.5, 1, 2 and 4M were filled into the tested
compartment sequentially. After each intrusion, we waited until ΔRI reached its steady
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state, which is reflected as a plateau in Figure II-2. After all the measurements, the
average data of ΔRI based on each concentration of methanol solutions was calculated
by dividing by the time for ΔRI to reach its steady state. Figure II-3 shows a linear
relationship between average ΔRI and methanol concentration with a slope of 1531.
Using the calibration data, we can convert the measured ΔRI to the methanol
concentration in the receptor side of the diffusion cell.
The methanol diffusivities were measured for both Nafion 212 and PolyFuel 62
membranes at different temperatures, from 25ºC to 70ºC, as shown in Figure II-4.
⎛ C10,recepotr − C10,donor
In Figure II-4, the data of ln⎜
⎜ C1,recepotr − C1,donor
⎝

⎞
⎟ showed a plateau first then linearly
⎟
⎠

increased with time. The length of the plateau was related to the membrane structure
and thickness, as well as the experimental setup response time. The methanol diffusivity
can be determined from the slope of the linear segment in the Figure II-4 according to
Eq. (2-5). All the results of methanol diffusivity at the different temperatures were then
summarized in Table II-1. Compared with the Nafion 212 membrane, the PolyFuel 62
membrane has lower methanol permeability under all temperature conditions, which
suggests a very promising membrane candidate for the DMFC.
It was difficult to make a direct comparison between the data we measured here
and those from public literature, since most available methanol data were reported on
Nafion117 membrane. Assuming the methanol diffusivity is independent of membrane
thickness and Nafion 212 and 117 are not chemically different, we tried to compare the
methanol diffusivity determined from this study with values reported for Nafion 117.
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For example, using 2.0M methanol, Elabd et al.75 reported the methanol diffusivity for
Nafion 117 was 1.98 × 10 −6 cm2/s at 25ºC and. Tricoli et al.76 measured as

(1 − 1.5) × 10 −6 at

22ºC. Compared these with the result we obtained in this study,

1.3 × 10 −6 cm2/s at 25ºC using 2.0M methanol, it was reasonably believed that the
measurement method was reliable and thus, the results should be accurate as well.
Figure II-5 shows Arrhenius plots for methanol diffusivity through the Nafion 212 and
PolyFuel 62 membranes. The activation energies obtained for methanol diffusivity were
2.93 and 2.09 kcal/mol, through the Nafion and PolyFuel membranes, respectively. The
relatively smaller activation energy for the PolyFuel membrane indicates that the
methanol diffusivity through the PolyFuel membrane is less dependent on temperature,
compared with that of Nafion membrane.
The less temperature-dependent methanol diffusivity in the PolyFuel membrane
can be explained by glass transition temperature, Tg, of the membrane, at which the
membranes undergo a second-order phase transition from a rubbery, viscous amorphous
solid to a brittle, glassy amorphous solid. With the temperature increasing towards Tg,
the chains within the membrane become more and more relaxed and flexible due to
stronger thermal fluctuations and thus, the membrane itself tends to expand as well,
leading to more free volume for species transport. Since Tg of the Nafion membranes is
typically around 100-120°C, much lower than that of the hydrocarbon membranes,
which is about 300°C, the thermal relaxation of the Nafion membrane is more
significant than that of the PolyFuel membrane when temperature increases. Therefore,
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the methanol diffusivity in the Nafion membrane shows more temperature-dependant
compared with the PolyFuel membrane.
For purposes of comparison between in-situ and ex-situ results to be reported later,
•

the mass flux of methanol diffusion through the membrane, N , was calculated through
Eq. (2-8). In this test, the methanol mass concentration, M meoh , was 0.064 g/cm3 (2M)
and the membrane thickness, t membrane , was measured every time after the diffusion test.
The data of the flux for both membranes at different testing temperature were recorded
in Table II-1 as well.
•

N ( g / cm 2 s ) =

2.3.2.

Pm ( cm 2 / s ) × M meoh ( g / cm 3 )
10 4 × t membrane ( μm )

(2-12)

Ex-situ Methanol Diffusivity of half MEA and whole MEA

The same ex-situ methanol diffusivity test was carried out on the half and whole
MEAs for both membranes as well. In order to compare with the in-situ crossover
methanol test later, all the data were converted to the methanol mass flux through the
tested samples according to Eq. (2-12). Figure II-6 and Table II-2 recorded the ex-situ
measurements of methanol flux through Nafion membrane, half MEA and whole MEA
as a function of temperature from 25 to 70°C.
Given the diffusivity in the membrane and total methanol mass flux measured for
the half and whole MEAs, we were able to check the methanol transport property
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through GDLs and electrodes, using a one-dimensional (1D) diffusion calculation along
the thickness of the MEA as shown in Eq. (2-13).
0
M meoh
N& total =
t
∑i D i
i ,eff

(2-13)

where i stands for the components in either half or full MEA, such as anode and cathode
GDLs and CLs, and the membrane, and Di ,eff for the effective diffusivity of the methanol
in ith component, which is estimated as Eq. (2-14), where 1.5 is the Bruggeman factor.
Di ,eff = D × ε 1.5

(2-14)

The thicknesses of the components used in the calculation were measured by
SEM images after each diffusion test. Figure II-8 shows the ESEM cross-section views
for MEAs based on both membranes. Due to the limitation of the operating conditions
of the ESEM test, under room temperature and vacuum condition, the measured results
may only provide relatively accurate numbers for the components in the MEAs under
25oC, and are not reliable for the higher temperature conditions since the membranes
normally expand significantly under high temperatures due to the swelling effect in the
methanol solutions. Moreover, as observed in the ex-situ diffusion tests, the membrane
in the single membrane test expanded most, while that in the complete MEA tests
expanded least. This is because, without the restriction from electrodes attached to the
membrane, the membrane itself can expand much freely. The same situation was
observed for the PolyFuel membrane as well. However due to its low water uptake, the
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swelling problem of the PolyFuel membrane is not as severe as seem with the Nafion.
The porosity of each component of the MEAs was estimated according to the suppliers
specifications and experience.
Table II-3 is one example of calculation based on Nafion 212 membrane at 25°C. It was
shown that, given the methanol diffusivity in the backing layer of 7.6 × 10 −6 cm2/s, the
calculated methanol flux agreed well with the measured data for both half MEA and
whole MEA cases. Using similar calculations, we can match this up against all
measured diffusion flux for the half and full Nafion MEAs under all temperature
conditions by choosing proper methanol diffusivity at the given temperature, as shown
in Figure II-9. Overall errors between the calculated flux and the measured data were
less than 0.5%. Compared with the methanol diffusivity through the membrane,
methanol diffusivities through catalyst layers and backing layers were much larger,
which is reasonable considering the microstructural difference between the porous
medium and the membrane.
The identical calculations were applied on the PolyFuel membrane cases as well.
However, if using the same effective methanol diffusivities through the electrodes and
backing layers we obtained based on the Nafion cases, the calculated flux would be
much larger compared with the measured ones, for example, up to 40% larger at 25°C.
Thus, we needed to re-check the hypothesis of identical methanol diffusivity through the
electrodes in the different membrane MEAs once again. By observing the ESEM images
as shown in Figure II-8, we found that the bondings between the membrane and
electrodes were different for the PolyFuel and Nafion MEAs, although the same catalyst
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materials and procedures were used to make both MEAs. For example, there was a
visible gap between the membrane and electrodes for the PolyFuel MEA which could
accumulate some gas species during the diffusion tests. A possible reason for this was
the stiffness and/or swelling stress of the PolyFuel membrane. Furthermore, the ionomer
used in the electrodes was different from the membrane materials in the PolyFuel MEA,
which may lead to a weak bonding as well. Although the weaker bonding seems to lead
to a lower methanol crossover in the PolyFuel MEA, it actually could significantly
deteriorate cell performance due to a larger resistance loss.

2.3.3.

In-situ Methanol Crossover Test

The in-situ methanol crossover fluxes through both MEAs were tested and the
results are shown in Figure II-6 and Figure II-7, respectively. As discussed, we would
have expected a close or a slightlly lower methanol mass flux in the in-situ tests
compared with those from the ex-situ tests of the half MEAs, due to the EOD effect
through the membrane. However, we noticed, as a matter of fact, the in-situ methanol
crossover flux was always higher under the same temperature condition. This was
mainly due to the thickness difference between the in-stiu and ex-situ tests. In the in-situ
measurement, the MEA was restricted between two carbon-plates with certain pressures,
and thus, the thickness of the MEA could not expand as freely as happened in the
diffusion cell of the ex-situ measurement. In the meantime, the more severe bonding
issue between the electrodes and the membrane may also contribute to a smaller
methanol flux in the ex-situ tests due to lack of applied pressure.
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In order to improve interfacial bonding between PolyFuel membrane and a
Nafion-based electrode, a new MEA was later prepared by a direct coating method and
was tested by the in-situ methanol crossover method as well. Basically, compared with
decal transference of prepared the catalyst layer onto the membrane by hot-press, the
prepared catalyst ink was directly printed onto the membrane by direct coating method,
which may minimize the negative effect on the PolyFuel membrane due to high and hot
pressures. The detailed procedure of direct coating will be described in the next Chapter.
The cross-section view of the new PolyFuel MEA taken by ESEM techniques is shown
in Figure II-10. It was obvious that the bonding between the electrode and membrane
was greatly enhanced by this new coating method without observing any visible gap as
seen in the previous ESEM images. After repeating the in-situ methanol crossover test
on this new MEA, Figure II-11 shows that the liming methanol crossover rates were
about 25% higher compared to the previous PolyFuel MEA made by the decal transfer
method under the same temperature conditions. Even with direct coating method, the
methanol fluxes through the PolyFuel membrane were still much lower compared with
those through Nafion, as shown in Figure II-11. If we run the fuel cell at 150mA/cm2 at
70°C, we can increase fuel utilization from 28% to 49% by replacing Nafion with
PolyFuel membrane based on Eq. (2-15).

ηf =

i
i + ilim

(2-15)1

In the meantime, the high frequency resistance (HFR) of the new PolyFuel MEA
was measured as 0.2 Ω ⋅ cm 2 , only half the resistance of the decal transfer method (0.4
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Ω ⋅ cm 2 ). This indicated the direct coating method is desirable to improve

membrane/electrode interfacial bonding in the MEA.

2.4.

Summary

Both in-situ and ex-situ methanol diffusivity measurements showed that the
PolyFuel 62 membrane can effectively impede methanol crossover compared with the
Nafion membrane. In addition, the methanol diffusivity in the PolyFuel membrane was
less dependent on temperature due to its morphology and different Tg. With the
commonly used decal transfer method, the MEA made by the PolyFuel membrane may
suffer a severe lamination problem, although having a lower methanol diffusion rate,
compared with the Nafion membrane. The direct coating method could improve the
bonding between the PolyFuel membrane and electrodes which enhances the ionic
transport of the MEA.
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Figure II-1 Schematic of a liquid diffusion cell for methanol diffusivity test.
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Figure II-2 Refractive index (RI) of methanol at different methanol concentrations.
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Figure II-5 Arrhenius plots of the methanol diffusivity in the Nafion and PolyFuel
membranes from 25 to 70°C.
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Figure II-6 Methanol diffusion flux as a function of temperature for the Nafion 212
membrane (blue dot: ex-situ measurement for membrane only; green dot: ex-situ
measurement for half MEA; black dot: ex-situ measurement for MEA; red dot: in-situ
measurement for MEA).

44

2.2

PolyFuel 62
Ex-situ membrane

2.0

1.6

2

Flux*10^-5(g/cm -s)

1.8

1.4
1.2

In-situ MEA

1.0
0.8
0.6
0.4

Ex-situ Half MEA

0.2
0.0
20

30

40

50

60

70

0

Temperature( C)
Figure II-7 Methanol diffusion flux as a function of temperature for PolyFuel 62
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measurement for half MEA; red dot: in-situ measurement for MEA).
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Figure II-9 Calculated methanol diffusivity through the backing layers and electrodes
based on the Nafion 212 and PolyFuel 62 membranes.
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Table II-1Methanol diffusivity results measured by a diffusion cell for both PolyFuel and Nafion membrane and calculated
methanol flux through the membrane.
Methanol Concentration
Cell Temperature (°C)
Diffusivity (cm2/s)
PolyFuel 62
Flux (g/cm2s)
Diffusivity (cm2/s)
Nafion 212
Flux (g/cm2s)

2M
25

30
−6

1.1 × 10
0.89 × 10 −5
1.3 × 10 −6
1.16 × 10 −5

40
−6

1.25 × 10
0.95 × 10 −5
1.52 × 10 −6
1.41 × 10 −5

50
−6

1.52 × 10
1.17 × 10 −5
2.25 × 10 −6
2.09 × 10 −5

60
−6

1.63 × 10
1.24 × 10 −5
2.81 × 10 −6
2.43 × 10 −5

70
−6

2.29 × 10
1.77 × 10 −5
3.46 × 10 −6
3.12 × 10 −5

2.87 × 10 −6
2.16 × 10 −5
4.91 × 10 −6
4.22 × 10 −5
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Table II-2 Methanol flux of PolyFuel and Nafion membrane, half and whole MEA based on both membranes through ex-situ
diffusion cell test, and methanol flux through MEAs by in-situ measurements. (Ex-situ MEA data for PolyFuel membrane
were estimated by calculation)
Temperature
(°C)
Flux (g/cm2s)
× 10 −5
Ex-situ
membrane
Ex-situ
MEA
Ex-situ half
MEA
In-situ (decal
transfer)
In-situ (direct
coating)

25

30

40

50

60

70

Nafion PolyFuel Nafion PolyFuel Nafion PolyFuel Nafion PolyFuel Nafion PolyFuel Nafion PolyFuel
1.16

0.89

1.41

0.95

2.09

1.17

2.43

1.24

3.12

1.77

4.22

2.16

0.31

0.17

0.5

0.19

0.66

0.29

0.77

0.40

1.17

0.44

1.46

0.72

0.46

0.21

0.67

0.25

0.84

0.36

1.07

0.47

1.57

0.52

NA

0.82

0.96

0.33

1.04

0.36

1.32

0.4

1.58

0.46

1.88

0.55

2.14

0.7

0.96

0.49

1.04

0.54

1.32

0.57

1.58

0.64

1.88

0.75

2.14

0.87
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Table II-3 1-D calculation for Nafion membrane, half MEA and whole MEA based on Nafion membrane at temperature of
25°C and 2M methanol feed.

1D Thickness

Porosity

MeOH Diffusivity

Measurments
Anode Backing
Anode Catalyst
Membrane - N212
Cathode Catalyst
Cathode Backing
Total
Anode Backing
Anode Catalyst
Membrane - N212
Cathode Catalyst
Cathode Backing
o
in backing @ 25 C
o
in Membrane @ 25 C

Anode Backing
Anode Catalyst
Membrane
1.5
Thick/(Diff*Porosity )
Cathode Catalyst
Cathode Backing
Total
Feeding MeOH Concentration
MeOH Flux

calculated
measured

um
um
um
um
um
um

2

cm /s
2
cm /s
cm/(cm2.s)
cm/(cm2.s)
cm/(cm2.s)
cm/(cm2.s)
cm/(cm2.s)
cm/(cm2.s)
M
2
mol/cm .s
2
mA/cm
2
g/cm .s
2
g/cm .s

ex-situ full MEA ex-situ Half MEA
350
350
28
28
45
57
30
0
300
0
753
435
0.7
0.7
0.4
0.4
1
1
0.4
0.4
0.7
0.7
7.60E-06
7.60E-06
1.30E-06
1.30E-06
7.86E+03
1.46E+03
3.46E+03
1.56E+03
6.74E+03
2.11E+04
2
9.49E-08
54.921
3.04E-06
3.10E-06

7.86E+03
1.46E+03
4.38E+03
0.00E+00
0.00E+00
1.37E+04
2
1.46E-07
84.486
4.68E-06
4.60E-06

ex-situ Mem
0
0
72
0
0
72
0.7
0.4
1
0.4
0.7
7.60E-06
1.30E-06
0.00E+00
0.00E+00
5.54E+03
0.00E+00
0.00E+00
5.54E+03
2
3.61E-07
209.051
1.16E-05
1.16E-05
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Chapter III Water Diffusivity and Uptake of Membranes

3.1.

Introduction

In the exploration of novel ion-conduction membranes for fuel cells, it is
important to develop structure-property relationships connecting the molecular structure
of the polymer to its intrinsic material properties, and finally to its performance in
application-specific characterization.
An important aspect of proton exchange membrane performance is water sorption
and diffusion properties of the membrane in an operating cell. The hydration level within
the membrane is closely related to the ionic conductivity of the membrane. Meanwhile,
water transport through the membrane will affect water balance and thus, performance of
the MEA. Therefore, a full understanding of water transport and uptake properties of the
membrane is crucial77.
In this chapter, water self-diffusion coefficients were first investigated for both
perflurorinated (Nafion) and hydrocarbon (PolyFuel) membranes by nuclear magnetic
resonance spectroscopy (NMR). Next, water uptake of the membranes was tested by
dynamic gravimetric water sorption experiments, in order to observe the capability of the
membrane to withstand dynamic relative humidity conditions under complicated fuel cell
operating conditions. Last, pressure-driven water permeability experiments were also
carried out for both membranes in order to get supplemental information regarding water
transport in membranes under extreme pressurized conditions in fuel cells.
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3.2.

3.2.1.

Experimental

Material Preparations

The tested membranes were Nafion 212 membrane (55 µm) and PolyFuel 62
membrane (62 µm) provided by Dupont and PolyFuel companies, respectively. During
the tests, the membranes were cut into the required sizes for each experiment.

3.2.2.

NMR

NMR experiments were performed on a Bruker 400 magnetic spectrometer with
1

H operating at room temperature of 25°C in order to determine self-diffusion

coefficients of water through both membranes. The tested membrane was first swelled in
DI water, and then the surface of the membrane was dried with clean tissue. In order to fit
into the sample tube, the membrane was cut into small size samples.
Self-diffusion coefficient, D , was obtained by the NMR-pulse gradient spin echo
technique. The technique first applies magnetic gradient pulses to the sample which
labels the nuclear spins according to the water molecule’s position in the sample. During
a period of time intervals, water molecules diffuse through the sample. Then a decoding
gradient pulse is applied to reverse the phase change encoding by the first gradient pulse,
which creates different intensity I of the resonances of water moleculars in the NMR
spectrum. The intensity is a function of the magnetic gradient pulse amplitude, g ,
according to Stejeskai-Tanner Equation as shown in Eq. (3-1)79.
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R=

I (g)
δ ⎤
⎡
= exp ⎢− Dγ 2 g 2δ (Δ − )⎥
I (0)
3 ⎦
⎣

(3-1)

where I (g ) is the relative signal intensities corresponding with the original signal
intensity I (0) = 1 . The other parameters, γ , δ and Δ , represent the nuclear
gyromagnetic constant, the duration of the magnetic gradient pulse and diffusion delay
time between gradient pulses, respectively. In the membrane tests, γ was 26752 G/s and

δ was 0.001s for both membranes. Δ was set as 0.06s for the Nafion membrane and
0.09s for the PolyFuel membrane, respectively. The slope of the plot of log

I (g)
versus
I (0)

δ

g 2 γ 2δ 2 (Δ − ) can then determine the diffusion coefficient of water through the sample.
3

3.2.3.

Gravimetric Water Sorption

Water mass sorption was measured using a TA instruments (New Castle,
Delaware) Q 5000SA dynamic vapor sorption analyzer, as shown in the testing schematic
of Figure III-1. This instrument uses mass flow control of a fully hydrated gas stream and
dry gas stream to control the RH of the sample chamber. A membrane sample stored in
liquid water before measurement was blotted dry for 15 minutes before placement in the
sorption analyzer. The sample was then fully dried at 0% RH at the temperature of
interest (30 º C in this experiment) for three hours before commencing incremental
relative humidity increases. The RH was increased to 80% RH first and held for one
hour, then increased to 90%RH. After the tests, the RH was then cycled back to 0% RH.
Once return to 0% RH, the sample was equilibrated for 6 hours. To confirm that the
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sample was completely dry, it was removed from the sorption analyzer and dried further
in a vacuum at 100ºC for 72 hours. No further decrease in mass was measured for any of
the samples after this additional drying step.

3.2.4.

Pressure-driven Water Permeability Test

The pressure-driven permeability of water through the membrane was tested by a
pressure driven water permeability apparatus as shown in Figure III-2. In the experiments,
a 12cm2 sample of the membrane was placed in a stainless steel mesh sample pan with
400 holes per square inch which was settled at the bottom of a water cylinder. After
securing the membrane sample in the water cylinder, certain amount of DI water was
intruded into the cylinder. Both sides of the water cylinder were locked by thumbscrews.
One end of the cylinder was connected with nitrogen gas in order to apply pressure to the
membrane in the water cylinder (for this experiment, 100 psi pressure was applied), while
the other side of the cylinder was connected with a small bottle in order to collect the
water passing through the tested membrane. An electronic scale was connected with the
computer in order to record the weight change of the water collected from the water
cylinder.
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3.3.

3.3.1.

Results and Discussion

NMR Water Diffusivity of Membranes

A series of 1H NMR diffusion spectra were recorded for Nafion 212 and PolyFuel
62 membranes with the magnetic gradient pulse amplitude g increased from 3.7 to 68.3
G/cm. The corresponding diffusion plots are displayed in Figure III-3 for both
membranes. Diffusion coefficients were calculated by fitting peak intensities measured in
experiments to the linear version of Eq. (3-1). The slopes in Figure III-3 represent the
diffusion coefficients of Nafion ( D = 9.6cm 2 / s ) and PolyFuel ( D = 7.5cm 2 / s ). The
lower water diffusivity through the PolyFuel membrane was expected as the same reason
for lower methanol diffusivity of the PolyFuel membrane. The small channels between
the hydrophobic and hydrophilic domains in the PolyFuel membrane restrict species
diffusion, such as methanol and water, through the membrane. Therefore, it is possible to
expect a lower water content in the cathode electrode for the MEA using the PolyFuel
membrane compared with the one using the Nafion membrane under the same operating
conditions.

3.3.2.

Dynamic Water Uptake of Membranes

In order to compare membranes with different thickness, a normalized mass
change term ( mn ) is used, as shown in Eq. (3-2), where mt is the mass at time t , and mt0
the mass at t = 0 , the time at which the relative humidity is changed.
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mn =

mt
mt0

(3-2)

The water uptake during RH step changes from 80-90% RH at 30°C is shown
in Figure III-4 for both Nafion and PolyFuel membranes. It was observed that the stiffbackbone PolyFuel membrane had the slower water uptake rate, whereas Nafion, with a
relatively flexible carton-carbon bonded backbone, had the much faster uptake. A
characteristic time for water uptake was computed from Eq. (3-3) and recorded inTable
III-1, where the time constant, τ, is defined as the time required for the mass, mτ , to
reach approximately 63% ( 1 /(1 − e) )of its final value ( m f ).
⎛ 1 ⎞
mτ = m f ⎜
⎟
⎝1− e ⎠

(3-3)

The calculated time constants for both membranes prove the same conclusion that the
water uptake of the PolyFuel 62 membrane was much slower compared with that of the
Nafion 212 membrane.
From the initial vapor uptakes with each change in relative humidity, it is possible
to calculate the water vapor diffusion constant into the membrane by utilizing diffusion
equation78,80-81, which was described by Eq. (3-4).
mt
4
=
minf d

Dλ t

π

(3-4)

where minf is the amount of water adsorbed at thermodynamic equilibrium, Dλ is the
diffusion constant, and d is the thickness of the tested membrane. A plot of
mt minf against t 1 / 2 d is a linear line, whose slope is the vapor diffusion constant, Dλ .
The calculated diffusion constant Dλ was recorded in Table III-1 as well. We found that
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the water vapor diffusion of the Nafion 212 membrane was 1.6-times faster compared
with that of the PolyFuel 62 membrane.

3.2.1.

Pressure Driven Water Permeability of Membranes

Although in most types of fuel cells, the species going through the membrane is
mainly due to diffusion (concentration dependent) instead of pressure-driven
permeability, it is still worthwhile to check the water permeability through the membrane
for some extreme cases at which both diffusion and pressure-driven permeation may coexist.
The water mass changes versus time were recorded for both Nafion 212 and
PolyFuel 62 membranes, as shown in Figure III-5. The diagram can be separated into two
parts, a plateau and a linear line which shows mass increase with time. The plateau part
indicats how easy the pressurized water permeates through the membrane. It is obvious
that due to different microstructures of the membranes, the PolyFuel 62 membrane
required much a longer time compared with the Nafion 212 membrane. This once again
confirmed the same conclusion as self-diffusion results by NMR, shown in Table III-1,
namely that the narrower channels within the hydrocarbon membrane make water
transport slower. The second part of the linear line shows the water mass increase versus
time. From the slope of the line, we can calculate the water flux through the different
membranes under pressure based on Eq. (3-5).
•

N w ( g / cm ⋅ psi ⋅ s ) =

10000 × K ( g / s )
Amembrane (cm 2 ) × l membrane ( μm) × P( psi )

(3-5)
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where Amembrane is the area of the tested membrane ( 12cm 2 ) and l membrane is the thickness
of the membrane. As shown in Table III-1, the water flux through the Nafion membrane
at 100psi pressure was 1.5-time larger than that of the PolyFuel membrane. This was
consistent with the diffusion coefficient data by NMR tests in the last section.

3.4.

Conclusions

Both NMR and pressure-driven water permeability tests indicated that water
transport through the PolyFuel membrane was 20%-30% lower compared with that of the
Nafion membrane. This is caused by the narrow hydrophobic/hydrophilic channels within
the PolyFuel membrane. The dynamic water uptake tests showed that with the RH
changing from 80% to 90%, the water uptake of the PolyFuel membrane was almost 40%
slower compared with the Nafion membrane. The effects of low water transport on MEA
performance will be studied in the next chapter.
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Figure III-1 Schematic diagram of a gravimetric vapor sorption apparatus
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of the plots.
2

63

RH step, t = 0 s

1.025

80 – 90 % RH, 30 ºC

Mass uptake (g/g)

1.02

1.015
NRE212
PF62

1.01

1.005

1

0.995
-10

0

10

20

30

40

50

60

time (min)

Figure III-4 Dynamic water uptake of Nafion 212 and PolyFuel 62 membranes during a
step change in relative humidity from 80-90% at 30°C.
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Figure III-5 Pressure-driven water diffusivity of Nafion 212 and PolyFuel 62 membranes
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Table III-1 Water Diffusivity and Uptake Properties for Nafion 212 and PolyFuel 62
membranes
Dynamic Water uptake

Pressure Driven
Water Uptake

NMR water
diffusivity

τ (s )

Dλ

Flux
( g / cm ⋅ s ⋅ psi )

D ( cm 2 / s )

Nafion 212

985

9.8 × 10 −10

1.21 × 10 −19

9.6 × 10 −6

PolyFuel 62

1599

5.9 × 10 −10

0.83 × 10 −19

7.8 × 10 −6
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Chapter IV Comparative Study of PolyFuel and Nafion MEAs

4.1.

Introduction

In the previous chapters, diffusivities of methanol and water through the PolyFuel
membrane were studied and compared with the Nafion membrane. It was found that
PolyFuel hydrocarbon membrane has lower methanol crossover which could improve
fuel utilization by 20% at 70ºC. In this chapter, focus is placed on fuel cell tests using the
PolyFuel membrane and a detailed comparison with state-of-the-art MEAs based on the
Nafion membrane. Such a study is important to fully understand the advantages and
limitations of the PolyFuel membrane when it is integrated with electrodes and operated
under fuel cell conditions. Meanwhile, how lower water diffusivity affects overall
performance of MEAs based on PolyFuel membranes will be discussed as well. For
simplification, the MEA based on the PolyFuel 62 membrane is called PolyFuel MEA,
while the MEA based on the Nafion 212 membrane is called Nafion MEA in the
following discussions, respectively.

4.2.

Experimental

4.2.1. MEA Preparations

For the comparative study, all materials used were identical for both MEAs,
except that one membrane was a Nafion 212 membrane and the other, a PolyFuel 62
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membrane. The nominal thickness of Nafion 212 and PolyFuel 62 are 51µm and 62 µm,
respectively. Both MEAs used the same Nafion solution as the ionomer in the electrodes
with active area of 12 cm2. Detailed chemical and structural properties of the PolyFuel
membrane can be found through its website and patents published58-59. In Chapter II,
experimental data and SEM pictures showed that direct-coating method could provide
better electrode-membrane bonding for the PolyFuel membrane; herein we used direct
coating method to prepare both Nafion MEA and PolyFuel MEA for rigorous
comparison.
The detailed specifications and preparation procedures for anode and cathode ink
were described in Chapter II. The prepared ink was direct sprayed by an automatic
spraying gun (Nordson Company) onto a Nafion 212 membrane and a PolyFuel 62
membrane which was placed side by side on a vacuum table heated to 70oC. The loadings
of Pt/Ru and Pt/C in the anode and cathode CLs were 7.2 and 1.2 mg/cm2, respectively.
The Nafion contents in the catalyst ink were maintained as 25 wt% and 22 wt% for both
anode and cathode, respectively. The electrodes prepared by the automatic spraying gun
ensure the repeatability of MEA performance, and control the voltage difference between
each batch of MEA less than 1mV. The preparation of GDL and MPL was identical to
that described in Chapter II. The prepared GDLs were hot pressed at the corresponding
catalyst sides at 125oC and 0.5 pounds/cm2 for 1 minute to finalize the MEA.
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4.2.2.

Electrochemical Tests

MEAs were mounted between two identical graphite flow plates with two-path
serpentine channels. A digital pump (Series I digital pump, Laballiance) with flow rate
ranging from 0.01 to 10ml/min was used to deliver and control a designated flow rate of
the methanol solution, while the air flow rate was controlled by a flow meter (Omega
Engineering Inc). The cell was tested at a temperature of 60ºC by a custom-built digital
temperature controller and at ambient pressure.
In order to evaluate cell performance, 2M methanol with flow rate of 0.19ml/min
(stoichiometry of 2 at 150mA/cm2) and air with flow rate of 97.7ml/min (stoichiometry
of 3 at 150mA/cm2) were fed into the anode and cathode inlets, respectively. A
humidifier with temperature controller was connected with the cathode air supplier. By
adjusting the temperature of the humidifier, different humidification of supplied gas can
be achieved in order to assess its effects on cell performance. An electron load system
(BT4, Arbin) in galvanodynamics mode was used to measure the polarization curve at a
scan rate of 3mA/s. The steady-state performance of the cells was also measured by this
Arbin system with controlled current density of 150mA/cm2. During the test, a milliohmmeter (Nissan Inc.) was used to measure the high frequency resistance (HFR), including
membrane resistance and contact resistance of the MEA.
Besides the overall MEA performance, anode overpotential and cathode potential
polarization were measured to evaluate individual electrode performance independently.
During the anode polarization measurement, the same 2M methanol solution with a flow
rate of 0.19ml/min was fed on the anode side, while H2 with a flow rate of 100ml/min
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was supplied on the cathode side, acting as a reference electrode. The polarization curve
under the methanol/H2 mode was recorded by the Arbin system as mentioned above. In
the cathode polarization measurement, an electronic load system (Teledyne Inc.) was
used when the cell was running at the H2/air mode. 100% humidified H2 at a flow rate of
100ml/min was supplied into the anode side, while fully humidified air was fed into the
cathode inlet at a flow rate of 97.7ml/min. Since the overpotential of hydrogen oxidation
is negligible, these electrochemical characterizations can be used to analyze the anode
and cathode performance separately.

4.2.3.

Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV)

As described earlier, in the DMFC, besides the major performance loss caused by
the slow kinetics of methanol oxidization reaction (MOR) and oxygen reduction reaction
(ORR), the second major loss is due to the ohmic loss, including proton resistance in the
membrane, contact resistance between MEA layers, and proton resistance in the CLs. As
explained, the membrane resistance and contact resistance in the MEA together, can be
readily obtained from impedance spectra at high frequency (called HFR) or using an AC
milliohm-meter, while the proton conductivity in the CLs is more complicated and
difficult to determine. In this study, two electrochemical methods, electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV), were combined to
determine the protonic resistance in the CLs for both the anode and cathode, as explained
below.
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Eikerling and Kornyshev82 first proposed that the AC impedance response of the
working electrode in a fuel cell can be emulated by a transmission-line model of resistors
and capacitors. In the model, besides the proton resistance in the membrane and electrical
resistance in the backing layer and cell hardware, the core part of the CL can be described
as an electric circuit consisting of distributed proton conduction, distributed electron
conduction, distributed charge-transfer resistance and double layer capacitance due to the
electrochemical reactions, respectively83-84, as shown in Figure IV-1(a). Here, due to the
high electron conductivity, electronic resistance is ignored in the CL.
Based on the assumption that the high frequency part of the impedance spectra of
the CL is dominated by ionic transport and double layer charging82-85 , Nyquist plots of
the impedance should feature a linear relationship between the complex impedance, Z ,
and the inverse of the square root of angular frequency ω −1 / 2 , in the high frequency
region. The linear slope, K, can be determined by Eq. (4-1) and (4-2)83,
Rp

Z=

C pdl

ω −1/ 2

Rp

Z =

C pdl

2
(1 − i )
2

(4-1)

Rp

ω −1/ 2 ⇒ K =

C pdl

(4-2)

where R p = ∑ R p ,i and C pdl = ∑ C pdl ,i according to the transmission line model.
i

i

In the meantime, the pseudo-double layer capacitance in the CL, C pdl , can be
calculated from the capacitive charging current of cyclic voltammograms of the methanol
oxidation reaction, according to Eq. (4-3)83 below,

C pdl = j pdl (dU dt )

−1

(4-3)
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where j pdl and dU / dt are the pseudo-capacitive charging current density and the
scanning rate, respectively. Combining with Eq. (4-3), the protonic resistance in the CL
can rewritten as,
R p = K 2C pdl = K 2 j pdl ( dU / dt ) −1

(4-4)

Provided that K, j pdl and dU / dt are known, the proton resistance of the CL, R p , in Eq.
(4-4) can be determined experimentally.
Similar to the anode electrode, the transmission line model for the cathode
electrode can be built up as well, as shown in Figure IV-1(b). Havranek et al.84 reported
an effective H2/O2 method in order to determine the protonic resistance in the catalyst
layer for PEM fuel cell, though the H2/O2 reaction would produce additional water at the
cathode CL side. In order to accurately examine the effect of air humidity on the CL
protonic resistance, N2 was used instead of O2 in our experiments. Moreover, compared
with the H2/O2 method, the H2/N2 method can further simplify the cathode protonic
resistance measurement, since there is no faradic reaction and the charge-transfer
resistance in the transmission line model becomes infinite.85 More details about this
approximation are given in Ref. 82 and 84.
The EIS and CV tests were performed by using a Solartron 1287 electrochemical
interface in conjunction with a Solartron 1260. The cell was controlled at its operating
temperature of 60ºC at ambient pressure. In the methanol/H2 EIS tests, fully humidified
H2 was supplied to the cathode side, which was regarded as a reference electrode with
flow rate of 100ml/min. 2M methanol with flow rate of 0.19ml/min was supplied to the
anode inlet. The cell was potentiostated at +0.3V, with a voltage perturbation of 10mV at
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frequencies ranging from 0.1 to 10,000 Hz. In the H2/N2 experiments, the cells were
connected to a Teledyne test station to supply gas and adjust gas humidity. During the
tests, fully humidified H2 was supplied to the anode side as the reference with flow rate
of 100ml/min; meanwhile, N2 was fed into the cathode side with flow rate of 97.7ml/min
and adjusted to different humidity levels from 0% to 100%. The cell was potentiostated at
+0.2V, with a voltage perturbation of 10mV at frequencies ranging from 0.1 to 10,000
Hz.
For the CV tests, the cell condition and gas supplied were exactly the same as
those for the EIS tests. In the methanol/H2 CV tests, the anode electrode potential was
scanned from 0.01V to 0.35V, then back to 0.01V at scan rate of 50mV/s, to record the
CV curves. In the H2/N2 CV tests, the cathode electrode potential was scanned from
0.05V to 1.0V, then back to 0.05V at scan rate of 50mV/s, to record the CV curves. Three
spectra and CV data were collected at each condition to verify reproducibility.

4.3.

4.3.1.

Results and Discussion

Cell Performance Comparison

All the testing data were collected after pre-conditioning the MEAs, wherein the
catalysts on both sides were fully activated and the membrane fully hydrated. As
described, two MEAs were prepared side by side with exactly the same electrode
structures and catalyst loadings. The only difference for these two MEAs was that the
membranes used were Nafion 212 and PolyFuel 62, respectively.
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The curves of IR-included anode overpotential, cathode potential and overall
polarization for both MEAs are shown in Figure IV-2. It was obvious that the Nafion
MEA had better performance compared to the PolyFuel one. However, it was not clear
whether the performance difference was due to ohmic resistance in the membranes only.
Therefore, we need to differentiate the performance loss due to ohmic resistance from
both the anode overpotential and cathode potential curves in order to compare individual
electrode performance. As introduced, a milliohm-meter was used to record cell HFR,
which mainly consisted of the membrane resistance and contact resistance of the MEAs.
Average HFR for the PolyFuel MEA was 0.206 Ω ⋅ cm 2 , about two-times higher than
that of the Nafion MEA, which was 0.1 Ω ⋅ cm 2 . The HFR data agreed well with the
properties published by the PolyFuel Company from the ex-situ experiments.
Since all the polarization curves were obtained based on stoichiometry calculated
at 150mA/cm2, all the comparisons below were also based on this current density which
was quite practical for real fuel cell applications. Table IV-1 showed the IR-free anode
overpotentials and cathode potentials, calculated by excluding the voltage loss due to
HFR at current density of 150mA/cm2 from the IR-included data. It was clear that the IRfree anode overpotentials, 0.33V, were the same for both MEAs, which indicated the
membrane used in the MEA had no impact on anode electrode performance. However, on
the other hand, the IR-free cathode potential of the PolyFuel MEA showed an additional
20mV loss compared with the Nafion MEA. This inconsistency between the IR-free
anode overpotential and cathode potential gave rise to a question. Besides the ohmic
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resistance of the membranes, what were the other factors possibly affecting the cathode
electrode?
Before we further investigate cathode performance in detail, the methanol
crossover effect can also be calculated and compared by the data measured in Figure
IV-2. As shown in Eq. (4-5), the cell voltage can be written in terms of IR-free cathode
potential, anode overpotential, voltage loss due to IR and voltage loss due to methanol
crossover in the DMFCs.

Vcell = Vcathodepotential , IR − free − Vanodeoverpotential , IR− free − VIR −drop − VMXover

(4-5)

The voltage loss data due to methanol crossover at 150mA/cm2 for both MEAs is
summarized in Table IV-1 accordingly. It was evident that the loss for the PolyFuel MEA
was nearly zero, while that for the Nafion MEA was equivalent to 18mV. This result
confirmed the advantage that methanol crossover through the PolyFuel membrane, as
stated in Chapter II, can be much smaller than that through the Nafion membrane.

4.3.2.

Humidity Effect

Based on the discussion above, more attention was devoted to the cathode
electrode. In this section, two different cathode conditions, dry and 100% humidified air,
were tested in order to check the effect on cell performance for both MEAs. Both
scanning (polarization) and steady-state performance curves for each MEA were
recorded, as shown in Figure IV-3 and Figure IV-4, respectively. The steady state
voltages were measured at 150mA/cm2 with the MEAs continuously run for 1 hour.
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Based on the scanning results, illustrated in Figure IV-3(a), the Nafion MEA
supplied with dry air presented somewhat better performance at most of current densities,
while steady state performance at 150mA/cm2 after 1 hour running indicated that 100%
humidified air condition was marginally better than dry air, as shown in Figure IV-3(b).
This contradiction can be explained by the possible temporary water flooding issue.
During the relatively faster scanning test, the possible excessive water on the cathode side
may not be removed quickly and effectively under the fully humidified condition and
thus, the scanning result showed that dry air was more desired in terms of performance
compared to the 100% humidified air. However, during long-term steady state operation,
the fully humidified air may mostly balance a well hydrated state in the membrane, while
maintaining effective water removal at the cathode side, without flooding the electrode.
This can also be observed from the relatively smoother voltage curve in Figure IV-3(b) at
100% humidified air condition, compared to the one at dry air condition. In other words,
the steady state performance data should be more convincing since it largely eliminated
the transient behavior of the cell performance compared to the scanning results.
Moreover, the steady state measurement was more practical and realistic in real fuel cell
applications as well. Therefore, we will focus on steady state performance in the
following discussions.
With a closer look at Figure IV-3(b), a relatively steep drop of the voltage can be
observed at the first 10 minutes, mostly caused by production of oxidized remains on the
catalyst surface. Afterwards only a small amount of voltage drop was detected and after 1
hour test, the cell voltage reached 0.459V and 0.455V at conditions of 100% humidified
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and dry air, respectively. The average HFRs for the Nafion MEA were measured as 0.104
Ω ⋅ cm 2 under 100% humidified air condition and 0.093 Ω ⋅ cm 2 under dry air condition,

respectively. This represented a 1.65mV voltage difference at 150mA/cm2, which was
close to the voltage difference, 4mV, as shown in steady state measurement (Figure
IV-3b). It was evident that the performance difference with different humidity air in the
Nafion MEA was mainly caused by the HFR difference under the varied membrane
hydration states.
For the purpose of comparison, the same humidity level tests were carried out on
the PolyFuel MEA, as shown in Figure IV-4. In contrast to the results of the Nafion
MEA, both scanning and steady-state results suggested that performance was better with
100% humidified air, and the voltage difference was about 14mV after 1 hour test under
two air conditions, as illustrated in Figure IV-4b. It was clear that the PolyFuel MEA
required high air humidity, compared to the Nafion MEA.
In the meantime, the HFRs were measured for the PolyFuel MEA as well. The
average HFR was reduced from 0.203 to 0.194 Ω ⋅ cm 2 , which was equivalent to a
1.35mV voltage gain at 150mA/cm2, when the air humidity changed from dry to 100%.
However, based on the steady-state results exhibited in Figure IV-4b, the voltage
increased about 14mV after one-hour test with the change of the humidity level of the
supplied air. It was obvious that the HFR voltage loss was much less than the steady-state
voltage difference, indicating that the performance difference for the PolyFuel MEA
cannot be explained just by ohmic resistance change in the PolyFuel membrane itself due
to the different conditions of humidification.
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4.3.3.

Protonic Resistance Tests for Anode Electrodes

As noted, the performance difference between two MEAs with the Nafion and
PolyFuel membranes was caused not only by the ohmic resistance of the membrane itself,
but also by other unknown factors. It was necessary to further investigate individual
electrode performance in order to fully understand the membrane’s role on the MEA
performance difference. In this study, EIS and CV methods were used to analyze protonic
resistance in the CLs with the Nafion and PolyFuel membranes in a methanol/H2 mode.
Figure IV-5 shows typical Nyquist plots of the MOR for both PolyFuel MEA and
Nafion MEA. Generally, the plot includes four parts: the intercept with the real axis
representing the ohmic resistance; a 45º region for the electrolyte resistance in the CL;
followed by an RC region due to the kinetics and an inductive loop at low frequencies
characterizing the ORR84. As we know, at high frequencies, the capacitors in the
equivalent circuit behave as shorts, and the AC response is solely due to the pure
resistances of the system. Thus the high-frequency intercept of the loop on the real axis
determined the ohmic resistance of the MEA, which correlated with the results measured
by the milliohm-meter during cell operation. It should be noted that the ohmic resistance
was not shown in the plot to emphasize the capacitance behavior at highest
frequencies. Figure IV-5 illustrates that approximately linear branches of the complex
impedance with an angle close to the theoretical value of 45o were obtained at higher
frequencies.
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With focus on the impedance spectra in the high frequency region, we re-plotted
the modulus of the high frequency impedance, Z , vs. ω −1 / 2 , to determine the ratio of the
square root of the proton resistance and the pseudo-double layer capacitance according to
Eq. (4-2). As shown in Figure IV-6, fairly linear plots were obtained for both MEAs. The
slopes of the plots, K, were recorded in Table IV-2. In the meantime, the pseudo-double
layer capacitance, C pdl , was obtained from the capacitive charging current of cyclic
voltammograms of methanol oxidation. The CV results are shown in Figure IV-7 for both
Nafion and PolyFuel MEAs. The pseudo-charging current density, j pdl , was taken from
the minimum current in the positive sweep of the cyclic voltammograms. Based on Eq.
(4-3), the corresponding C pdl can be calculated and recorded in Table IV-2 as well.
Finally, the proton resistances, R p , for both MEAs can be calculated accordingly.
After the calculation, we noticed that the proton resistance in the anode CL for
both MEAs was around 0.16 Ω ⋅ cm 2 . This result was very close with the values reported
in other research papers. For example, in the work done by Havranek and Wippermann83,
the protonic resistance was 0.21 Ω ⋅ cm 2 with 16% Nafion content in the CL layer. Also
Makharia et al.84 reported the protonic resistances in the CL ranged from 0.1 to 0.25

Ω ⋅ cm 2 , depending on different Nafion contents in their experiments using the H2/O2
method. Moreover, the same resistance for both MEAs indicated that the protonic
conduction in the anode electrode was independent of the membranes used for the MEAs.
These results also agreed well with the IR-free anode overpotential results, proving that
the electrochemical activity of anode electrode was not influenced by the membrane used
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in the MEAs, but its own properties, such as the micro-structure, catalyst loading, and
such, in the liquid feed DMFCs.

4.3.4.

Protonic Resistance of Cathode Electrodes

The proton resistance tests were also carried out on the cathode electrodes with
the H2/N2 method for both MEAs. Since the results indicated that performance of the
PolyFuel MEA was strongly dependent on the humidity levels of supplied air in the
cathode, the proton resistances in the cathode CL were examined under different relative
humidity (RH) conditions.
Figure IV-8(a) illustrates the impedance spectra obtained in H2/N2 at 0.2V for the
Nafion cathode electrode at different RHs. A theoretical AC impedance response in the
H2/N2 mode can be divided into three parts: one region with slope of 45º at higher
frequencies, one region of a straight vertical line at lower frequencies, which represents
the typical capacitance, and another region between them with mixed control by both
proton resistance and capacitance85. However, by observing the real impedance spectra in
this study, the low frequency region had apparent deviation from the vertical position,
especially with the supplied N2 under the low RH. This suggested that the low-frequency
region still included proton resistance besides the pure capacitance. Thus, in order to
accurately extract the protonic resistance in the cathode electrode, the same approach,
using both EIS and CV methods as explained in the measurement of the anode electrode
protonic resistance, was applied here for the H2/N2 mode as well.
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Similar to the anode protonic resistance tests, the ohmic resistance part was
eliminated from the impedance spectra, in order to highlight the capacitance behavior in
the high frequency region. As mentioned above, the proton resistance, R p , can be
extracted from the 45o segment in the high frequency region. The relationship between
the modulus of the impedance vs. 1 ω was extracted from the 45o segments and replotted in Figure IV-9(a). It was evident that the extracted lines were perfectly linear and
the fitted slope, K, decreased from 2.64 to 1.48 with the supplied N2 humidity increasing
from 0 to 100%.
The pseudo-double layer capacitance was obtained from the capacitive charging
current of cyclic voltammograms of the N2 oxidation. The CV scan results were shown
in Figure IV-10(a) under different RH conditions. The first peak of the CV at 0.1V vs.
RHE related to the H-adsorption process at the Pt surface. The discharging area
determined between the CV peak and the minimum current usually suggested the
electrochemical active area (ECA) of the electrodes. With the decrease of the RH of
supplied N2, the discharging area decreased slightly. Although the ECA should be an
intrinsic property of the prepared electrode, which was mainly determined by the catalyst
structure, ionomer contents and catalyst loadings, this slight ECA increase could be
explained by the ionomer swelling property according to a possibly different water
content in the electrode. The enlarged swelling ionomer may slightly increase contact
area between the ionomer and Pt, thus increasing the ECA accordingly. The charging
current density, j pdl , were taken at half of the minimum current in the positive and
negative sweeps of the cyclic voltammograms. According to Eq. (4-2), the cathode CL
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protonic resistances can be calculated, as summarized in Table IV-2. It can be seen that,
from dry N2 to 100% humidified N2, the CL protonic resistance decreased from 0.84 to
0.55 Ω ⋅ cm 2 , which was about 1.5-fold change.
Same RH tests were performed on the PolyFuel MEA for comparison. Since with
the dry N2, the PolyFuel 62 membrane dried out so fast as to cause possible delamination
between the membrane and the electrode (estimated by observing a sudden increase of
the HFR), 30% RH N2 was used instead of dry N2. Figure IV-8(b) and Figure IV-9(b)
shows the impedance spectra for the PolyFuel MEA and correspondingly extracted lines
based on the 45o segment of the impedance spectra. The charging current density, j pdl ,
was determined by cyclic voltammograms as shown in Figure IV-10(b). The calculated
protonic resistances in the cathode CL were recorded in Table IV-2 as well. We noticed
that the protonic resistance in the cathode CL had much stronger dependence on the RHs
for the PolyFuel MEA, compared with the Nafion MEA. From 30% to 100% humidity
level, the proton resistance in the cathode CL decreased from 3.35 to 1.06 Ω ⋅ cm 2 , which
was more than 3-fold drop.
We next checked whether the performance loss on the cathode electrode between
two MEAs can be explained by the increase in the cathode CL protonic resistance. Based
on the transmission line model theory82, 84, the voltage loss in the DC cathode polarization
curve due to proton resistance in the catalyst can be approximated as R p / 3 at the
superficial current density, as shown in Eq. (4-6).
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Vcathode,IR − free = Vcathode,kinetic + I

Rp
3

(4-6)84

Using the cathode protonic resistance data of 100% RH, 0.55 and 1.06 Ω ⋅ cm 2 in
the Nafion and PolyFuel MEAs, respectively, we estimated that the corresponding DC
voltage difference in the cathode potential was 25.5mV at 150mA/cm2 based on Eq. (46). This was very close to the difference between directly measured cathode potentials for
both MEAs, 20mV, as shown in Table IV-1. Now, with this finding, we may confirm that
using the PolyFuel membrane in a MEA can affect the cathode electrode potential due to
higher proton resistance in the CL, even if the same electrode materials and composition
were used to fabricate MEAs.
Basically, the protonic resistance in an electrode is determined by the ionomer
amount and water content in it. As described, the ionomer amount in the electrodes of
both Nafion and PolyFuel MEAs was the same. In the anode electrode, with the supply of
low-concentration aqueous methanol, excessive water was fed into the anode inlet
simultaneously. This ensured a very similar and fully hydrated state in the ionomer phase
of the anode electrodes for both MEAs and therefore, there was no obvious voltage loss
caused by the protonic resistance in the anode CL. However, the water content in the
cathode electrode highly depended on the water crossover through the membrane from
the anode and humidification conditions in the cathode. As reported in the previous
chapter, the water permeability through the PolyFuel membrane was 30%-50% lower
compared with that of the Nafion membrane. With such relatively low water crossover
through the PolyFuel membrane, a high proton resistance in the cathode CL due to an
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undersaturated ionomer phase led to a large cathode potential drop even with the same
RH conditions of cathode air in the PolyFuel MEA.
It was also worthwhile to note that, when comparing voltage loss between two
MEAs due to the proton resistance under 60% RH gas conditions, the difference may be
estimated as high as 100mV, which was too high to reflect true MEA performance at all.
This could be explained by the H2/N2 method used for the proton resistance test in the
cathode electrode. In a typical DMFC supplied with liquid methanol solution, a large
amount of water in the anode can easily pass through the membrane by electro-osmotic
drag and diffusion. This relatively large water amount in the cathode electrode may not
be completely mimicked by simply supplying humidified H2 and N2 in the tests,
especially under the less than fully humidified conditions. In other words, in the H2/N2
mode, the condition with supplied gas of 60% may not be able to reproduce the real water
condition in a typical liquid feed DMFC, which led to the large variation of the voltage
loss in the cathode electrode.
It was evident that MEA performance using different membranes can be affected
not only by ohmic resistance of the membranes themselves, but also by the individual
electrode performance loss. The difference may highly depend on the water content in the
electrodes, especially on the cathode side for a liquid feed DMFCs. Even under the same
condition of 100% humidified N2 supply in the cathode, the PolyFuel MEA still had
nearly doubled protonic resistance in the cathode CL compared with the Nafion MEA.
Since the state-of-the-art electrodes had optimal material ratios and micro-structures for

84

the Nafion MEA, we need to consider how to optimize the MEA with PolyFuel
membrane.

4.3.5.

Protonic Resistance Tests of Anode Electrodes Using N2 /H2 Method

One of the straightforward strategies to decrease protonic resistance in the CL was
to increase ionomer content in the electrode. Instead of making a new cathode electrode
with higher ionomer content for the PolyFuel MEA, we may first test the available anode
electrode in the PolyFuel MEA with the N2/H2 mode to verify the idea. As mentioned in
the MEA preparation, the anode electrode contained higher ionomer ratio than the
cathode electrode. Also, due to a much higher catalyst loading in the anode than the
cathode, the actual ionomer content in the anode electrode should be higher than that in
the cathode electrode as well. Thus, we tried to measure the protonic resistance in the
anode electrode under different RH conditions, as we had done for the cathode electrode.
The measurement for the anode electrode was exactly the same as that for the
cathode CL, except for switching the supplied gases for the electrodes. Figure IV-11
showed the modulus of the impedance vs. 1 ω with the focus on the high frequency
region, while Figure IV-12 illustrated the CV plots for the same anode CL under different
RHs. The calculated proton resistances in the anode CL are listed in the Table IV-2. It
was obvious that, compared with the methanol/H2 method, the protonic resistance
measured by the 100% humidified N2/H2 mode suggested an even higher value. This
indicated the explanation for the difference between the liquid water and fully humidified
gas, as discussed in the last section, was reasonable. At the same time, with the increased
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humidity level in the anode CL, the protonic resistance decreased accordingly. From 30%
to 100% humidified N2, the protonic resistance decreased about 2 fold, from 0.83 to 0.35
Ω ⋅ cm 2 . This once again proved that the degree of humidification was very important to

proton resistance in the electrodes when using the PolyFuel membrane. Moreover, the
absolute values of the protonic resistance in the anode CL were much smaller compared
with those in the cathode CL under the same RH conditions, suggesting that the increase
of the ionomer content in the electrode is helpful to improve proton conduction, possibly
due to more water uptake, and thus water content in the CL as well. Therefore, we can
reasonably expect that voltage loss due to protonic resistance in the cathode electrode
could be mitigated by increasing the ionomer content in the cathode electrode, suggesting
a need for the future work.

4.4.

Conclusions

In this chapter, we have developed and compared two MEAs with Nafion 212 and
PolyFuel 62 membranes by measuring anode overpotential, cathode potential and overall
MEA performance. The results indicated that the PolyFuel MEA had the advantages of
low methanol crossover and comparable anode performance, while suffering performance
loss due to high membrane resistance and protonic resistance in the cathode electrode,
compared to the Nafion MEA under the same operating conditions. Combining EIS and
CV methods, the proton resistance in the electrodes can be obtained and its effect on the
individual electrode was investigated under different humidity conditions. It was found
that the ionomer content and humidity level were very important to electrode
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performance, especially for the MEA with PolyFuel membrane. This was because,
although the PolyFuel membrane prevented undesired methanol crossover through the
membrane, it also blocked certain water crossover, which was necessary for the ionomer
to be well hydrated in the electrode, thus leading to a large voltage loss in the cathode
electrode.
In order to apply the PolyFuel membrane in DMFCs, voltage loss due to protonic
resistance in the electrode must be minimized. Besides increasing the ionomer content in
the electrode, detailed optimization of catalyst loading and micro-structure design is also
needed.

Other

possible

optimization

work

includes

designing

the

hydrophobic/hydrophilic ratio of the mircroporous layer and gas diffusion layer for both
electrodes in order to control proper water crossover from the anode to cathode, and to
achieve desired humidity level without water flooding in the cathode electrode.
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Figure IV-1 Transmission-line models for (a) Methanol/H2 mode and (b) N2/H2 mode.
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Figure IV-2 IR-included (a) anode overpotential, (b) cathode potential and (c) overall
scanning performance comparisons for the Nafion MEA and PolyFuel MEA.
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Figure IV-3 (a) Scanning and (b) steady-state performance with both 100% humidified
and dry air for the Nafion MEA.
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Figure IV-4 (a) Scanning and (b) steady-state performance with both 100% humidified
and dry air for the PolyFuel MEA.
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Figure IV-5 Impedance spectra obtained in methanol/ H2 at 0.3V for the anode electrodes
in the Nafion and PolyFuel MEAs (ohmic resistance is eliminated in this diagram to
emphasize the capacitive behavior at highest frequencies).
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Figure IV-7 Cyclic voltammogram of the methanol oxidation on PtRu anode electrode at
60oC for the Nafion and PolyFuel MEAs with 50mV/s scanning rate.
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Figure IV-8 Impedance spectra obtained in H2/N2 at 0.2V for (a) Nafion and (b) PolyFuel
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Figure IV-9 Modulus of the impedance Z vs. ω −1 / 2 , data taken from Figure IV-8,
determination of K =
levels.

Rp
C pdl

for (a) the Nafion and (b) PolyFuel MEAs at various RH-

97

0.010

0.005

Nafion, 100% humidified N2
2

2

j (A/cm )

Jpdl=1.23mA/cm

Nafion, 60% humidified N2
jpdl=0.74mA/cm\+(2)

0.000

-0.005

Nafion, dry N2
2

jpdl=0.62mA/cm

-0.010
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

U(RHE)/V

(a)
0.010

PolyFuel, 60% humidified N2
2

jpdl=1.31mA/cm

2

j (A/cm )

0.005

0.000

PolyFuel, 100% humidified N2
2

Jpdl=1.38mA/cm
PolyFuel, 30% humidified N2
2

jpdl=1.30mA/cm

-0.005

-0.010
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

U(RHE)/V

(b)
Figure IV-10 Cyclic voltammogram of the 50%Pt/C cathode electrode at 60oC for (a)
Nafion and (b) PolyFuel MEAs with 5mV/s at various RH-levels.
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Figure IV-12 Cyclic voltammogram of the PtRu anode electrode at 60oC for the PolyFuel
MEA with 5mV/s at various RH-levels.
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Table IV-1Cell performance comparison for the Nafion MEA and PolyFuel MEA @ 150mA/cm2.
@150mA/cm2

Cell
Voltage, V

IR Voltage
Drop, V

Nafion 212
PolyFuel 62
Difference

0.470
0.452
0.018

0.015
0.031
0.016

Anode Overpotential, V

Cathode Potential, V

IR-included

IR-free

IR-included

IR-free

0.345
0.361

0.330
0.330
0

0.818
0.782

0.833
0.813
0.020

Methanol
Crossover Loss,
V
0.018
0
0.018
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Table IV-2 Protonic Resistance in Electrodes based on the EIS and CV measurements for the Nafion and PolyFuel MEAs.
Electrode
Pt/Ru
Anode

Membrane
Nafion
PolyFuel

Nafion
Pt/C
Cathode
PolyFuel

Mode
Methanol/H2
Methanol/H2
30% RH N2/H2
60% RH N2/H2
100% RH N2/H2
H2/Dry N2
H2/60% RH N2
H2/100 %RH N2
H2/30% RH N2
H2/60% RH N2
H2/100% RH N2

K, Ω ⋅ cm 2 / s1 / 2
0.50
0.47
1.06
0.90
0.68
2.64
2.02
1.48
3.59
3.17
1.96

Jpdl, mA/cm2
35.7
32.8
3.7
3.8
3.8
0.62
0.74
1.23
1.30
1.31
1.38

Cpdl, F / cm 2
0.71
0.67
0.74
0.76
0.76
0.12
0.15
0.25
0.26
0.262
0.276

Rp, Ω ⋅ cm 2
0.17
0.15
0.83
0.61
0.35
0.84
0.61
0.55
3.35
2.63
1.06
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Chapter V Optimization of Carbon Supported Anode

5.1.

Introduction

As a viable solution to reduce cost without sacrificing cell performance, carbonsupported catalysts have been studied for years in fuel cell research. Compared with wide
investigation and great progress using supported catalyst for the cathode oxygen
reduction reaction, supported anode catalyst for methanol oxidation reaction has made
little progress. In this chapter, after the electrochemical measurements and diagnosis of
problems associated with use of carbon supported catalyst (PtRu/C) for the DMFC anode,
a chemical agent is proposed and implemented in the anode electrode. The testing results
show this new supported anode electrode improves the methanol oxidation rate with a
lower loading than using unsupported PtRu black catalyst.

5.2.

5.2.1.

Experimental

MEA Fabrication

The composition and preparation procedure of MEA have been discussed in detail
in previous chapters and other publications86-91. Here a brief description about the
materials used for the MEA components is given. Mixed with Nafion and water,
supported PtRu/C and supported Pt/C powders, both provided by Etek, were used to
make the anode and cathode electrodes, respectively. The ratio of Nafion and Pt/C was
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controlled at 0.22 by weight in the cathode catalyst ink, while the ratio of Nafion and
PtRu/C was varied in the anode ink for optimization. Both electrodes were prepared by
tape casting and spraying methods on the TEFLON. And carbon cloth and carbon paper
with MPLs were prepared and used as the cathode and anode GDLs, respectively. For all
MEAs made in this study, the Nafion 212 membrane was chosen as the proton exchange
membrane for the electrode optimization experiments.

5.2.2.

Micro-Structural Analysis

All SEM images were obtained by using a Field Emission Scanning Electron
Microscopy (FESEM, Jeol JSM-6700F) or an Environmental Scanning Electron
Microscopy (ESEM, FEI Quanta 200). MEA samples were prepared for cross section
imaging by first immersing into liquid nitrogen for 15 minutes, then by cutting with a
sharp scalpel. Both the surface morphology and thickness analysis could be checked by
using these two kinds of instruments.

5.2.3.

Electrochemical Testing

The instruments used for electrochemical tests were the same as described in the
previous chapter. Anode overpotential and overall performance were measured and
recorded by the Arbin electronic load.
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5.3.

5.3.1.

Results and Discussion

Effect of Catalyst Loading

The anode overpotential curves were measured and compared, and should not be
subject to the cathode electrode effect. The test conditions were: cell temperature of 60ºC,
2M methanol in the anode and dry H2 at the cathode as the reference electrode. In the
following analysis, the results were compared at the current density of 150mA/cm2 to
minimize either ohmic loss or mass transport loss.
Three supported anode electrodes with catalyst loadings of 2, 3 and 6 mg/cm2
were prepared with the same spraying and decal transfer method. Figure V-1 shows the
anode overpotential diagrams for these electrodes, and the IR-free anode overpotentials at
150mA/cm2 were calculated as shown in Figure V-2. It was clear that the electrode with
3mg/cm2 catalyst loading gave the lowest anode potential loss at 150mA/cm2 among all
three electrodes. This finding is different when compared with the unsupported catalyst.
As shown in Figure V-2 as well, the IR-free anode overpotentials of the unsupported
anode electrode decreased with the catalyst loading increasing from 2 to 7mg/cm2 and
later, reached steady state after that. As a reference, the upper limit of the unsupported
catalyst has been reported by Wieckowski et al., to be above 8mg/cm2.92-93
It is easy to understand that, with the increase of the catalyst loading, electrode
performance should improve because of more available reaction sites. Therefore, for both
supported and unsupported electrodes, an excessively low catalyst loading, such as
2mg/cm2 in the supported electrode, cannot provide enough available catalysts for
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methanol reaction and thus, leads to the highest anode overpontential. However, for the
supported electrodes, a higher catalyst loading also increases the total thickness of the
electrode due to the support material, carbon. For example, considering an 80 wt %
PtRu/C electrode, the carbon volume can account for more than 70% of the total volume
of the whole electrode. So, even if the higher catalyst loading possibly provides more
available catalytic sites for methanol oxidation reaction, methanol actually cannot reach
those additional sites because the overly thick electrode introduces even larger transport
resistance. This could also be verified by checking the limiting current density shown
in Figure V-1. It is clear that the limiting current density of the MEA decreased from 319
to 255 mA/cm2 when the catalyst loading increased from 2 to 6 mg/cm2.
Although we compared the anode overpotential data at 150mA/cm2, which was
selected in order to be significantly distant from the mass transport limiting region, a
locally ineffective methanol mass limitation is still possible. The effect of such mass
transport limitation could be also quantified according to Eq. 5-1, in which ΔVtrans is the
voltage loss due to mass transport limitation, i and ilim are the working and limiting
current density and B a constant depending on cell operation states. For the methanol
oxidation reaction, B is around 100mV. Using limiting current densities of 307 and
255mA/cm2 for 3 and 6mg/cm2 loading electrodes in Figure V-1, the voltage difference
due to the mass transport limitation could be calculated as 9mV at 150mA/cm2, which
was very close to the test result of 11mV.
⎛
i
ΔVtrans = − B log⎜⎜1 −
⎝ ilim

⎞
⎟⎟
⎠

(5-1)
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It is evident that using an optimal loading in terms of the combination of both
available reaction sites without incurring mass transport limitation is the key to design of
a better carbon supported anode electrode. In this study, 3mg/cm2 could be near the
optimal value under the operating conditions we used.

5.3.2.

Effect of Ionomer Content

During the preparation of MEA, the electrodes need to be tightly bonded to the
membrane in order to ensure good proton conduction. Since the Nafion membrane is the
most popular for fuel cell applications, its solution is very often used as the ionomer in
the electrode as well. Since it does not penetrate deeply into the electrode as a liquid
electrolyte does, performance of a DMFC relies greatly on perfluorosulfonate ionomer
(PFSI) on PtRu particles in the catalyst. Therefore, a suitable Nafion ionomer
content/ratio in terms of the catalyst loading and thus, possibly a good network
interconnection and uniform distribution in the supported electrodes, is very critical to
cell performance. 94
Four MEAs with Nafion ionomer contents varying from 2.5 to 3 were prepared
and listed in Table V-1 for the following experiments. The supported catalyst used was
E-TEK 80% Pt:Ru Alloy (1:1) on Vulcan XC-72 R with the loading controlled at 33.6mg/cm2, which was proved to be the optimal catalyst loading in the previous analysis.
The cathode electrodes were the same for four tested MEAs, composed of supported Pt
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catalyst (E-TEK 40% Pt on Vulcan XC-72 R) with loading of 1.2mg/cm2. The identical
GDLs were used during the MEA preparation.
Figure V-3 shows the enlarged anode overpotential curves of four different MEAs
around the current density of 150mA/cm2, and the IR-free anode overpotential data at
150mA/cm2 were extracted in Figure V-4. It was obvious that the supported anode
electrode with the ionomer ratio between PtRu/C and Nafion of 2.75 had the lowest
anode overpotential, indicating the best anode electrode performance. This finding can be
explained by morphology of the porous electrodes under different Nafion contents,
illustrated by Uchida.94 In the catalyst layer, the supported electrode is actually
constructed by PtRu/C agglomerates, coated by a Nafion film. As a result, the porous
electrode usually has two distinctive pore distributions: the smaller (primary) pores which
are the pores of agglomerates, and the secondary (larger) pores which are formed
between the agglomerates. The effect of the Nafion content is mainly related to the
secondary pores since it is localized in this level of the pores. The introduction of Nafion
into the electrode not only extends the three-phase contact among the reactants,
electrolyte and catalyst, but also makes the proton transfer more effective throughout the
entire electrode. Therefore, too little Nafion content could neither provide enough good
three-phase contacts for the reaction, nor build sufficient proton transfer connections
between the active catalytic sites and proton conductive membrane. On the other hand,
too much Nafion content would form a much thicker ionomer film, which could possibly
cover too many catalyst sites and block reactant access. In other words, certain amount of
the catalysts would not be utilized at all because of such a thick Nafion coverage. Hence,
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an optimal balance between the catalyst loading and Nafion content is very important to
ensure good electrode performance. Based on the results in this study, the optimual ratio
of PtRu/C vs. Nafion was found to be 2.75 for the supported anode electrode.

5.3.3.

Comparison between Supported and Unsupported PtRu Electrodes

The optimal catalyst loading and Nafion ratio in the supported anode electrodes
was determined in the preceding section. This combination is used as the baseline
condition for comparison between the supported and unsupported anode electrodes in this
section. Specifically, the catalyst loadings were 3 and 5mg/cm2 for the supported and
unsupported anode electrodes, respectively.
Figure V-5 shows the IR-free anode overpotential curves for the supported and
unsupported anode electrodes, with focus on the current density of 150mA/cm2. It was
encouraging to notice that the difference was only 15mV at 150mA/cm2 in between.
However, after checking overall steady-state performance of both MEAs, as shown
in Figure V-6, the difference was as high as 40mV at the anode stoichiometry 2 and
cathode stoichiometry 4. Since these two compared MEAs had exactly the same
components except for the anode electrodes, this excluded the possibility of influence
from other parts of the MEA upon cell performance.
In order to understand the reasons for the large performance difference between
quick-scan and steady-state, SEM images of the anode PtRu and PtRu/C electrodes were
taken and compared here, as shown in Figure V-7. Figure V-7 (a) and (b) shows the
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surface structure of supported and unsupported PtRu electrodes at magnification of 300,
respectively. It appears the supported catalyst created a rocky-like surface structure,
which formed a relatively dense micro-structure compared with the unsupported one.
With a much larger magnification of 75,000 as shown in Figure V-7 (c) and (d), we find
that although particle size of the unsupported catalyst was much smaller compared with
the supported one, the metal itself is more inclined to agglomerate during

ink

preparation, while the supported PtRu particles seemed much easier to distribute
uniformly due to the support of carbon, thus leading to a denser uniform electrode
structure. Based on the SEM figures, we can estimate the agglomerates size of the
unsupported electrode was almost three-times larger than that of the supported electrode.
Although the agglomeration could cause less catalytic area, it actually created more pores
between the agglomerations as well.
Moreover, based on the cross-section view of the supported and unsupported
electrode, as shown in Figure V-8, the thickness was measured as 62 and 52 µm for the
unsupported and supported PtRu electrodes, respectively. Based on a simple volume ratio
calculation of Eq. 5-2 and 5-3, we estimate the porosity of the supported and unsupported
catalyst to be 58% and 73%, respectively.

Porosity ( PtRu / C ) =

VCL − VPtRu / C − Vnafion
VCL

VCL −
=

W PtRu / C

ρ PtRu / C
VCL

−

W Nafion

ρ Nafion

(5-2)
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Porosity ( PtRu ) =

VCL − VPtRu − Vnafion
VCL

VCL −
=

WPtRu

ρ PtRu

−

WNafion

ρ Nafion

VCL

(5-3)

Based on the observation on the SEM pictures and calculated results, we can
conclude that the supported catalyst, PtRu/C, more easily produced a denser electrode
structure compared with the unsupported catalyst. As a result, species transport might be
more difficult within the smaller micro domains of the denser supported electrode. This
negative effect did not show strong impact on the anode overpotential curve
measurement, since the scanning rate was so quick that the anode overpotentials may not
reflect the transient response due to an even slower mass transport change. However, in
the steady state constant current measurement, the mass transport effect became more
evident, as shown in Figure V-6.

5.4.

5.4.1.

Optimization with Pore Former

Addition of a Pore Former

Based on the results analysis of steady state performance between the
unsupported and supported electrodes, a relatively more porous micro-structure seems
necessary for a good supported anode electrode in order to improve reactant transport
without losing good electron and proton conduction. Here, a pore former, Li2CO3, was
proposed and added into the catalyst ink during electrode preparation. It was then
removed from the electrode by washing in 1M H2SO4 either directly after catalyst layer
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preparation or after transfer of the catalyst layer onto the membrane by hot press. Figure
V-9 shows the procedure for preparation of the supported electrode with the addition of
Li2CO3.
Specifically, Li2CO3 from Sigma-Aldrich was added to the anode supported
catalyst ink as a pore forming agent based on 50wt% in terms of PtRu/C. Before spraying
the catalyst ink onto the Teflon sheet, pore former (i.e. Li2CO3) was added into the
catalyst ink. After spraying, the catalyst was immersed in 1M H2SO4 overnight to remove
Li2CO3. The locations occupied by the Li2CO3 particles thus created a coarser porous
structure in the supported electrode, compared with the non-pore former treated
electrodes.
Figure V-10 showed the SEM images of the surface structure and cross-section of
a supported catalyst after treatment with the pore former. It is clear that more pores were
purposely created on the surface of the new supported anode electrode. Using the same
method based on Eq. 5-2, we estimated the porosity of the new electrode 86%. Therefore,
we were confident that this pore forming additive, Li2CO3, was indeed effective and
actually, very promising in terms of generating a more open porous structure in the
supported electrode by mitigating the agglomeration problem.
By using the pore former, expected performance improvement of the supported
anode electrode under the steady state was as shown in Figure V-11. After 2-hour
operation, the performance difference between the supported and unsupported electrodes
was decreased to less than 15mV, much less than the original 40mV before the pore
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former treatment. In addition, the difference of the steady-state performance between
supported and unsupported anode electrodes was very close to that measured by the
anode overpotential tests, which also proved that with treatment of the pore former on the
supported anode catalyst, the problem of insufficient methanol transport was solved
successfully.

5.4.2.

Effects of Hot Press Condition

As described in the discussion of MEA preparation, after spraying the prepared
catalyst ink onto the Teflon sheet, the electrode was immersed into sulfuric acid to
remove Li2CO3 and create the desired porous structure inside. Then, the anode and
cathode electrodes were decal transferred onto the tested membrane by hot press with
pressure of 100kgf/cm2. However, we were concerned that high-pressure compression
could crush the existing pores and thus destroy the desired porosity in the electrode.
In order to eliminate the negative effect of the hot press on the electrode porosity,
we initialized a new process. Before the removal of Li2CO3 from the sprayed electrode,
the anode and cathode electrodes were first decal transferred onto the membrane. Then
the membrane with the electrodes was immersed into the sulfuric acid to remove the
Li2CO3. The new process avoids the heat and high pressure applied onto the electrodes
and thus, helps to keep desired porous structure in the supported electrodes.
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5.4.3.

Issue of Li2CO3 Dissolution in Nafion Solution

Through the careful weight loss tests, the data showed that Li2CO3 could dissolve
into the Nafion solution during ink preparation, as shown. For example, the pore former
could lose as much as 80% if the ink was stirred for 4 hours after the addition of Li2CO3.
This problem could be solved by carefully controlling the ink stirring time after the
addition of Li2CO3, or by exchanging H+ form Nafion into Na+ form by adding a certain
amount of NaOH solution into the ink before the addition of Li2CO3. The latter method
could largely prevent the dissolution of Li2CO3 into the Nafion solution. After spraying
the catalyst ink onto the Teflon sheet, the catalyst layer was then immersed in the 1M
H2SO4 solution for one night, which not only helped to remove the remaining Li2CO3, but
also exchange the Na+ form of Nafion back to H+ form with SO3H functional group.
The supported anode electrode with Na+ form treatment was tested by anode
overpotential measurement later. As shown in Figure V-12, it showed almost the same
anode performance as the one without treatment at 150mA/cm2. However, we noticed
that the limiting current density of the electrode with the Na+ form treatment was larger
than the one without treatment. This once again indicated that with the Na+ exchange, the
pore former, Li2CO3, so effectively created pores that an even higher porosity in the
supported electrode led to a lower methanol transport resistance and therefore a higher
anode limiting current.

114

5.5.

Summary

In this chapter, different composition effects on the supported PtRu/C anode
electrodes were examined. It is evident that a combination of the proper catalyst loading,
the optimal ionomer/Nafion content and a well-designed micro-porous structure in the
catalyst would lead to the best electrode performance by providing the best triple-phase
inter-connections among reactants, electrodes and the electrolyte. By using SEM method,
the pore size and distribution in the supported electrode have been studied. The results
proved that a desired porous electrode could be achieved by using a pore forming
additive, Li2CO3, which not only enables more active electrochemical reaction sites but
also enhances methanol transport due to a much more porous electrode structure.
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Figure V-1 Anode overpotential curves of PtRu/C with different catalyst loadings.
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Figure V-2 IR-free anode overpotential versus catalyst loading for supported and
unsupported PtRu electrodes.
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Figure V-6 Steady-state performance comparison between MEAs using supported and
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Figure V-7 SEM pictures of the surface of the anode electrode (a)(c) PtRu/C electrode
with magnification of 307 and 75,000, (b)(d) PtRu electrode with magnification of 307
and 75,000.
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Figure V-8 SEM pictures of the cross-section of anode electrode on the membrane with
magnification of 600 (a) PtRu/C electrode, (b) PtRu electrode.
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Figure V-9 Procedure for preparation of PtRu/C electrode with the addition of pore former (Li2CO3).
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Figure V-10 SEM pictures of the supported PtRu electrode (a) surface structure, (b)
cross-section view.
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Figure V-11 Steady-state performance comparison between MEAs based on unsupported
and supported PtRu electrodes with and without pore former.
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Table V-1 MEA Composition with different ionomer ratio of PtRu/C vs. Nafion
MEA1

Pt Ru/C : Nafion
Anode loading
Cathode loading
Anode GDL
Cathode GDL

MEA2

2.5:1

MEA3

2.75:1

MEA4

2.85:1

3.2mg/cm

2

1.2mg/cm
1.2mg/cm
Carbon paper w/ MPL
Carbon cloth w/ MPL

3.5mg/cm
1.2mg/cm

2

3:1

2

2

2

2

3mg/cm

3.6mg/cm
2

2

1.2mg/cm
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Chapter VI Development of New MEA Using Supported Catalysts
and Hydrocarbon Membranes

6.1.

Introduction

Based on the foregoing studies and acquired knowledge, we were interested in
developing a new MEA for the DMFC by combining the PolyFuel membrane and
supported catalysts. In this chapter, the new MEA was developed and its performance
was examined by electrochemical measurements in order to shed some light on future
optimization.

6.2.

Experimental

As proposed, the new MEA was composed of a PolyFuel 62 membrane, carbon
supported PtRu anode and supported Pt cathode electrodes, and GDLs with MPL at both
sides of the electrodes. As a comparison, an almost identical MEA was prepared using
exactly the same materials except for the anode electrode, in which an unsupported PtRu
catalyst was used. Specifically, loadings of PtRu catalyst for supported and unsupported
anode electrodes were 3.3 and 8.7 mg/cm2, respectively. Pt/C was used as the cathode
catalyst for both MEAs with the loading of 1mg/cm2. The MEA with supported PtRu
electrode was immersed in 1M sulfuric acid for one night in order to remove the pore
former. The direct spraying method was used instead of decal transfer in order to
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eliminate the concern of porosity loss due to the high-pressure hot press. The anode and
cathode GDLs were identical for both MEAs and prepared following the description in
the MEA preparation section.
Besides the testing methods introduced in the previous studies, an additional
electrochemical testing method was used in the following study as well. In order to
quantify the electrochemical area (ECA) in the supported anode electrode, the carbon
monoxide (CO) -stripping CV was adopted using a Solartron 1278 Electrochemical
Interface in conjunction with a Solartron 1260 frequency response analyzer at room
temperature. In the CO-stripping CV test, the cell was fed with CO to the anode side with
a flow rate of 500ml/min as the working electrode, while H2 to the cathode side with a
flow rate of 100ml/min as the reference electrode (dynamic hydrogen electrode, DHE).
While holding the supported anode electrode potential at 0.1V versus the DHE, CO was
first adsorbed onto the catalyst surface for 30 minutes. Then, the gas on the anode side
was switched to N2 for 10 minutes at the same flow rate and the same anode potential of
0.1V, in order to remove any CO left from the electrode. After that, the anode potential
was scanned from 0.1V to 0.85V at 5mV/s, to record the CO-stripping CVs. Assuming a
value of 420µC/cm2 for the oxidation of CO on a smooth PtRu/C surface, the
electrochemical reaction area (ECA) can be calculated by

ECA =

S
10 9
v × 420 μC / cm 2

(6-1)
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6.3.

6.3.1.

Results and Discussions

Supported Catalysts on PolyFuel Membrane

The anode overpotentials for both MEAs were tested at two temperatures as
shown in Figure VI-1(a) and (b). In both cases, the anode overpotential data at
150mA/cm2 were used for comparison and recorded in Table VI-1. It was found that
although the loading in the supported anode electrode was only 2.6 times smaller
compared with the unsupported one, the anode overpotential differed only by 10mV. The
HFRs showed close data for both MEAs, which also indicated that different anode
catalysts did not have significant impact on the hydration level of the membrane. The
limiting current densities for both MEAs at two tested conditions were very close as well.
This again proved that with the addition of the pore former, we achieved a reasonable
porosity in the supported anode electrode which ensured similar mass transport.
Before further minimizing the voltage loss, even a 10mV difference, between the
supported and unsupported electrodes, it was necessary to examine what factors might be
the main reason(s) related to the performance loss. As discussed, the electrode
performance could be determined by the following factors: catalyst utilization; proton
transport through the electrode and species mass transport to the catalytic sites.
Figure VI-2 shows the CO-stripping data for both supported and unsupported
anode electrodes. The calculated ECAs according to Eq. (6-1) were 3617 and 2677
cm2/(cm2 electrode area) for the unsupported and supported electrodes, respectively,
while if using per gram of catalyst loading, the values were 41.9 and 80.1m2/g. It was
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clear that the supported electrode almost doubled the available reaction sites per unit
weight of catalyst loading. However, due to a lower catalyst loading, the overall ECA in
the supported electrode was still lower than that of the unsupported one. Using Eq. (6-2),
we can estimate the voltage loss due to the different ECAs between two electrodes to be
15mV.
⎛ ECA1 ⎞
⎟⎟
ΔVECA = − B log⎜⎜
⎝ ECA2 ⎠

(6-2)

Similarly, the voltage loss due to mass transport limitation could be estimated by
Eq. (6-3). Since both MEAs had almost the same limiting current densities, 359 and 354
mA/cm2 at 60°C, the effect of mass transportat between two MEAs could be ignored in
this case.
⎛
i
ΔVtrans = − B log⎜⎜1 −
⎝ ilim

⎞
⎟⎟
⎠

(6-3)

Finally, the proton conduction in both electrodes was examined. The detailed
measurements and calculations were described in Chapter IV and thus, are not repeated
here. Combining the impedance spectra measurement as shown in Figure VI-3 and the
cyclic voltammogram measurement as shown in Figure VI-4, we can determine the
proton resistances for the supported and unsupported electrodes to be 0.24 and
0.2 Ω ⋅ cm 2 , respectively. According to Eq. (6-4), the estimated voltage loss due to the
proton conduction in the electrode was only 2mV at 150mA/cm2 between two electrodes.
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⎛ Rp ⎞
ΔVP = I ⎜ ⎟
⎝3⎠

(6-4)84

Based on the comparisons above, we can conclude that the performance
difference between two MEAs was mainly due to a low ECA of the supported electrode
using a lower catalyst loading. However, this cannot be achieved by increasing the
catalyst loading in the supported electrode, since a higher loading might incur larger
resistance loss and mass transport problem, as discussed. Thus, achieving a higher ECA
without negatively affecting other contributors is still a significant challenge to further
improve supported anode electrode performance.

6.3.2.

Short-term Decay

It is common to see performance decay with long run time in fuel cells. Long
durability and low decay rate is one of the huge challenges encountered for all fuel cells.
Although the topic itself is worthy of independent study, here we simply attempt to
investigate one aspect, “short-term decay”, for both supported and unsupported MEAs
built in this study. Some performance loss with cell running could be recovered if the cell
was stopped and then restarted, known as short-term decay. In this section, we examined
short-term decay rates on the supported and unsupported electrodes, and checked whether
the membrane properties could have effects on the decay as well.
First, two MEAs based on Nafion 212 membranes were prepared for comparison.
One MEA had unsupported catalysts on both anode and cathode electrodes with catalyst
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loadings of 6mg/cm2 for each electrode, while the other had supported catalysts on both
electrodes with PtRu/C loading of 3.5mg/cm2 and Pt/C loading of 1mg/cm2. Tests for
polarization scanning and steady-state performance were performed on both MEAs with
methanol stoichomerty of 3 and air stoichiometry of 2 based on 150mA/cm2, and the
results are shown in Figure VI-5 and Figure VI-6. In order to separate the effects between
the anode and cathode electrodes, both steady state anode and cathode potential data were
measured, as shown in Figure VI-5 (b) and Figure VI-6 (b). In Table VI-2, the data of
polarization scanning and steady-state after cell runtime of 2 hours is recorded. Using the
data at the current density of 150mA/cm2, we find that after 2 hour steady-state tests,
decay of the supported anode electrode was 15mV, while decay for the unsupported one
was 13mV, compared with its scanning performance. Similarly on the cathode side,
decay for the supported Pt electrode was 21 mV, while for the unsupported one, 17mV.
The results showed that the short-term decay between the supported and unsupported
electrodes was very close for both anode and cathode sides, which proved the good
stability of supported catalysts.
Further examination showed that the decay for the Nafion MEA with supported
electrodes was 44mV, while for that with unsupported electrodes, it was 28mV.
By comparing the decay rate of the MEA with the sum of the decay of its electrodes, it
seemed that the unsupported case had a relatively close match (28mV vs. 30mV), while
the supported one had a little larger difference (44mV vs. 36mV). The same situation
could be also checked when using the decay data at the current density of 250mA/cm2 for
comparison, as shown in Table VI-2, in which the unsupported case had an exact match
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(34mV vs. 34mV), while the supported one had an even larger discrepancy (48mV vs.
34mV).
A possible reason for this finding could be methanol crossover through the
membrane. During the cathode potential test, H2 was used instead of methanol solution in
the anode, and since H2 can barely crossover through the membrane, the measured
cathode potential data should not have the effect of methanol crossover, which was the
actual case as observed in the MEA testing. Since a lower catalyst loading was used in
the supported cathode, the crossover methanol might not be fully oxidized in the cathode
electrode and thus, lead to a larger decay in MEA performance during long term
operation. Such influence in the unsupported cathode, however, might not be as severe as
that in the supported one, due to a higher catalyst loading, possibly resulting in more than
enough catalyst sites waiting for the crossover methanol. Based on this analysis, it might
be helpful to choose a low methanol permeable membrane for the low loading supported
electrodes in MEAs for DMFCs.
In order to confirm this, two MEAs with supported and unsupported electrodes
based on the PolyFuel 62 membrane were prepared and examined, following the same
tests as above. The loadings of supported electrodes were 3.5 and 1 mg/cm2 for anode
and cathode catalysts, respectively, while loadings of both unsupported electrodes were
6mg/cm2. For simplicity, only the decay data of the MEA at 150mA/cm2 were recorded
in Table VI-3. The decay for the PolyFuel MEA with supported electrodes was found as
28mV after 2-hour test, which was exactly the same as that of the Nafion MEA with
unsupported electrodes as shown in Table VI-2. In the meantime, the decay of the
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PolyFuel MEA with unsupported electrodes had an even lower number of 20mV, which
made the difference of the decay between the PolyFuel MEAs, 8mV, smaller than that
between the Nafion MEAs (18mV). This proved that the hypothesis of methanol
crossover effect on the short-term decay was reasonable and with a lower methanol
permeable membrane, such as PolyFuel 62 membrane, the supported catalysts could
sustain more durable and stable performance compared with the unsupported catalysts in
the long run.

6.4.

Conclusions

A new MEA with supported electrodes and the PolyFuel membrane was
successfully developed. Compared to MEAs with unsupported electrodes, the new MEA
design showed very promising and comparable performance. The key challenge for
further improvement relies on optimization of several factors: high ECA, better proton
conduction and efficient species transport within the supported electrode.
Short-term decay of the MEAs with unsupported and supported electrodes was
studied. Due to the effect of methanol crossover, the MEA using supported electrodes
suffered a little larger degradation during 2 hours cell run time. By using a low methanol
permeable membrane, such as the PolyFuel 62 membrane, the decay could be minimized,
which indicated that the supported catalysts may exhibit better life performance due to
use of a hydrocarbon membrane.
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Figure VI-1 Anode overpotentials for PtRu and PtRu/C electrodes with PolyFuel
membrane at (a) 60°C (b)70°C.
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Figure VI-3 Impedance spectra obtained in methanol/ H2 at 0.3V for the PtRu and PtRu/C
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Figure VI-5 (a) Scanning and (b) steady-state performance for Nafion MEA with
supported anode and cathode electrodes: blue line represents anode overpotential, green
line cathode potential, and red line overall cell performance.
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Figure VI-6 (a) Scanning and (b) steady-state performance for Nafion MEA with
unsupported anode and cathode electrodes: blue line represents anode overpotential,
green line cathode overpotential, and red line overall cell performance.
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Table VI-1 Comparison between supported and unsupported anode electrode on PolyFuel 62 membrane.
@150mA/cm2
PtRu
PtRu/C

Anode overpotential (60°C)
IR-included
0.357V
0.367V

IR-excluded
0.327V
0.337V

Limiting current density
359mA/cm2
354mA/cm2

Anode overpotential (70°C)
IR-included
0.332C
0.341V

IR-excluded
0.304V
0.313V

Limiting current density
371mA/cm2
370mA/cm2
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Table VI-2 Short-term decay data for supported and unsupported electrodes based on Nafion 212 membrane.
MEA of Nafion 212
Anode overpotential
Cathode potential
150mA/cm2
Overall
performance
Anode overpotential
Cathode potential
250mA/cm2
Overall
performance

Supported Catalysts
Quick scan Steady (2h)
Decay
0.36V
0.375V
15mV
0.828V
0.803V
21mV

Unsupported Catalysts
Quick scan
Steady (2h)
Decay
0.348V
0.361V
13mV
0.821V
0.804V
17mV

0.47V

0.426V

44mV

0.476V

0.448V

28mV

0.40V
0.785V

0.424V
0.762V

24mV
10mV

0.39V
0.789V

0.41V
0.775V

20mV
14mV

0.383V

0.335V

48mV

0.418V

0.384V

34mV
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Table VI-3 Short-term decay data for supported and unsupported electrodes based on PolyFuel 62 membrane.
Overall Performance
PtRu
PtRu/C
Difference

Scanning
0.452V
0.433V

Steady state (30minutes)
0.438V
0.415V

Steady state (2h)
0.432V
0.405V

Decay (2h)
20mV
28mV
8mV
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Chapter VII Conclusions and Future Work

7.1.

Conclusions

A low-cost but high-performance MEA, using the PolyFuel (Hydrocarbon) 62
membrane and supported catalysts, has been designed and tested in this thesis for liquid
feed DMFCs, aiming to enhance the electrode kinetics with a low catalyst loading and
reduce methanol crossover with a low-cost membrane.
Before implementation of the PolyFuel membrane in the final MEA design,
methanol and water transport properties of the PolyFuel membrane were examined by
varied ex-situ measurements. Using a diffusion cell, methanol diffusivity through the
PolyFuel 62 membrane was measured and the low methanol diffusion characteristic of
the PolyFuel membrane was confirmed when compared with the conventional Nafion
212 membrane under the same temperature. In addition, due to its higher glass transition
temperature, methanol diffusivity of the PolyFuel membrane was less dependent on
temperature. Therefore, at the high temperature of 70°C, the methanol crossover rate
through the PolyFuel 62 membrane was around 1.7-times lower compared with that of
Nafion 212 membrane.
Based on the SEM images, we found that the MEA may have some large gaps
between the electrodes and the membrane if using the decal transfer method to prepare
MEA with the PolyFuel membrane. Thus a direct coating method was adopted in order to
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improve the bonding between the electrode and the PolyFuel membrane. This method
was shown to solve the delamination problem in the methanol crossover test by checking
SEM images.
Water diffusivity and vapor uptake through the PolyFuel membrane was
measured by NMR, dynamic gravimetric water sorption pressure-driven water
permeability experiments. Both experiments showed that water diffusivity of the
PolyFuel membrane was around 40% lower compared with that of the Nafion 212
membrane.
Next, a series of in-situ electrochemical tests were performed for two types of
MEAs based on the PolyFuel 62 and Nafion 212 membranes in otherwise the same
DMFC configurations. By comparing the anode overpotential, cathode potential and
overall performance data, we found that the PolyFuel MEA had a similar anode
overpotential, a lower methanol crossover rate, but a higher ohmic loss due to the less
conductive membrane, and a lower cathode performance (by ~15-20 mV), compared to
the Nafion MEA under the same operating conditions. Meanwhile, the PolyFuel MEA
also exhibited a strong dependence on the relative humidity (RH) of cathode air.
Further analysis, using both electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV), indicated that the larger cathode potential loss in the PolyFuel
MEA was actually caused by the high protonic resistance in the cathode electrode,
although the ionomer and its content used in making electrodes for both PolyFuel and
Nafion MEAs were exactly the same. The fundamental reason is the different water
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transport characteristics between the two membranes. Less water going through the
PolyFuel membrane resulted in a lower water content in the ionomer phase of the cathode
electrode and thus, a larger protonic resistance. Therefore, besides improving the
membrane conductivity, a properly designed cathode CL with focus on decreasing the
protonic resistance in the cathode electrode is also a critical challenge for the successful
application of the PolyFuel membrane in a DMFC.
The second task of this thesis was to explore use of a low-loading carbon
supported catalyst in the anode electrode in order to achieve electrode performance
comparable to the unsupported catalyst. Using a newly proposed pore former, Li2CO3, in
catalyst ink preparation, we successfully solved the methanol mass transport limitation
problem by generating a much more porous micro-structure in the originally dense and
thick supported PtRu catalyst layer. The newly developed electrode had less than 10mV
difference, while the catalyst loading was actually decreased about threefold, compared
with the unsupported electrode.
Finally, based on the experience and knowledge of these studies, a new MEA
using both the carbon supported catalyst and the PolyFuel 62 membrane was successfully
developed and showed very promising results compared with the state-of-the-art DMFC
MEAs. In addition, the new MEA seemed to have a better short-term decay rate
compared with that of the Nafion MEA due to low methanol crossover through the
membrane, which would minimize possible long-term damage to the cathode electrode.
Under the operating conditions used in this study, the MEA using the supported
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electrodes and PolyFuel membrane had the same decay rate as the MEA using the
unsupported electrodes and Nafion membrane.

7.2.

Future Work

In the present thesis, we successfully developed a new MEA based on
hydrocarbon membranes and with low catalyst loading for liquid-feed DMFCs. This
MEA exhibits comparable overall performance, low methanol crossover and excellent
performance stability. However, we also found that, due to less water transport through
the hydrocarbon membrane, the cathode electrode of the developed MEA is prone to
dehydration and thus a relatively higher ionic resistance in the cathode electrode, making
it difficult to achieve a higher power density. Thus, further performance improvement of
the new MEA with focus on the cathode electrode should be a main interest of future
MEA development.
Here, several possible ideas are proposed and briefly discussed as below:
1) Adjusting the ionomer and/or its content used in the cathode electrode. In
Chapter IV, the proton resistance study on the anode electrode has shown that a higher
ratio of ionomer in the CL could improve the proton resistance due to possibly higher
water uptake. However, excess ionomer in the CL could possibly restrict the reactants
from reaching the available catalysts due to a thicker ionomer cover around the reaction
sites. Therefore, an optimal ionomer content in the cathode electrode is needed. In
addition, a low equivalent-weight (EW) ionomer could be a better choice. With the same
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amount of ionomer, the low EW ionomer could maintain higher proton conductivity at
low humidification conditions because of increase of sulfonic acid groups95.
2) Tailoring GDL design in order to maintain better hydration in the electrode. In
fact, there is already much research available to investigate water transport with different
GDL materials and hydrophobicities in order to achieve a good water balance within the
MEA40, 42. Generally, for the anode GDLs, decreasing the hydrophobic PTFE amount in
the MPL could help push more water transport from the anode to the cathode, while for
the cathode GDLs, a more hydrophilic GDL could retain more water in the cathode
electrode.
3) Employing hygroscopic materials in the cathode electrode, for example,
heteropolyacids such as ZrP and ZrSPP or oxides such as ZrO2, TiO2 and SiO2. The idea
originated from a concept of designing a self-humidifying membrane for fuel cell
applications, originally suggested by Watanabe et al.96-97. The hygroscopic oxides are
expected to readily absorb water produced at the cathode reaction and then, to maintain a
high water content in the CL, which should be beneficial to better proton conductivity98.
However, there are still many unknowns, such as how to implement these oxides into the
CL, whether the newly added oxides will affect electrode durability, and so on.
So far, we have suggested some future directions for the effort to mitigate the
proton resistance problem and thus, to achieve high performance and low cost based on
the newly developed MEA for liquid feed DMFCs. More important, it is necessary to
keep in mind that, a better water balance scheme within the whole MEA should remain
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dominant, instead of just within the cathode electrode itself. Otherwise, overall MEA
performance might suffer due to cathode flooding, even if a low proton resistance in the
cathode electrode may be attainable. Hopefully, the electrochemical methods and results
presented in this thesis can not only provide a fundamental understanding of hydrocarbon
membrane use in DMFCs, but also shed some light on future development of low cost,
high performance MEAs for liquid feed DMFCs.
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