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Abstract

The direct methanol fuel cell (DMFC) performance has been improved via two

approaches. The first approach reduces methanol crossover in the membrane

electrode assemblies (MEAs) by incorporating a methanol barrier layer onto an

anode electrode of the MEA. The second approach increases the triple phase

boundaries via the modified morphology of catalyst layers in the MEA.

Methanol barrier layers containing a composite layer of Nafion/mordenite (MOR),

Nafion/zeolite Y (ZY), Nafion/montmorillonite (MMT) or Nafion/titanate (TN)

were distributed onto the anode of an MEA. The performance of these MEAs

were tested in a single cell DMFC for temperatures between 30–80 ◦C and meth-

anol concentrations of 1 M–4 M and compared with a standard MEA to identify

changes in power output. At 2 M methanol concentration and 80 ◦C, the MEAs

featuring with Nafion/0.50 wt% MMT and Nafion/0.50 wt% TN delivered higher

power densities, 19.76% and 26.60%, respectively, than that of standard MEA.

The catalyst morphology has been adjusted by the dilution of catalyst ink to pre-

vent an agglomeration of catalyst particles, resulting in the increased triple phase

boundaries which are the phases for electrochemical reactions and for the trans-

portation of electron and proton products. The new-standard MEA presented the

best improvement in power density of 81.15% over the conventional counterpart

at 80 ◦C and 2 M methanol concentration. This modified procedure was further

utilised for MEAs fabrication.

Further investigation has been carried out by the selected Nafion/MMT layer.

The MMT loading of 0.25 wt%–1.00 wt% were incorporated onto the barrier

layer where the Nafion/0.25 wt% MMT layer illustrated the best performance.

This MEA attributed the highest power density of 69.14 mW cm−2 which is

2.76% higher than 67.23 mW cm−2 of the new-standard MEA at 80 ◦C and 2 M

methanol concentration. The best improvement in power density, 27.09%, was

obtained at low temperature and low methanol concentration of 30 ◦C and 1 M.

The power density was 25.30 mW cm−2 when compare to 19.91 mW cm−2 of the

new-standard MEA.

These results suggest that the methanol barrier layer and the modified morpho-

logy of catalyst layer accomplish the aim of improving DMFC performance.
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Dm diffusion coefficient (cm2 s−1)

d′ actual distance that a penetrant must travel

d the shortest distance that a penetrant would have travelled

in the absence of inorganic layer

Ereversible reversible potential of fuel cell

E◦ reversible potential at standard temperature

and pressure (298 K and 1 atm)

F Faraday constant (96,485 J V−1mol−1)

G Gibbs free energy

Gf Gibbs free energy of formation

Gf, products Gibbs free energy of formation of products

Gf, reactants Gibbs free energy of formation of reactants

ḡf Gibbs free energy per mole of chemical species

ḡ◦f Gibbs free energy per mole at standard temperature

and pressure (298 K and 1 atm)

H enthalpy
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i current (A)

j current density (A cm−2)

j0 exchange current density
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√
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l membrane thickness
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r resistance

S entropy
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Chapter 1

Introduction and objectives

1.1 Introduction

The rise in sea level as a result of polar ice melting may strike much closer to

home and make us realise the power of climate change [1–3]. Climate system

composes of living things, land surface, snow and ice, oceans and other bodies

of water and the characteristic part of climate which is the atmosphere [4]. Hu-

man behaviour has changed the atmospheric composition by releasing greenhouse

gas into the atmosphere [4, 5]. “Greenhouse gas is a gas that absorbs and emit

infrared radiation”[6]. The presence of greenhouse gas suppresses radiation emit-

ted from the Earth’s surface to the space resulting an increase in global surface

temperature. Hence, the environmental challenges especially climate change and

global warming are contributing to the global concern.

Human activities are the major sources of human-made greenhouse gas which is

classified into 4 main groups. The primary source of carbon dioxide (CO2) are

from burning of fossil and biomass especially the inefficient combustion of fossil

fuels. Methane (CH4) and nitrous oxide (N2O) are from agricultural activities.

The major source contributed fluorinated gases (hydrofluorocarbons (HFCs), per-

fluorocarbons (PFCs), and sulfur hexafluoride (SF6)) are industrial processes and
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refrigeration [7]. The global greenhouse gas emissions in 2004 specified by gas

species are presented in Figure 1.1 while their categorised by source are displayed

in Figure 1.2.

Figure 1.1: Global scale of greenhouse gas emissions in 2004 divided by Gas
[7]

Figure 1.2: Global scale of greenhouse gas emissions in 2004 divided by
Source [7]
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The potentials of greenhouse gases on the climate system have been considered

under the Global Warming Potential (GWP) index. There is a metric related to

molecular weight, atmospheric lifetime, and radiative forcing (RF) of the green-

house gases [7–9].

Table 1.1: Global Warming Potential (GWP) of greenhouse gases relative
to carbon dioxide

Greenhouse gases Lifetime
(years)

Radiative efficiency
(W m−2 ppb−1)

Global Warming
Potential for 100-
years

Carbon dioxide N/A 1.4x10−5 1
(CO2)
Methane 12 3.7x10−4 25
(CH4)
Nitrous oxide 114 3.03x10−3 298
(N2O)
Hydrofluorocarbons 270 0.19 14,800
(CHF3)
Perfluorocarbons 640 0.25 14,400
(CClF3)
Sulfur hexafluoride 3200 0.52 22,800
(SF6)

In order to prevent climate change the emission of greenhouse gas must be sup-

pressed. The United Nations Framework Convention on Climate Change (UN-

FCCC) established the Kyoto Protocol in 1997 in order to mitigate the global

emission of greenhouse gas [10]. Under the Kyoto protocol, developed countries

that ratified the protocol committed to reduce greenhouse gas emissions by at

least 5% between 2008-2012 related to the emissions in the base year, 1990 [11].

The contributors to the Kyoto protocol such as the European Union (EU) adopted

the goal of reducing 8% of greenhouse gas in 2008-2012 [10, 12]. Track record of

greenhouse gas emissions published in the Annual European Union greenhouse

gas inventory 1990-2012 report (Figure 1.3) demonstrated the significant emission
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reduction since 2009. In 2012, the EU achieved 19.2% lower emission than the

base year level 1 [12].

Figure 1.3: Greenhouse gases emissions of the European Union in
1990-1912 compared with target for 2008-2012 [12]

1.2 Motivation

While global energy consumption is growing, the climate change and environ-

mental problems are a concern. As shown in Figure 1.1 and 1.2, in 2004 the most

abundant of greenhouse gas is CO2 and 26% of CO2 is emitted by energy con-

sumption [7]. Unfortunately, CO2 emission rose to 35% of total greenhouse gas

emission in 2010 [13]. The combustion of fossil fuels for electricity and heat is the

main source of greenhouse gas emission. Consequently, an alternative electrical

system with low CO2 emission, high efficiency, renewable fuel source, safe and

convenient refuelling is required [14–16].

1Greenhouse gas emission data do not include emissions and removals from Land Use Activ-
ities and Land-Use Change and Forestry
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1.2.1 Green electricity

Several methods are used to produce the green electricity which is an energy

generated from renewable sources such as solar, wind, geothermal, biomass, hy-

dropower and fuel cell with little or no pollution emission, as illustrated in Table

1.2. The renewable energy shares only 22.1% of the global electricity generated

in 2011 [17] (Figure 1.4).

Table 1.2: Electricity generated from renewable energy sources

Energy sources Descriptions Limitation Ref.

Solar Photon from solar radiation is

converted into electricity by

photovoltaic modules.

Electricity production de-

pends on the locations and

season.

[17, 18]

Wind Electricity is generated from

mechanical energy by wind

turbine systems.

Season and locations affect

energy production.

[17, 19, 20]

Geothermal Heat energy in the mantle

and core of the earth is trans-

ferred to electricity genera-

tion.

There is huge investment

for setting up a geothermal

plant including the problem

of earthquakes and landslides.

[21–23]

Hydro Hydropower produces electri-

city using kinetic energy from

water.

The environmental condi-

tions and aquatic life in

reservoirs or river systems

are disturbed by hydropower

plants.

[17, 24, 25]

Biomass The biological wastes includ-

ing organic matter derived

from living organisms are

used as raw materials to gen-

erated electrical energy.

Huge area for crop is required

to meet high energy demand.

[26, 27]

Fuel cell Chemical energy is converted

into electrical energy.

Its cost reduction is con-

sidered.

[28]
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Figure 1.4: Share of renewable energy in global electricity production in
2011 (adapted from [17])

1.2.2 Fuel cell for green electricity

Fuel cells are the renewable technology providing high energy conversion efficiency

and low air pollution. They are the electrical generators using chemical reaction

without any burning of fuel. Furthermore, fuel cells utilise either a liquid or

gaseous fuel that give flexibility. They can be applied as the power supply for

many scales such as portable and stationary devices, vehicles and aircraft [29].

Fuel cells are useful in a variety of applications because of the different types

which provide wide power ranges from micro-fuel cells producing only 2-3 W [30]

to large scale multi-megawatt systems [31, 32]. In order to achieve high power

output, multiple cells are connected together [33]. Fuel cells can be used for

portable power supply, stationary power generation and transportation power

supply [33].

1.2.2.1 Portable applications

Portable fuel cells have power ranges of 5-500 W [32]. Main applications of

portable fuel cells are categorised into two groups. First focuses on the power

generators for outdoor lights such as camping and garden lights. Second is the



Chapter 1. Introduction and objectives 36

power source for electronic devices such as notebooks and mobile phones in lieu

of a battery. Fuel cells are favourable in portable applications because of their

low operating temperature, lightweight systems and easy refuelling [34–38]. Fur-

thermore, they present a higher power density and longer lifespan than batteries

[35, 37, 39].

1.2.2.2 Stationary applications

Fuel cells can be used as stationary power supply for instance as emergency back-

up power supply (EPS) in hospitals, telecommunications, bank, and government

agencies [40–42] and as combined heat and power (CHP) systems in remote areas

or residential dwellings [43]. Large scale central power generation can be ex-

pensive to deliver electric power to the consumers; therefore, the decentralized

distributed power supply is an alternative solution [32, 44–46]. Fuel cells can

serve a demand of residential electric power which requires low power range <10

kW [47]. Japan has distributed fuel cells on the residential CHP system through-

out the country [47–49]. The system of CHP is shown in Figure 1.5.

Figure 1.5: Schematic of a fuel cell based combined heat and power (CHP)
system [46]
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The primary fuel for example natural gas is reformed into a hydrogen-rich gas

by a fuel processor and then it is electrochemically oxidised in a fuel cell stack to

produce electric power and heat [46].

1.2.2.3 Transportation applications

Fuel cells can be used in electric vehicles such as a cars, trucks, and buses [50].

An example of a fuel cell vehicle (FCV) model is given in Figure 1.6 [32]. The

FCV composes of hydrogen storage, fuel cell stack, high voltage battery and/or

ultracapacitors, power drive unit and electric drive motor. Compressed hydrogen

from the hydrogen tank flows to the fuel cell stack to generate electricity. Under

the control of power drive unit, the produced electricity powers the electric drive

motor to change electrical energy into mechanical energy [51, 52]. The excess

electricity is stored in the battery. It is supplied to the drive motor as a sup-

plementary power in high load driving. Honda Motor Co., Ltd. [52] revealed a

new model of FCV, Clarity Fuel Cell, in the 44th Tokyo Motor Show on October

28, 2015. The fuel cell stack for this car offers the power output of 100 kW, 134

horsepower, cruising range of more than 700 km and 4 seats using pure hydrogen

as a fuel.

Figure 1.6: Model of Fuel cell vehicle based on the Honda 2005 FCX [32]
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1.2.3 Fuel cell cost

Although fuel cells are the key technology for generated green electricity, the bar-

riers of their high system cost have been identified. In order to address this issue

it is necessary to focus on cost reduction before mass production and extensive

commercialization of fuel cells [53, 54]. Summarised the target cost for fuel cell

technology in the United States [32] are shown in Table 1.3. Sun [55] demon-

strated that a significant fraction of the fuel cell cost comes from the cost of

platinum catalyst. ”A 50 kW fuel cell with a power density of 700 mW cm−2 has

approximately 46 g of platinum, costing $2240.” Mudd [56] mentioned that global

the productions of platinum and noble metal catalyst are dominated by South

Africa and Russia. They supply these metal catalysts for many decades, there-

fore, the concern in long term availability of metals to meet the future demands

must be considered.

1.3 Objective

The aim of improvement in direct methanol fuel cell (DMFC) performance has

been implemented in this research. The study focuses on DMFC due to an advant-

age of using methanol solution as a fuel and a high efficiency of this technology.

However, the major technological barrier for DMFC application is a methanol

crossover from an anode to a cathode of fuel cell which reduces the power output

of the DMFC.

The performance of DMFC can be enhanced using an alternative procedure which

incorporates Nafion/inorganic composite layer, a methanol barrier layer, onto the

anode side of the membrane electrode assembly (MEA). Two types of inorganic

structures, microporous and 2-dimensional structure, are used in order to demon-

strate their influence on DMFC performance.
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The literature also demonstrates that hydrophilic/hydrophobic properties play

a crucial role in methanol prevention. Therefore, the hydrophobic nature of the

Nafion/inorganic methanol barrier layer will be studied in this work using contact

angle measurement.

In order to achieve additional DMFC improvement, the morphology of MEA will

be adjusted by modifying a technique for MEA fabrication.

Table 1.3: Summarised the target cost for fuel cell technology in the United
States [32]

Application Details Current cost
2011

Target cost
2020

80 kW Automotive
transportation

Production level
of 500,000
units/annum

49
($/kWe)

30
($/kWe)

110 kW Small residential
CHP

Production level
of 500,000
units/annum

2,300-4,000
($/kWe)

1,500
($/kWe)

100-3,000 kW Medium
CHP

Natural gas fuel 2,500-4,500
($/kWe)

1,000
($/kWe)

Biogas fuel 4,500-6,500
($/kWe)

1,400
($/kWe)

10-50 W Small portable Production level
of 25,000
units/annum

15 ($/system) 7 ($/system)

100-250 W Medium
portable

Production level
of 10,000
units/annum

15 ($/system) 5 ($/system)
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1.4 Outline of thesis

Chapter 1 introduces fuel cells and the advantages of this technology.

Chapter 2 provides principles and operating technique of fuel cells especially

direct methanol fuel cell (DMFC). This chapter also gives an account of potential

loss and methanol crossover problems in DMFC.

Chapter 3 reviews the crucial drawback which obstructs DMFC from a high

efficiency in addition to the research and the development method to resolve

limitation of DMFC. The effort to diminish methanol permeability from anode

to cathode electrode is focused in this study.

Chapter 4 displays two preparation procedures for the standard membrane elec-

trode assemblies (MEAs) as well as the experimental system. In addition, a

strategy of modified MEA by incorporating a methanol barrier layer into the an-

ode side is established. Four MEAs including individual Nafion composite layers

containing mordenite, zeolite Y, montmorillonite and titanate were formed.

Chapter 5 distributes the operating results of standard and modified MEAs pro-

duced by an conventional procedure (procedure I). The performance of standard

and modified MEAs have been analysed. Contact angle of methanol barrier lay-

ers are measured in order to investigate their hydrophilic/hydrophobic properties

which would impact to the MEAs performance.

Chapter 6 examines the additional improvement in DMFC performance by

modifying a MEA preparation procedure. The performances of new standard

and new modified MEAs produced by a modified procedure (procedure II). The

results between the conventional standard made from procedure I and the new

standard fabricated from procedure II are compared.

Chapter 7 concludes this study and suggests future work which exhibits pro-

ton conductivity and methanol permeability using linear sweep voltammetry and

electrochemical impedance spectroscopy.



Chapter 2
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2.1 History of fuel cell

Since 1800 British scientists Sir Anthony Carlisle and William Nicholson dis-

covered a water electrolysis, a decomposition of water into hydrogen and oxygen

using electricity, a reverse of this reaction was further valuable in fuel cell tech-

nology [57, 58].

2H2O(l)→ 2H2(g) + O2(g)

Sir William Robert Grove a lawyer and physician first demonstrated a fuel cell

[59] which is originally referred as gas-battery at the British Association Meeting

at Birmingham in 1839, this work was then published in a paper of Philosophical

Magazine in October 1839 [50, 57]. He used an inverse reaction of electrolysis to

produce electricity by the combination of hydrogen and oxygen. His experiment

is shown in Figure 2.1. Two platinum electrodes were immersed into sulphuric

acid solution. The electrolysis of water into hydrogen and oxygen gas occurred by

passing an electrical current. Therefore, the small electric current was produced

by the inverse of electrolysis reaction [29].

2H2 + O2 → 2H2O

41
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(a) (b)

Figure 2.1: Basic operation of the first fuel cell (A) Electrolysis of water
into hydrogen and oxygen (B) Recombination of hydrogen and oxygen to

water (adapted from [29])

Fuel cells were successfully developed to the first fully-operational fuel cell in the

1959 by Francis Thomas Bacon, an English engineer [32]. It was used by NASA

in the Gemini spacecraft program in the 1960s. The early fuel cell design had a

limited lifetime and its electrolyte membrane quickly degraded [60].

The development of fuel cell technology started since 1967; the improved mem-

brane, Nafionr, has been developed by DuPont. This membrane was recognized

as the key to improving fuel cell performance and it has been used in fuel cells

until now. The molecular structure of Nafion is shown in Figure 2.2. It con-

sists of a backbone of fluorine and carbon, which makes it highly hydrophobic

and provides thermal and chemical stability; proton and water transport through

Nafion is via the hydrophilic sulfonic acid side chains [29, 60].
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Figure 2.2: Molecular structure of Nafion [29]

2.2 Principle of fuel cell

A fuel cell is an energy source that generates electrical energy from a chemical

reaction [61]. Main components of fuel cells can be divided into two groups.

First is an external circuit which composes of an insulator, a current collector

and fuel flow field. Second is a membrane electrode assembly (MEA) where an

electrochemical reaction takes place. The MEA consists of anode and cathode

electrodes separated by an electrolyte. Two electrodes are also linked through

an external electrical circuit. Each electrode is supplied with fuel or oxidant

therefore its structure has to be porous materials to serve the purpose of gas

or liquid permeability. The MEA not only conducts ions between anode and

cathode, but the function of an electrolyte also insulates electron transportation

so that the electrons are only delivered through an external circuit [29]. This set

up is depicted in Figure 2.3

2.3 Different Types of Fuel Cell

There are different types of fuel cells which provide various challenges. Classific-

ation of fuel cells and their advantage and disadvantages are described in Table
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Figure 2.3: Fuel cell components

2.1 and 2.1 [29, 62–65]. Although the over all reaction of fuel cells are not ex-

actly different, they are classified to five main types by the characteristic of their

electrolytes [44] as:

• Proton Exchange Membrane Fuel Cell (PEMFC)

• Solid oxide fuel cell (SOFC)

• Molten carbonate fuel cell (MCFC)

• Phosphoric acid fuel cell (PAFC)

• Alkaline fuel cell (AFC)

Direct methanol fuel cell (DMFC) is a new technology compared to the main

types of fuel cell. It is developed from the proton exchange membrane fuel cell;

consequently, it uses polymer membrane as an electrolyte but DMFC supplies

liquid methanol as fuel.
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Table 2.1: Classification of fuel cells

SOFC MCFC PAFC PEMFC DMFC AFC

Solid oxide Molten carbonate Phosphoric acid Polymer electrolyte Direct methanol Alkaline fuel cell

fuel cell fuel cell fuel cell fuel cell fuel cell

Operating 800-1000 ∼650 160-220 30-100 30-100 50-200

Temperature (◦C)

Electrolyte Ion conducting Liquid molten Liquid phosphoric Proton Proton Potassium

ceramics carbonate in acid in silicon Conducting Conducting hydroxide in

LiAlO2 carbide Polymer Polymer asbestos matrix

Fuel H2/CO/CH4 H2 H2 CH3OH H2

Oxidant O2/air CO2/O2/air O2/air O2/air O2/air O2/air

Anode reaction 2O2− + 2H2 2H2 + 2CO2−
3 2H2 2H2 CH3OH + H2O 2H2 + 4OH−

→ 2H2O + 4e− → 2H2O + 2CO2 + 4e− → 4H+ + 4e− → 4H+ + 4e− → CO2 + 6H+ + 6e− → 4H2O + 4e−

Cathode reaction O2 + 4e− O2 + 2CO2 + 4e− O2 + 4e− + 4H+ O2 + 4e− + 4H+ 3
2O2 + 6e− + 6H+ O2 + 2H2O + 4e−

→ 2O2− → 2CO2−
3 → 2H2O → 2H2O → 3H2O → 4OH−

Charge transfer O2− CO2−
3 H+ H+ H+ OH−

through electrolyte

Power output 100 kW–1.7 MW 100 kW–2 MW 100 kW–1.3 MW 2-250 kW 1-1 kW 10-100 kW



C
h
ap

ter
2.

F
u

el
cell

46

Table 2.2: Classification of fuel cells

SOFC MCFC PAFC PEMFC DMFC AFC

Solid oxide Molten carbonate Phosphoric acid Polymer electrolyte Direct methanol Alkaline fuel cell

fuel cell fuel cell fuel cell fuel cell fuel cell

Application • Stationary • Stationary • Stationary • Transportation • Portable • Space vehicles

power supply power supply power supply • Portable power supply • Portable

• Residential power supply power supply

power supply • Residential

power supply

Advantage • High electrical • High electrical • Tolerance to • Quick start up • Simple system • Fast cathodic

efficiencies efficiencies impurities in • Solid electrolyte • Easy fuel reaction

• Tolerance to • Tolerance to fuel and oxidant reduces corrosion storage • Inexpensive

impurities in impurities in • Simple water • High fuel catalyst

fuel and oxidant fuel and oxidant management volumetric

• Fuel flexibility • Inexpensive energy density

catalyst

• Fuel flexibility

Disadvantage • Slow start up • Slow start up • Slow start-up • High cost • High cost • Sensitive to

• High manufacturing • Corrosive • High cost platinum catalyst platinum catalyst carbon dioxide

costs electrolyte platinum catalyst • Low efficiencies • Low potential • Corrosive

due to poor electrolyte

methanol oxidation

• Fuel and water

crossover
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2.3.1 Proton Exchange Membrane Fuel Cell (PEMFC)

Proton Exchange Membrane Fuel Cell (PEMFC) was used by NASA in the Gem-

ini spacecraft, the first manned spacecraft [29]. In 1967, a developed polytetra-

fluoroethylene membrane of Dupont named Nafion was used as an electrolyte in

PEMFC. PEMFC does not suffer from corrosion of electrolyte. For this reason

including low operating temperature and high power density, PEMFC is suitable

for application in transportation vehicles. However, its carries drawbacks of low

efficiency 1 (40-45%) and expensive platinum catalyst [66].

2.3.1.1 Principles of Operation

The operation of fuel cell can be demonstrated by PEMFC. The oxidation of

hydrogen gas takes place at the anode to produce electrons and protons. Electrons

are migrated through the external circuit to cathode via a potential gradient

between two electrodes while protons are diffused through the electrolyte. Water

is formed at the cathode via a combination of protons, electrons flowed from

anode and oxygen which is directly supplied to cathode [29, 44, 67, 68]. The

electrochemical reaction of PEMFC can be summarised as shown in the equations

below and as presented in figure 2.4.

Anode reaction: 2H2 → 4H+ + 4e−

Cathode reaction: O2 + 4e− + 4H+ → 2H2O

Overall reaction: 2H2 + O2 → 2H2O

2.3.1.2 Fuel Cell Voltages

Thermodynamic energy, the maximum electric energy produced in fuel cell, is

from the change of Gibbs free energy of formation between the products and the

1The calculation of fuel cell efficiency is given in detail in Section 2.4.2.4, page 61
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Figure 2.4: The system of proton exchange membrane fuel cell (PEMFC)

reactants [29].

Ideal electrical work = ∆ḡf = ḡf,products − ḡf,reactants

where:

ḡf, Gibbs free energy per mole

ḡf,products, Gibbs free energy per mole of products

ḡf,reactants, Gibbs free energy per mole of reactants

Gibbs free energy of PEMFC has been calculated as:

∆ḡf = 2ḡf,H2O − 2ḡf,H2
− ḡf,O2

(2.1)

Gibbs free energy changes with temperature and state (gas or liquid); thus, the

calculation of Gibbs free energy should specify temperature [61]. The PEMFC

operating at standard temperature (298 K) has ∆ḡf as:

∆ḡ◦f = ḡ◦f,H2O
− ḡ◦f,H2

− 1

2
ḡ◦f,O2



Chapter 2. Fuel cell 49

∆ḡ◦f = [(2)(−237)]− [0− 0] kJ mol−1

= −546 kJ mol−1

The negative value of ḡf means that energy is released. For the fuel cell, the

amount of ∆ḡf is converted to its electromotive force (EMF) or reversible open

circuit voltage (OCV) [67]. This can be done as follows:

Ideal electrical work = ∆ḡf = −nFE

Rearranging the equation

E = −∆ḡf
nF

where:

E, reversible potential of fuel cell

n, number of electrons transferred for each molecule of fuel

F , Faraday constant (charge of a mole of electrons, 96,485 J V−1 mol−1)

From a Gibbs free energy change of −237 kJ mol−1 at 298 K and liquid water

product, the highest voltage possible of PEMFC is:

E◦ = − −546, 000 J mol−1

(4)(96, 485 J V−1mol−1)

= 1.23V

2.3.2 Solid oxide fuel cell (SOFC)

Solid oxide fuel cell is a high temperature fuel cell. It operates at 800-1000 ◦C

giving an efficiency of 50-70% [66, 69, 70]. Therefore, a high temperature tolerant

electrolyte such as ceramic is required. A ceramic electrolyte, yttrium stabilized

zirconia (YSZ), is commonly used in SOFC due to its oxide-ion conductivity of

∼0.13 S cm−2. Commercial application of SOFC suffers from a high operating
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temperature that makes SOFC unfavourable for portable application and trans-

portation [69]. Nevertheless, SOFC share market with PEMFC for residential

power generation [70].

The system of SOFC is shown in Figure 2.5. Fuel for SOFC is hydrocarbon

fuels such as methane (CH4) which require a reforming system to convert the

hydrocarbon into hydrogen (H2)[70, 71]. Oxygen (O2) molecules at cathode adopt

electrons and produce oxide ions O2−. The product ions migrate through an

electrolyte to anode and react with fuel. The oxidation-reduction reactions are

given as:

Anode reaction: 2O2− + 2H2 → 2H2O + 4e−

Cathode reaction: O2 + 4e− → 2O2−

Overall reaction: 2H2 + O2 → 2H2O

Figure 2.5: The system of solid oxide fuel cell (SOFC)
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2.3.3 Molten carbonate fuel cell (MCFC)

Similar to SOFC, molten carbonate fuel cell has been grouped into a high tem-

perature fuel cell. The high operating temperature at ∼650 ◦C [29, 33] causes

50-60% efficiency without an addition of a precious metal catalyst; nevertheless,

MCFC has slow start-up time do to high temperature. The main disadvantage of

MCFC is a corrosion from carbonate electrolyte owing to short life-span electrode.

This fuel cell also converts fossil fuels to hydrogen before the oxidation-reduction

takes place. Hydrogen reacts with carbonate ion (CO2−
3 ) which reaches anode by

diffusion via an electrolyte to produce water, carbon dioxide (CO2) and electrons.

Carbon dioxide is transferred by recycle system to cathode then it is combined

with electrons and oxygen to form carbonate ions. MCFC system is displayed in

Figure 2.6. The reactions of MCFC are:

Anode reaction: 2H2 + 2CO2−
3 → 2H2O + 2CO2 + 4e−

Cathode reaction: O2 + 2CO2 + 4e− → 2CO2−
3

Overall reaction: 2H2 + O2 → 2H2O

progressive

2.3.4 Phosphoric acid fuel cell (PAFC)

Phosphoric acid fuel cell conducts proton through concentrated phosphoric acid,

H3PO4 supported in porous matrix of Teflon-silicon carbide. This electrolyte has

a higher tolerance to CO2 impurity in fuel and oxidant compared to alkaline fuel

cell [33, 72]. Similar to PEMFC, the platinum catalyst is incorporated into both

anode and cathode. An operating temperature of 175-200 ◦C gives efficiency of

40-45%. PAFC is compatible for stationary power and heat applications with the

high power of 100-500 kW [66]. PAFC system is shown in Figure 2.7 and the
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Figure 2.6: The system of Molten carbonate fuel cell (MCFC)

reactions are presented as:

Anode reaction: 2H2 → 4H+ + 4e−

Cathode reaction: O2 + 4H+ + 4e− → 2H2O

Overall reaction: 2H2 + O2 → 2H2O

2.3.5 Alkaline fuel cell (AFC)

Alkaline fuel cell was used in NASA space program as electrical generators for

the space shuttles [33, 73]. Using potassium hydroxide aqueous solution (KOH)

as an electrolyte operating ∼100 ◦C, AFC achieves efficiency of 60-70%. The

application of AFC is applying in a portable power supply. The reduction of

oxygen at cathode produces hydroxyl ions which then travel to the anode. At the
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Figure 2.7: The system of phosphoric acid fuel cell (PAFC)

anode the molecules of hydrogen fuel react with hydroxy ions and release water.

AFC system is shown in Figure 2.8 and the reactions in AFC are presented as:

Anode reaction: 2H2 + 4OH− → 4H2O + 4e−

Cathode reaction: O2 + 2H2O + 4e− → 4OH−

Overall reaction: 2H2 + O2 → 2H2O

The advantage of AFC is low cost because the faster oxygen reduction in an

alkaline media compared to an acid media allows AFC to use non-noble metal

catalyst such as nickel and silver [74]. The main disadvantages of AFC is degrad-

ation when exposed to carbon dioxide from fuel or oxidant [33]. In the presence of

carbon dioxide, it can block the electrolyte pathway by reacting with hydroxide

electrolyte to form carbonate (Equation 2.2). This phenomena reduces electrolyte
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Figure 2.8: The system of alkaline fuel cell (AFC)

conductivity and electrode activities [74].

CO2 + 2OH− → CO2−
3 + H2O (2.2)

Summary the oxidation-reduction reactions and the charge transfer direction

through the electrolytes are given in Figure 2.9.
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Figure 2.9: The oxidation-reduction reactions and the charge transfer
direction of fuel cells
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2.4 Direct methanol fuel cell (DMFC)

An alternative power source should generate high energy densities. Methanol has

larger energy density (4.8 kWh cm−3) than that of hydrogen (0.18 kWh cm−3);

therefore, it can provide long operation time for portable and mobile devices

[75, 76]. Methanol has high hydrogen-to-carbon ratio (4:1); moreover, it has

no carbon-carbon bonds which require breaking during the oxidation reaction

[77]. For this reason, methanol is favourable to use as a renewable source for the

electrical energy.

Direct methanol fuel cell is a polymer electrolyte membrane fuel cell (PEMFC)

[78] which is supplied with liquid methanol fuel. PEMFC gives high power output

but it still has many important disadvantages because it uses hydrogen gas as

a fuel: the complication of its operation system and the requirement for safe

and effective of hydrogen storage. To overcome these problems, DMFC has been

developed from PEMFC [37, 60, 62]. DMFC offers several advantages for using

liquid as a fuel that makes the DMFC operation system simple than PEMFC.

This section gives an overview of fundamental and key components of DMFC.

2.4.1 Electrochemical reaction

The DMFC components are depicted in Figure 2.10. The fuel cell consists of two

electrodes, anode and cathode, partitioned by an electrolyte membrane. Each

electrode comprises a gas- or solution-permeable layer to allow fuel or oxidant

transportation and a porous catalyst layer to service the reacting area for the

electrochemical reaction. Electrons and protons are produced at the anode by

the oxidation reaction of methanol. Protons permeate through the electrolyte

membrane to reach the cathode, where oxygen gas is supplied. To complete the

electrochemical reaction, the two electrodes are linked by an external electrical

circuit [29, 36, 37, 61, 62]. The excess of electrons at the anode compared to the

cathode gives potential difference which drives electron flow through an external
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circuit [79] toward the cathode. When protons and electrons reach the cathode,

they combine with oxygen to form water.

Figure 2.10: Components of DMFC

The function of an electrolyte is to conduct protons between anode and cath-

ode, but it should inhibit electrons so that the electrons only transfer through

the external circuit. Furthermore, a good electrolyte membrane should prevent

the methanol crossover, a crucial problem in DMFC, which causes the fuel loss

and reduces DMFC performance [80]. The constraint of methanol permeabil-

ity is a major challenge in development of DMFC electrolyte membrane. The

electrochemical reaction of DMFC can be summarized as [29]: (i) methanol is

oxidised at an anode (Equation 2.3) with slow and complex mechanisms which

the detail will be illustrated in Section 2.5.1.2, page 71; (ii) a reduction of oxygen

takes place at a cathode (Equation 2.4) which the full information will be seen

in Section 2.5.1.2, page 73.

Anode reaction

CH3OH + H2O→ CO2 + 6H+ + 6e− (2.3)
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Cathode reaction

3

2
O2 + 6e− + 6H+ → 3H2O (2.4)

Overall reaction

CH3OH +
3

2
O2 → CO2 + 2H2O (2.5)

2.4.2 Thermodynamics

2.4.2.1 Gibbs free energy

The main purpose of a fuel cell is to convert the energy in the chemical bonds of

a fuel to electrical energy through an electrochemical reaction. The Gibbs free

energy is the key factor for representing the thermodynamics of the reaction.

G = H − TS (2.6)

with:

G, Gibbs free energy

H, enthalpy

T , temperature (K)

S, entropy, a measure of disorder in a system or reversibility of a process

The output of a fuel cell is demonstrated by the electrical work made available

by the system. This is equal to the Gibbs free energy of formation and can be

illustrated as the change in Gibbs free energy of formation between the products

and the reactants [29, 61, 81].

Wcell = ∆Gf = Gf, products −Gf, reactants (2.7)
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where:

Wcell, work done by the fuel cell

Gf, Gibbs free energy of formation

Gf, products, Gibbs free energy of formation of products

Gf, reactants, Gibbs free energy of formation of reactants

For convenience, the Gibbs free energy of the electrochemical reaction of the

DMFC in Equation 2.5 can be presented in terms of Gibbs free energy per mole

of chemical species as:

∆ḡf = [2∆ḡf, H2O + ∆ḡf, CO2
]−

[
3

2
∆ḡf, O2

+ ∆ḡf, CH3OH

]
(2.8)

where:

ḡf, Gibbs free energy per mole of chemical species

2.4.2.2 Reversible potential

If the system is in equilibrium, which implies reversibility in terms of thermo-

dynamics, the electrical work is equivalent to the Gibbs free energy, as shown in

Equation 2.7. The electrical work done in the fuel cell is defined by moving the

electrons round the external circuit through a potential difference, E. Therefore,

the Gibbs free energy represents the maximum amount of energy available to do

work; it also relates to the potential, as shown in Equation 2.9. In this state, a

fuel cell reaches maximum potential, which is called the reversible potential. The

potential of the system is measured in volts [29, 61, 81].

∆ḡf = Wreversible = −nFEreversible (2.9)

where:

Ereversible, reversible potential of fuel cell

n, number of electrons transferred for each molecule of fuel

F , Faraday constant (charge of a mole of electrons, 96,485 J V−1 mol−1)
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Rearranging the equation,

Ereversible = −∆ḡf
nF

(2.10)

If the system is at standard temperature and pressure (STP)2, the reversible

potential and the Gibbs free energy per mole at this state are indicated in E◦

and ∆ḡ◦f , respectively.

2.4.2.3 Open circuit voltage

From the overall electrochemical reaction of DMFC in Equation 2.3, a Gibbs

free energy change of −702.35 kJ mol−1 under STP and six electrons have been

released from the oxidation of each methanol molecule.

CH3OH +
3

2
O2 → CO2 + 2H2O

∆ḡ◦f = [2∆ḡ◦f, H2O
+ ∆ḡ◦f, CO2

]−
[

3

2
∆ḡ◦f, O2

+ ∆ḡ◦f, CH3OH

]

= [2(−237.13) + (−394.36)]−
[

3

2
(0) + (−166.27)

]

= −702.35 kJ mol−1

Substitute these factors into Equation 2.10:

E◦reversible = −∆ḡ◦f
zF

=
−702.35

(6)(96, 485)

(J mol−1)

(J V−1 mol−1)

= 1.21 V

2Standard temperature and pressure are 298 K and 1 atm, respectively [61].
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The reversible potential 1.21 V is the maximum potential of DMFC [79]. It is

obtained when there is no electrical energy loss in the cell or no current is drawn

from the cell. The potential at this state is also called the open circuit voltage

(OCV) [81].

2.4.2.4 Maximum efficiency

The efficiency of the fuel cell, ε, is identified as the useful energy that can produce

work compared with the energy produced from a combustion of fuel, change in

enthalpy of formation [29, 61, 82, 83].

ε =
Work

∆h̄f
(2.11)

The maximum electrical energy available to do work is equal to the change in

Gibbs free energy.

ε =
∆ḡf
∆h̄f
× 100%

where:

ε, efficiency of fuel cell

ḡf, Gibbs free energy per mole of chemical species

h̄f, enthalpy per mole of chemical species

For fuel cell operating at standard temperature and pressure (STP), the Gibbs

free energy and the enthalpy are presented in term of ḡ◦f and h̄◦f , respectively.

ε =
∆ḡ◦f
∆h̄◦f

× 100% (2.12)

The enthalpy of formation for methanol oxidation is calculated as:

CH3OH +
3

2
O2 → CO2 + 2H2O
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∆h̄◦f = [2∆h̄◦f, H2O
+ ∆h̄◦f, CO2

]−
[

3

2
∆h̄◦f, O2

+ ∆h̄◦f, CH3OH

]

= [2(−285.83) + (−393.51)]−
[

3

2
(0) + (−238.86)

]

= −726.31 kJ mol−1

Substitute the factors into Equation 2.12. The maximum efficiency of DMFC is

96.70%.

ε =
−702.35

−726.31
× 100%

= 96.70%

The efficiency of fuel cell can be compared to the internal combustion engines

(ICE) which converts chemical energy into mechanical energy. A combustion

of hydrocarbon fuel by increasing a temperature of reaction releases gases. An

expansion of gas products turn the pistons to generate mechanical work. The

ICE maximum efficiency is illustrated by Carnot efficiency [32, 62, 83], ε, as:

εCarnot =
Work

∆H

=
T1 − T2
T1

(2.13)

where:

εCarnot, Carnot efficiency

WorkICE, reversible work of the internal combustion engines

∆H, enthalpy of reaction

T1, the absolute temperature at the engine inlet (K)

T2, the absolute temperature at the engine exit (K)

Considering the fuel cell efficiency from Equation 2.12, there are convenient using
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the plain forms of Gibbs free energy and enthalpy to compare with the ICE

efficiency.

ε =
Work

∆H
=

∆G

∆H

=
∆H − T∆S

∆H
(2.14)

where:

T , temperature for the operation of fuel cell(K)

H, enthalpy

S, entropy

T∆S, heat exchanged with the external environment

From Equation 2.14, the enthalpy which is not converted into electrical energy

but transform to heat increase with fuel cell temperature [29]. Equation 2.13

and 2.14 demonstrate that the ICE efficiency increases with the temperature;

otherwise, low operation temperature provides the maximum fuel cell efficiency

[29, 62] as seen in Figure 2.11.

Figure 2.11: Comparison of ideal fuel cell efficiency and Carnot efficiency
(using temperature of 90 ◦C)as a function of temperature [32]
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2.4.3 Performance

A fuel cell’s performance is monitored using a polarization curve of current density

plotted as a function of cell voltage. This is commonly called the j–V curve. The

current produced in the electrochemical reaction is proportional to the active

area of the fuel cell. To compare the performances of differently sized fuel cells,

current density (current per unit area) is applied instead of current [61]:

j =
i

A

where:

j, current density (A cm−2)

i, current (A)

A, area (cm2)

The voltage drop in the polarization curve results from the irreversible processes

in the fuel cell system [29]. As shown in Figure 2.12, the polarization curve can

be divided into three parts to show the causes of cell potential losses.

2.4.3.1 Part I: Activation loss

The initial part of the polarization curve relates to activation loss. The potential

drops dramatically when a low current density is applied because of the slow

kinetic reaction at the electrode surfaces. The produced voltage is lost to drive

the electrochemical reaction in fuel cell [29, 61, 62, 82, 84]. The activation loss is

given in the Tafel equation, as follows:

ηact =
RT

αnF
· ln

(
j

j0

)
(2.15)

where:

ηact, activation loss

R, gas constant (8.314 J mol−1 K−1)
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Figure 2.12: Polarization curve and power density curve of fuel cell
(adapted from [62])

T , temperature (K)

α, charge transfer coefficient

n, number of electrons transferred per mole of reactant

F , Faraday constant (96,485 J V−1 mol−1)

j, current density

j0, exchange current density
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2.4.3.2 Part II: Ohmic loss

The ohmic loss is represented in a slope at middle region of the j-V curve [85, 86].

In complete fuel cell structure, both electron and proton produced from the elec-

trochemical reaction are transferred from anode to cathode side. Charge trans-

port through the MEA result in a ohmic loss due to the intrinsic resistance of

electrons transferring through the electrodes and the external circuit. Also in-

cluded is the resistance of the electrolyte membrane when protons flow through

it. This part of the curve is linear and follows Ohm’s law [29, 61, 62, 82, 86–88].

V = ir (2.16)

where:

V , voltage

i, current

r, resistance

2.4.3.3 Part III: Mass transport loss

Mass transport or concentration loss has considerable influence on the final sec-

tion of the graph. The cell potential drops rapidly, owing to a change in concen-

tration of the reactants at the surface of the electrodes. At high current density, a

large amount of reactant is consumed, leading to a low concentrations of reactant

near the electrode surface and limiting transportation of fresh reactants to the

electrode active sites, yielding a drop of voltage to zero. The current density at

zero voltage is called the limiting current density [29, 62, 82].

ηconc =
RT

nF
· ln jL

jL − j
(2.17)
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where:

ηconc, concentration loss

R, gas constant (8.314 J mol−1 K−1)

T , temperature (K)

n, number of electrons transferred per molecule of reactant

F , Faraday constant (96,485 J V−1 mol−1)

jL, limiting current density

j, current density

The fuel cell operating potential and potential losses are summarized in Equation

2.18 and Figure 2.13 [61, 89]

V = Ereversible − ηact − ηohmic − ηconc (2.18)

where:

V , operating voltage

Ereversible, reversible potential

ηact, activation loss due to reaction kinetics

ηohmic, ohmic losses from ionic and electronic resistance

ηconc, concentration loss due to mass transport

The ideal polarization curve is constant at the OCV (Figure 2.13A), where there is

no voltage loss in a fuel cell. Nevertheless, because of the voltage losses (Figure

2.13B) the magnitude of the operating voltage is always less than that of the

theoretical voltage throughout the current density range (Figure 2.13C) [61].
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(a)

(b)

(c)

Figure 2.13: Influence of voltage losses on the overall fuel cell j–V
performance (adapted from [61]) (A) Reversible voltage (B) Voltage losses

(C) Fuel cell voltage

2.4.3.4 Methanol crossover

Methanol permeation through a membrane is a major problem limiting the DMFC

performance. It not only reduces fuel utilisation at anode, but also diminishes

oxidation of oxygen at cathode. Furthermore, the oxidation of methanol at

cathode lowers the cathode potential as well as decreasing the cell performance
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[80, 86, 87, 90, 91]. Around 40% of supplied methanol permeates from anode to

cathode side during the DMFC operation. Crossover of methanol has negative

influence on the open circuit voltage (OCV) by reducing the potential ∼ 200 mV

[61, 92] as seen in Figure 2.14. Methanol crossover rises dramatically with the in-

crease of methanol concentration; hence, the DMFC operating at high methanol

concentration could present lower OCV [86].

Figure 2.14: Influence of methanol crossover on the overall fuel cell j–V
performance (adapted from [61])

2.5 Components of a direct methanol fuel cell

(DMFC)

2.5.1 Membrane electrode assembly (MEA)

The crucial component of a DMFC is the MEA. The MEA can be divided into

three parts: an anode, a proton-conducting membrane and a cathode. Each

electrode is composed of four layers of carbon paper, microporous layer, a catalyst

layer and a Nafion binding layer.
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2.5.1.1 Gas diffusion layer

Porous carbon is generally coated onto a carbon paper or a carbon cloth to be used

as the gas diffusion layer. This layer has two functions: to provide a support for

the catalyst layer and to distribute methanol over the catalyst layer. Moreover, it

conducts the generated electrical current from the catalyst segment to the current

collector [93, 94] and removes carbon dioxide (Figure 2.15). It is challenging to

develop an electrode with high surface area, good electrical conductivity and

suitable porosity to obtain the best output of the fuel cell.

Figure 2.15: DMFC membrane electrode assembly (MEA)
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2.5.1.2 Catalyst layer

Anode catalyst layer

A methanol molecule reacts with a water molecule at the anode triple phase

boundary which consists of: (i) the Pt-Ru particles; (ii) carbon support; (iii) elec-

trolyte region (ionomer), to release six protons, six electrons and a carbon dioxide

molecule, as expressed in Equation 2.5, page 58. Electrons are conducted via car-

bon support to reach anode current collector. Meanwhile, protons are transported

through the ionomer phase to the electrolyte membrane [78]. Nafion ionomer is

added into catalyst layer in the propose of binding the carbon-supported catalyst

particles to provide the proton passageway (Figure 2.15) [95, 96]. The overall

oxidation reaction of a primary alcohol can be written as in Equation 2.19 [82]:

CnH2n+1OH + (2n− 1)H2O→ nCO2 + 6nH+ + 6ne− (2.19)

The oxidation reaction of methanol has been extensively investigated to improve

the knowledge of reaction mechanisms. This reaction includes several steps, with

each step producing an intermediate [82]. A scheme of the reactions is depicted

in Figure 2.16.

To overcome the low DMFC performance, which is caused by the poor kinetics

of the anode reaction, a catalyst is used in the electrodes to reduce an activa-

tion energy which is a required energy for proceeding a reaction (Figure 2.17).

Platinum (Pt) is chosen as DMFC catalyst for its high stability and its ability to

adsorb methanol under acidic conditions [29, 37, 62, 92, 97].

A scheme for methanol adsorption and deprotonation on the Pt catalyst surface

is given in Figure 2.18. This scheme shows that CO is formed during the oxida-

tion mechanism and strongly adsorbs to the Pt surface, reducing the number of

available active sites of the catalyst [62, 81, 92, 98, 99].

To prevent CO deactivation, Pt-based alloy such as platinum-ruthenium (Pt-Ru)

is used. The participation of Ru promotes a bi-functional mechanism [99, 100]:
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Figure 2.16: Reaction mechanism of methanol oxidation on a platinum
electrode [82]

Pt adsorbs and dissociates methanol generating the CO while Ru activates water

and adsorbs OH which supports the oxidation from CO to CO2 as seen in Figure

2.19. Due to Ru provides OH adsorption at lower potential (0.35 V) than pure Pt

does (0.75 V) [100], the Pt-Ru alloy reduces CO poisoning by the rapid oxidation

of CO [98, 100–105]. The mechanisms are:

Pt + CH3OH→ PtCOads + 4H+ + 4e−

Ru + H2O→ Ru(OH)ads + H+ + e−

PtCOads + Ru(OH)ads → CO2 + Pt + Ru + H+ + e−
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Figure 2.17: Activation energy of reaction without and with catalyst

Figure 2.18: Scheme of methanol oxidation on Pt surface, showing
consecutive stripping of hydrogen atoms [62]

During the electrochemical reaction, methanol should be provided to the cata-

lyst’s active site; moreover, electrons generated from a reaction must be taken

away from the reaction site. The main requirements of a good catalyst layer are

porosity and electrical conductivity; therefore, a catalyst metal is dispersed on

a carbon support material [29]. Electronic conductivity is usually achieved by

supporting the catalyst particles on carbon [62]. The microstructure of fuel cell

catalyst is shown in Figure 2.20.

Cathode catalyst layer

The cathode is supplied with air or oxygen. A Pt catalyst is also used on the
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Figure 2.19: Scheme of CO oxidation on Pt-Ru catalyst surface (adapted
from [106]

Figure 2.20: TEM image showing the microstructure of fuel cell catalysts
[29].

cathode, to improve oxygen reduction. Oxygen is reduced on the cathode side;

also methanol crossing from the anode to the cathode is oxidized at this electrode,

resulting in a mixed potential and reducing the overall cell efficiency [37, 91]. To

increase power output and improve opportunities for fuel cell commercialization,

one target is to reduce fuel crossover by using an electrolyte which is less fuel

permeable while providing good proton conduction.

3

2
O2 + 6e− + 6H+ → 3H2O

2CH3OH + 3O2 → 2CO2 + 4H2O
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2.5.1.3 Electrolyte membrane

The anode and cathode are separated by an electrolyte membrane for exchanging

protons and preventing methanol transportation from anode to cathode. This

membrane must be highly proton conductive, impermeable to methanol, electric-

ally resistive and chemically stable [29, 107]. The commercial Nafion membrane

has been intensively used as a standard solid polymer electrolyte in DMFC, owing

to its high proton conductivity and excellent chemical stability. The molecular

structure of Nafion is presented in Page 43.

Figure 2.21 shows two separate phases of the hydrophobic backbone and hydro-

philic sulfonate domain in Nafion morphology [107]. The sulfonate branches are

organized into parallel cylinder water channels. These inverted-micelle cylinders

are stabilized externally by the backbone segments [108].

(a)
(b)

Figure 2.21: Parallel water channel morphology of hydrated Nafion (A)
Packing of several inverted-micelle cylinders (B) Side view of an

inverted-micelle cylinder [108]

A Nafion membrane conducts protons but repels electrons by the negative charge,

SO−3 , of the water channels. Unfortunately, this cation exchange membrane has

a limit in that it is proton conductive only in humid conditions [108, 109]. Thus,

proton conductivity increases with increasing water content in Nafion [110]. There

is 0.0133 S cm−1 for Nafion 117 at 30 ◦C and 100% relative humidity [111].
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Proton transportation through a Nafion membrane is described by two proposed

mechanisms.

2.5.1.4 Proton hopping or the Grotthuss mechanism

The sulfonate ionic domains are swollen when Nafion is immersed in water to

provide channels for proton transportation. In the Grotthuss mechanism, a pro-

ton produced at the anode bonds to an oxygen atom in a water molecule, forming

a hydronium ion, and then one of the hydrogen atoms in this hydronium ion ‘hops’

onto another water molecule [109, 111–114]. This hopping mechanism continues

along the water channel, promoting proton migration across the membrane. The

hopping mechanism is presented in Figure 2.22(A).

2.5.1.5 Diffusion or vehicular mechanism

In this mechanism, a proton first bonds to a water molecule to form (H+(H2O)x).

Afterwards, the hydrated proton diffuses through the membrane in response to

potential differences [109, 111, 113]. The mechanism is shown in Figure 2.22(B).

Water transport through the membrane can also be achieved through two mech-

anisms. Electro-osmotic drag occurs when protons pull water through the mem-

brane, or water may diffuse along a concentration gradient [111].

Methanol crossover through electrolyte membrane

As the methanol solution is fed to the anode, the methanol also diffuses across the

Nafion membrane to the cathode. It combines with water molecules, (CH3OH)m(H2O)n,

bonds to protons, H+(CH3OH)y, or associates with itself, (CH3OH)z, and then

it is oxidized at the cathode region, resulting in a mixed potential and reducing

the overall cell efficiency [110]. There is around 40% of feeding methanol fuel

crossing over at the membrane, which is effectively wasted fuel [115].
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(a)

(b)

Figure 2.22: Proton transportation through Nafion membrane
(A) Proton hopping or the Grotthuss mechanism [111]

(B) Diffusion or vehicular mechanism [109]

When methanol reaches the cathode side, it is oxidised as seen in Equation

2.3. The products from methanol oxidation such as organic residues and car-

bon monoxide can cause blocking of catalyst surface [116].

CH3OH + H2O→ CO2 + 6H+ + 6e−

Moreover, the reaction between methanol and oxygen takes place as follows [116]:

CH3OH +
3

2
O2 → CO2 + 2H2O, ∆H298 = −639 kJ mol−1 (2.20)

The operation of DMFC at 100 mA cm−2, 80 ◦C, 0.5 M methanol concentra-

tion and 5 cm2/min methanol flow rate illustrates methanol conversion at 47%

with low cell potential at 534 mV [87]. The methanol permeability of Nafion is

1.0106 cm2 S−1.
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Development of the direct

methanol fuel cell (DMFC)

As discussed in Section 2.4.3, the theoretical performance of a DMFC cannot be

attained because of potential losses in its constituent parts, including those due

to the influence of methanol crossover (Figure 3.1).

Figure 3.1: Polarization curve

78
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The approximate voltage losses determined by Zainoodin et al. [94] are summar-

ized in Figure 3.2. There is much research into developing new DMFC materials,

to eliminate voltage losses and improve DMFC performance. The development

of DMFC components is also discussed in this chapter.

Figure 3.2: Potential loss in DMFC

3.1 Development of direct methanol fuel cell to

reduce activation loss

In a DMFC, the maximum cell voltage suffers from activation loss, which is caused

by low electrochemical activity at both the anode and the cathode. Carbon-

supported platinum (Pt/C) is current the best anode catalyst material for DM-

FCs. However, the major drawbacks of high cost and low durability are a concern

[79, 117]. Therefore, many novel Pt structures, alternative catalyst supports and
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new catalysts have been developed, to enhance electrochemical activity while

reducing catalyst loading.

3.1.1 Improvements in anodic catalyst materials

Rauber et al. [118] reported a method to fabricate a three-dimensional Pt nanowire

catalyst using hard templates. The network of nanowires provides a continu-

ous three-dimensional porous structure, which promotes easy access of reactants

to the catalyst active area and good electron transport; thus, it is suitable for

catalysing methanol oxidation. The electrocatalytic activity of the Pt nanowire

network was studied in 0.5 M methanol solution and 0.5 M H2SO4 at room tem-

perature, and anodic current density peaks of 0.76, 0.39 and 0.24 mA cm−2 were

achieved for Pt nanowire, platinum black and carbon-supported Pt nanoparticles,

respectively. The better activity of Pt nanowires, resulting from a reduction of in-

terfaces between the electrocatalysts, as compared with nanoparticles, produced

excellent electronic conductivity [79].

Although Pt has acceptable electrocatalytic activity, it still carries drawbacks of

high cost and poisoning from intermediate CO formed during the oxidation reac-

tion. It is important to use a Pt-based alloy, such as PtRu [119, 120], PtAu [121],

PtPd [122–124], PtCo [125] to decrease Pt loading but increase poisoning toler-

ance. Wang et al. [123] synthesized Pd/Pt core-shell nanowire arrays with very

high specific surface areas. The electrochemically active area of Pd/Pt core-shell

nanowires in comparison with commercial carbon-supported PtRu (PtRu/C)

are 6791 and 349 m2 g−1, respectively. The electrocatalytic activity of Pd/Pt

core-shell nanowires (22.7 mA cm−2) is four times that obtained for PtRu/C

(5.4 mA cm−2). Palladium can reduce poisoning by removing CO intermediates

from the Pt shell. It is an oxophilic metal, thus it is available to promote CO

removal by forming active oxygen-containing species (e.g., PdO/PdOx). Long et

al. [124] also prepared a series of Pt/Pd core-shell bimetallic catalysts, for which

the highest current was observed at 1.5 × 10−3 A cm−2.
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3.1.2 Improvements in cathodic catalyst materials

Several non-precious metal catalysts were tested for oxygen reduction at the cath-

ode to maintain the low cost of fuel cell manufacture. In addition, it is known

that the diffusion of methanol from the anode to the cathode is the main prob-

lem in reducing DMFC potential and improving fuel cell efficiency because of the

voltage loss from methanol oxidation at the cathode [126]. The challenge lies

in constructing a cathode catalyst that is selective for oxygen reduction in the

competition between O2 and crossover methanol. For example:

Piela et al. [127] aimed to produce a high-selectivity catalyst that could main-

tain current densities over 0.1 A cm−2 at cell potentials higher than 0.4 V. The

catalyst comprised CoxOy/Co particles deposited on a template of pyrolyzed co-

tetramethoxyphenylporphyrin (CoTMPP). Methanol-oxidation current densities

measured at the cathode indicated that CoTMPP catalyst has an activity two or

three times lower than Pt catalysts. This makes CoTMPP remarkable as a high-

selectivity catalyst in DMFC. Other research investigated Me-Nx-type catalysts

but these have lower catalytic activity and are less durable than conventional Pt

catalysts [127].

Zhang et al. [128] compared the electrocatalytic activity toward oxygen reduc-

tion reaction (ORR) of nanoporous PdCu alloys to the commercial Pt supported

on carbon (Pt/C). The ORR activity of PdCu alloys were investigated by cyclic

voltammetry (CV) method in 0.1 M HClO4 solution with and without 0.1 M

mathanol. The PdCu alloys with the Pd:Ru ratio of 1:1 enhanced specific activ-

ity compared to Pt/C catalyst. This is indicated to methanol-tolerance of the

alloy. Furthermore, this PdCu alloy performed 5-fold higher for ORR activity

durability than that of Pt/C catalyst.
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3.1.3 Improvements in catalyst support materials

One major limitation of a Pt catalyst supported on a carbon carrier is the low

effective surface area, leading to its unfavourable utilization and electrocatalytical

activity [79, 117]. Currently, commercial preparations of carbon black, such as

Vulcan XC-72R (Cabot, 250 m2 g−1), Shawinigan Black (Chevron, 80 m2 g−1),

Black Pearl 2000 (Cabot, 1500 m2 g−1), Ketjenblack (AkzoNobel, 1270 m2 g−1)

are widely used for the Pt catalyst support. These particles consist of near-

spherical graphite of <50 nm diameter. However, there is a disadvantage, owing

to the structures of these particles. The deep micropores of carbon black trap

the catalyst particles, reducing their catalytic activity [129]. In a new approach,

the dispersal of Pt nanoparticles is improved with high surface area materials, for

example the two-dimensional nanostructures of carbon nanotubes and graphene

[79]. Because the high surface area of the catalyst particles facilitate reactant

diffusion, enabling interaction between catalyst particles and proton collectors

(Nafion ionomer) and removing water from the catalyst layer, it can restrict the

activation loss in DMFCs [117, 129].

Many studies have been devoted to the arrangement of Pt nanoparticles on carbon

nanotubes, for example, electrodeposition and chemical deposition [130, 131].

Nevertheless, carbon nanotubes have a lack of binding sites for Pt, yielding poor

dispersion of metal particles. For this reason, small organic molecules or polymers

are introduced as bridging molecules on carbon nanotube surfaces [79, 130]. Li et

al. [131] combined polyoxometalates as bridging molecules. It can be seen that tri-

component support of Pt nanoparticles, polyoxometalate and carbon nanotubes

exhibited higher electrocatalytic activity for methanol oxidation than the trad-

itional Pt/carbon black support and the Pt/carbon nanotube system, with mass

activities of of Pt in the systems of 431, 137 and 96 mA mg−1, respectively.

Another approach has been reported that involves the modification of graphene

by nitrogen doping, to prevent the agglomeration of graphene nanosheets; better

catalyst performance towards methanol oxidation was observed for this approach.
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Delocalized π bonding of the nitrogen-doped support increased the number of an-

choring sites for Pt nanoparticles, resulting in uniform dispersion [132]. Platinum

dispersion on nitrogen-doped functionalized graphene has superior current dens-

ity than achieved with non-functionalized graphene [133]. Sun and Kim [132]

obtained the highest current density, 13.0 mA cm−2, for Pt/N-functionalized

graphene, while the result for Pt/graphene was 6.1 mA cm−2. These results

all suggested that functionalized graphene is promising as an effective catalyst

support for DMFCs.

Alternative candidates for catalyst support are conducting polymers (CPs). Inter-

est in CPs has increased because the heteroatom (often nitrogen) contained in the

main chain of these polymers can provide an anchor site for metal catalyst atoms.

Consequently, bridging molecules are not required for CP catalyst support [134].

In addition, they have a high electronic conductivity, of 10−6–103 S cm−1. Li

et al. [135] dispersed Pt nanoparticles on poly(m-phenylenediamine) (PmPD)

surfaces. The backbone of PmPD contains a large amount of amino/imino

(NH2/C=NH) groups. These functional groups improve oxidation by forming

H bonds with methanol and its intermediates, facilitating oxidation from meth-

anol to CO2. Results indicate that Pt/PmPD have excellent catalytic activity

and satisfactory poisoning tolerance towards methanol oxidation, compared with

Pt/glassy carbon electrodes.

3.2 Development of direct methanol fuel cell to

reduce ohmic loss

3.2.1 Ohmic loss in Nafion electrolyte membrane

For DMFC, proton transport resistance causes more ohmic loss excess than does

electron transport resistance [85, 136]. The electron conductivity of gas diffusion

layer (1000 Ω−1 m−1) is much higher than the proton conductivity of Nafion
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membrane (10 Ω−1 m−1) [78]. Consequently, the main sources of ohmic loss are

from the intrinsic membrane resistance and the interface contact between the

Nafion membrane and the anode and cathode catalyst layers. The ohmic loss

due to electron conduction is neglected. Moreover, the water content of the fuel

cell also influences proton migration in the membrane. Dry membranes yield

high ohmic resistance, which is represented as a large slope in the j–V curve and

a low limiting current density. This means that the ohmic loss is linked to the

conductivity of the electrolyte membrane [85, 136].

3.3 Development of direct methanol fuel cells to

reduce mass transfer loss

The mass transfers involved in DMFCs can be separated into three groups, that

is, mass permeating through a membrane, mass transport at the anode and mass

removal at the cathode [93].

3.3.1 Mass transport through the membrane

Since the reactants (methanol and water) permeate through the membrane, it

minimizes DMFC performance by reducing the cell voltage. Water crossover

through the membrane via electro-osmotic drag from protons and diffusion along

the water concentration gradient can cause flooding problems at the cathode in

addition to swelling of the membrane [93, 137]. The former problem prohibits

oxygen reduction at the cathode active site, while the latter issue reduces the

durability of the membrane.
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3.3.2 Mass transport at the electrodes

At high operating currents, DMFCs consume large amounts of both methanol

and oxygen; therefore, the flow-field plate and the microporous carbon layer are

essential compartments, delivering fresh reactants to the active catalyst surface.

At the same time, waste products must be removed from the active site [85].

Insufficient mass transport constrains the electrochemical reactions, producing a

small limiting current density in the fuel cell [85, 90].

When the methanol feed is less than 1 M, the anode performance is limited by

the mass transport of methanol to the active catalyst layer. This problem can

be solved by increasing the supply of methanol solution from the fuel flow field

to the carbon layer. Conversely, to improve the methanol diffusion coefficient by

decreasing the diffusion distance, the GDL should be thinner and more porous.

Furthermore, carbon dioxide bubbles produced in the catalyst layer should be

immediately removed to prevent blocking of methanol from the reaction area

[94, 138].

3.3.2.1 Improvements in electrode morphology

The gas diffusion layer (GDL) consists of two layers. First, there is a backing

layer, which is normally made of carbon cloth or carbon paper. Second is a micro-

porous layer (MPLs), which is made of hydrophobic polymer and carbon powder

[93]. Excellent electronic conductivity and good reactant diffusion properties are

required for the GDL [94].

Owing to the dominant role of electrode morphology in the mass transfer loss of

a fuel cell, the control of pore structure and thickness for MPLs in the cathode

GDL causes the improvement in DMFC performance. Park et al. [139] studied

the effect of two types of electrode structure, modified cathode MPL and com-

mercial cathode MPL, on fuel cell performance. The modified-MPL exhibited
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higher power density of 117 mW cm−2 at 0.4 V and 70 ◦C. Hence, the combin-

ation electrochemical analysis and physicochemical investigations was discussed.

Air permeability of MPLs were 31.0 and 21.7 cm3 cm−2 s−1 for modified-MPL

and commercial-MPLs, respectively. The two MEAs had different pore size dis-

tributions of 40 nm-1µm for a commercial-MPLs and 2060 nm for modified-MPL.

Smaller pore size in modified-MPL increased the hydraulic pressure in cathode

resulting in a low water and methanol crossover flux. This phenomenon would

have positive influence on cell performance. This experiment suggested that con-

trol of the microporous layer in the cathode had impact on mass transport and

also affected to the performance of fuel cell.

Gao et al. [140] investigated influences of a carbon-nanotube-based GDL on mass

transfer ability. Their results confirmed that a carbon-nanotube-based GDL had

better mass transfer ability and more abundant pores (1000–3000 nm in diam-

eter) than a commercially produced Toray GDL. There was a remarkable 40%

increase in limiting current density (350 mA cm−2) and 27% better power density

(76 mW cm−2) for the carbon-nanotube-based GDL over the Toray GDL.

Wang et al. [141] improved the hydrophilic character of the anode diffusion layer

by nitrated treatment. To investigate the influence of hydrophobicity or hydro-

philicity of the diffusion layer on the DMFC performance, three anode micropor-

ous layers were prepared: a layer of hydrophobic carbon black with a hydrophobic

additive, a layer of hydrophobic carbon with a hydrophilic additive and a layer

of hydrophilic nitrate-treated carbon black with a hydrophilic additive. Their

power densities were 221 mA cm−2, 240 mA cm−2 and 260 mA cm−2, respect-

ively. Therefore, it is favourable to use a hydrophilic anode diffusion layer in

DMFCs.

3.3.2.2 Improvements in the reactant flow field

The DMFC reactant flow fields are normally made from graphite plate because

of its electrical conduction. To reduce mass transport loss, the reactants and the
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products migration to and from the membrane electrode assembly (MEA) should

be effective and continuous. The main component to serve this function is the flow

field. The different flow channel in DMFC have been studied. The main types of

flow field are shown in Figure 3.3 [93]. During the fuel cell operation, product gas

bubbles transport in the flow channel. Lu et al. [142] suggested that gas bubbles

were held on the carbon paper by surface tension before detachment. The bubbles

may block mass transfer of MEA. Many researches was found that the serpentine

flow field has better CO2 removal than the parallel flow field [37, 93, 143–146].

From this reasons the serpentine flow channel is used in this research.

(a) (b)

(c) (d)

Figure 3.3: Different flow fields for direct methanol fuel cell (A) Serpentine
(B) Parallel (C) Spot (D) Interdigitated [93]
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In addition of the flow channel design, the influence of cathode flow field wet-

tability on the performance of DMFCs was investigated by Schröder et al. [147].

It is know that the oxygen reduction at the cathode produces water and that

discontinuous removal of water from the cathode channel can block the oxygen

supply, leading to a decrease in fuel cell performance. The wettability of the

cathode channel walls has an influence on the distribution of water. To prove

this, Schröder et al. [147] modified the graphite cathode flow fields individually

as hydrophobic, hydrophilic or untreated, and measured the contact angles as

26.2◦, 126.8◦ and 115.9◦, respectively. It turns out that hydrophilic channels en-

hance DMFC performance by enabling water removal, thereby preventing oxygen

restriction.

3.4 Development of direct methanol fuel cell to

reduce methanol crossover

3.4.1 Methanol crossover in Nafion membrane

The most commonly used electrolyte membrane in DMFCs is perfluorosulfonic

acid (PFSA) polymer membrane and the most used PFSA is Nafion membrane.

The characteristics of Nafion membrane1 are shown in Table 3.1.

Table 3.1: Characteristics of Nafion membranes [60]

Membrane Thickness Methanol crossover Methanol diffusion
rate coefficient

(×10−6m) (mol s−1 cm−2) (s−1 cm−2)

Nafion 112 51 15.3×10−8 7.8×10−7

Nafion 115 127 9.3×10−8 11.8×10−7

Nafion 117 178 7.2×10−8 12.8×10−7

1The numbers of Nafion membrane are defied as an equivalent weight (Grams of dry poly-
mer/Mole of HSO3 groups) and a thickness (in thousandths of an inch) of the membrane e.g.
Nafion 117 refers to the membrane which has 1100 equivalent weight and thickness of 0.007
inch.
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Although Nafion membranes provide advantages of mechanical strength, chemical

stability and high proton conductivity (∼0.1 S cm−1) in the fully hydrated state,

they also have drawbacks, such as high methanol permeability, which reduces the

open circuit potential by around 0.15–0.20 V [60, 148], a limiting operation tem-

perature of below 100 ◦C and high cost [149]. Methanol permeability and proton

conductivity of Nafion membranes are shown in Table 3.2. Therefore, many stud-

ies have been addressed to the problem of searching for alternative membranes

to replace Nafion. The required properties of DMFC electrolyte membranes are

[137, 150–152]:

• High proton conductivity and low electronic conductivity to support the

electrochemical reaction between the two anode and the cathode;

• Reduce methanol crossover to improve performance of cell;

• Good chemical and mechanical stability to restrict membrane degradation

during the cell operation;

• Large cohesion, so that two electrodes can be combined as the MEA;

• Low manufacturing cost.

Table 3.2: Methanol permeability and proton conductivity of Nafion
membranes

Membrane
type

Methanol
permeability
(×10−6 cm2 s−1)

Proton
conductivity
(mS cm−1)

Conditions Reference

Nafion 112 1.77 93 5 M Methanol
25 ◦C

[148]

Nafion 115 1.08 65 5 M Methanol
25 ◦C

[153]

Nafion 117 0.891 22.14 5 M Methanol
25 ◦C

[154]

As mentioned in Section 2.5.1.5, page 76, methanol travels together with solvated

protons through the ionic channels of the Nafion membrane. Hence, water uptake,
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degree of ionic species and connectivity between ion clusters play a crucial role in

proton conductivity, methanol permeability and overall membrane performance

[155]. The factors relevant to MEA performance are discussed in the next section.

3.4.1.1 Water uptake

Water uptake and membrane swelling are related to the proton conductivity of

the membrane [156–158]. This factor can be calculated as the difference between

the weight of the dry membrane (Wdry) and the weight of the fully hydrated

membranes (Wwet) as a percentage of the weight of the dry membrane [151]:

Water uptake (%) =
Wwet −Wdry

Wdry

× 100 (3.1)

3.4.1.2 Electro-osmotic coefficient of the membrane

The water retention of the electrolyte membrane is represented by the electro-

osmotic coefficient, which is defined as the transported water molecules as a

fraction of the transported protons (Equation 3.2) [159].

Electro-osmotic coefficient =
Transported water molecules

Transported proton ions
(3.2)

Water transport through the polar channels of Nafion membrane can be veri-

fied by determining the electro-osmotic coefficient (Equation 3.2). The electro-

osmotic coefficient of Nafion is 2.5 H2O/H+ [159–162]. In consideration of meth-

anol oxidation, 1 mole of oxidized methanol produces 6 moles of protons, and

6 moles of protons transported through the membrane will drag 15 moles of

water together. This high water content can result in membrane swelling [150–

152, 163]. Moreover, the Nafion membrane repeatedly swells and shrinks during

the fuel cell operation. The high changes in membrane width when there is a
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large water uptake can cause membrane failure and reduce membrane durability

[137].

3.4.1.3 Membrane selectivity

This is the ratio of proton conductivity to methanol permeability [155, 156, 164,

165].

Membrane selectivity =
Proton conductivity

Methanol permeability
(3.3)

Nafion has a composite structure with a hydrophobic polymer domain and hydro-

philic sulfonic acid channels. It realizes proton conductivity by transporting

hydrated protons through hydrophilic channels; however, methanol transport

also occurs via these channels, owing to the electro-osmotic drag of methanol

and hydrated protons along the diffusion gradient [157, 159]. It has been found

that high selectivity between proton and methanol molecule is a satisfiable prop-

erty of an electrolyte membrane. Hence, the size of hydrophilic channel could

be improved to prevent methanol transport but without compromising on proton

conduction. Thus, polar clusters of nanosize particles have been constructed, with

the purpose of modifying the size and structure of Nafion ionic domains. In ad-

dition, the contribution of alternative membrane materials with high proportions

of functional groups has attracted attention [137, 152, 155, 159].

3.4.2 Improvements in polymer electrolyte membranes

Many studies have focused on reducing the methanol permeability of electrolyte

membrane by using inorganic additives to form a composite membrane, modi-

fying the surface of the Nafion membrane or developing alternative electrolyte

membranes [156].
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3.4.2.1 Conventional Nafion composite membranes

The selectivity of the Nafion composite membrane can be improved by incor-

porating inorganic particles into Nafion hydrophilic channels. Although hydro-

philic inorganic additives enhance proton conductivity and methanol blocking,

they cause swelling of the composite membrane, owing to the interactions of wa-

ter and the inorganic moiety (ionic, hydrogen bonding and dipole interactions).

Meanwhile hydrophobic inorganic doping has the potential of preventing excess-

ive water swelling because the repulsion with water molecules reduces proton

transport via water [137, 159]. Compromises in content, good dispersion and

hydrophilic or hydrophobic properties of inorganic particles has been attempted,

to improve proton transport and methanol permeability but reduce membrane

swelling [137, 137, 150–152, 163, 166].

Several studies have reported that the interaction of Nafion side chains with in-

organic fillers, -SO3H· · · [MxOy]· · ·H3OS-, restricts the flexible motion of both

the hydrophilic clusters and the hydrophobic backbone of Nafion. This feature

prevents excessive water swelling of the electrolyte membrane and thus reduces

methanol crossover [137, 150–152, 163].

Nafion/metal oxide (MxOy) composite membranes

• Nafion/silica (SiO2)

Methanol crossover is influenced by the microstructure of the sulfonate channels

in Nafion; hence, modified Nafion composite membranes have been formed by

distributing such inorganic particles as SiO2, TiO2, ZrO2, Al2O3 into the Nafion

polymer matrix to modify its morphology.

Along with metal oxides, SiO2 is often selected as an inorganic filler because it is

chemically inert in nanoscale morphologies, provides a large surface area and is

easy to use for surface modification [137, 150–152]. Composite membranes com-

posed of Nafion and hydrophobic silica nanoparticles have been employed. Park
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et al. [137] introduced 1% hydrophobic surface-treated silica (Fluorosurfactant-

silica) into recast Nafion membranes. The silica nanoparticles easily dispersed

homogeneously into the Nafion matrix, owing to the similarity in hydrophobic

nature between the surface-treated silica and the perfluorinated domains of Nafion.

Furthermore, the hydrophobic properties of the fluorosurfactant-silica repelled

water molecules, reducing both water swelling and methanol permeability of

the Nafion/silica composite membrane with hydrophobic fluorosurfactant-silica

compared with recast Nafion membrane and Nafion/silica membrane without

fluorosurfactant. The Nafion/surface-treated silica membrane delivered a max-

imum power density of 138 mW cm−2 higher than 103 mW cm−2 of the recast

Nafion membrane with 1M methanol.

Yuan et al. [152] incorporated fluoroalkyl modified SiO2 (SiO2-F) into a Nafion

base membrane. The SiO2-F particles could rearrange the water channels in the

Nafion. As shown in Figure 3.4, the good dispersion of SiO2-F may result from

the affinity between the hydrophobic fluoroalkyl group on the SiO2 surface and

the hydrophobic fluorocarbon backbone of the Nafion. This research gives an

example for the reorganization of Nafion morphology.

Figure 3.4: The affinity between the SiO2-F and the fluorocarbon backbone
of Nafion [152]

Feng et al. [157] synthesized and then introduced 0.1–0.8 wt% of sulfonated
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graphene oxide silica (SiO2-GO-S) into the Nafion matrix. The composite mem-

branes showed higher water uptake but lower membrane swelling than the re-

cast Nafion membrane. It could be considered that SiO2-GO-S maintained the

membrane structure in a wet condition by suppressing the movement of polymer

chains. High water retention in the composite membrane could support both the

proton hopping mechanism and vehicle transportation. Moreover, the membrane

containing 0.5 wt% SiO2-GO-S had a large surface and are high connectivity of

proton cluster domains. These features enhanced proton conductivity through

the membrane. SiO2-GO-S enlarged the methanol barrier effect by increasing

the tortuosity in the ionic channels. An increased SiO2-GO-S content promoted

proton conductivity while reducing methanol permeation, in comparison with the

recast Nafion membrane.

Lin et al. [156] functionalized SiO2 with a hydrophilic perfluoroalkylsulfonic acid

group. The composite membranes of Nafion/functionalized silica (M-SiO2-SiO3H)

showed higher proton conductivity than that of pristine Nafion membrane. This

could be due to the influence of M-SiO2-SiO3H, which was embedded in the

Nafion ionic cluster, providing more proton transportation pathways compared

with pristine Nafion. These phenomena are depicted in Figure 3.5. The M-

SiO2-SiO3H filler created an alternative proton hopping route (Figure 3.5A) via

the additional -SiO3H groups on its surfaces. Furthermore, the hydrophilic -

SiO3H groups on the silica surface accelerated the vehicle mechanism, leading

to enhanced proton conductivity in the composite membrane. The permeability

to methanol was 4.5×106 cm2 S−1 by 30% decreased permeability from that of

the original Nafion membrane, indicating that there was a longer path for meth-

anol migration when M-SiO2-SiO3H particles were distributed in the ion channels

of the composite membrane [156, 167]. The additive particles facilitate proton
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(a) Pristine Nafion (b) Nafion/MSiO2SiO3H

Figure 3.5: Proposed proton transport pathways in Nafion/MSiO2SiO3H
composite membrane [156]

transport by providing additional ionic conduction pathways [157] and increas-

ing water uptake in the composite membrane [111, 168]. Furthermore, dispersed

fillers promote tortuosity of the transport channels of the membrane, restrict-

ing methanol migration [157, 169]. The comparison performance of Nafion/silica

composite membranes are shown in Table 3.3.
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Table 3.3: DMFC power density of Nafion/silica composite membranes

Composite Inorganic Inorganic Catalyst Methanol Methanol Proton Current Max. power Ref.

membrane particles mass loading permeability conductivity density density

(◦C) (%) (mg cm−2) (M) (×10−6 cm2 s−1) (mS cm−1) (mA cm−2) (mW cm−2)

Nafion/hydrophobic

silica

SiO2 1 3 1 — — 254

(90 ◦C, 0.4 V)

103 (90 ◦C)

SiO2-SO3H 1 3 1 — — 342

(90 ◦C, 0.4 V)

138 (90 ◦C) [137]

1 3 3 — — 538

(90 ◦C, 0.4 V)

229 (90 ◦C)

SiO2-GO-S 1 2 — 0.1904 (50 ◦C) 10.4 (50 ◦C) — — [157]

5 2 — 0.0216 (50 ◦C) 34.0 (50 ◦C) — —

8 2 — 0.0163 (50 ◦C) 48.1 (50 ◦C) — —

GO 0.5 2 1 0.792 (25 ◦C) 0.0400 (25◦C) — 62 (30 ◦C)

141 (70 ◦C)

[170]

Nafion/hydrophilic

silica

Core-shell

SiO2

6 2 1 — — — 129.9 (60 ◦C) [151]

GO, Graphene oxide
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Nafion/two-dimensional material composite membranes

• Nafion/montmorillonite (MMT)

Although metal oxides have the desirable property of reducing methanol cross-

over, they have negative influence on proton conductivity. To block methanol

migration while maintaining satisfactory proton transport, two-dimensional in-

organic conducting materials, such as clay and graphene, are combined with the

Nafion matrix [170, 171]. A single structure unit of montmorillonite (MMT)

crystal structure is illustrated in Figure 3.6. This class of clay has a three-

layered structure. There are two silica tetrahedral sheets partitioned by an

octahedral sheet [171, 172]. MMT has a high molecular selectivity and good

ion-exchange capability as well as a proton conductivity of around 0.296×10−4

S cm−1 [173]. Hence, it is suitable for incorporation with Nafion ionomers to

produce a methanol-resistant membrane.

Figure 3.6: Crystal structure of montmorillonite [172]

Jung et al. [174] produced a Nafion/MMT composite membrane by the direct

melt injection technique. Nafion resin and MMT were mechanically mixed and

the mixture was formed into a sheet by hot pressing. Unfortunately, the OCV,

proton conductivity and methanol permeability of the composite membrane were

lower than pure Nafion membrane at the temperature range of 90-110 ◦C. Silva

et al. [175] fabricated Nafion/MMT composite membranes using a solvent recast
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procedure. These recast membranes showed higher proton conductivity than the

samples of Jung; however, they had similar properties to those of commercial

Nafion. Mura et al. [162] demonstrated an increase water content of Nafion

composite membrane containing 1 wt.% MMT with respect to the MMT-free

membrane.

The problem of low proton conductivity must be solved before incorporating

MMT into the composite membrane; therefore, several modifications, such as

treatment with ammonium cations [176], sulfonic acid [177, 178], silating agent,

perfluorinated sulfonic acid, chitosan biopolymer, 2-acrylamido-2-methylpropanesulfonic

acid (AMPS) have been designed, to improve the methanol barrier effect and pro-

ton transport property of MMT.

Hasani-Sadrabadi et al. [169] reported an application of modified MMT with 2-

acrylamido-2-methylpropanesulfonic acid (AMPS) on the fuel cell. Three types of

modified MMT, AMPS modified-MMT (AMPS-MMT), quaternary ammonium

salt modified-MMT (CloisiteTM 15A) as well as unfunctionalized-MMT (Na-

MMT), were used as additives in Nafion composite membranes. The intercal-

ation of AMPS molecules in the interlayer spaces of MMT were determined by

X-ray diffraction. The crystalline peak, which corresponds to the MMT interlayer

distance was shifted in the functionalized MMT. Nevertheless, these peaks disap-

peared when the functionalized MMT was incorporated into the Nafion matrix.

It seems that the exterior layers of the MMT were delaminated because of the

intercalation of the Nafion chain into the MMT interlayers. The evidence of this

intercalation of perfluorinated polymer into the MMT gallery was also reported

elsewhere [115, 167, 174, 178]. All of the composite membranes had lower pro-

ton conductivities and also showed less methanol permeability than recast Nafion

and Nafion 117. It was indicated that the exfoliated MMT layers diminished pro-

ton and methanol transfer by increasing the length of dispersion path; a similar

feature is reported by Gosalawit et al. [115].

Among the composite membranes, Nafion/AMPS-MMT has lowest methanol
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crossover. The significant decrease in permeability of the modified clay sample

could be due to its strong interfacial interaction and the obstruction of methanol

molecules. The single cell test confirmed that the modified clay gives an advant-

age in cell performance increasing power density by 122% from 47.06 mW cm−2

of Nafion 117 to 87.96 mW cm−2 of Nafion/MMT-AMPS-3 wt%.

Not only does the filler structure affect the conductivity of the composite mem-

brane, the functional groups on the filler surface also influence membrane per-

formance. By grafting an organic sulfone and a perfluorinated sulfone onto a

MMT surface, Kim et al. [178] demonstrated that the superior proton conduct-

ivity of membranes containing perfluorinated sulfonic acid MMT is caused from

‘the strongly-electron withdrawing fluorine atoms increase the acid strength of

the terminal sulfonic acid groups’, yielding the large H+ exchange capacity of

composite membranes.

As reported in the literature, the good distribution of additive particles together

with the ionic channel alignment have crucial influence on the transport nature

of membranes. To understand the morphology of the composite membrane, the

orientation of hydrophilic ionic domains and non-polar polymer matrix have been

studied by Alonso et al. [155]. In pure Nafion, the perfluorinated polymer matrix

was arranged in crystalline domains, whereas the ionic clusters are embedded

uniformly throughout the polymer matrix (Figure 3.7A). For Nafion/clay nano-

composite membranes, the two-dimensional structure of clay forced the polymeric

aggregates to orient parallel to the membrane surface (Figure 3.7B) resulting

in dramatically decreased methanol permeation. This parallel alignment con-

tributed to the formation of a highly tortuous pathway for methanol transport.

Alonso et al. found that the proton conductivity of the composite membrane

reduces with the increase in MMT loading.

It is know that proton conductivity and methanol permeability are related to the

size of polar clusters of the membrane as well as the connection of these polar

channels. Introducing additives into the membrane polymer matrix reduces the
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size of the ion channels, producing the high selectivity of the composite mem-

brane. The reduction in cluster size has been investigated by X-ray diffraction.

The peak related to the ionic channel of Nafion shifts towards higher θ in the com-

posite membrane [178]. It can be interpreted from Bragg’s law (d = λ/2sin θ)

that the cluster size is decreased.

(a)

(b)

Figure 3.7: Orientation of polymeric aggregates in (A) Nafion membrane
(B) Nafion/MMT composite membrane [155]
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Table 3.4: DMFC power density of Nafion/montmorillonite composite membranes

Composite Inorganic Inorganic Catalyst Methanol Methanol Proton Current Max. power Ref.

membrane particles mass loading permeability conductivity density density

(◦C) (%) (mg cm−2) (M) (×10−6 cm2 s−1)(mS cm−1) (mA cm−2) (mW cm−2)

Nafion/MMT MMT 3 3(A), 5(C) 2 — 76 (110 ◦C) 452

(110 ◦C, 0.4 V)

— [174]

Nafion/MMT-m MMT-NH2 3 3(A), 5(C) 2 — 77.2 (110 ◦C) 440

(110 ◦C, 0.4 V)

— [174]

Nafion/MMT-

HSO3

MMT-HSO3 5 8 2 — — 336

(40 ◦C, 0.2 V)

67 [177]

Nafion/MMT-

chitosan

MMT-NH2 2 4 1 0.084 (25 ◦C) 80 (25 ◦C) — 105 [179]

Nafion/MMT-

POPD400-PS

MMT-SO3 5 0.2(A),

0.4(C)

2 — — 95

(40 ◦C, 0.2 V)

— [167]

Nafion/MMT-

AMPS

MMT-SO3 3 4 5 0.091 (25 ◦C) 81.7 (25 ◦C) — 87.96 [180]

Nafion/MMT-POP MMT-POP-SO3 2 (MMT)

27 (POP)

4 1 0.17 10.8 (25 ◦C) 280 (0.2 V) 90 (0.2 V) [181]

Nafion/MMT-

Krytox

MMT-CF3 2.5 — — 1.2 (25 ◦C) 25 (40 ◦C) — — [115]

Nafion/MMT-

Krytox

MMT-CF3 5 — — 0.87 (25 ◦C) 0.023 (40◦C) — — [115]

AMPS, 2-acrylamido-2-methylpropanesulfonic acid; Krytox, carboxylic acid terminated perfluoropolyether; m, dodecylamine-exchanged; POP,

poly(2,6-dimethyl-1,4-phenylene oxide; POPD400-PS, poly(oxyproplene)-backboned quaternary ammonium salts
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• Nafion/titanate nanotubes (X2Ti3O7,)

Although metal oxides such as SiO2, TiO2, etc., are well known fillers, they still

have the limitation of low proton conductivity, 10−4 S cm−1. Alternative materi-

als that have desirable properties of high surface area, high ionic conductivity and

hydrophilicity have been studied. Titanate nanotubes, X2Ti3O7, are a promising

additive for Nafion composite membrane because they serves all these require-

ments, with a relative high conductivity at 10−2–10−3 S cm−1 [182].

The crystal structure of Na2Ti3O7 consists of octahedral TiO6 building blocks,

which share edges to form a one-dimensional tunnel structure. It forms a two-

dimensional structure by sharing oxygen atoms at the octahedral vertices, while

sodium or hydrogen atoms occupy the interlayer spaces, as shown in Figure 3.8

[183–185].

Figure 3.8: Crystal structure of titanate (Na2Ti3O7) [185]

Titanate nanotubes have been prepared using various strategies. Zhang et al.

[186] synthesized H2Ti3O7 by a single-step reaction. TiO2 powder was mixed

with 10 M NaOH aqueous solution and then the mixture was heated in a Teflon

container for 72 hours. The H2Ti3O7 plates were formed in 24 hours of reaction

and the nanotubes (yield, <90%) were formed after 3 days.
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Dong et al. [187] prepared a series of samples with various hydrothermal syn-

thesis times. The procedure starts with adding rutile TiO2 powder to a solution

of polyethylene glycol, to promote good dispersion of TiO2. This suspension is

crushed to form a colloid and then calcined to transform the polyethylene glycol

into CO2 and H2O. In a second step, the calcined powder is mixed with 10 M

NaOH solution and undergoes sonication and ultrasonic treatment followed by

autoclaving for 4, 12, 24 or 36 hours. In the final step, a precipitate from the

hydrothermal reaction is washed with HCl and distilled water until pH 7 is ob-

tained. From TEM characterization, the sheet structure and some nanotubes are

observed at a reaction time of 4 hours. There are coexisting sheet structures and

nanotubes until a reaction period of 36 hours, when the nanotubes are completely

formed. A cross section of the nanotubes is shown in Figure 3.9.

Figure 3.9: TEM image of the cross section of H2Ti3O7 nanotubes [187]

The hydrothermal treatment of anatase TiO2 with NaOH to prepare sodium

titanate, Na2Ti3O7, was reported by Wei et al. [188]. A composite membrane of

Nafion/Na2Ti3O7 with a titanate content of 1–10 wt% was formed and tested.

The proton conductivity and methanol permeability of the membrane reduced

with Na2Ti3O7 content increase. Considering selectivity, 5% Na2Ti3O7 was the

optimum content. Compared with the result from Nafion 112 membrane, the
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composite membrane presented a higher water uptake but a lower proton con-

ductivity and methanol diffusivity [189]. The performances of the composite

membrane are superior to those of Nafion 112 and close to Nafion 117 at high

temperature [190].

Rhee et al. [191] functionalized the surface of titanate with organic sulfonic

acid (HSO−3 ). TiOSO4·xH2SO4·xH2O and NH4OH were used as precursors to

form ammonium titanate ((NH4)2Ti3O7) via hydrothermal treatment followed

by treatment with 0.5 M H2SO4 to change ammonium titanate into hydrogen ti-

tanate (H2Ti3O7). The final step was taken by refluxing H2Ti3O7 with function-

ality precursors – 1,3-propane sulfone (1,3-PS) and 3-mercaptopropyltrimethoxy

silane (3-MPTMS) – resulting in HSO3-titanate (1,3-PS) and HSO3-titanate (3-

MPTMS). The maximum power density of Nafion-based membrane composed of

3 wt% HSO3-titanate (1,3-PS) and HSO3-titanate (3-MPTMS) exceeded those of

pure Nafion 115 membrane and Nafion/unmodified TiO2 composite membrane.

These results are displayed in Table 3.5.

The superior performance can be explained by the reduction in size of the ion

transport channel in the composite membrane, which decreased methanol perme-

ability by 38% relative to pure Nafion membrane. The smaller cluster size was

observed via a single X-ray diffraction peak responsible for channel size in Nafion

matrix shifting to a higher value of 2θ in the composite membrane. In addition,

like MMT, titanate has a layer structure that is easily delaminated in the Nafion

matrix, hence the separated layer increased the tortuosity of the pathway for the

methanol molecules and hindered methanol passage.

• Nafion/graphene

Graphene oxide (GO) has desirable characteristics, such as excellent mechanical

strength, thermal stability, and is rich in oxygen-containing functional groups.

Furthermore, GO is inherently amphiphilic, consisting of largely hydrophobic

basal planes and hydrophilic edges [157, 170]. It has been proposed to incorporate
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graphene oxide into Nafion composite membranes, to enhance proton conductiv-

ity.

Choi et al. [170] also used the amphiphilic property of GO to enhance the perform-

ance of a Nafion base membrane. The hydrophobic basal planes and hydrophilic

functional groups of GO interact and modify the microstructures of both polar

ionic channels and non-polar backbones of Nafion, reducing the size of the ionic

channels. This feature slightly decreased proton conductivity; however, it also

reduced methanol crossover of the composite membrane compared with pristine

Nafion membrane.
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Table 3.5: DMFC power density of Nafion/titanate composite membranes

Composite Inorganic Inorganic Catalyst Methanol Methanol Proton Current Max. power Ref.

membrane particles mass loading permeability conductivity density density

(◦C) (%) (mg cm−2) (M) (×10−6 cm2 s−1) (mS cm−1) (mA cm−2) (mW cm−2)

Nafion/titanate Titanate 5 4 2 0.174 — — — [188–

190]

Nafion/titanate-

SO3H (1,3-PS)

Titanate-

SO3H

3 8 2 — — 318

(27 ◦C, 0.2 V)

73 (40 ◦C) [191]

Nafion/titanate-

SO3H (3-MPTMS)

Titanate-

SO3H

3 8 2 — — 284

(27 ◦C, 0.2V)

63.8 (40 ◦C) [191]

1,3-PS, 1,3-propane sultone;

3-MPTMS , 3-mercaptopropyltrimethoxy silane
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Nafion/porous material composite membranes

• Nafion/mordenite

Mordenite (MOR) is composed of a (SiO4−
4 ) and (AlO5−

4 framework (Figure 3.10).

The microporous structure of MOR materials provides the advantage of high

molecular selectivity including ion conduction. MOR has desirable properties of

decreasing methanol transport from anode to cathode while conducting protons

[192].

Figure 3.10: Crystal structure of mordenite (MOR) [193]

Nafion/functionalized mordenite composite membranes have been prepared by

Yoonoo et al. [194, 195]. This research showed that a composite membrane ob-

tained by functionalizing H-mordenite with γ-glycidoxypropyltrimethoxysilane

(GMPTS) had a superior maximum power density over that of a recast Nafion

membrane. The composite containing 5 wt% mordenite-GMPTS achieved a max-

imum power density of 40.7 mW cm−2 at 1 M methanol and 70 ◦C, while the

recast membrane delivered 37.9 mW cm−2. However, Yoonoo et al. noted that

mordenite settled out of the bulk solution when the mix solution of mordenite

and Nafion was left to stand for a long time before the recasting.
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Conclusions for conventional Nafion composite membrane

• The incorporation of additives in a perfluorosulfonic acid membrane en-

hances the membrane performance; methanol permeability is reduced by

providing a long diffusion path for methanol molecules.

• Additional hydrophilic sites, such as -SO3, -NH2, or -OH, supplied by

the functionalized filler promote hydrogen bonding with water molecules,

increasing water uptake in the composite membrane and proton conduct-

ivity.

3.4.2.2 Alternative membranes

To resolve problems caused by methanol crossover, electrolyte membranes based

on sulfonated aromatic polymers, such as poly(etheretherketone) (PEEK), poly-

sulfone (PSF) and polybenzimidazole (PBI) have been designed. Aromatic poly-

mers are considered to good candidates for use in electrolyte membranes because

they have low methanol crossover, satisfactory proton conductivity and stabil-

ity in fuel cell operation conditions, and they can be functionalized [196–198].

Therefore, composites of aromatic polymer membranes using similar additives as

those used to modify Nafion membranes have been investigated.

Poly(etheretherketone) (PEEK) hybrid membranes

The hydrophilic channels of PEEK are narrow and more branched. In add-

ition, there is less interconnection, resulting in lower water uptake (21.25%)

and less membrane swelling (9.33%) than Nafion (water uptake, 30.8%; swell-

ing ratio, 14.87%). Therefore, the proton conductivity of PEEK is less than that

of Nafion because it relies on water content in the membrane [173]. Mohtar et al.

[173] found that the composite of PEEK with silicotungstic acid (STA) surface-

modified MMT (PEEK/STA-MMT membrane) gives an enhancement in proton

conductivity over pristine PEEK and Nafion. STA can donate or accept protons
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from water molecules; hence, it facilitates the proton hopping mechanism in the

composite membrane. The vehicle mechanism is also enhanced, owing to the

hygroscopic nature of STA, which provides a high water content, leading to high

proton diffusion through water molecules.

In terms of methanol permeability, PEEK/STA-MMT membranes give better

results than pure PEEK membranes. The MMT additive has an impact on the

microstructure of the hydrophilic channels and obstructs connections betweens

these channels, further blocking methanol diffusion pathways. Moreover, the

narrow ionic clusters of PEEK also reduce methanol migration.

Sulfonated polysulfone (SPSF) hybrid membranes

Lufrano et al. [196, 197] combined sulfonated polysulfone (SPSF) with acidic silica

to find a good compromise between the desirable and undesirable properties of the

composite membrane (Table 3.6). Although the composite membrane of SPSF

and acidic silica (SPSF-SiO2-S) exhibited low proton conductivity, it produced

the highest maximum power density, at 23 mW cm−2, compared with values of 21

and 16 mW cm−2 obtained from composite SPSF, unmodified-silica (SPSF-SiO2)

and pristine SPSF, respectively. Considering methanol crossover, SPSF-SiO2-S

has the lowest crossover current, at 8 mA cm−2, which was 33% better than

SPSF-SiO2 and 43% worse than SPSF.
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Table 3.6: DMFC power density of SPSF/filler composite membranes

Composite Inorganic Inorganic Catalyst Methanol Methanol Proton Current Max. power Ref.

membrane particles mass loading permeability conductivity density density

(◦C) (%) (mg cm−2) (M) (×10−6 cm2 s−1) (mS cm−1) (mA cm−2) (mW cm−2)

PEEK — — — — 0.642 (25 ◦C) 2.29 (25 ◦C) — — [173]

PEEK/MMT MMT 1 — — 0.441 (25 ◦C) 1.97 (25 ◦C) — — [173]

PEEK/MMT-STA MMT-STA 1 (MMT)

0.3 (STA)

— — 0.35 (25 ◦C) 3.76 (25 ◦C) — — [173]

1 (MMT)

0.5 (STA)

— — 0.394 (25 ◦C) 6.08 (25 ◦C) — — [173]

SPSF SPSF 10 2.5 1 14.5 36 (30 ◦C) — 16 (30 ◦C)

SPSF/SiO2 SPSF-SiO2 10 2.5 1 12 20 (30 ◦C) — 21 (30 ◦C)

SPSF/SiO2-acid SPSF-SiO2-S 10 2.5 1 8 27 (30 ◦C) — 23 (30 ◦C) [197]

MMT, montmorillonite;

PEEK, poly(etheretherketone),

SPSF, sulfonated polysulfone,

STA, silicotungstic acid
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3.4.2.3 Multilayered membranes

The adsorption of polyanions and polycations can be utilized to construct poly-

electrolyte multilayer membranes in a layer-by-layer (LBL) self-assembly method.

Two opposite charges are deposited on a support surface by an electrostatic in-

teraction via a solution dipping technique [199]. Jiang and Tang [148] produced

polyelectrolyte multilayer on Nafion 112 surfaces. It was found that the pro-

ton conductivity of multilayer membranes were in the range of 68-91 mS cm−1

slightly lower than 93 mS cm−1 slightly of pure Nafion 112. This could be de-

scribed as the less favourable complexation of protons by methanol compared

to water in multilayer membranes. Methanol permeability was related to the

structure of multilayer membranes. The polyanions with small linear monomeric

blocks would promote interdiffusion during the self-assembly process because of

their low steric hindrance. This feature produces a high density multilayer (Fig-

ure 3.11A), which presents lower methanol permeability (1.01 ×10−6 cm2 s−1)

than multilayers produced using polyanions with large monomeric blocks (1.34

×10−6 cm2 s−1) (Figure 3.11B). Nevertheless, the effect of polyanions/polycations

multilayer on the methanol permeability is not clear.

(a)

Figure 3.11: Adsorption of polyanions and polycations on Nafion with (A)
small sized monomeric block, (B) large sized monomeric block [148]
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(b)

Figure 3.11 (cont.): Adsorption of polyanions and polycations on Nafion
with (A) small sized monomeric block, (B) large sized monomeric block [148]

3.4.3 Incorporating methanol barrier layers into MEAs

3.4.3.1 Introduction to methanol barrier layer

Previous studies [194] improved DMFC performance by producing Nafion com-

posite membranes with silane surface modified mordenite. However, a problem

with inorganic particles is that they aggregate at the bottom edge of the recast

membrane due to gravity driven setting, as shown in Figure 3.12.

This research has been extended by applying a Nafion/inorganic composite layer

onto the anode electrode instead of using the composite membrane [106]. The

additional layer acts as a methanol barrier, which reduces methanol migration

through the membrane. Dawson [106] fabricated novel (MEAs) containing Nafion/-

mordenite and Nafion/silane functionalized mordenite as a methanol barrier layer.

This technique can prevent large agglomeration of inorganic additives (Figure

3.13). A MEA with 13.67 wt% silane functionalized mordenite presented the

best performance, with 42% increase in the power density compared with an
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Figure 3.12: Cross-section of Nafion/5 wt% mordenite composite
membrane [194]

MEA without a barrier layer. These results suggest that this procedure can be

used to ensure methanol blocking, for an improved performance of DMFCs.

Figure 3.13: Cross-section of Nafion/functionalized mordenite barrier layer
[106]

Summary

To improve DMFC performance, the potential losses which are activation loss,
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ohmic loss, mass transport loss and methanol crossover should be reduced. The

critical loss in DMFC is from methanol crossover; therefore, producing mem-

branes which decrease methanol migration but remain reasonable proton con-

ductivity is still a major challenge for the development of DMFC. A large number

of experiments focus on modified Nafion membrane due to its high ionic conduct-

ivity. The literature explores the methanol resistance of Nafion/inorganic com-

posite membranes; moreover, it has found that the crystal structure of inorganic

filler plays an important role in proton conductivity and methanol permeability

of the membranes.



Chapter 4

Fabrication of membrane

electrode assembly (MEA) and

experimental system

4.1 Standard membrane electrode assembly fab-

rication

The MEA without an additional methanol barrier layer was produced as a ref-

erence. This is called the standard MEA; it consists of three main components,

a polymer electrolyte membrane and two electrodes, an anode and a cathode. A

spray-coating method was used to fabricate the MEA throughout this project.

Using a procedure from [106, 194], the process of MEA fabrication is described

in Figure 4.1 and the arrangement of MEA layers is shown in Figure 4.2. This

procedure can be divided into two parts: electrode fabrication and membrane

treatment.

115
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Figure 4.1: Standard MEA fabrication
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For the electrode fabrication, each electrode is composed of three layers, a gas

diffusion layer (GDL), a catalyst layer and a Nafion binding layer. The GDL is

formed by spraying carbon ink onto carbon paper (4.5 cm × 9.0 cm), which is

used as the electrode support. The GDL is cut into two pieces (4.5 cm × 4.5 cm).

Next, the two different compositions of catalyst ink are prepared and applied onto

each GDL to form the catalyst layer. The last layer is a Nafion solution, which

is coated over the catalyst surfaces to bind the two electrodes to the membrane.

Figure 4.2: Standard MEA layers

For the membrane preparation, the Nafion polymer membrane is cleaned and

protonated before use. Finally, the Nafion membrane is sandwiched between the

two electrodes and hot pressed together.
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4.1.1 Gas diffusion layer (GDL)

4.1.1.1 Carbon ink preparation

Using a standard method from [194] explained herein, the gas diffusion layer

is made from a carbon ink, a dispersion of porous carbon in isopropanal (IPA),

coated on carbon paper. The appropriate proportions of carbon ink are calculated

to ensure that 60 cm3 IPA produces a homogeneous ink coating [194, 200]. A

surface density of 1.0 mg cm−2 for the diffusion layer contributes the best DMFC

performance by providing the optimum thickness that balances between reactant

dispersion and mass transport resistance [200].

To enhance mass transport within the diffusion layer, 10 wt% of polytetrafluoro-

ethylene (PTFE) is included in the carbon ink. The PTFE forms hydrophobic

channels, providing a pathway for carbon dioxide to leave the anode [138]. The

amount of PTFE is calculated as:

(
PTFE

PTFE + Carbon black

)
× 100 = 10% (4.1)

The compositions of carbon ink are shown in Table 4.1. A waste factor of 4 is used,

to allow for material loss while spraying the ink onto the electrode. This means

that the volume of ink required is four times the target volume. The quantity

of carbon ink components suitable for producing two GDLs (4.5 × 9.0 cm) are

shown in Figure 4.3.

The carbon ink is prepared by mixing 60.0 mg of PTFE (60 wt% PTFE dispersion

water, Aldrich) in 5.0 cm3 of IPA (Aldrich) in an ultrasonic bath for 10 minutes,

after which the suspension is added to 324.0 mg of carbon black (Ketjen black

carbon, EC-300J, Akzo Nobel) and the mixture is continuously mixed in an

ultrasonic bath for 30 minutes. Another 2.0 cm3 of IPA is then added, followed

by sonication for 30 minutes. The processes of adding IPA and sonication are
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Table 4.1: Composition of carbon ink for producing two GDLs

Material Specification Quantity
Quantity including

waste factor (4)

Ketjen carbon black 1.0 mg cm−2 81.0 mg 324.0 mg
PTFE solution

10 wt% PTFE 15.0 mg 60.0 mg
(60 wt% solution)
IPA 99.5% purity 15 cm3 60 cm3

Figure 4.3: Carbon ink preparation

repeated until a total volume of 60.0 cm3 of carbon ink is obtained.

4.1.1.2 Spraying the gas diffusion layer

A dual action airbrush (Badger 100LG, double action) is controlled manually

during the spraying process using N2 at a pressure of 1 bar. The procedure is as
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follows:

1. A carbon support paper (Toray TGPH-090, 20 wt% wet proofing, thickness,

0.26 mm; density, 0.49 g cm−3, from E-TEK) of area 4.5 cm × 9.0 cm for

the fabrication of two 4.5 cm × 4.5 cm MEAs. The mass of this paper is

recorded.

2. The carbon paper is attached to a hot plate and cleaned by spraying 3 cm3

of IPA while heating at 60 ◦C to evaporate the solvent.

3. A first portion of 6 cm3 of carbon ink is applied to the carbon paper.

4. The paper is dried in an oven at 120 ◦C for 10 minutes and weighed.

5. To avoid congestion with carbon ink, the spray gun is cleaned with 6 cm3

of IPA before applying additional carbon ink.

6. The additional carbon ink is sprayed and dried. These steps are repeated

until a target mass of 45.0 mg (1.0 mg cm−2) of dry carbon black is achieved.

To complete GDL fabrication, a sintering process is carried out using a program-

mable furnace [106, 194]. The temperature is raised from room temperature to

360 ◦C over a period of 2.5 hours and then maintained at 360 ◦C for 1 hour. Fi-

nally, the temperature is reduced to room temperature. The temperature control

is plotted in Figure 4.4. The sintered GDL is cut into two pieces. Each piece has

an area of 4.5 cm × 4.5 cm.
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Figure 4.4: Temperature control for sintering process [106]

4.1.2 Catalyst layer (procedure I)

The electrode catalyst inks are prepared with different compositions. The anode

ink is made from a Pt:Ru catalyst but the cathode ink uses a Pt catalyst. The

method for preparing the catalyst ink is here called procedure I.

4.1.2.1 Anode catalyst ink preparation

The anode catalyst ink comprises Pt:Ru particles supported on carbon (with

a Pt:Ru:C mass ratio of 40:20:40), with acetone as a dispersion medium. In

addition, Nafion solution is combined in the catalyst ink to produce the proton

transfer pathways from the catalyst layer to the electrolyte membrane. Equation

4.2 describes the method for calculating the % of Nafion solution [194, 200].

(
Nafion

Nafion + Catalyst + Catalyst support

)
× 100 = 15% (4.2)

The procedure for preparing the anode catalyst ink is outlined in Figure 4.5.

To produce the catalyst ink, Nafion solution (20 wt% Nafion solution, Ion Power

DE2021) is mixed with 16 cm3 of acetone (Aldrich) under sonication for 5 minutes.

Next, the Pt:Ru catalyst (60% Pt:Ru alloy on Vulcan XC-72, E-TEK) is added
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to the mixture under sonication for 60 minutes. The required mass of anode

catalyst ink for preparing two electrodes is shown in Table 4.2.

Table 4.2: Composition of anode catalyst ink for producing two electrodes

Material Specification Quantity
Quantity including

waste factor (4)

Pt:Ru catalyst
1.0 mg Pt cm−2 101.3 mg 405.0 mg

(Pt:Ru:C = 40:20:40)
Nafion solution

15 wt% Nafion 89.3 mg 357.3 mg
(20 wt% solution)
Acetone 99.8% purity 4 cm3 16 cm3

Figure 4.5: Anode catalyst ink preparation

4.1.2.2 Cathode catalyst ink preparation

The cathode ink is also composed of a combination of Nafion solution and acetone

but Pt catalyst (60 wt% Pt on Vulcan XC-72, E-TEK) is used instead of the

Pt:Ru. A quantity of 15 wt% Nafion is also used in the cathode ink.
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Figure 4.6 outlines the preparation of the cathode ink, which begins by mixing

16 cm3 of acetone with Nafion solution and sonicating for 5 minutes. The mixture

is then added to the required weight of Pt catalyst followed by sonication for

60 minutes to disperse the Pt particles. For the best activity, the catalyst ink

should be used immediately. The cathode catalyst constituents for preparing two

electrodes are detailed in Table 4.3.

Table 4.3: Composition of cathode catalyst ink for producing two electrodes

Material Specification Quantity
Quantity including

waste factor (4)

Pt catalyst
1.0 mg Pt cm−2 67.5 mg 270.0 mg

(Pt:C = 60:40)
Nafion solution

15 wt% Nafion 59.6 mg 238.3 mg
(20 wt% solution)
Acetone 99.8% purity 4 cm3 16 cm3

Figure 4.6: Cathode catalyst ink preparation
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4.1.2.3 Spraying the catalyst layer

1. The catalyst ink is applied to the GDL in a similar manner to the diffusion

layer. Before spraying the catalyst ink, each sintered GDL is weighed and

then its surface is cleaned with 3 cm3 of acetone.

2. An initial 3 cm3 of catalyst ink is loaded into the airbrush and sprayed on

the GDL.

3. The electrode with catalyst cloth is placed in an oven at 120 ◦C for 10

minutes to evaporate the acetone.

4. To measure the deposited catalyst layer, the electrode mass electrode is

recorded again. Subtracting the mass of the uncoated GDL from this mass

gives the mass of the catalyst layer.

5. Additional catalyst ink is sprayed and dried until the target mass is reached.

Both electrodes have similar target catalyst surface densities, that is 1 mg Pt cm−2,

and the area of each electrode is 4.5 × 4.5 cm. The dry masses of the cata-

lyst layers were 59.6 ± 3 mg for the anode and 39.7 ± 2 mg for the cathode.

4.1.3 Binding layer

To achieve excellent adhesion between the electrodes and a Nafion membrane, a

binding layer of surface density 1.2 mg cm−2 has to be applied over the surface

of each electrodes.

Nafion 20 wt% solution is weighed and then mixed with 16 cm3 of acetone under

sonication for 30 minutes. The preparation method is outlined in Figure 4.7 and

the compositions are listed in Table 4.4.

4.1.3.1 Spraying the binding layer

1. The anode and cathode are weighed.
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Table 4.4: Composition of binding ink for producing two electrodes

Material Specification Quantity
Quantity including

waste factor (4)

Nafion solution
1.2 mg Nafion cm−2 243.0 mg 972.0 mg

(20 wt% solution)
Acetone 99.8% purity 4 cm3 16 cm3

Figure 4.7: Binding ink preparation

2. An air brush is filled with 3 cm3 of acetone, which is sprayed over each

electrode surface.

3. The Nafion suspension is then applied to each electrode.

4. The electrodes are dried at 120 ◦C for 10 minutes

5. Supplementary Nafion suspension is added until the target mass of 24.3

± 2 mg (1.2 mg cm−2) of dry Nafion is achieved.

4.1.4 Membrane treatment

A Nafion 117 membrane (thickness, 183 µm; density, 1.98 g/cm3; DuPont) is

used in this research. It is treated before fabricating into MEAs. The process is

outlined in Figure 4.8.

1. The polymer membrane is cut to an area of 6.0 cm × 6.0 cm.
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Figure 4.8: Membrane treatment

2. The membrane sheet is boiled in deionized water for 10 minutes to hydrate.

3. The membrane is then heated in 5% hydrogen peroxide solution (H2O2,

Aldrich) at 80 ◦C for 30 to remove organic impurities, after which it is

cleaned three times with deionized water.

4. To protonate the membrane, a step of boiling in a 1 M sulfuric acid solution

(H2SO4, Aldrich) for 30 minutes is required. Afterwards, the membrane is

washed three times in deionized water for 10 minutes each time.

5. The membranes are stored in deionized water until needed.
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4.1.5 Hot pressing

The anode and cathode and a membrane sheet are pressed together to form a

completed MEA.

1. The Nafion membrane is taken from the deionized water and dried with

filter paper.

2. Two stainless steel backing plates are covered with aluminium foil to avoid

the membrane sticking to the plates.

3. The anode is placed on a metal plate with the catalyst layer face up followed

by the membrane sheet. The cathode is placed on the top of membrane

with the catalyst layer face down. A second metal plate is put over the

cathode and then the whole assembly is wrapped in aluminium foil.

4. The assembly is placed in a hydraulic press for 3 minutes under a pressure

of 3 bar at 135 ◦C. Afterwards, the press is cooled from 135 ◦C to 60 ◦C in

27 minutes, while the pressure is maintained.

5. The completed MEA is removed from the press and allowed to cool room

temperature.

6. Since the hot-pressing dries out the Nafion membrane, it is important to hy-

drate the MEA with deionized water overnight at room temperature before

operating the MEA.

4.2 DMFC experimental system

The experimental system is composed of five main parts: the methanol reservoir,

the air supplier, the temperature controller, the electrical circuit and the DMFC

assembly. The experimental system is illustrated in Figure 4.9.
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Figure 4.9: DMFC experimental system

On the anode side, methanol fuel from the storage tank is delivered by a peristaltic

pump through the anode inlet of the DMFC assembly and then to the flow field

over the anode side. Unreacted methanol solution, water and carbon dioxide gas

leave the cell at the anode outlet.

Air is supplied from a gas cylinder into the DMFC assembly at the cathode inlet

and flows through the cathode flow field. The flow rate of gas is controlled by a

flowmeter. The excess air stream and the product of the cathode reaction, water,

are released from the cell at the cathode outlet.

A voltmeter is connected across the anode and the cathode to measure the overall

voltage of the fuel cell. A power supply is also connected to the fuel cell to control

and vary the magnitude of the electrical current during the fuel cell operation

process.
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4.2.1 DMFC operation

The method for measuring MEA performance can be separated into two steps

which are a MEA condition and a MEA operation.

In order to obtain a high performance, the fabricated MEA was generally con-

ducted via the condition step [201–203]. The condition method in this research

was adapted from [106, 194] as:

• The single fuel cell was flowed with deionised water for 12 hours to fully hydrate

the Nafion membrane.

• Methanol solution (1 M) was delivered to the anode side at the flow rate of 5

cm3 min−1 while air was supplied to the cathode at the flow rate of 1000 cm3

min−1.

• An actual cell temperature was maintained at 70 ◦C.

• During the condition step, the polarization (j-V) curves were measured in a

galvanostatic mode by increasing current at 0.20 A interval and observing the

related voltage. The current was applied until the magnitude of voltage was re-

duced to zero. The conditioning process was carried out many times until the

j-V curves were stable. This research presented a suitable MEA condition at five

times running.

After the condition step, the MEA performance was also investigated via the

j-V curve using similar current interval. However, the performance has been

operated by changing cell temperature and methanol concentration. Methanol

fuel was changed at 1 M, 2 M and 4 M and cell temperature was varied from

30 to 80 ◦C for individual methanol concentration. An open circuit voltage was

measured without any current loading at 30 minutes after methanol and air were

fed into the cell in order to stabilize the cell. It should be noted that the condition

step was applied every time when the methanol concentration was changed. The

power density can be calculated by multiplying the current density with the

related voltage.
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4.2.2 DMFC assembly

The MEA is put in a specially constructed DMFC assembly, which was built

in-house [194]. It is sandwiched between two graphite plates, which act as the

current collector and the flow channel of the fuel and oxidant. A heater plate is

attached to the back of each graphite block; this is also connected to a temper-

ature controller to measure and maintain the cell temperature. PTFE insulator

plates are located next to the heating elements to prevent heat loss from the as-

sembly. Each insulator plate forms a cavity to align the heater plate and graphite

block firmly. An aluminium plate is placed at either end of the assembled cell.

The purpose of these metal plates is to protect the soft PTFE material from

damage when all components are fixed together. As seen from Figure 4.10, the

assembly is completed by the tightening of nuts and washers.

Figure 4.10: DMFC assembly [194]
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4.3 Fabrication of modified MEAs (procedure

I)

4.3.1 Modified MEA using methanol barrier layer

With the purpose of preventing methanol transport through the electrolyte mem-

brane, the methanol barrier layer is best located between the anode and the mem-

brane, as shown in Figure 4.11. The MEA combined with the methanol barrier

layer is called the modified MEA. The fabrication procedure of the modified MEA

is similar to that of the standard MEA, except that the Nafion binding layer (D)

on the anode side is replaced by a Nafion/inorganic composite layer (F).

Figure 4.11: Standard MEA fabrication
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4.3.2 Methanol barrier layer preparation

The methanol barrier layer is a composite of Nafion and inorganic material. The

DMFC performances carried out by this group [106, 194, 200] indicated that the

composite layer containing 0.5 wt% of inorganic particles related to the weight

of Nafion 117 membrane presented the best performance; hence this amount of

the barrier layer is applied to the anode side of the MEA. The inorganic mass

incorporated in the barrier layer is expressed as:

(
Inorganic particles weight

Inorganic particles weight + Nafion membrane weight

)
× 100 = 0.5% (4.3)

Furthermore, the quantity of inorganic particle relative to the total amount of

the barrier layer can be calculated from:

(
Inorganic particles weight

Inorganic particles weight + weight of Nafion in the composite layer

)
×100 = 13.21%

(4.4)

To investigate the appropriate material for improving DMFC performance, four

modified MEAs containing different methanol barrier layers were formed. These

are summarized in Table 4.5. A commercial Mordenite powder (MOR) and

Zeolite Y (ZY) was obtained from Zeolyst International. Montmorillonite K10

(MMT) was from Sigma-Aldrich. Titanate (TN) was synthesised by a hydro-

thermal method.

Table 4.5: Modified MEAs

MEA
label

Inorganic
material

Inorganic wt%
(Equation 4.3)

Inorganic wt%
(Equation 4.4)

0.50% MOR Mordenite 0.50 13.12
0.50% ZY Zeolite Y 0.50 13.12
0.50% MMT Montmorillonite 0.50 13.12
0.50% TN Sodium titanate 0.50 13.12



Chapter 4 Fabrication of MEA and the experimental system 133

There are two steps in producing the Nafion/inorganic composite. First, the

inorganic suspension is prepared. Then the Nafion/inorganic composite is pro-

duced.

4.3.2.1 Inorganic suspension

The composition of the inorganic suspension is detailed in Table 4.6 and the

preparation method is outlined in Figure 4.12. Because the Nafion/inorganic

composite layer comprises only a very little amount of inorganic powder, it is

difficult to weigh this substance accurately. Ten times the required mass of inor-

ganic suspension is prepared. A portion of 37.0 mg inorganic powder is weighed

and dispersed in 10 cm3 of acetone. The suspension is placed in an ultrasonic

bath for 15 minutes, then mixed with a magnetic stirrer for 15 minutes. These

two steps of sonication and stirring are repeated for a total of 2 hours for the

excellent dispersion of inorganic particles. This procedure is developed by this

group [106].

Table 4.6: Composition of inorganic suspension

Material Specification Quantity
Quantity including
waste factor (10)

Inorganic particle 0.5 wt% 3.7 mg 37.0 mg
Acetone 99.8% purity 1 cm3 10 cm3

4.3.2.2 Nafion/inorganic composite

To make the Nafion/inorganic composite layer, 3.7 mg of the inorganic substance

and 1.2 mg cm−2 of Nafion is required at the electrode surface. The ingredients

of the Nafion/inorganic composite are listed in Table 4.7.
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Figure 4.12: Inorganic suspension preparation

Table 4.7: Composition of Nafion/inorganic composite

Material Specification Quantity
Quantity including

waste factor (4)

Nafion solution
1.2 mg Nafion cm−2 121.5 mg 486.0 mg

(20 wt% solution)
Inorganic suspension 3.7 mg 1 cm3 4 cm3

Acetone 99.8% purity 4 cm3 16 cm3

Including the waste factor of 4, therefore, 486.0 mg of 20 wt% Nafion solution is

mixed with 16 cm3 of acetone and then 4 cm3 of inorganic suspension is added

to the mixture. To achieve a well dispersed mixture, the two steps of 15 minutes

stirring and another 15 minutes sonication are repeated for a total of 2 hours.

The preparation method is illustrated in Figure 4.13.
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Figure 4.13: Nafion/inorganic composite preparation

4.3.3 Incorporating the methanol barrier layer onto the

anode

The barrier layer is a modification of the binding layer; consequently, it is in-

corporated onto the anode instead of the binding layer.

1. The gas diffusion layer is constructed and the catalyst coating applied, as

for the standard MEA preparation.
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2. The mass of the anode is recorded, then it is cleaned by spraying 3.0 cm3

of acetone.

3. A first portion of 1.5 cm3 of the Nafion/inorganic composite is applied to

the anode.

4. The solvent is evaporated by heating at 120 ◦C for 10 minutes and the

anode is weighed.

5. To avoid blockage with the Nafion/inorganic composite, the spray gun is

cleaned with 6 cm3 of acetone.

6. The additional composite ink is sprayed and dried. These steps are repeated

until a target mass of 28.0 ± 2 mg of dry Nafion/inorganic composite layer

is achieved.

4.4 Fabrication of new modified membrane elec-

trode assemblies (procedure II)

An improved procedure for catalyst ink preparation was developed, by reducing

the concentration of ink. This method is named procedure II. In addition, the

E-TEK catalyst supplier closed, catalysts were obtained from Premetek instead.

However, the catalysts from both companies had similar specifications, that is,

60 wt% Pt:Ru alloy on Vulcan XC-72 for the anode catalyst and 60 wt% Pt on

Vulcan XC-72 for the cathode catalyst.

4.4.1 New standard MEA fabrication

4.4.1.1 New anode catalyst ink preparation

The compositions of new anode ink are depicted in Table 4.8 and the preparation

method is presented in Figure 4.14.
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Table 4.8: Composition of new anode catalyst ink for producing one
electrode

Material Specification Quantity
Quantity including

waste factor (4)

Pt:Ru catalyst
1.0 mg Pt cm−2 50.6 mg 202.4 mg

(Pt:Ru:C = 40:20:40)
Nafion solution

15 wt% Nafion 44.7 mg 178.8 mg
(20 wt% solution)
Acetone 99.8% purity 4 cm3 16 cm3

Figure 4.14: Preparation of new anode catalyst ink

4.4.1.2 New cathode catalyst ink preparation

The required masses of the new cathode catalyst ink are shown in Table 4.9 and

the preparation method is presented in Figure 4.15.
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Table 4.9: Compositions of new cathode catalyst ink for producing one
electrode

Material Specification Quantity
Quantity including

waste factor (4)

Pt catalyst
1.0 mg Pt cm−2 33.8 mg 135.2 mg

(Pt:C = 60:40)
Nafion solution

15 wt% Nafion 29.8 mg 119.2 mg
(20 wt% solution)
Acetone 99.8% purity 4 cm3 16 cm3

Figure 4.15: New cathode catalyst ink preparation

4.4.2 New modified MEAs

Because of the convenience of coating the catalyst ink onto the electrode, the

improved catalyst preparation method was used to produce the new modified

MEAs. Of the four inorganic materials (mordenite, zeolite Y, montmorillonite

and sodium titanate) reviewed, the Nafion/montmorillonite composite was selec-

ted for incorporation as the methanol barrier layers. The new modified MEAs
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with these inorganic components were produced to achieve the best DMFC per-

formance. These are summarized in Table 4.10.

Table 4.10: New modified MEAs incorporating Nafion/montmorillonite
(MMT) composite or Nafion/sodium titanate (TN) composite as the

methanol barrier layer

Inorganic wt%
(Equation 4.3)

Inorganic wt%
(Equation 4.4)

Nafion/MMT
label

0.25 7.04 0.25% MMT
0.50 13.21 0.50% MMT
1.00 23.37 1.00% MMT

Summary

Two procedures for preparing the MEAs are described in this chapter. The

procedure I is a standard method developed by this group. This method aims to

enhance the DMFCs power output by incorporating the methanol barrier layer

into the MEAs. Meanwhile the procedure II is first used in this research to

improve the performance of MEAs by adjust the morphology of MEAs in addition

of introducing the methanol barrier layer into the MEAs.



Chapter 5

Results and discussion I:

Performance of standard and

modified membrane electrode

assemblies

5.1 Standard membrane electrode assembly op-

eration

These experiments have been carried out to study the effect of temperature and

methanol concentration on the standard MEA to achieve the optimum conditions

of the fuel cell performance. In these tests, a 4.5 × 4.5 cm standard MEA, labelled

STD1, was fabricated and tested under the conditions listed in Table 5.1.

140
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Table 5.1: Parameters of DMFC operation for STD1

Parameter Value

Anode catalyst E-TEK 60% Pt:Ru on Vulcan XC72 1 mg Pt cm−2

Cathode catalyst E-TEK 60% Pt on Vulcan XC72 1 mg Pt cm−2

Methanol concentration 1, 2, 4 M
Methanol flow rate 5 cm3 min−1

Air flow rate 1000 cm3 min−1

Cell temperature 30–80 ◦C

5.1.1 Influence of cell temperature on performance of STD1

using 1 M methanol solution

Polarization and power density curves are shown in Figure 5.1. It can be seen

that the maximum power density and the limiting current density noticeably

increase with cell temperature. This feature is generally present in the DMFC

system because the raised cell temperature improves the electrochemical kinetics

at both electrodes. This means that the activation loss is reduced. Moreover,

membrane resistance decreases with increasing temperature, reducing ohmic loss.

However, high operating temperatures also give the disadvantages, at low current

densities, of extending membrane diffusivity and increasing electro-osmotic drag,

leading to methanol transport through the membrane. At high current densities,

methanol consumption is greater, reducing methanol concentration at the anode,

thereby providing low methanol crossover to the cathode [86, 204, 205].

The main conclusions to be drawn from this experiment are as follows:

• Magnitudes of OCV are comparable. They increase with increasing tempera-

ture, from 584 mV at 30 ◦C to 599 mV at 80 ◦C. This trend shows that the

improvement in electrochemical activity has more influence than the effect

from the methanol crossover.
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(a) Polarization curve

(b) Power density curve

Figure 5.1: Performance of STD1 at 1 M methanol
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• Limiting current densities increase with increasing temperature, from 79.01

mA cm−2 at 30 ◦C to 217.28 mA cm−2 at 80 ◦C.

• Mass transport loss dominates at high current densities for every perform-

ance plot. This is observed by the rapid drop in voltage at high current

densities.

• Polarization and power density curves of STD1 are consistent in value and

characteristic with standard MEAs previously prepared in this research

group using the same procedure [106, 194, 200].

5.1.2 Influence of methanol concentration on performance

of STD1 using 2 M and 4 M methanol solution

Experiments with higher methanol feed concentrations were carried out to study

the effect on cell performance and to investigate the phenomenon of methanol

crossover. While the other operating parameters remained the same, the meth-

anol concentration was increased to 2 M and 4 M. The results are presented in

Figures 5.2 and 5.3.
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(a) Power density curve

(b) Polarization curve

Figure 5.2: Performance of STD1 at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure 5.3: Performance of STD1 at 4 M methanol
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As seen in Figure 5.4, at higher methanol concentrations, maximum power density

rises with cell temperature. Comparing the three concentrations, 1 M gives the

best power density (42.96 mW cm−2) at 80 ◦C but at 30–70 ◦C the maximum

power densities for 2 M are greater than those at 1 M. Nevertheless, the peak

power density for 2 M drops at 80 ◦C because of an increase in methanol diffusion.

It is clear that 2 M gives superior limiting current densities over 1 M, owing to

better mass transfer at high methanol concentrations. Maximum power densities

dropped for 4 M at all temperatures. This can be explained by the effect of

methanol crossover, which is more influential at higher concentrations, in good

agreement with the literature [86, 204].

Figure 5.4: STD1 maximum power density at methanol concentrations of
1 M, 2 M and 4 M
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5.1.3 Influence of methanol and oxygen flow rate on STD1

performance using 1M methanol solution

To optimize the methanol and air flow rates, a set of experiments was car-

ried out with methanol flow rates of 1–5 cm3 min−1 and air flow rates of 400–

2000 cm3 min−1. The concentration of methanol was 1 M and the cell temperature

was maintained at 70 ◦C.

Figure 5.5 shows that increasing methanol flow rate slightly improves fuel cell

performance. Our group found (data not shown) that cell performance was not

improved for flow rates higher than 5 cm3 min−1, hence a methanol flow rate of

5 cm3 min−1 is used in the rest of this research.

It can be seen in Figure 5.6 that changing air flow rate has very little effect on

performance. Nevertheless, low air flow rates reduce the access of oxygen to the

cathode and cause higher mass transport limitations [90].



Chapter 5. Performance of standard and modified membrane electrode
assemblies 148

(a) Power density curve

(b) Polarization curve

Figure 5.5: Performance of STD1 at different methanol flow rates
(1–5 cm3 min−1)
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(a) Power density curve

(b) Polarization curve

Figure 5.6: Performance of STD1 at different air flow rates
(400–2000 cm3 min−1)
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5.1.4 Influence of catalyst loading

To commercialize DMFCs, it is important to reduce the amount of high cost Pt

catalyst used. A lower catalyst loading, with 0.5 mg Pt cm−2 was used on both

electrodes to investigate the effect of the catalyst. This MEA is labelled STD2.

Operating conditions are listed in Table 5.2 and the results of this experiment

are shown in Appendix A, Figures A.1 - A.3, Page 234.

Table 5.2: Parameters of DMFC operation for STD2

Parameter Value

Anode catalyst E-TEK 60% Pt:Ru on Vulcan XC72 0.5 mg Pt cm−2

Cathode catalyst E-TEK 60% Pt on Vulcan XC72 0.5 mg Pt cm−2

Methanol concentration 1, 2, 4 M
Methanol flow rate 5 cm2 min−1

Air flow rate 1000 cm2 min−1

Cell temperature 30–80 ◦C

The trend of cell performance in STD2 is similar to that in STD1; the power

densities shift upward over the whole temperature range when the methanol con-

centration is increased from 1 M to 2 M. However, the power densities decrease

as the methanol concentration is increased further, to 4 M.

It is important to note when operated STD2 at low current density, the cell

temperature is unstable due to the oxidation of permeated methanol in a present

of oxygen releasing heat as shown in Equation 2.20, Page 77 which is recalled as:

CH3OH +
3

2
O2 → CO2 + 2H2O, ∆H298 = −639 kJ mol−1

Therefore, the unstable temperature attributes to the fluctuation in performance

curves of STD2. In contrast, methanol crossover linearly declines with the rise in

cell current. The heating because of Equation 2.20 tends to zero at high current

density [205].
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There is a significant decrease in the cell performances with a reduction of catalyst

loading. As seen in Figure 5.7, STD2 presents lower power densities than STD1

over all methanol concentrations.

(a)

(b)

Figure 5.7: Comparison of maximum power densities of STD1 and STD2 at
(A) 1 M methanol (B) 2 M methanol (C) 4 M methanol
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(c)

Figure 5.7 (cont.): Comparison of maximum power densities of STD1 and
STD2 at (A) 1 M methanol (B) 2 M methanol (C) 4 M methanol

5.1.5 Summary of optimum conditions for MEA opera-

tion

Catalyst loading

By comparing STD1 and STD2 MEAs, it can be concluded that a better per-

formance for this DMFC system is obtained using 1 mg Pt cm−2.

Methanol concentration

Methanol concentrations of 1 M, 2 M and 4 M are used to investigate the MEA

performance.

Methanol flow rate

A methanol feed of 5 cm3 min−1 was selected because it provide the best power

density. This flow rate supports a suitable methanol stoichiometry for the oxi-

dation reaction and removal of CO2 from the flow field channels.



Chapter 5. Performance of standard and modified membrane electrode
assemblies 153

Air flow rate

An air flow rate of 1000 cm3 min−1 will be set for the remaining experiments to

ensure that water flooding at the cathode is prevented.

5.2 Modified MEAs Operations

Methanol crossover is a critical problem of the DMFC. It has an influence on

the reduction of the fuel cell efficiency and the lower OCV value. This research

focuses on the modified MEAs by incorporating a methanol barrier layer onto the

anode electrode for the purpose of significantly eliminating methanol permeability

and achieving improved DMFC performance.

The methanol barrier layer is made up of Nafion/inorganic composite material.

The location of the methanol barrier layer is shown in Figure 5.8. At the location

of this layer between catalyst layer and Nafion membrane, this layer may be

prevent methanol transportation from anode to cathode.

Figure 5.8: The modified MEA by incorporating a methanol barrier layer
onto the anode electrode
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Previous work found that 0.50 wt% of inorganic material to the weight of the

Nafion membrane presented the best DMFC performance [106]. Hence this

amount of mordenite, zeolite Y, montmorillonite and sodium titanate (Na2Ti3O7)

are applied on the anode side of four modified MEAs which are labelled as illus-

trated in Table 5.3. Mordenite, zeolite Y, montmorillonite are the commercial

grade but titanate is synthesised by hydrothermal method.

5.2.1 Preparation of titanate

TiO2 0.25 g (Analytical grade, Aldrich) was mixed with 20 mL of 10 M NaOH

aqueous solution (Analytical grade, Aldrich). After stirring at room temperature

for an hour, the mixture was transferred to a Teflon-lined autoclave and then

heated at 150 C for 24, 48, 72 and 96 hours. The reaction was cooled to the room

temperature under natural condition. The precipitate was filtered and washed

with deionised water.

A synthesised sodium titanate was analysed through X-ray diffraction (XRD)

crystallography. The XRD patterns are presented in Figure 5.9. Comparing XRD

patterns of samples against the literature, it can be observed that intensity and

located peaks of sample corresponding to those of monoclinic sodium titanate

nanotubes (Na2Ti3O7) (JCPDS No. 00-031-1329) [206, 207]. SEM image in

Figure 5.10 present morphology of synthesis titanate.
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Figure 5.9: XRD patterns of titanate with different hydrothermal periods
at (A) 24 hours (B) 48 hours (C) 72 hours (D) 96 hours and Na2Ti3O7 [206]

(a)

Figure 5.10: SEM image of titanate with different hydrothermal periods at
(A) 24 hours (B) 48 hours (C) 72 hours (D) 96 hours
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(b)

(c)

(d)

Figure 5.10 (cont.): SEM image of titanate with different hydrothermal
periods at (A) 24 hours (B) 48 hours (C) 72 hours (D) 96 hours
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Table 5.3: Modified MEAs

Materials Crystal Structures wt.% of Materials Label

Mordenite [193] 0.50 0.50% MOR

Zeolite Y [208] 0.50 0.50% ZY

Montmorillonite [172] 0.50 0.50% MMT

Titanate [185] 0.50 0.50% TN

5.2.2 The Comparison Performance of the STD1 and the

modified MEAs with 1 M Methanol

The performance of modified MEAs are displayed by the polarization and power

density curves, as shown in Appendix A, Figure A.12 - A.15, Page 252.

The comparison of maximum power density between the STD1 and the modified

MEAs with a 1 M methanol are presented in Figure. The maximum power density

of the 0.50% MOR and the 0.50% MMT outperform the STD1 over the entire

temperature. At 80 ◦C, they offer the best power densities 5.52% and 9.63% better

than that value of the STD1 (42.96 mW cm−2). Not only the power densities
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have been improved but the limiting current densities of the modified MEAs also

significantly exceed the STD1. This feature could be due to the methanol barrier

layer which impedes methanol transportation from anode to cathode. With low

methanol crossover, a high methanol concentration in catalyst layer improve the

oxidation reaction and reduces the mass transfer loss at anode. However, the

barrier layer can repel both methanol and protons hence it could be obstruct

proton conductive resulting the lower performance as presented in the curves of

0.50% ZY and the 0.50% TN.

Figure 5.11: Comparison of maximum power densities of STD1, 0.50%
MOR, 0.50% ZY, 0.50% MMT and 0.50% TN at 1 M methanol

5.2.3 The Comparison Performance of the STD1 and the

modified MEAs with 2 M Methanol

The performances of modified MEAs can be seen in Appendix A, Figure A.18 -

A.19, Page 258. The results at a 2 M methanol feed show an interesting phe-

nomenon. The maximum power densities of 0.50% TN are slightly lower than
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those obtained from STD1 at the low temperature (30-50 ◦C) as shown in Figure

5.12. On the other hand, at the high temperature (60-80 ◦C) the performances

of 0.50% TN are found to be higher than those of STD1. The curve of the 0.50%

MMT exhibits superior power densities than STD1 at all temperatures. The

best improvement 26.60% and 19.76% are obtained at 80 ◦C from the 0.50% TN

and the 0.50% MMT, respectively when compared with STD1 (37.14 mW cm−2).

This occurs because the STD1 has higher methanol flux through the membrane

with the increased methanol concentration [86] giving the power density drop in

comparison with the 0.50% TN and the 0.50% MMT. It appear that the barrier

layer achieves the goal to suppress methanol transportation. For the 0.50% MOR

and the 0.50% ZY, they show the comparable performance with STD1.

Figure 5.12: Comparison of maximum power densities of STD1, 0.50%
MOR, 0.50% ZY, 0.50% MMT and 0.50% TN at 2 M methanol
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5.2.4 The Comparison Performance of the STD1 and the

modified MEAs with 4 M Methanol

The performances of modified MEAs can be seen in Appendix A, Figure A.22 -

A.23. The results exhibit lower performance related to the output of 1 M and

2 M. This indicated to the high methanol crossover. In terms of power density,

the maximum value of all MEAs significantly drop when methanol feed is changed

to 4 M. This is an effect of the higher methanol concentration leading to more

methanol permeability via the electrolyte membrane. The performance can be

categorised into two groups by the characteristic of the maximum power density

curve. The first group are STD1, 0.50% MMT and 0.50% TN in which maximum

power densities are improved proportionally with the temperature. The second

group consists of 0.50% MOR and 0.50% ZY. Their maximum power densities

noticeably fall at high temperature 70-80 ◦C. There are 28.40% and 66.26% lower

power density than STD1.

Figure 5.13: Comparison of maximum power densities of STD1, 0.50%
MOR, 0.50% ZY, 0.50% MMT and 0.50% TN at 4 M methanol
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5.2.5 Contact Angle Measurement

From the literature [141, 152, 209], hydrophilicity/hydrophobicity of electrode

and membrane have an impact on the methanol transportation. As a methanol

barrier layer is applied onto the anode to prevent methanol migration, the contact

angle of each barrier layer as well as the pristine Nafion layer were determined.

Water, 1 M and 2 M methanol are dropped on the surface of Nafion/inorganic

composite layer. Contact angles are measured using KRUSS DSA 100 drop size

analyser at 23 ◦C on three different areas of each electrode then the average value

was calculated. Three series of contact angle measurement are summarised in

Figure 5.14 and the details are presented in Appendix B, Figure B.1 - B.3, Page

281.

Figure 5.14: Comparison contact angle of water, 1 M and 2 M methanol

All layers contribute large contact angle with methanol solution than water (Fig-

ure 5.14) which implied that the layers would repel methanol over water. In

addition, the composite layers provide larger angle with methanol than those of
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pure Nafion layer. That means the composite layers have more organophobic

character1 than a bare Nafion layer.

As shown in Figure 5.15 and 5.16, 0.5% TN conducts higher contact angle than

other barrier layers both in methanol solution and water. The higher contact

angle, the lower maximum power density. It would imply that, although the

barrier layer serves a function of methanol barrier layer, it also prevents water

transportation. This appearance would reduce a performance of 0.5% TN as seen

in the lowest maximum power density relative to other modified MEA.

Figure 5.15: Relation of contact angle and maximum power density at 1 M
methanol

Considering the contact angles of 0.5% MMT which presents an interesting phe-

nomenon. It has a lower contact angle than 0.5% TN but bigger than STD that

indicates moderate relative hydrophobic property. It could influence the best per-

formance of this MEA. From the experiment, a reduction of methanol crossover

could be control by organophilic/organophobic property of the composite barrier

layer.

1It is resistant to organic compounds.
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Figure 5.16: Relation of contact angle and maximum power density at 2 M
methanol

5.2.6 Summary

The materials suitable for Improving DMFC Performance

Two types of inorganic materials which are microporous materials and (MOR

and ZY) 2-dimensional material (MMT and TN) have been incorporated into a

methanol barrier layer. The best improvement in maximum power densities of

the modified MEAs relative to STD1 are presented in Table 5.4. Superior per-

formances are enhanced from 2-dimensional material, MMT and TN. Therefore,

further investigation of MMT content in the barrier layer will be carried out.

Table 5.4: The best improvement in maximum power densities of the
modified MEAs relative to STD1

Sample 0.5% MOR 0.5% ZY 0.5% MMT 0.5% TN

% Improvement
in maximum
power densities

5.52 2.73 19.74 26.58

Operation con-
ditions

1M methanol,
80 ◦C

1M methanol,
70 ◦C

2M methanol,
80 ◦C

2M methanol,
80 ◦C
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The potential of organophobic property of the methanol barrier layers

to DMFC Performance

The higher organophobic property contributes to the larger contact angle between

methanol barrier layer and methanol droplet. The contact angles of barrier layers

featuring with microporous material (0.5% ZY) and 2-dimensional material (0.5%

MMT) exist an interested characteristic.

Results in Table 5.5 indicate that organophobic property impacts on MEA per-

formances yielding higher maximum power density of 0.5% ZY and 0.5% MMT

related to STD. Although both barrier layers offer almost similar angles, there

are different maximum power densities observed from the MEAs incorporating

with them.

It seems that not only the organophobic property of methanol barrier layer in-

fluences on the MEA performance, but also the structure of additive materials

introduced into the barrier layer. With comparable organophobic property, an

advantage of 2-dimensional structure MMT could increase the power density over

that of microporous structure ZY.

Table 5.5: Contact angles measured from the barrier layers featuring with
0.5% ZY and 0.5% MMT at 2M methanol

Sample Contact angle
(Degree)

Maximum
power density
(mW cm−2)

STD 131.5 14.07
0.5% ZY 137.3 17.70
0.5% MMT 136.5 20.75
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Results and discussion II:

Performances of new standard

and new modified MEAs

6.1 New standard MEA operation

Although the DMFC performances have been enhanced by incorporating the

methanol barrier layer into membrane electrode assemblies (MEA), the maximum

power densities of modified MEAs are moderate; hence, further improvement in

power output has been targeted.

There are several strategies to increase DMFC and PEMFC performances: i)

control hydrophilic/hydrophobic properties of the microporous and/or catalyst

layers [95, 141, 146, 210–212]; ii) adjust pore size of catalyst layer [213]; iii)

develop MEA fabrication methods [214–216]. Aricò at al. [217] mentioned that

an interface of catalyst particles and ionomer phase in a catalyst layer depended

on size of carbon-supported catalyst and Nafion micelles. The agglomeration of

Nafion micelles reduced the three-phase reaction sites and limited the network

for electron and proton transport which resulted in ohmic loss inside the catalyst

165
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layer. Wang et al. [218] illustrated that the small aggregation size of ionomer

and catalyst particles contributed to a better contact between them representing

a higher electrode performance compared to that of large agglomeration size.

It has been seen that a good distribution of ionomer and catalyst particles inside

the catalyst layer strongly influences the performance of MEAs. An approach

for producing low concentration catalyst ink which provides a good dispersion of

particles in catalyst ink and thus relates to good particle utilisation inside the

catalyst layer was carried out.

A new-standard MEA, named STD3, was fabricated using procedure II. The

concentrations of new anode and cathode catalyst inks halved the preparation

time of the catalyst ink, compared with (procedure I (Section 4.1.2, 121). Apart

from the concentrations of anode and cathode catalysts, the other processes for

the MEA fabrication in Procedure I and II were the same.

A new standard MEA called STD3 has been produced by the catalyst perpetra-

tion procedure II and tested with the conditions in Table 6.1. Its performances

are compared to the results of STD1 which is formed with the catalyst perpetra-

tion procedure I. Although the concentration of catalyst inks are changed, the

catalyst quantity accumulating on each electrode of STD3 and STD1 is similar

at 1 mg Pt cm−2.

Table 6.1: The parameters of STD3 operation

Parameters Units

Anode catalyst ETEK 60% Pt:Ru on Vulcan XC72 1 mg Pt cm−2

Cathode catalyst ETEK 60% Pt on Vulcan XC72 1 mg Pt cm−2

Methanol concentration 1, 2, 3, 4 M
Methanol flow rate 5 cm2 min−1

Air flow rate 1000 cm2 min−1

Cell temperature 30–80 ◦C
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6.1.1 Influence of methanol concentration on the perform-

ance of STD3 using 1M, 2M and 4M methanol solu-

tion

The performance curves of STD3 are shown in Appendix A, Figure A.4 - A.6,

Page 238. It can be observed that the maximum of each power density peaks

elevate and shift to higher current density when the operating temperature is

increased. There is the general trend for DMFC performance. The maximum

power densities of STD3 at different methanol concentrations are given in Figure

6.1. The higher performances at 2M methanol concentration outperform those of

other concentrations.

Figure 6.1: Comparison of STD3 maximum power densities at methanol
concentrations of 1-4 M

The high performance at 2 M methanol indicates to an optimum methanol con-

centration suitable for an electrochemical stoichiometry of this operation system.

When the cell performs at 2 M, a methanol content at the anode catalyst area

is compatible with a demand from an electrochemical reaction. That causes low

methanol concentration in an anode side leading low methanol distribution to a
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cathode compartment [86, 90]. Consequently, a limitation of methanol crossover

in 2 M operation is illustrated by the high open circuit voltage (OCV) as shown

in Figure 6.2.

Figure 6.2: Comparison of STD3 open circuit voltages at methanol
concentrations of 1-4 M

As seen in this graph, although 1M methanol concentration also provides high

OCVs due to a reduction of methanol permeation, it is not as high. From this

reason, 1 M concentration present lower maximum power densities than 2 M

methanol system. At 4 M methanol concentration, severe methanol permeation

to the cathode electrode leads to very low cell performance and OCVs. It has

been concluded that high methanol concentration intensively influence a methanol

crossover phenomena [90]. From this graph, the low methanol molarity (1 M and

2 M) are the optimum operating condition and the high methanol concentration

as 4M is appropriated to investigate the methanol permeation. Therefore, other

experiments will carry out with these methanol concentrations.

The order of limiting current densities of STD3 at different methanol solution can

be seen in Figure 6.3. A similar trend to the maximum power densities is observed

that STD3 also shows the best limiting current densities at 2 M methanol solution.
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The limiting current densities are higher at increased temperature because of a

great diffusion of reactants to the active surface area.

Methanol and air flow rate adjustment also present the same trend of STD1

which displays the suitable methanol flow rate at 5 cm3 min−1 and 1000 cm3

min−1 for air flow rate. The experimental results of reactants flow rate are shown

in Appendix AA.

Figure 6.3: The comparison of STD3 limiting current densities at methanol
concentrations of 1-4 M

6.1.2 The consistency of MEA fabricating by procedure

II

One more standard MEA which called STD4 is produced by the similar method of

STD3 to confirm the consistency of the catalyst perpetration procedure II. The

results presented in Figure 6.4 prove that the catalyst perpetration procedure II

appropriate for using as the MEA fabrication method instead of the procedure

I.
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(a)

(b)

Figure 6.4: Reproducibility of MEA fabricating by procedure II: the
performance of STD4 and STD3 at 1 M methanol concentration (A) The

Power density curves (B) The polarisation curves
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6.1.3 The performance of new-standard MEA (STD3) in

comparison with conventional-standard MEA (STD1)

The OCV, maximum power density and limiting current density obtained from

STD3 are compared to STD1 to confirm that the improved procedure for catalyst

ink (procedure II) will be a promising category for preparing the catalyst ink.

See Figure 6.5. Apart from high supplied methanol at 4 M, STD3 presents super-

ior performances than those of STD1. The maximum power densities comparing

at 1 M methanol concentration and 80 ◦C show that STD3 (62.92 mW cm−2)

achieves 46.46% improvement than STD1 (42.96 mW cm−2) while the most im-

provement observing at 2 M methanol and 80 ◦C is 81.15% with the maximum

power density of 67.23 mW cm−2 and 37.14 mW cm−2 for STD3 and STD1, re-

spectively. The rise in power density of STD3 due to the active electrochemical

reactions both on anode and cathode sites.

(a)

Figure 6.5: Maximum power density of STD1 and STD3 at (A) 1 M (B)
2 M (c) 4 M methanol concentrations
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(b)

(c)

Figure 6.5 (cont.): Maximum power density comparison of STD1 and
STD3 at (A) 1 M (B) 2 M (c) 4 M methanol concentrations

Although STD3 gives the high performance at 1 M and 2 M, it presents the

low magnitude of maximum power density at 4 M methanol concentration which

indicating the influence of methanol crossover overcome the advantage of active

electrochemical reaction [86]. In the application, the DMFC are designed to
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operate at the power density maximum [61].

According to the summarised voltage losses in Equation 2.18, page 67, the ex-

perimental cell voltage (V) corresponding to the thermodynamically predicted

voltage (Ereversible) subtract with the voltage losses (η) [61, 89]. Therefore, the

overall cell performance is investigated by the j-V curve which is a plot of voltage

output with the corresponding current density [61].

V = Ereversible − ηact − ηohmic − ηconc − ηmethanol

The results at the same experimental conditions (2 M methanol molarity and

80 ◦C) have been selected to describe the achievement in STD3 performance over

STD1. This is confirmed in Figure 6.6 that STD3 offers 81.15% improvement in

maximum power density than STD1.

Figure 6.6: Power density curve of STD1 and STD3 at 2 M methanol
concentration and 80 ◦C
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Comparison in term of open circuit voltage and activation loss

It can be seen in Figure 6.7 that the OCV of STD3 (634 mV) is higher than

that of STD1 (578 mV). An increase in OCV corresponds to a reduced methanol

crossover in STD3. The methanol crossover is decreased due to the active electro-

chemical reaction in STD3 consumes more methanol resulting in lower methanol

concentration in the anode catalyst site [86]. This feature diminishes methanol

diffusion from anode to cathode [86, 87, 91].

Figure 6.7: Polarization curve of STD1 and STD3 at 2 M methanol
concentration and 80 ◦C

Figure 6.8 gives a comparison between OCV of STD3 and STD1. From the

graphs, STD3 provides the higher value of OCV than STD1 at 1 M and 2 M

methanol concentration. It is implied that, STD3 has less methanol crossover

than STD1 [29, 61, 86].
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(a)

(b)

Figure 6.8: The OCV comparison of STD1 and STD3 at (A) 1 M (B) 2 M
(c) 4 M methanol concentrations
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(c)

Figure 6.8 (cont.): Open circuit voltages of STD1 compared to STD3 at
(A) 1 M (B) 2 M (c) 4 M methanol concentrations

Comparison in term of Limiting current density

As discussed in section 2.4.3.3, the cell voltage fall to zero at high current density

which results from the limiting mass transport. The current density at this point

is called limiting current density. During the electrochemical reaction, reactants

are supplied to the catalyst area, meanwhile, the products are removed from this

area. It is important to maintain methanol utilisation in the active site; however,

the high current density the active oxidation reaction would be which depletes

large methanol amount. This appearance declines in cell voltage because fresh

reactant could not distribute to the catalyst layer [61, 82, 86].

The experimental results in Figure 6.7 present the limiting current density of

STD3 (424.69 mA cm−2) which is higher 53.57% than that of STD1 (276.54 mA

cm−2). According to the STD3 exhibits less mass transport resistance compared

to STD1, it is indicated that STD3 has excellent methanol dispersion in the

catalyst layer than STD1. This phenomenon is also observed over the range

1-4 M of methanol as shown in Figure 6.9.
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(a)

(b)

Figure 6.9: Limiting current density comparison of STD1 and STD3 at (A)
1 M (B) 2 M (c) 4 M methanol concentrations
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(c)

Figure 6.9 (cont.): Limiting current density of STD1 compared to STD3 at
(A) 1 M (B) 2 M (c) 4 M methanol concentrations

Comparison in term of ohmic loss

The ohmic loss is represented in a large slope at middle region of the j-V cureve

[85, 86]. As illustrated in Figure 6.7, the rise in current density gives the large

voltage drop of STD1 than STD3. This feature could due to the less ionic resist-

ance in catalyst layers of STD3 comparing with STD1.

It can be concluded from the experiments of STD1 and STD3 that the cell per-

formance is related to the concentration of the catalyst ink. The MEA prepara-

tion procedure II can improve MEA performance compared to the catalyst ink

in the procedure I. The low concentration of catalyst ink gives an advantage

with a good dispersion of catalyst particles. In other words, it provides a utilisa-

tion of catalyst layer and prevents an agglomeration of catalyst particles when

depositing catalyst ink onto the electrode.

An excellent dispersion of ionomer and catalyst particles lives advantages in STD3

performance. First, an increase of triple phase boundaries (TPBs: carbon support
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particles, catalyst particles and Nafion ionomer ) which is the reaction sites in

the MEA as seen in Figure 6.10. The large number of TBPs reduce mass-transfer

Figure 6.10: Triple phase boundaries inside the catalyst layer

limitation by facilitating the diffusion of methanol to catalyst active sites and the

release of CO2 product. This phenomenon provides the active electrochemical

reaction both in anode and cathode of STD3.

Second is the decline in ohmic loss. At TBPs, both electrons and protons pro-

duced from the electrochemical reaction are transferred from the anode reaction

sites to the cathode active areas. Charge transport through the MEA results in a

voltage loss due to the intrinsic resistance of the electrode, the electrolyte mem-

brane and the external circuit [29, 61, 86–88]. The good distribution of ionomer

and catalyst particles inside both anode and cathode catalyst layers accelerate

electrons and protons migration leading to the reduction of ohmic resistance in

the electrode.
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6.1.4 Effect of the different catalyst preparation over the

different catalyst manufacturing

Procedure II gives superior performance for a new-standard MEA (STD3) over

the conventional-standard MEA (STD1). Two different factors have changed

between the fabrication of STD1 and STD3. The first factor is catalyst man-

ufacture and the second is the catalyst ink concentration. To confirm that the

concentration of catalyst ink has an effect on the MEA performance, another

standard MEA named STD51 is produced using the procedure from STD1 but

the material from STD3. The condition of MEAs fabrication are described in

Table 6.2. The results are shown in Appendix A, Figure A.9 - A.11, Page 244.

Table 6.2: The parameters of STD1, STD3 and STD5 fabrication

Parameters STD1 STD3 STD5

Catalyst manufacture E-TEK Premetex Premetex
Procedure I II I

Anode catalyst
60% Pt:Ru 60% Pt:Ru 60% Pt:Ru
on Vulcan XC72 on Vulcan XC72 on Vulcan XC72

Cathode catalyst
60% Pt 60% Pt 60% Pt
on Vulcan XC72 on Vulcan XC72 on Vulcan XC72

Anode catalyst quantity 1 mg Pt cm−2 1 mg Pt cm−2 1 mg Pt cm−2

Cathode catalyst quantity 1 mg Pt cm−2 1 mg Pt cm−2 1 mg Pt cm−2

STD5 presents the fluctuation performance curves because the cell voltages are

not in steady-state value during the operation time. For DMFC operation, the

crossover methanol is oxidised with oxygen at the cathode side and released heat

as shown in Equation 6.1 [205]. The produced heat in this reaction rises the cell

temperature and disturbs the electrochemical kinetic equilibrium yielding the

fluctuated cell voltage.

CH3OH +
3

2
O2 → CO2 +H2O, 4H298 = −639 kJ mol−1 (6.1)

1This MEA was test in the collaborative laboratory
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The power density curves of STD5 are much lower than STD3. They are almost

similar to those results from STD1. This evident confirms that the concentration

of catalyst ink has more influence on the MEA performance than the catalyst

manufacture.

6.2 New modified MEAs operations

From the conclusion of chapter 5, the 2-dimensional inorganic material offer

enhanced methanol barrier layer properties. In addition the experiments in

this chapter point out a suitable procedure for preparing the high performance

MEAs. Consequently, new MEAs were fabricated by a procedure II featuring

with Nafion/montmorillonite and Nafion/titanate barrier layer. The series of ex-

periments were conducted in order to determine the optimum inorganic content

in a composite layer. This quantity should inhibit methanol crossover meanwhile

minimizes effect on proton passage. Inorganic loading2 are summarized in Table

6.3

Table 6.3: the new modified MEAs containing Nafion/inorganic barrier
layer (a) is wt% inorganic relative to Nafion 117 membrane
(b) is wt% inorganic relative to total weight of the barrier layer

Inorganic
additive

Inorganic
loading
wt.% (a)

Inorganic
loading
wt.% (b)

Label

Na montmorillonite 0.25 7.01 0.25% MMT
0.50 13.12 0.50% MMT
1.00 23.19 1.00% MMT

2

(a) wt% inorganic relative to Nafion 117 membrane(
Inorganic particles weight

Inorganic particles weight + Nafion membrane weight

)
× 100 = 0.5%

(b) wt% inorganic relative to total weight of the barrier layer(
Inorganic particles weight

Inorganic particles weight + weight of Nafion in the composite layer

)
× 100 = 13.21%
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6.2.1 Performance of new modified MEAs containing Nafion/-

montmorillonite barrier layer at 1 M methanol con-

centration

Four MEAs containing Nafion/montmorillonite barrier layer on an anode elec-

trode with different loading of MMT were fabricated. They are denoted as 0.25%

MMT, 0.50% MMT, 0.75% MMT and 1.00% MMT. Power densities curves and

polarisation curves of MMT contained MEAs are shown in Appendix A, Figure

A.24-A.26, Page 268-270.

6.2.1.1 Open circuit voltage

The elevated temperatures promote electrochemical reactions on both cathode

and anode sides which decrease activation loss in cell performance. It results in

the increased open circuit voltages with the higher temperature [86, 219]. At

50-80 ◦C, OCVs obtaining from STD3, 0.25% MMT and 0.50% MMT are high

and almost identical. However, the OCVs of 0.50% MMT significantly drop at

30-40 ◦C. The measured OCVs of 1.00% MMT are lower than other MEAs.

The small OCVs especially at low operating temperature could be an effect from

high MMT content in methanol barrier layer. Large MMT amount could inhibits

methanol and proton (hydrate proton) transport through a barrier layer which

reduce an sufficiency reactant for a reduction reaction on cathode side. At high

temperature an electro-osmotic drag of methanol and water is increased from

active oxidation-reduction kinetics [82, 140]. There manner may give benefit to

the barrier layer to balance between methanol permeability and proton conduct-

ivity. From this reason the higher OCVs of 0.50% MMT are observed at elevated

temperature.
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Figure 6.11: Open circuit voltage of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00%MMT at 1 M methanol

6.2.1.2 Power density

The power densities of MMT contained MEAs increase with temperature [86, 87];

however, its decrease with inorganic loading. The rise in temperature not only

gives an advantage on active kinetic in anode and cathode sides, but also causes

disadvantages of high methanol crossover, more water transport from anode to

cathode owning a water flooding in cathode side which leads to a concentration

loss. Thus, performance of MEAs with increased temperature is a combination

between positive effect and negative effects [204].

As seen in Figure 6.12, MEA incorporating with 0.25 wt% of MMT exhibits

the best power densities over the entire temperature. Improvement in maximum

power density of 0.25% MMT respected to STD3 are shown in Table 6.4. The

highest power density of 0.25% MMT and STD3 are 64.27 and 62.92 mW cm−2

at 80 ◦C, respectively. Considering percentage improvement at low operating

temperature (30 ◦C), there is much enhancement in power density of 0.25% MMT

from STD3 because a barrier layer restrict methanol migration from anode to
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cathode. Thus, a retention of methanol in an anode active area contributes to

affective reaction and high power density. In contrast, methanol permeation

through the layer is dominant at high temperature. The lack of methanol fuel in

anode side reduce the percentage improvement of 0.25% MMT at 70-80 ◦C.

Figure 6.12: Power densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 1 M methanol

Table 6.4: Improvement in maximum power density of 0.25% MMT relative
to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Improvement of 0.25% MMT 27.09 16.01 15.20 14.46 7.52 2.14

At high inorganic content of 0.50% MMT and 1.00% MMT, their performance

are lower than 0.25% MMT and STD3. Relative reduction in maximum power

density of 0.50% MMT and 1.00% MMT compared to STD3 are list in Table

6.5. The remarkable low maximum power density at large inorganic content may

be caused by the MEAs suffering from low proton conductivity. Barrier layer

with dense inorganic particles could reduce water transport which equivalently
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decreases proton conducting. Moreover, it may enlarges an ohmic loss by increas-

ing contact resistance between the layer and membrane [136]. The highest power

density of 0.50% MMT and 1.00% MMT are 53.89 and 50.17 mW cm−2 at 80 ◦C,

respectively.

Table 6.5: Reduction in maximum power density of 0.50% MMT and
1.00% MMT relative to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Reduction of 0.50% MMT 16.97 8.23 5.12 0.96 7.63 14.36
% Reduction of 1.00% MMT 14.79 71.43 86.40 97.91 86.18 77.18

6.2.1.3 Limiting current density

Limiting current density is affected by mass transport of reactant from fuel flow

channel to active site of catalyst [90]. As mentioned previously 0.25% MMT can

minimize mass transport loss by constraint methanol diffusion through the layer

and maintain methanol quantity in anode electrode leading outperform limiting

current densities over other MEAs (Figure 6.13). The 0.50% MMT present better

results than STD3 at 30-50 ◦C but there is a reverse order at 70-80 ◦C. At 60 ◦C

a limiting current density of 0.50% MMT and STD3 are equivalent. The limiting

current density of 1.00% MMT are lowest as expected. Large inorganic content

rise mass transport loss due to large interfacial resistance which is indicated by

a sharp slope of 1.00% MMT polarization curves at high current density. The

most limiting current densities of 0.25% MMT, 0.50% MMT and 1.00% MMT

are 454.32, 375.31 and 335.81 mA cm−2 at 80 ◦C, respectively.
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Figure 6.13: Limiting current densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 1M methanol

6.2.2 Performance of new modified MEAs containing Nafion/-

montmorillonite barrier layer at 2 M methanol con-

centration

Performance of STD3 and the MMT contained MEAs are shown in Appendix A,

Figure A.27-A.29, Page 271-273. The performances at 2M methanol concentra-

tion exceed those of 1M methanol both in maximum power density and limiting

current density.

6.2.2.1 Open circuit voltage

At 2 M methanol, STD3 and the MMT contained MEAs display similar value

and pattern of those OCVs at 1 M methanol. There are minor difference which

OCVs of 1.00% MMT at 70-80 ◦C increase as high as other MEAs.
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Figure 6.14: Open circuit voltage of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 2 M methanol

6.2.2.2 Power density

There is an interesting phenomenon due to an almost comparable maximum

power densities of STD3, 0.25% MMT and 0.50% MMT. This manner demon-

strate that 2 M methanol is an optimum condition of this MEAs series. Never-

theless, significantly lower power densities at 1.00% MMT remain. The highest

power density of 0.25% MMT, 0.50% MMT, 1.00% MMT and STD3 are 69.14,

63.94, 50.48 and 67.23 mW cm−2 at 80 ◦C, respectively. Relative improvement of

0.25% MMT and relative reduction of 0.50% MMT and 1.00% MMT compared

to STD3 are shown in Table 6.6 and 6.7, respectively.

Table 6.6: Improvement in maximum power density of 0.25% MMT relative
to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Improvement of 0.25% MMT 13.42 5.88 4.21 0 2.96 2.76
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Figure 6.15: Maximum power densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 2 M methanol

Table 6.7: Reduction in maximum power density of 0.50% MMT and
1.00% MMT relative to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Reduction of 0.50% MMT 16.58 8.49 2.37 3.69 2.88 4.96
% Reduction of 1.00% MMT 9.67 18.84 23.16 25.20 25.77 24.97

6.2.2.3 Limiting current density

Due to the limiting current density being influenced by mass transport resistance,

that means it is proportional to methanol concentration [90]. Hence, limiting

current densities of 0.50% MMT significantly enhance in 2 M methanol solution.

Limiting current densities of 0.25% MMT are slightly higher than those of STD3

at 70-80 ◦C could be due to these performances reach a maximum efficiency of

the cell assembly.
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Figure 6.16: Limiting current densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 2 M methanol

6.2.3 Performance of new modified MEAs containing Nafion/-

montmorillonite barrier layer at 4 M methanol con-

centration

Figure A.30-A.32 in Appendix A, Page 274-276, exhibit performance of STD3

and the MMT contained MEAs at 4 M methanol solution.

High methanol concentration dramatically decreases cell voltages and OCVs be-

cause of high methanol permeation [137].

6.2.3.1 Open circuit voltage

Although the order of OCVs is similar to 1M and 2M methanol supply, the

values are very low. The OCVs of STD3 are equivalent to those of 0.25% MMT

while 0.50% MMT displays slightly less values. 1.00% MMT gives constant and
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noticeably low OCVs at around 500 mV. There is an effect from high methanol

crossover.

Figure 6.17: Open circuit voltage of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 4 M methanol

6.2.3.2 Power density

The advantage of incorporating methanol barrier layer into the MEAs becomes

dominant when the MEAs is operated with 4 M methanol concentration. Power

densities of 0.25% MMT and 0.50% MMT are obviously better than those of STD3

over the entire temperature. 0.25% MMT and 0.50% MMT have comparable

highest power densities but at different temperatures. The most value obtained

from 0.25% MMT is 39.82 mW cm−2 at 80 ◦C while that of 0.50% MMT is

39.64 mW cm−2 at 70 ◦C. It would be notice that at 80 ◦C power densities of all

MMT contained MEAs outperform that of STD3. The maximum power density

of 0.25% MMT, 0.50% MMT, 1.00% MMT and STD3 are 39.82, 33.75, 31.80

and 30.66 mW cm−2, respectively. Relative improvement of 0.25% MMT and
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0.50% MMT and relative reduction of 1.00% MMT with respected to STD3 are

shown in Table 6.8 and 6.9, respectively. It is note that the maximum power

density of 1.00% MMT at 80 ◦C is slightly higher than that of STD3.

Figure 6.18: Maximum power densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 4 M methanol

Table 6.8: Improvement in maximum power density of 0.25% MMT relative
to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Improvement of 0.25% MMT 31.11 26.97 20.02 20.49 21.54 29.90
% Improvement of 0.50% MMT 14.20 24.22 28.81 35.79 28.65 10.08

Table 6.9: Reduction in maximum power density of 0.50% MMT and
1.00% MMT relative to STD3

Temperature ( ◦C) 30 40 50 60 70 80

% Reduction of 1.00% MMT 3.89 11.97 12.18 5.12 3.37 improve
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6.2.3.3 Limiting current density

Mass transfer loss in 0.25% MMT and 0.50% MMT have been improved by the

barrier layer. It is indicated by their higher limiting current density in com-

paring with STD3; meanwhile, a large inorganic content of 1.00% MMT gives

disadvantage to mass transport. The limiting current densities of 1.00% MMT

are approximately 18% lower than STD3 over temperature range.

Figure 6.19: Maximum power densities of STD3 compared to 0.25% MMT,
0.50% MMT and 1.00% MMT at 4 M methanol

6.3 Summary

New MEA fabrication for the improvement of DMFC performance

The improvement of DMFC performance has been achieved. A new procedure

(Procedure II) for MEA preparation was developed by reducing the concentration
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of the catalyst ink. Five standard MEAs were produced in this research in order

to investigate the procedure for MEA fabrication.

• STD1 and STD2 were fabricated by similar procedure (procedure I), with the

same catalyst manufacturer. The slightly lower power densities of STD2 be-

cause it contains lower catalyst weight compared to STD1, 0.5 mg Pt cm−2 and

1 mg Pt cm−2, respectively.

• STD1 and STD3 were prepared using different procedure (procedure I and

II, respectively) as well as different catalyst manufacturer. Although they have

comparable catalyst weight, 1 mg Pt cm−2, STD3 presents dramatically higher

performances than those of STD1. Therefore, the different in catalyst ink prepar-

ation takes an account to the MEA performance. However, the effect of catalyst

manufacturer was not negligible.

Consequently, one more standard MEA (STD5) was produced to demonstrate the

catalyst ink preparation influence on the MEA performance with slightly effect

from the catalyst manufacturer. The details of catalyst manufacturer and MEA

preparation procedures are summarized in Table 6.10.

Table 6.10: Parameters for standard MEA fabrication

Parameters STD1 STD2 STD3 STD4 STD5

Catalyst E-TEK E-TEK Premetex Premetex Premetex

manufacturer

Procedure I I II II I

Catalyst weight 1.0 0.5 1.0 1.0 1.0

(mg Pt cm−2)

Approach Reference Reduce Pt Improve Consistency Confirm

MEA loading performance of the suitable

from the from the improvement procedure

reference reference procedure

The standard MEAs fabricated by procedure II exhibit the highest enhancement
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of power density by 81.15% compared to the MEAs prepared by conventional

procedure (Procedure I). Therefore, the new procedure was used for the new

modified MEAs incorporated with the methanol barrier layers.

Methanol barrier layer for the improvement of DMFC performance

Nafion/montmorillonite (MMT) composite layer was introduced into the new

modified MEA by 0.25wt.%, 0.50wt.% and 1.00wt.% related to the weight of

Nafion 117 membrane. The best MMT content for Nafion/MMT barrier layer

is 0.25wt.%. Performances of 0.25% MMT exceed the standard MEA (STD3)

at 1 M, 2 M and 4 M methanol concentration. The barrier layer containing

large MMT content (0.5% MMT and 1.0% MMT ) contribute to the reduction of

MEA performances which would be explained by a constraint of mass transport

through a barrier layer.



Chapter 7

Conclusions and suggestions for

future work

7.1 Conclusions

This research focuses on the enhancement of direct methanol fuel cell (DMFC)

performance. The method for improving the performance can be divided into two

strategies: (I) reducing methanol fuel crossover, a critical problem of DMFC, by

incorporating a Nafion/inorganic composite layer into the membrane electrode

assemblies (MEA) in order to restrain methanol passage from anode to cathode

side; (II) modifying the catalyst morphology inside the MEA.

The influence of inorganic morphologies on DMFC performance have been demon-

strated using two different inorganic types. The microporous materials, morden-

ite (MOR) and zeolite Y (ZY), and the 2-dimensional materials, montmorillonite

(MMT) and titanate (TN), were used as the inorganic additive in the meth-

anol barrier layer. It can be concluded from the experiment that 2-dimensional

materials enhanced DMFC performances excess those of microporous materials.

Therefore, the study of Nafion/MMT barrier layer was carried on.

195
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7.1.1 Methanol barrier layer for the improvement of DMFC

performance

The experimental results demonstrated that methanol barrier layer achieved the

goal of limiting methanol permeation inside the MEA. It has been proved by

the better performances of modified MEAs both in power densities and limiting

current densities over those of the standard MEA. Comparison the MEA perform-

ances in this research with other from the literature exhibited an appropriated

result, as seen in Table 7.1.

The MEA with 0.25wt% MMT dispersing in methanol barrier layer was selec-

ted as the optimum sample for a performance discussion. The maximum power

density (65.33 mW cm−2) of 0.25% MMT presented three times reduction than

the value 171.3 mW cm−2 of Nafion/2wt% chitosan-MMT [179] but it obtained

four times less catalyst content. Considering at low temperature, despite carry-

ing eight time decrease in catalyst content 0.25wt% MMT exhibited maximum

power density of 33.41 mW cm−2 which is half of 67 mW cm−2 maximum power

density from Nafion/5wt% HSO3-MMT [177]. An equivalent power density with

less catalyst loading provided a benefit of MEA reduction cost.

In the present research, the barrier layer containing different MMT weights con-

tributed to various power densities of MEAs. The depletion of MEA performance

when the MMT contents are higher than 0.25wt% could be due to an aggrega-

tion of MMT. The aggregation decreased an intercalation of Nafion matrix into

the interlayer of MMT which also declined a tortuosity factor. Therefore, MMT

aggregate may attribute the increase in methanol crossover [220] owning lower

power densities.
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Table 7.1: Comparison the performances of DMFCs incorporated with montmorillonite

Inorganic additive Method Catalyst
loading

Maximum
Power
density

Operation condition Ref.

(mg cm−2) (mW cm−2)

Nafion/0.25wt% MMT methanol barrier layer 1 33.41 2M methanol, 40 ◦C This research
Nafion/0.25wt% MMT methanol barrier layer 1 65.33 2M methanol, 70 ◦C This research
Nafion/0.50wt% MMT methanol barrier layer 1 61.63 2M methanol, 70 ◦C This research
Nafion/0.10wt% MMT methanol barrier layer 1 47.10 2M methanol, 70 ◦C This research
Nafion/5wt% HSO3-MMT composite membrane 8 67 2M methanol, 40 ◦C [177]
Nafion/5wt% HSO3-MMT composite membrane 4 90 1M methanol, 70 ◦C [181]
Nafion/5wt% HSO3-MMT composite membrane 4 108 5M methanol, 70 ◦C [181]
Nafion/2wt% chitosan-MMT composite membrane 4 105 1M methanol, 70 ◦C [179]
Nafion/2wt% chitosan-MMT composite membrane 4 171.3 1M methanol, 70 ◦C [179]
Chitosan/2wt% MMT composite membrane 5 49.7 5M methanol, 70 ◦C [220]
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In order to inhibit methanol permeation, the combination of a tortuosity factor

and an organophobic property of individuate methanol barrier layer should be

considered.

7.1.1.1 Tortuosity factor

See Figure 7.2, tortuosity factor (τ) determines from the ratio of the actual dis-

tance to the shortest distance that molecule travels through a layer [176, 221, 222].

The calculation of τ is illustrated in Equation 7.1.

Figure 7.1: Migration of proton and methanol molecule through the
composite layer (adapted from [111])

τ =
d′

d
= 1 +

L

2W
Φs (7.1)

Where:

τ , tortuosity factor

d′, actual distance that a penetrant must travel

d, the shortest distance that a penetrant would have travelled in the absence of

inorganic layer
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L, length of inorganic layer

W, width of inorganic layer

Φs, volume fraction of the sheets

Microporous materials such as zeolite provide advantage of selective pore size.

Zeolite particles dispersed in the composite layer allowing proton passage through

but impermeant methanol [111]. As shown in Figure 7.1, the Nafion/zeolite

composite layer inhibited methanol permeation via the increased tortuosity factor

of methanol.

However, the results showed that MEAs containing 2-dimensional material presen-

ted better performances than those of microporous materials as well as a standard

MEA. The best improvement in power density of 19.74% and 26.58% higher than

standard power density were obtained from the MEA featuring with Nafion/MMT

layer and Nafion/TN layer, respectively. This feature can be described by high

length-to-width ratio (L/W) of 2-dimensional materials which contributed a longer

diffusive path for methanol causing better methanol barrier related to micropor-

ous materials [176].

Figure 7.2: Description of tortuosity factor (adapted from [176])
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7.1.1.2 Organophobic character

Contact angle increases with the organophobic character of the solid surface which

is the surface of an anode electrode in this study.

Figure 7.3: Determination of contact angle at the interface between water
droplet and solid surface

γsv = γsl + γlv cos θ (7.2)

Where:

γsv, the solid-vapor surface tension

γsl, solid-liquid interfacial surface tension

γlv, liquidvapor surface tension

θ, contact angle (0◦ < θ < 180◦)

Organophobic property of the methanol barrier layers was investigated using a

contact angle measurement. The composite layers contributed larger contact

angles with methanol solution than the pure Nafion layer. Therefore, these lay-

ers repelled methanol and prevented the methanol transportation between elec-

trodes. Considering the relation of contact angles and DMFC performances, the

Nafion/titanate layer presented the largest angle with methanol compared to

other layers. This layer could not only prevent methanol but also repel water.

Hence the lowest performance was observed due to the reduction of proton trans-

port via water migration. While a medium angle value of Nafion/montmorillonite
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related to the best performance. Consequently, the performance of DMFC could

be control by organophilic/organophobic properties of the barrier layer.

7.1.2 Modification of the catalyst morphology for the im-

provement of DMFC performance

7.1.2.1 Procedure for the membrane electrode assembly preparation

An additional improvement in DMFC performance can be achieved by modifying

the catalyst ink preparation procedure (procedure II). The dilution of catalyst

ink concentration promoted large number of triple phase boundaries due to the

reduction of catalyst agglomeration. From this strategy, a new standard MEA

was produced by the new procedure presented 81.15% higher in power density

(67.23 mW cm−2 from STD3) compared to the value from conventional standard

(37.14 mW cm−2 form STD1). Over all, the optimum DMFC operating conditions

of this research were 2 M methanol concentration and temperature of 80 ◦C.

7.1.2.2 Optimum Inorganic loading in the methanol barrier layer

Among the MEAs featuring with Nafion/0.25 wt% montmorillonite, Nafion/0.50-

wt% montmorillonite and Nafion/1.00 wt% montmorillonite composite layer, the

MEAs containing 0.25 wt% montmorillonite illustrated the best performance in

power density and limiting current density. The improvement of 27.09% in power

density had been obtained at operating condition of 1 M methanol concentration

and 30 ◦C. It should be highlight that the enhancement at low temperature

is important for DMFC application in mobile devices such as mobile phone or

notebook.
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7.2 Future Work

Due to the success for using methanol barrier layer to improve DMFC perform-

ance, the understanding of this technique should be extend with different choices

of inorganic materials.

Graphene oxide is an appropriate candidate because of its 2-dimensional struc-

ture (Figure 7.4) including its outstanding thermal and mechanical properties.

Moreover, pure graphene oxide is an electronic insulator [223] which is one of the

requirement properties of the electrolyte membrane.

Figure 7.4: Structure of Graphene oxide [224]

Although, the aim to produce DMFC membrane via an incorporation of graphene

oxide and Nafion have been approached from many researches, an achievement

of high DMFC performance could not accomplished. Two methods were used

to produce the electrolyte membrane. First is recasting technique, casting the

mixture of graphene oxide and Nafion matrix to form a polymer composite mem-

brane. Second is a dual layer laminated method, printing the colloidal solution of

graphene oxide on to a Nafion membrane. The performances of MEAs fabricated

by both methods have been investigated and exhibited in Table 7.2.

As seen in the Table, their maximum power densities are lower than those of MMT

composite membrane in Table 7.1. Therefore, the application of barrier layer

technique on graphene oxide may contribute to superior DMFC performance.
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Table 7.2: Performances of DMFCs incorporated with graphene oxide

Inorganic additive Method Catalyst
loading

Maximum
Power
density

Operation condition Ref.

(mg cm−2) (mW cm−2)

Nafion/0.50wt% MMT composite membrane 2 62 (O2) 1M methanol, 30 ◦C [170]
Nafion/0.50wt% MMT composite membrane 2 141 (O2) 1M methanol, 70 ◦C [170]
Nafion/1.50wt% MMT dual layer laminated membrane 3 55 ) 6M methanol, 50 ◦C [223]
Nafion/1.50wt% MMT dual layer laminated membrane 3 32 8M methanol, 50 ◦C [223]
Nafion/0.05wt% MMT composite membrane 2 42.9 1M methanol [225]
Nafion/0.05wt% MMT composite membrane 2 34.6 5M methanol [225]
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In addition, graphene oxide has an organophobic behavior from hydroxyl, carboxylic

and epoxy groups and the organophilic character from sp2 graphite. To extend

an understanding in a relation between organophobic character and DMFC per-

formance, the contact angle measurement must be examined.

The MEAs performance have strongly influenced by proton conductivity and the

methanol Permeability. The MEA should prevent methanol crossover with low

suppression of proton transport. Nevertheless, this research could not carry out

the characterisation for proton conductivity and methanol permeability because

of the limited laboratory access to impedance spectroscopy (EIS) . The brief of

the methods are shown in next section.

7.2.1 Characterisation of proton conductivity

Proton transportation through a membrane has crucial influence on a MEA per-

formance. The membrane with effective proton transfer contributes to the suf-

ficient supplying reactant for oxygen reduction on cathode side leading to high

performance of a MEA. From this reason, proton conductivity of a MEA has

been investigated using an electrochemical impedance spectroscopy method. This

technique determines a resistance of MEA under an operation condition [61, 196].

7.2.2 Characterisation of methanol permeability

Methanol passage through a membrane has critical effect on DMFC performance.

There are several factors determine methanol transport rate such as the hydration

of membrane, the characteristic of membrane, the water activity at both anode

and cathode side and the electroosmotic drag from protonic current density. Con-

sequently, certainty amount of methanol permeability should be measured under

the operating condition of DMFC by a voltammetric technique [226–229].
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a composite membrane-based solid polymer electrolyte water electrolyser.

Electrochimica Acta, 53(24):7350–7356, 2008.

[86] S. H. Seo and C. S. Lee. A study on the overall efficiency of direct methanol

fuel cell by methanol crossover current. Applied Energy, 87(8):2597–2604,

2010.

[87] B. Gurau and E. S. Smotkin. Methanol crossover in direct methanol fuel

cells: a link between power and energy density. Journal of Power Sources,

112(2):339–352, 2002.



Bibliography 215

[88] A. Omosebi and R. S. Besser. Electron beam patterned Nafion membranes

for DMFC applications. Journal of Power Sources, 228:151–158, 2013.

[89] S. M. Rezaei Niya and M. Hoorfar. Process modeling of the ohmic loss in

proton exchange membrane fuel cells. Electrochimica Acta, 120:193–203,

2014.

[90] K. Scott, W. Taama, P. Argyropoulos, and K. Sundmacher. The impact

of mass transport and methanol crossover on the direct methanol fuel cell.

Journal of Power Sources, 83(1-2):204–216, 1999.

[91] J. Han and H. Liu. Real time measurements of methanol crossover in a

DMFC. Journal of Power Sources, 164(1):166–173, January 2007.

[92] S. Wasmus and A. Kuver. Methanol oxidation and direct methanol fuel

cells: a selective review. Journal of Electroanalytical Chemistry, 461(1-

2):14–31, 1999.

[93] T. S. Zhao, C. Xu, R. Chen, and W. W. Yang. Mass transport phenomena

in direct methanol fuel cells. Progress in Energy and Combustion Science,

35(3):275–292, 2009.

[94] A. M. Zainoodin, S. K. Kamarudin, and W. R. W. Daud. Electrode in direct

methanol fuel cells. International Journal of Hydrogen Energy, 35(10):4606–

4621, 2010.

[95] A. Li, M. Han, S. H. Chan, and N.-t. Nguyen. Effects of hydrophobicity

of the cathode catalyst layer on the performance of a PEM fuel cell. Elec-

trochimica Acta, 55(8):2706–2711, 2010.

[96] M. S. Wilson and S. Gottesfeld. Thin-film catalyst layers for polymer elec-

trolyte fuel cell electrodes. Journal of Applied Electrochemistry, 22(1):1–7,

1992.

[97] A. Hamnett. Mechanism and electrocatalysis in the direct methanol fuel

cell. Catalysis Today, 38(4):445–457, 1997.



Bibliography 216

[98] Y. Tong, H. S. Kim, P. K. Babu, P. Waszczuk, A. Wieckowski, and E. Old-

field. An NMR Investigation of CO Tolerance in a Pt / Ru Fuel Cell

Catalyst. Energy, 124(3):1–6, 2002.

[99] C. Lamy, A. Lima, V. LeRhun, F. Delime, C. Coutanceau, and J. M. Léger.
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Appendix A

Performances of the membrane

electrode assemblies

A.1 Experimental results of the standard mem-

brane electrode assemblies

A.1.1 Polarization and power density curves of the stand-

ard 2 (STD2) using 1M, 2M and 4M methanol con-

centration

233
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(a) Power density curve

(b) Polarization curve

Figure A.1: Performance of STD2 at 30–80 ◦C and 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.2: Performance of STD2 at 30–80 ◦C and 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.3: Performance of STD2 at 30–80 ◦C and 4 M methanol
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A.1.2 Polarization and power density curves of the the

standard 3 (STD3) using 1M, 2M and 4M methanol

concentration

It is important to note that the axis scale of performance curves in

this chapter are different from those graphs in chapter 5. The different

are:

• The power density scale of graphs in chapter 5 is 0-50 mW cm−2 while the scale

in chapter 6 is 0-70 mW cm−2.

• The current density scale of graphs in chapter 5 is 0-350 mA cm−2 while the

scale in chapter 6 is 0-500 mA cm−2.
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(a) Polarization curve

(b) Power density curve

Figure A.4: Performance of STD3 at 1 M methanol
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(a) Polarization curve

(b) Power density curve

Figure A.5: Performance of STD3 at 30–80 ◦C and 2 M methanol
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(a) Polarization curve

(b) Power density curve

Figure A.6: Performance of STD3 at 30–80 ◦C and 4 M methanol
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A.1.2.1 Optimised methanol and oxygen flow rate of the the standard

3 (STD3)

A set of experiments was carried out to optimize the methanol flow rate and air

flow rate of the new standard produced by procedure II (STD3). The STD3 is

tested with a range of methanol flow rates from 1-6 cm3 min−1 and an air flow

rates from 400-2000 cm3 min−1. The concentration of methanol was 1M and the

cell temperature was sustained at 70 ◦C.

Graphs in Figure A.7 and A.8 give an comparable information as the initial

standard (STD1). The increase of methanol flow rate to 5 cm3 min−1 from 1

cm3 min−1 gives the better performance, nevertheless, STD3 shows similar result

although the methanol flow rate goes up to 6 cm3 min−1. The air flow rate

adjustment also presents the same trend with the suitable flow rat at 1000 cm3

min−1.

A.1.3 Polarization and power density curves of the stand-

ard 5 (STD5) using 1M, 2M and 4M methanol con-

centration
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(a)

(b)

Figure A.7: The Performance of STD3 at different methanol flow rates (1-6
cm3 min−1)
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(a)

(b)

Figure A.8: The Performance of STD1 at different air flow rates (400-2000
cm3 min−1)
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(a) Power density curve

(b) Polarization curve

Figure A.9: Performance of STD5 at 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.10: Performance of STD5 at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.11: Performance of STD5 at 4 M methanol
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A.1.4 Performances of standard membrane electrode as-

semblies

Table A.1: Performances of Standard 1 (STD1)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 584 14.07 79.01

40 594 21.29 108.64

1 50 596 25.28 128.40

60 597 30.58 138.27

70 599 36.50 177.78

80 615 42.96 217.28

30 532 17.16 167.9

40 545 22.82 187.65

2 50 562 30.34 217.28

60 558 34.22 266.67

70 566 37.78 286.42

80 578 37.14 276.54

30 483 12.48 167.9

40 510 17.69 177.78

4 50 541 23.37 187.65

60 551 25.32 207.41

70 551 28.21 227.16

80 569 28.80 207.41



Appendix A. Experimental results of the membrane electrode assemblies 248

Table A.2: Performances of Standard 2 (STD2)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 463 5.78 49.38

40 513 10.84 79.01

1 50 512 17.24 128.40

60 555 24.30 148.15

70 547 28.56 197.53

80 545 27.48 187.65

30 456 9.26 108.64

40 478 15.82 148.15

2 50 502 21.29 197.53

60 512 30.14 256.79

70 521 36.27 306.17

80 517 35.43 296.30

30 435 11.06 128.40

40 470 15.70 167.90

4 50 479 20.32 197.53

60 478 24.06 217.28

70 477 25.24 237.04

80 476 24.65 217.28
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Table A.3: Performances of Standard 3 (STD3)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 598 19.91 158.02

40 608 28.80 217.28

1 50 623 37.63 256.79

60 629 46.04 316.05

70 639 55.17 365.43

80 649 62.92 414.81

30 586 24.30 237.04

40 609 35.60 286.42

2 50 622 45.04 316.05

60 632 55.19 355.56

70 634 63.46 395.06

80 634 67.28 424.69

30 532 16.00 197.53

40 547 20.80 207.41

4 50 561 25.30 237.04

60 569 28.15 256.79

70 570 30.81 276.54

80 559 30.66 306.17
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Table A.4: Performances of Standard 4 (STD4)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 571 20.98 158.02

40 591 29.39 197.53

1 50 605 38.22 256.79

60 617 47.29 306.17

70 625 55.19 345.68

80 632 62.58 395.06
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Table A.5: Performances of Standard 5 (STD5)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 557 20.05 187.65

40 577 29.73 237.04

1 50 593 37.48 296.30

60 615 34.43 286.42

70 599 38.56 306.17

80 679 43.46 335.80

30 515 11.96 148.15

40 591 17.96 187.65

2 50 562 22.72 207.41

60 549 25.31 237.04

70 547 27.93 246.91

80 571 12.50 118.52

30 428 10.67 158.02

40 522 19.26 187.65

4 50 537 23.92 217.28

60 555 23.47 227.16

70 535 24.52 246.91

80 493 16.24 237.04

A.2 Experimental results of the modified mem-

brane electrode assemblies

A.2.1 Polarization and power density curves of the mod-

ified membrane electrode assemblies at 1 M meth-

anol concentration
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(a) Power density curve

(b) Polarization curve

Figure A.12: Performance of 0.50% MOR at 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.13: Performance of 0.50% ZY at 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.14: Performance of 0.50% MMT at 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.15: Performance of 0.50% TN at 1 M methanol
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A.2.2 Polarization and power density curves of the mod-

ified membrane electrode assemblies at 2 M meth-

anol concentration

(a) Power density curve

(b) Polarization curve

Figure A.16: Performance of 0.50% MOR at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.17: Performance of 0.50% ZY at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.18: Performance of 0.50% MMT at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.19: Performance of 0.50% TN at 2 M methanol
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A.2.3 Polarization and power density curves of the mod-

ified membrane electrode assemblies at 4 M meth-

anol concentration

(a) Power density curve

(b) Polarization curve

Figure A.20: Performance of 0.50% MOR at 4 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.21: Performance of 0.50% ZY at 4 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.22: Performance of 0.50% MMT at 4 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.23: Performance of 0.50% TN at 4 M methanol
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A.2.4 Performances of the modified membrane electrode

assemblies

Table A.6: Performances of the modified membrane electrode assemblies
containing 0.50% mordenite (0.50% MOR)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 583 19.15 98.77

40 589 23.07 108.64

1 50 593 29.23 148.15

60 599 35.95 197.53

70 598 42.19 246.91

80 604 45.33 296.30

30 531 18.27 177.78

40 540 24.53 207.41

2 50 545 30.42 237.04

60 557 36.66 266.67

70 563 37.78 276.54

80 579 38.62 286.42

30 489 9.61 138.27

40 477 12.25 138.27

4 50 463 13.75 148.15

60 428 14.67 158.02

70 397 15.60 187.65

80 332 9.72 167.90
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Table A.7: Performances of the modified membrane electrode assemblies
containing 0.50% zeolite Y (0.50% ZY)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 571 14.76 108.64

40 589 19.75 128.40

1 50 590 24.98 148.15

60 591 28.57 177.78

70 598 33.42 207.41

80 602 36.64 246.91

30 524 17.70 138.27

40 544 22.32 177.78

2 50 564 28.68 187.65

60 574 34.15 217.28

70 576 38.81 246.91

80 576 37.61 266.67

30 501 14.17 128.4

40 510 18.41 138.27

4 50 531 23.02 158.02

60 535 26.17 177.78

70 533 26.31 207.41

80 507 20.62 217.28
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Table A.8: Performances of the modified membrane electrode assemblies
containing 0.50% montmorillonite (0.50% MMT)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 570 19.44 118.52

40 583 25.28 138.27

1 50 589 30.62 167.90

60 593 36.72 207.41

70 599 42.51 266.67

80 606 47.10 306.17

30 540 20.75 207.41

40 543 26.06 217.28

2 50 552 31.41 256.79

60 565 37.14 276.54

70 588 44.10 316.05

80 594 44.47 335.80

30 509 14.31 148.15

40 510 17.38 177.78

4 50 513 19.67 187.65

60 515 21.93 217.28

70 519 23.37 237.04

80 510 22.85 237.04



Appendix A. Experimental results of the membrane electrode assemblies 267

Table A.9: Performances of the modified membrane electrode assemblies
containing 0.50% titanate (0.50% TN)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 520 10.07 118.52

40 563 16.11 128.40

1 50 589 23.60 158.02

60 609 29.88 197.53

70 609 34.98 237.04

80 604 38.72 276.54

30 536 16.18 167.90

40 545 20.74 177.78

2 50 550 26.31 217.28

60 567 35.85 276.54

70 588 41.42 316.05

80 605 47.01 345.68

30 524 12.72 167.90

40 533 16.99 187.65

4 50 539 22.76 217.28

60 538 25.36 227.16

70 534 29.18 246.91

80 487 29.87 296.30

A.3 Experimental results of the new modified

membrane electrode assemblies

A.3.1 Polarization and power density curves of the new

modified membrane electrode assemblies at 1 M

methanol concentration
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(a) Power density curve

(b) Polarization curve

Figure A.24: Performance of 0.25% MMT at 1 M methanol



Appendix A. Experimental results of the membrane electrode assemblies 269

(a) Power density curve

(b) Polarization curve

Figure A.25: Performance of 0.50% MMT at 1 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.26: Performance of 1.00% MMT at 1 M methanol
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A.3.2 Polarization and power density curves of the new

modified membrane electrode assemblies at 2 M

methanol concentration

(a) Power density curve

(b) Polarization curve

Figure A.27: Performance of 0.25% MMT at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.28: Performance of 0.50% MMT at 2 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.29: Performance of 1.00%MMT at 2 M methanol
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A.3.3 Polarization and power density curves of the new

modified membrane electrode assemblies at 4 M

methanol concentration

(a) Power density curve

(b) Polarization curve

Figure A.30: Performance of 0.25% MMT at 4 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.31: Performance of 0.50% MMT at 4 M methanol
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(a) Power density curve

(b) Polarization curve

Figure A.32: Performance of 1.00% MMT at 4 M methanol
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A.3.4 Performances of the new modified membrane elec-

trode assemblies

Table A.10: Performances of the modified membrane electrode assemblies
containing 0.25% montmorillonite (0.25% MMT)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 590 25.30 246.91

40 600 33.41 286.42

1 50 615 43.35 316.05

60 628 52.70 385.19

70 628 59.32 444.44

80 643 64.27 454.32

30 588 27.56 276.54

40 613 37.69 325.93

2 50 625 46.93 365.43

60 629 54.54 404.94

70 632 65.33 454.32

80 645 69.14 454.32

30 540 20.98 217.28

40 553 26.41 256.79

4 50 558 30.37 276.54

60 566 33.92 296.30

70 576 37.45 316.05

80 562 39.82 325.93
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Table A.11: Performances of the modified membrane electrode assemblies
containing 0.50% montmorillonite (0.50% MMT)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 548 16.53 177.78

40 575 26.43 227.16

1 50 613 35.70 286.42

60 630 45.60 316.05

70 635 50.96 345.68

80 644 53.89 375.31

30 569 20.27 227.16

40 589 32.57 306.17

2 50 615 43.97 365.43

60 624 53.16 404.94

70 638 61.63 434.57

80 640 63.94 444.44

30 528 18.27 207.41

40 550 25.84 246.91

4 50 543 32.59 286.42

60 554 38.22 316.05

70 559 39.64 325.93

80 542 33.75 306.17
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Table A.12: Performances of the modified membrane electrode assemblies
containing 1.00% montmorillonite (1.00% MMT)

Methanol Temperature Open Maximum Limiting

concentration ◦C circuit voltage power density current density

Molar (M) (mV) (mW cm−2) (mA cm−2)

30 535 17.78 138.27

40 551 24.65 197.53

1 50 575 31.66 246.91

60 584 40.16 286.42

70 590 46.62 325.93

80 603 50.17 335.80

30 543 21.95 177.78

40 556 28.89 217.28

2 50 588 34.61 256.79

60 596 41.28 306.17

70 627 47.10 355.56

80 634 50.48 355.56

30 503 15.38 148.15

40 506 18.31 158.02

4 50 509 22.22 177.78

60 512 26.71 207.41

70 515 29.78 227.16

80 508 31.80 237.04
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Contact angle measurement

B.1 Contact angle measurement between water

droplet and the barrier layers

280
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(a) 0.50% MOR (b) 0.50% ZY

(c) 0.50% MMT (d) 0.50% TN

(e) Nafion layer

Figure B.1: Contact angle measurement between water droplet and the
barrier layers containing (A) 0.5% MOR (B) 0.5% ZY (C) 0.5% MMT (D)

0.5% TN (E) Pure Nafion layer (STD)
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B.2 Contact angle measurement between 1 M

methanol droplet and the barrier layers

(a) 0.50% MOR (b) 0.50% ZY

(c) 0.50% MMT (d) 0.50% TN

(e) Nafion layer

Figure B.2: Contact angle measurement between 1 M methanol droplet
and the barrier layers containing (A) 0.5% MOR (B) 0.5% ZY (C) 0.5%

MMT (D) 0.5% TN (E) Pure Nafion layer (STD)
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B.3 Contact angle measurement between 2 M

methanol droplet and the barrier layers

(a) 0.50% MOR (b) 0.50% ZY

(c) 0.50% MMT (d) 0.50% TN

(e) Nafion layer

Figure B.3: Contact angle measurement between 2 M methanol droplet
and the barrier layers containing (A) 0.5% MOR (B) 0.5% ZY (C) 0.5%

MMT (D) 0.5% TN (E) Pure Nafion layer (STD)
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